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Suitability of a linseed oil epoxy resin for composite applications.
by

Marcos Antonio Gimenes Benega

Vegetable oils are a great sustainable source for the production of resins. When these oils are
epoxidized, their viscosities are greatly increased which prevents their use in the production of
composites, especially via resin transfer moulding and infusion. This work studies aspects of the
synthesis, curing and properties of cured epoxy resins derived from linseed oil. Two versions of
the resin are used; the first comprising the epoxidized triglycerides of linseed oil (ELO), the second
a low-viscosity version (TELO) obtained from the transesterification of ELO in methanol. The
synthesis is initially carried out with heterogeneous catalysts such as TS-1 and Ti-SiO,. These
catalysts show great activity towards epoxidation of fatty acid methyl esters (FAMEs), yet the
epoxidation and transesterification of triglycerides was limited; a homogeneous synthesis is then

used in larger batches.

Two curing approaches are used for ELO and TELO. The first consisted of blending them with
conventional epoxy resin (DGEBA) cured by conventional and phenalkamide hardeners. The
phenalkamide was chosen after a comparison of five different commercial phenalkamide and
phenalkamine hardeners. The second curing procedure was done using a blend of ELO and TELO

with a commercial UV-curable resin derived from linseed oil.

FT-IR and gel fraction tests show that all samples reached a high degree of curing. The use of TELO
greatly reduces the viscosity of the blends but there are also reductions in elastic modulus, tensile
strength and glass transition temperature. The long fatty acid chains in ELO and TELO have a
plasticizing effect. The glycerol fragment connecting the fatty acid in ELO is essential for a high
crosslinking density. The use of linseed oil derived epoxy resins in composite structures is limited.

The conventional epoxy systems still have better properties yet to be achieved by bio-based ones.
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Chapter 1

Chapter1 Introduction

Environmental and health concerns are motivating society to search for a sustainable lifestyle,
reducing environmental impact and carbon footprint. According to the report entitled Our
Common Future, published by the United Nations [1], sustainable development is achieved when
the necessities of present human activities are cared for but allowing future generations to meet
their own needs. The dependency on the petro-chemical industry is not sustainable; the crude oil
reserves are being depleted. Synthetic materials do not go back to being crude oil and very little is
recycled. A study from Geyer et al [2] has shown that 6300 Mt of plastic waste was generated by
2015, from that only 9 % was recycled, 12 % incinerated and the rest was disposed of in landfills
or accumulated in nature. Although incineration is sometimes treated as recycling because the
heat can be used to produce energy, toxic and global warming gases are generated in the
process [3]. Anastas and Warner [4] introduced in 1998 “The twelve principles of green
chemistry”. These are principles that guide the development of less hazardous chemicals and
materials. In order to ensure that such materials meet the sustainability criteria, a life cycle
assessment (LCA) must be carried out. LCA is a technique that studies the environmental
behaviour of products, quantifying and assessing their impact. Unlike other also useful
methodologies, that usually analyse emissions and waste generated in the production of the
materials, a LCA evaluates the whole life cycle of the materials and all the harm it could cause to

the environment [5].

Plastics can be produced from natural materials using a sustainable approach (see Figure 1).
During the growt0 of vegetationh, carbon is captured from the atmosphere via photosynthesis,
resulting in materials such as vegetable oils, starch and cellulose [6]. The plastics are synthesized
from these sources and used in an array of different industries and applications. These materials
do not necessarily need to be biodegradable to be sustainable. Instead of being disposed of in
landfills, which would require a long time for decomposition, they can be incinerated as biomass.
The carbon emitted in the process is derived from crops and will eventually be recaptured by
vegetation. Hence, carbon that is underground in the form of crude oil and gas is not added to the

atmosphere.
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Figure 1 Sustainable lifecycle of bio-based composites.

Though looking for plastic alternatives is important, it is essential to understand that plastics have
been an important part of society [7]. Composites, for instance, or more specifically
fibre-reinforced polymers (FRP), are materials that can be developed with an array of desirable
properties, such as strength and stiffness, abrasion, impact and corrosion resistance. Further to
that they are light materials with very low densities [8], [9]. The World Corrosion Organization
[10] estimates that around USD 2.2 trillion are spent with corrosion issues. This inherent
resistance to corrosion, as well as to salt and chemicals, makes composites attractive to maritime

applications, which is harsh environment for materials to withstand [11].

FRPs are already an established technology in fields such as automotive, maritime, civil structures,
aerospace and sports equipment [12], [13]. It is estimated that by 2020 the market of composites
will be worth over USD 115 billion [14]. The main drivers of the growth are the increasing demand
of the composites in wind turbines for energy generation, aerospace and transportation.
According to Boeing [15], 50 %of the weight in the aircraft model 787 Dreamliner is from

composite structures.

FRPs are formed from at least two phases, a continuous phase, called a matrix, and the other
dispersed, such as the fibres, which is surrounded by the matrix, shown in Figure 2. Fibres are the
main component in a FRP, responsible for carrying the loads; while the matrix performs as an
interface dispersing the loads among the fibres, as well as protecting them from external damage,
elevated temperatures and moisture [16]-[18]. Both phases have different shapes and chemical
compositions, but when joined together they create a new material whose characteristics are

different from the isolated ones [8], [17]-[20].
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Although polyesters and vinyl esters are the most used types of matrices in FRP [18], the ester
groups in their polymeric chains are susceptible to neutral hydrolysis in aqueous environment
[21]. Epoxy resins usually do not have ester groups in their chains, therefore better mechanical
and chemical properties are achieved, such as stiffness and resistance to solvents [18]. Further,
the epoxide group in the resin is versatile towards different chemical reactions thus allowing
different types of curing procedures. Cure shrinkage is much lower than other resin types, which
reduce residual internal stresses in the materials [22]. A comparison of a few commercial

thermosetting resins for infusion application is presented in Appendix B.
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Figure 2 Representation of fibre (dispersed phase) configuration in a matrix, at different: (a)

concentration, (b) size, (c) shape, (d) distribution and (e) orientation [8].

The consolidation of fibre and matrix is permanent, the binding of the two components is very
effective and their separation for recycling is difficult. In general, two ways are sought for
recycling FRP materials. Firstly, the mechanical path consists in breaking the material into smaller
pieces that can be incorporated as a filler in other composite materials. Shredding, grinding,
washing and drying are used in the process [9]. Secondly, the thermal path is done by pyrolysis, in
which the FRP is decomposed by heat in a closed system free from oxygen. This system, however
costly, can recuperate different gases and oils that can be used in other applications [9]. When
FRPs are not recycled, they can be sent to landfills or incinerated, the latter might be used to

generate energy [23], [24] but air pollutants and hazardous ash are generated [23].

Composites behaviour vary according to their proportions, geometry, distribution, and interaction
of their constituents. That leads to the tailored development of materials with a combination of
properties, which in some cases, are better than the properties found in metal alloys, ceramics or
polymers [8], [17]. Composites are used in a wide range of products. They can be manufactured
aiming at properties, which are specific for the function they will provide. They feature a high
stiffness/weight ratio, high resistance to corrosion and a large range of design possibilities, being

easily adaptable to different forms of application [13], [25].

Wood itself can be considered a natural composite where cellulose fibres are dispersed in a lignin

matrix [26]. Other bio-based materials are made from agricultural and forestry renewable
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feedstock, from the crops themselves to the by-products their processing might generate [27].
These substrates from vegetable sources have different compositions depending on the

conditions of the place they were cultivated, as well as irrigation and fertilization [28]—[32].

In this sense, vegetable oils, lipids and fats are brought to attention. They are composed by
triglycerides, from which a large proportion can be unsaturated (double bonds) fatty acids, as
shown in Figure 3. It is important to note that not all the types of oils are highly unsaturated,
which results in a lower epoxide content [33]. Triglycerides are bigger molecules than the
monomers used in epoxy and other thermosetting resins, thus they are much more free to adopt

different spatial arrangements which can result in rubbery materials.

linoleic acid o

Ao
/\/\/\/E/\/\/\/Yo o — — —
oleic acid 0 glycerol o) linolenic acid

Figure 3 Structure of a triglyceride molecule, the glycerol moiety connects different fatty acids

[34].

Vegetable oils are available in high purity and thus, can be used in various organic synthesis[35].
The double bonds in the structure allow vegetable oils from various sources to be transformed
into epoxy resins. These bonds are found in triglycerides and the derivative fatty acids but they
are not very reactive for use as resins. Therefore, functional groups that are more reactive need

to be introduced to the structure (such as epoxides, amines and hydroxyl).

Further to that, the number of double bonds in each fatty acid or triglyceride is important for the
development of polymers, specifically high performance ones such as epoxy resins. Polymers are
divided into thermoplastic and thermosetting categories. Thermoplastic polymers comprise long
chains of monomers that have two connecting groups (functional groups) that allow chain growth
during the polymerization reaction. Thermosetting materials on the other hand, have at least one
monomer with more than two connecting groups. This feature allows the growing chains to

crosslink with other chains creating networks held together by covalent bonds [8], [22].
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Figure 4 Formation of thermoplastic and thermosetting material from bi- and tri-functional

monomers [22].

Chapter 1

Linseed oil is often chosen as the precursor of epoxidized oils due to the high number of double

bonds within its molecules. According to Dubois et al [33], linseed oil is composed of 55 % of

linolenic acid (3 double bonds). Next to linseed, perilla oil contains 55 % and chia oil 61.3 %.

Though these other oils have high levels of linolenic acid as well, they are not available in the

market in large scales such as linseed.

The conversion is possible through several methods already reported in the literature [36], [37].

Products obtained in the oxidation of the double bonds are high-value commercial intermediaries

in organic and petrochemical synthesis, since they have great reactivity [38]. In addition,

vegetable oils are also amongst the cheapest and most available renewable sources, their use in

bio-composites bring great advantages due to their low toxicity. It is estimated that more than

197 million metric tons of vegetable oil from different sources will be consumed in the years of

2018 and 2019, as shown in Figure 5.
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Vegetable oils become highly viscous when epoxidized, see Table 1. It can be a huge drawback for

their utilisation in composite manufacturing, especially when the infusion process is used. Some

epoxidized oils present a lower viscosity than of a conventional epoxy resin. Still the gain in

viscosity they have after epoxidation cannot be neglected. Epoxidized linseed oil is at least twice

as viscous as a conventional epoxy resin. This behaviour makes epoxidized linseed oil unfeasible

for infusion application. The epoxide groups that are added to the double bonds in the triglyceride

molecules increase the intermolecular forces which causes the increase in viscosity.

Table 1 Viscosity of epoxidized soybean and linseed oils [40].

Degree of epoxidation Soybean (cP, 20 °C) Linseed (cP, 20 °C)
No epoxidation 94 88

1/3 140 131

2/3 280 346

Fully epoxidized 543 990

Vacuum bagging and resin transfer moulding (RTM) require a high vacuum so the resin can flow
through the fibres, wetting them; hence infusion resins must have very low viscosity [13],
between 50 - 1000 cP [41]. A representation of vacuum bagging is given in Figure 6. In the process
a mould or support is used, which in turn will give the shape of the composite. The fibres are
laid-up, covered by a peel-ply cloth, a breather cloth and finally the vacuum bag. The vacuum is
applied to one end of the system. It causes the bag to constrict all the layers together and suck

the resins through the fibres.

Vacuum bag:

| Vacuum | Vacuum |

Fibres:

s i
LT Ty g
~un-

Figure 6 Composite production by infusion [41].

Better composite materials are obtained with vacuum assisted infusion systems. The process
removes air bubbles, reduces voids and helps consolidate each layer [42]. Further, maritime
composite structures demand great material performance. These materials have to be cheap,

light, tough and durable. Nevertheless, being fire, water and chemicals resistant.
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Although conventional epoxy resins are well established for composite structures, the behaviour
of bio-based resins used in maritime structures has not been extensively studied. Epoxidized
vegetable oils have been used and evaluated as plasticizers [43], [44]. Investigations were also
carried out towards understanding the water uptake behaviour of resins derived from vegetable
oils [45], [46]. These works focus on epoxidized triglycerides and not in the much less viscous
epoxidized FAMEs. The absence of this knowledge in the current state of the art is the gap this

thesis will fill.

The thesis demonstrates that the glycerol moiety plays a major part in the behaviour of resins
derived from vegetable oils. Its presence increases the material’s strength and stiffness but it is
susceptible to water hydrolysis in high moisture environments. The absence of glycerol greatly
reduces the viscosity. The crosslinking given by the epoxide groups is not enough to yield a
material whose characteristics are comparable to the conventional epoxy systems. Further, the
internal and unbiased epoxide groups in the epoxidized oils and FAMEs require high energy to be

cured, such as cationic or UV initiated.

1.1 Aim and objectives

A UV-curable epoxy resin derived from linseed oil is available on the market. Despite having a very
high bio-based content (95 % of epoxidized linseed oil), its viscosity is high and hinders its use in
composite production processes where low viscosity is required, such as vacuum bagging and
RTM. Furthermore, these production processes use moulds and bags that can block UV-light from
reaching the resin and providing curing. As an alternative, bio-based curing agents such as
dicarboxylic acids and anhydrides have been employed. They often require high temperature
curing and yield low glass transition temperature polymers. Amines and amides are, in turn, a
very reactive type of hardener in the market, therefore bio-based phenalkamines and

phenalkamides can offer a sustainable alternative for curing.

The aim of this project is to synthesize and evaluate a low viscosity epoxy resin derived from
linseed oil, suitable for cure by a bio-based hardener or UV-light, reaching the highest bio-based

content possible and a performance comparable to conventional epoxy systems.

The project pathway is depicted in Figure 7. The synthesis of the resin was studied by the
epoxidation and transesterification of linseed, camelina and soybean oils over heterogeneous
catalysts. The fatty acid methyl esters (FAMEs) were initially obtained by the homogeneous

transesterification of each oil. Then the FAMEs were heterogeneously epoxidized.
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To produce enough material for testing specimens, the project is focussed on the homogenous
transesterification of a commercially available epoxidized linseed oil (ELO). From that the
low-viscosity transesterified and epoxidized linseed oil (TELO) was obtained. Testing specimens
were made by curing ELO and TELO either via UV-light or via hardeners. For the UV-curing, blends
of ELO and TELO were prepared with a UV-curable epoxy resin derived from linseed oil (UV-L). For
the curing with hardeners, a benchmarking was carried with five different hardeners derived from
cashew nut shell liquid (CNSL). The chosen hardener (LITE 3060) was used in blends of ELO, TELO,

conventional hardener and conventional epoxy resin.

All blends and specimens were evaluated before and after curing. Liquid samples were assessed
by FT-IR and viscosity measurements. The solid samples were submitted to hygrothermal ageing,

FT-IR, mechanical and chemical tests.

Initial synthesis:

> Homogeneous . | Fatty acid methyl
transesterification L esters
Linseed, camelina | | Heterogeneous Heterogeneous

and soybean oils transesterefication transesterefication

v

Low-viscosity

Simultaneous

heterogeneous i
> epoxidation and > transe(s;:g)ed =0
transesterification
Batch synthesis for specimens production:

UV-curable resin | Epoxidized linseed | CNSL-derived Conventional resin
uv-L oil (ELO) hardeners system
(Uv-L) Y.

* ) 4
Homogeneous || Benchmarking H
transesterification +
v | utEsoe |
Low-viscosity +
transesterified ELO — Blending:
(TELO) Conventional !
a4 system, LITE 3060,
> Blending: UV-L, ELO and TELO
ELO and TELO
‘ | UV curing ” ” Curing | |

Cured testing |
specimens

v

| ‘ Resin evaluation ‘ |

Figure 7 Thesis outline chart.
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1.2 Thesis structure

After this introduction and background, chapter 2 analyses the literature around the synthesis
and evaluation of epoxy resin derived from vegetable oils, as well as the curing of epoxy resins by
CNSL-derived hardeners and UV-light. Chapter 3 presents the results in the synthesis of the bio-
based resins used in this project. Chapter 4 covers the results from the screening of phenalkamine
and phenalkamide hardeners applied to a conventional epoxy system. Chapter 5 shows the results
from the tests carried out with blends of conventional and bio-based epoxy with conventional and
CNSL-based hardeners. Chapter 6 presents the data from tests performed in samples made with
UV-curable bio-based epoxy resin and the low-viscosity alternative. Chapter 7 concludes this

thesis and suggests possible future works.

25






Chapter 2

Chapter 2  Epoxy resins based on vegetable oils

2.1 Epoxidation of vegetable oils

The epoxidation of a vegetable oil is the reaction of its carbon-carbon double bonds (olefin) with
an active oxygen, usually from a peroxide or peroxy acid. The addition of oxygen, converting the
double bond into a three-membered ring containing oxygen, called epoxide or oxirane ring,
shown in Figure 8. The electrophilic oxygen from the peroxy acid reacts with the nucleophilic

double bond, see Figure 9 [36], [37], [44], [47].

OoXygen source (0]
/\ - /<I

olefin epoxide

Figure 8 Epoxidation of olefins to from epoxides.

Although vegetable oils are biodegradable, the cured resins derived from them should not be.
When applied to composites, the resin must be able to keep its integrity throughout the structure
lifespan, especially in high performance applications such as marine vessels, composite bridges
and wind turbines. Therefore, the most important sustainability claim is the fact that a fully

biobased composite could be incinerated as biomass in the end of its lifespan.

The oils used in the production of epoxy resins have to be composed by fatty acids that have a
high number of insaturations. The double bonds will be oxidized to epoxide groups, the higher the
amount of epoxide groups the higher the cross-linking density will be and consequently better
(stronger and stiffer) materials can be obtained [35]. Epoxides obtained from vegetable oils are
preferably produced in an industrial scale with performic acid generated in situ, from the reaction
of hydrogen peroxide and formic acid [36], [48]. The mechanism for the reaction was first
proposed by Prilezhaev in 1909 [49], as shown in Figure 9. The performic acid generated has a
high degree of polarization, which results in an electrophilic oxygen that can be added to the
unsaturations of the vegetables oils. A transition state is formed, oxygen and proton quickly

transition. This mechanism is also called butterfly transition state.
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Figure 9 Prilezhaev mechanism for the epoxidation of olefins [49], [50].

Several different processes were developed throughout the years for this synthesis, though in the
most conventional method hazardous chemicals such as strong acids and concentrated hydrogen
peroxide are employed. Other oxidants can be employed, e.g. m-chloroperoxybenzoic acid

(m-CPBA) is very often used [51]-[53].

2.1.1 Chemical treatment

Chemical treatments are the conventional way of epoxidizing vegetable oils and their derivatives,
carboxylic acids and hydrogen peroxide are used in this process [37], [48], [54]. Results published
by Dinda et al [55] concluded that peracetic acid is a better oxygen carrier than formic acid for the
reaction (Figure 9) because the higher acidity of formic acid acts in the epoxide ring-opening and
decreases the selectivity. Sulphuric acid is the best amongst the inorganic acid catalysts tested
(phosphoric acid, nitric acid, and hydrochloric acid), much likely due to high purity (98 %). The
other acids used were less concentrated, the water in the acids cause epoxide ring-opening [56].
The study also concluded that reactions carried out in temperatures above 60°C and with greater
acid concentration increased the speed of reaction, but also increased ring opening from epoxide
to glycol molecules. Epoxide groups can react with weak nucleophiles like water in the presence

of acid catalysts forming glycols [50], shown in Figure 10.
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Figure 10  Acid catalysed epoxide ring opening [50].

Further to that, the lower amount of water coming from highly concentrated sulphuric acid and

glacial acetic acid might have influenced the higher selectivity obtained. The best results were
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achieved after 4 h of reaction at 60 °C with a double bond conversion of 91.2 % and 77 %

selectivity towards epoxide groups [55].

Other works were published using different sources of fatty acids, such as cottonseed oil, jatropha
oil (belonging to the family of the castor oil plant), sunflower oil, corn oil and mahua oil. They also
pointed to sulphuric acid as the best catalyst, in conjunction with temperatures around 60 °C as
the best conditions for converting fatty acids into epoxides [57]—[59]. Mungroo et al [60]
presented similar results regarding the behaviour of performic and peracetic acids but using an

Acidic lon Exchange Resin (AIER) as a catalyst.

2.1.2 Enzymatic method

Enzymes are biological catalysts; they can be employed in several reactions and are able to carry
reactions out in milder conditions. Enzymatic processes are a great alternative to chemical
treatment and unwanted reactions can be avoided, such as the opening of the epoxy ring. The
primary limitation presented by enzymes is their own denaturation caused by reaction
parameters, commonly temperature and concentration of hydrogen peroxide. Additionally, due
to the fact that the reaction is exothermic, it requires precise temperature control [36], [37], [54],

[61].

Orellana-Coke et al [62] published satisfactory results where linoleic acid was completely
epoxidized by Lipase B, Candida antarctica. Excess of hydrogen peroxide was necessary in order to
achieve good yields in reactions carried out at 50 °C for 24 h, but on the other hand, the increase
of hydrogen peroxide led to a decreased enzymatic activity caused by denaturation. Further work
from Tornvall et al [61] showed that a precise control of temperature and hydrogen peroxide
addition rate promoted reactions without the same type of enzyme denaturation, but these

reactions must be carried out at 20 °C for 48 h.

Sun et al [63] published results of tests on the epoxidation of Sapindus mukorossi oil concluding
that the best parameters for the epoxidation of vegetable oils with Lipase B, Candida antarctica
were 50 °C for 7 h with a ratio of hydrogen peroxide relative to the amount of double bonds in the
oil of 4:1 (H,0; : C=C). Other sources of vegetable oil were studied and published by Klaas et al
[64], [65]. Yields over 80% were reached on the epoxidation of free fatty acids derived from
rapeseed, soybean, sunflower and linseed oils. These free fatty acids were able to react with
hydrogen peroxide (peroxy fatty acid) over Lipase to form peroxy acids thus auto-oxidating into
epoxides, as shown in Figure 11. The high yields were achieved especially because the free fatty
acids were much weaker than the usual carboxylic acids used in the Prilezhaev reaction. Weaker

acids reduce the epoxy ring opening and enhance selectivity towards epoxides.
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Figure 11  Auto epoxidation of fatty acids [64].

213 Acidic lon Exchange resin

Acidic ion exchange resins can be used for the synthesis of peracids from carboxylic acids and
hydrogen peroxide for the epoxidation of vegetable oils. It is suggested that the reactions carried
out using this method reach high yields because the triglyceride molecules from the oil sources
are larger than the pores in the resin. The acid catalysed formation of the peracids happen within
the pores of the resin, then the peracids leave the pores and react with the double bonds in the
triglyceride molecules. The bulky triglycerides in turn are not able to access the acid sites inside
the pores. This way, the acid catalysed epoxide ring opening do not occur and the high yields are

achieved [37], [54], [66], [67].

Results published by Mungroo et al [60] showed that the resin (Amberlite IR 120-H) can be reused
and that the loss of activity is negligible. The conversion of the double bonds into epoxide rings
was around 90% for a reaction with canola oil at 65 °C for 5 h. Goud et al [68] published similar
results using karanja oil. Followed by Dinda et al [69] with studies on the epoxidation of
cottonseed oil. All these works found their best results in the reactions carried out at around

65 °C. Over this temperature, the selectivity towards epoxides was diminished.

Sinandinovic-Fiser et al [70] studied the kinetics of the epoxidation of soybean oil using peracetic
acid generated in situ over two different strong ion exchange resins (Amberlite IR-120 and
Dowex 50X). There were no significant differences between the performances of the resins
because both have strong sulfonated acid sites. However better results were obtained for
reactions carried out at 75 °C for 7 h, with yields around 80 %. The formation of peracetic acid
generated in the ion exchange resin’s surface was elected to be the rate-determining step of the
reaction. A work from Aguilera et al [71] investigated the effect of microwave heating in the

epoxidation of cottonseed oil and oleic acid over Amberlite IR-120 with percarboxylic acid formed
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in situ. The microwaves were able to accelerate the formation of peracetic acid that happen in the

aqueous phase thus speeding up the overall reaction.

214 Alkene epoxidation over Titanium (Ti)

Heterogeneous catalysts with titanium Ti(IV)/SiO, were first developed by Shell for the
epoxidation of propylene. Later, scientists of SnamProgetti (Eniricerche) discovered the titano-
silicate (TS-1), seen in Figure 12, which was more stable in epoxidation reactions. This catalyst was
not inhibited by water. Soluble Ti(IV) compounds and Ti(IV)/SiO; are sensitive to deactivation by
ligands, such as water, which is a strong coordinating ligand. This behaviour does not allow
reactions to be carried out in milder conditions [72], [73]. TS-1 enabled the reaction with diluted
hydrogen peroxide, unlike the highly concentrated hydrogen peroxide the conventional

Ti(IV)/SiO2 required, greater than 95 % [53], [72].

@: Titanium site

Figure 12  Titano-silicate (TS-1) catalyst structure and pore size.

Earlier it was found by Kollar [74] and Sheldon et al [75] that other transition metals such as
molybdenum - Mo(VI), tungsten - W(VI) and vanadium - V(V) would also be able to catalyse the
epoxidation propylene, especially Mo. Later, it was demonstrated by Sheldon et al [73] that the
attempts to produce heterogeneous catalysts by combining these metals with silica were not
successful, as these combinations resulted in rapid leaching of the metal ion. Which means that
the metal was able to escape the framework, therefore reducing the activity of the catalyst. From

a green chemistry approach [4], some metals should be avoided because of their toxicity.

In the mechanism, the metal ion works as a Lewis acid by withdrawing electrons from the
alkylperoxo moiety and therefore making both peroxidic oxygens more electrophilic. The metal
must be in its highest oxidation state; otherwise, there could be a heterolytic decomposition of
the ROO- ligand group, seen in Figure 13. Altogether, an effective catalyst must be a weak oxidant
and strong Lewis acid [73], [76]. These criteria are met by soluble Mo(VI) but, as mentioned

before, Mo(VI) would not be suitable as there were leaching problems in its use [76]. In a more
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recent study by Bigi et al [77], Mo-MCM-41 was used in the epoxidation of alkenes. They
managed to reach yields over 90% for the epoxidation of cyclohexene and cyclooctene using
tert-Butyl hydroperoxide (TBHP) as oxidant. Molybdenum leaching was detected in the catalyst

preparation and after reactions were carried out.
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Figure 13  Decomposition of alkylperoxo group [73].

A comprehensive study from van der Wall et al [78] compared the epoxidation of 1-octene in a
milder condition, using H,0, (30 wt% aqueous) as oxidant over four different titanium containing
catalysts. The best yields were obtained in reaction carried out at 60 °C (TS-1: 93 %,

Ti-MCM-41: 79 %, Ti-beta: 41 % and Ti, Al-beta: 12 %). Further, the activity of Ti-beta was tested
in five different solvents at 40 °C for four hours (Acetonitrile: 98 %, t-butanol: 36 %, 2-propanol:

24 %, ethanol: 7 % and methanol: only glycols).

Given the unique features that the use of Ti(IV) brings to the epoxidation of olefins, extensive
work has been developed in the understanding of the mechanisms involved during the reaction
[38], [79]—-[85]. The reaction begins with the assumed breakage of the bond between titanium,

oxygen and silicon (Ti-O-Si) caused by hydrogen peroxide to form Ti-OOH and Si-OH, shown in

Figure 14,
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Figure 14  Isomorphously substituted titanium activation [73].

It is believed that a molecule of alcohol or water (solvent) can be co-adsorbed and form an
intermediate ring of 5 members [86], [87]. Though theoretical studies suggested that there is no
adsorption of alcohol or water [88], [89]. More recently, it was suggested that after the
adsorption of the hydrogen peroxide to the titanium atom, as shown in Figure 14, the olefin
approaches and consequently with the oxygen transfer there is the formation of a water molecule

[84].
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2141 Epoxidation of oils and fatty acids over titanium heterogeneous catalysts.

Several drawbacks in the Prilezhaev process (Figure 9) have led researchers to look for an easier
and yet more sustainable approach for the epoxidation of vegetable oils and their derivatives. For
instance, the yields towards epoxide groups are low as the acids present in the reaction catalyse
the epoxide ring opening. Further, dangerous chemicals are used in the process such as highly
concentrated hydrogen peroxide and strong acids [90]. Vegetable oil molecules and their fatty
acid derivatives are bulky and thus, the size of catalyst pores hinder their diffusion. Guidotti et al
[90] studied the epoxidation of fatty acid methyl esters (FAMEs) on three different titanium-
grafted silicalites using TBHP (ter-Butyl hydroperoxide) as an oxidant. Reactions were carried out
over 24 h at 90 °C; the catalysts used were Ti-MCM-41 and two types of Ti-SiO,, one containing an
ordered array of mesopores and the other featuring an amorphous structure. In the study, they
have reached conversion of 98 %, 76 % and 95 % and selectivities of 85 %, 94 % and 96 % in

respect to the catalysts listed order.

Later, Campanella et a/ [91] reported their findings on the epoxidation of soybean oil and its
derivatives over amorphous Ti-SiO; with tert-butanol and organic H,O; (in 1-phenyletanol). They
obtained a yield of 87.75 % as the best result for a reaction carried out at 90 °C for 54 h. The best

molar ratio of H,0,:double bonds was 1.1:1.

Guidotti et al [92] studied different titanium based solid catalysts (Ti-MCM-41, two types of
Ti-SiO, and Ti0,-SiO2) on FAMEs derived from different sources, such as high-oleic sunflower oil,
castor oil, sunflower oil and coriander oil. Ti-MCM-41 showed the best yields for all the
substrates. Nonetheless, the most interesting result was the fact that the composition of the
mixture of FAMEs in the different oils played an important role

(high-oleic sunflower > coriander > castor > soybean). Although the average percentage of
unsaturated FAMEs was similar (92 + 7 %), the amount and nature of the unsaturated fatty acids

was different, as shown in Figure 13.
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Figure 15  Structure of unsaturated fatty acids: A) methyl ricinoleate B) methyl oleate, C) methyl

petroselinate and D) methyl linoleate [92].

Starting by the opposite extreme from the ester group, methyl oleate has a double bond on
carbon nine, methyl petroselinate on carbon twelve and methyl ricinoleate on carbon nine
followed by a hydroxyl on carbon seven. Supposing they have very similar conformation, the
functional groups in their chains played the major role on their diffusion through the catalyst

pores [92].

Wilde et al [93] screened the epoxidation of methyl oleate with more concentrated H,0,

(72 wt.%) over different solid catalysts (industrial TS-1, Ti-MCM-41, TiO,-SiO,, TiO«-SiOs,
WO,-Al;,03, MoOy-Al,03 and Mo0y-SiO;) where TS-1 was the only one that presented conversion
and selectivity over 80 %, Ti-MCM-41 exhibited leaching. Further, they evaluated different
solvents finding out that, in accordance with the work of van der Waal [78], the best solvent was
acetonitrile (conversion: 93 % and selectivity: 87 %). The epoxidation of commercial biodiesel,

consisting of predominantly 72 wt. % of methyl oleate was performed over T

S-1, using the same concentrated H,0,. The activity was compared to a TS-1 synthesized with
stacked morphology in a epoxidation carried out at 50 °C for 24 h. The reaction with industrial TS-
1 reached high conversion and selectivity (around 80 %). Whereas TS-1 with stacked morphology

exhibited a conversion around 55 % and selectivity around 70 % [93].

In a following work, Wilde et al [94] published the results for the epoxidation of commercial
biodiesel (72 wt. % methyl oleate and 19 wt. % methyl linoleate) carried out with nanosized TS-1
(stacked morphology) and microporous/mesoporous (10 - 40 nm) TS-1 obtained from desilication
and recrystallization. Both compared to industrial TS-1. They used less concentrated H,0,

(35 wt. %) at 50 °C for 24 h. The conversion of biodiesel per titanium atoms in the catalyst was
two times higher for TS-1 desilicated with NaOH and recrystallized, though all selectivities were

around 80 %.
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2.1.4.2 Payne oxidation

As discussed previously, the epoxidation of fatty acid methyl esters has been studied and much
thought was given to the mechanisms involved. Unlike the first results obtained in the
epoxidation of propylene with the use of titanium containing solid catalysts, where high
conversions were obtained in methanol and ethanol, the epoxidation of bulkier olefins such as
fatty acids was not successful in these solvents. Holleben et al [95] studied the effects of different
nitriles for the epoxidation of cyclohexene and limonene with hydrogen peroxide (30 wt. %) for
24 h at room temperature. The nitriles were not used as solvents, and on the contrary, they used
methanol and a mixture of dichloromethane and water as solvents. The best results were
obtained with trichloroacetonitrile, must likely due to the high electron withdrawing effect caused
by the three chlorine atoms in the structure, increasing the reactivity of a peroxycarboximidic acid

intermediate created, which will be discussed further.

Guidotti et al [96] studied the epoxidation of cyclohexene over titanium containing catalysts
(Ti/SiOy, Ti-MCM-41 and Ti-MCM-48) with hydrogen peroxide (30 wt. %) as oxidant at 85 °C for
3 h. Although they obtained high selectivities (> 98 %), the highest conversion was 44 % for
Ti-MCM-48. They attributed the high selectivity to the slightly alkaline character of acetonitrile

that hinders acid catalysed epoxide ring opening.

In a later work by Guidotti et al [97], the activity of Ti-MCM-41, Ti-MCM-48 and Ti-aerosil was
tested in the epoxidation of methyl oleate. Hydrogen peroxide (50 wt. %) was used as an oxidant
at 85 °Cin an inert atmosphere for four hours. Ti-MCM-41 performed slightly better than the
others (conversion = 52 % and selectivity = 83 %) and was further tested at different hydrogen

peroxide and catalyst concentrations. It reached up to 96 % conversion and 95 % selectivity.

Wilde et al [93] studied the effects of different solvents in the epoxidation of commercial
biodiesel (72 wt. % methyl oleate) at 50 °C for 24 h. Amongst ethylacetate, acetone, acetonitrile,
acetonitrile/methanol, diglyme, methanol and diisopropylether; acetonitrile exhibited the best
performance with a 93 % conversion and 87 % selectivity. In a further work, Wilde et al [94]
tested different titanium containing catalysts for the epoxidation of commercial biodiesel using
similar conditions to the previous work, with acetonitrile as solvent at 50 °C, reaching over 80 %

conversion and selectivity.

All these works pointed to acetonitrile as the best solvent for the epoxidation of fatty acids. It is
suggested that the reaction follows the Payne oxidation pathway [98]—-[100]. In Payne’s oxidation,
acetonitrile and hydrogen peroxide combine forming in situ a very reactive intermediate

peroxycarboximidic acid [94], [95], [97]. As seen in Figure 16.
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Figure 16  Payne's mechanism for olefin oxidation [98].

The formation of peroxycarboximidic acid happens slowly under mild alkaline conditions (pH

7.5 - 8). Payne et al [99] reported that less than 5 % of hydrogen peroxide reacted without the
presence of a base in the reaction. Whereas in recent works, no catalysts are being used other
than titanium containing ones. Consequently, fatty acids are bulky molecules and thus might not
be able to approach active sites in the catalyst pores, due to size limitations, the formation of a
small and much more mobile intermediate molecule might enable the fatty acids to be reached by

the peroxycarboximidic acid and the epoxidation can take place.

2.2 Epoxy resin hardeners derived from cashew nut shell liquid

Hardeners are used for crosslinking epoxy resins, acting as catalysts or reacting with the epoxy
rings, thereby providing cross-links in the resin structure. There are already commercially
available curing agents from sustainable sources. These new materials are mainly derived from
starch, cellulose and triglycerides, but they do not have aromatic groups in their molecules, which
are able to bring greater mechanical properties, as well as heat and fire resistance. The curing
agents used are mainly dicarboxylic acids [101], [102] and anhydrides [103]-[106]. Other
hardeners based on amines and amides must be exploited for this usage as well. Amines and
amides are highly reactive and largely used for curing conventional epoxy resins; yet toxic and

volatile, they need to be developed into more sustainable derivatives in the future [107], [108].

In this context, phenalkamines and phenalkamides feature a series of benefits that make them
interesting. They are obtained from cardanol, shown in Figure 17, a component present in the
cashew nut shell liquid (CNSL), which is considered a by-product in the cashew nut industry [109].
It is possible to find 20 to 25 % of a cashew nut weight in CNSL [107], [108], [110]-[112]. In a
phenalkamine/phenalkamide structure (Figure 17), there is an aromatic ring present, responsible
for chemical and fire resistance; a long aliphatic chain, capable of bringing a hydrophobic
character to the resin and increase the water resistance. Further, a phenolic hydroxyl that
increases the reactivity at low temperatures and consequently facilitates curing. Finally a chain
with amines or amide, which brings high mechanical properties to the resin by improving the

crosslinking density [107], [110], [113], [114].
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Figure 17  Structure of a phenalkamine derived from cardanol [115]-[117].

Dai et al. [110] studied the temperature sensitivity in the curing of a conventional epoxidic coating
system cured by commercial phenalkamines. Thin specimens (around 200 um) were fully cured at
5 °C and 24 °C. Further, the moisture uptake of the systems were compared to systems cured with
conventional curing agents in salty water, at 252C and 652C for three weeks. The systems
containing phenalkamines absorbed at least 50% less water than the system with polyamide and

around 35% less than systems containing cycloaliphatic and Mannich base curing agents.

Ghosh et al [118] investigated the effect of temperature and moisture sensitivity in epoxy
coatings cured by a phenalkamine and conventional counterpart hardener. To mimic seasonal
conditions (25 + 2 °C, 50 £ 5 % relative humidity and 10 + 2 °C, 90 £ 5 % relative humidity) they
cured 150 um thick layers and exposed them to water, humidity and corrosion resistance tests.
The phenalkamine hardener performed slightly worse in the tests and the T, value was about

40 % lower.

Rao and Pathak [119] developed blends of epoxy/phenalkamine and epoxy/benzoxazine and
studied their interaction in different proportions for the application in pre-impregnated fibres
(prepregs). Copolymers were prepared and initially cured at room temperature, followed by DSC
analysis at different stages: 100 °C for 30 min, 140 °C for 1 h, 180 °C for 1 h or 200 °C for 4 h. The
peak curing point for the blends was at 253.7 + 4.6 °C, which was the result of the benzoxazine
ring opening. T; was reduced with higher amounts of epoxy/phenalkamine in the blend, given by
the long side chain from cardanol, which increases flexibility and consequently reduces the glassy
structure of the cured resin. The char yield was increased with the higher amounts of benzoxazine
in the sample, which reflects the higher thermal resistance given by aromatic rings. Although, in

this specific case, the phenalkamine hardener reduced the thermal resistance. Other bio-based
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hardeners such as dicarboxylic acids and anhydrides do not naturally feature aromatic rings [101],

[106], [120].

Pathak and Rao [117] evaluated the adhesive properties of phenalkamines synthesized with three
different amines (ethylene diamine (A), diethylene triamine (B) and triethylene tretramine (C)).
These phenalkamines were used for curing a conventional epoxy system (DGEBA - bisphenol-A
diglycidyl ether). Different epoxy to phenalkamine ratios where tested (1:1, 1:2 and 1:3). The
adhesive properties were tested in copper, aluminium and brass, and once again, the results
depended on the amines used in the phenalkamine synthesis. Curing times were different
depending on the amine used A>B>C. The phenalkamine synthesized with ethylene diamine has a
smaller amine content and therefore is less reactive, requiring a longer time to cure (up to 3h).
According to Petrie [18], this extra time allows the resin to penetrate irregularities in the material

and increase the surface area between resin and substrate (wetting).

Huang et a/ [121] managed to prepare a phenalkamine hardener with a lighter (Gardner colour
from 16 to 7) and more stable colour by replacing the phenolic hydroxyl (-OH) group present in
the cardanol backbone by a butoxy (-O(CH2)3CHs) group. The viscosity was reduced by 88 %.
Phenalkamine/DGEBA epoxy and butoxy-phenalkamine/DGEBA epoxy blends were prepared and
initially cured for 3 h at 25 °C followed by 8 h at 80 °C post-cure. T, temperatures were fairly
similar to each other, but the blends performed differently mechanically. The blend
phenalkamine/DGEBA showed a 23 % higher tensile strength, the binding strength (lap shear
strength) was 54 % lower than the butoxy-phenalkamine/DGEBA epoxy blend. These results are
driven by the hydroxyl or butoxy groups in the cardanol backbone. According to Shechter et al
[122], the hydroxyl groups participate in the curing reaction as a catalyst, speeding it up. The
butoxy-phenalkamine blend not only has a lower viscosity and a slower cure but also results in a
more flexible material. These characteristic are better for binding, which is seen in the lap-shear

strength tests, performed in their work.

Liu et al [123] prepared phenalkamines using hexamethylenediamine aiming to create a hardener
that could provide flexibility and water resistance. The resulting material was in a solid state and
inconvenient for blending. Another two phenalkamine hardeners containing diethylenetriamine
(DETA) with nonylphenol or m-cresol were prepared, with viscosities of 13 and 9.4 cP respectively.
Solid samples were prepared by mixing a DGEBA epoxy resin with each of the three prepared
phenalkamines and another one with DETA only. The samples were cured for 3 h at 25 °C and
post-cured for 6 h at 80 °C. The blend made only with hexamethylenediamine exhibited the
lowest T and tensile strength. The addition of DETA with nonylphenol or m-cresol increased those

values. The blend only containing DETA presented the highest T; and tensile strength. The long
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aliphatic chain in the cardanol molecule gives flexibility to final cured products, which in
conjunction with the also long-chained hexamethylenediamine, were responsible for the low T,
and tensile strength reported. With the addition of DETA to the phenalkamine, the crosslinking
density was increased. Tgand tensile strength were higher when no phenalkamine was applied,
given by a high crosslinking density without the plasticizing effect of cardanol’s side chain and

hexamethylenediamine.

Darroman et al [124] used epoxidized cardanol and epoxidized phenalkamine to obtain epoxy
blends. According to their study, a phenalkamine counterpart was prepared to avoid the Mannich
reaction used in the synthesis of phenalkamines and therefore avoid the use of formaldehyde.
They reported that cardanol’s aliphatic side chain has an average of 2.97 unsaturations that can
be functionalized. In their approach, allyloromide was added to these unsaturations as well as to
the phenol group in the cardanol moiety (allylation), followed by the reaction with cysteamine

hydrochloride. A scheme of the final product is presented in Figure 18.

Phenalkamine

OH NH,

Cardanol-cysteamine 5\/\NHZ
n=0,1,2,3 OJ

Figure 18 Representation of an epoxidized phenalkamine synthesized by Mannich reaction and

the Cardanol-cysteamine counterpart [124].

Epoxidized cardanol was used as the epoxy resin, phenalkamine and the synthesized cardanol-
cysteamine were used as hardeners. Several samples were prepared with varying stoichiometric
resin to hardener ratios. *H-NMR analysis showed that the cardanol-cysteamine hardener had a
higher AHEW (amine hydrogen equivalent weight) and had a higher degree of crosslinking. The
phenalkamine hardener had the amine groups closer to each other, which enabled a tighter
crosslinking resulting in a more glassy state. Such behaviour was evidenced by the T,
temperatures, being 19 °C for the cardanol-cysteamine and 30 °C for the phenalkamine with
resin/hardener ratios of 1:1 and 1:1.3 respectively. The phenalkamine hardener had a secondary
amine, which was less reactive than the primary ones in the cardanol-cysteamine one, thus the

highest T was found in the given ratio (1:1.3).

Ma et al [125] prepared two phenalkamine hardeners with thiourea-DETA groups by the Mannich

reaction, one of them had the cardanol’s phenolic hydroxyl replaced by 2,3-dihydroxy propyl
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ether. A scheme is given in Figure 19. These phenalkamines were used to prepare DGEBA blends
that were initially cured for 8 h at 30 °C and post-cured for 4 h at 80 °C. In the same fashion, a

third blend was prepared with DETA for tensile tests.

o/ﬁ'/\ “oH L —
Bia 2,3-dihydroxypropyl ether yaroRy
CHZ(NHCHZCHZNHCHZCHZNHﬁ)nNH2 CH,(NHCH,CH,NHCH,CH,NHC), NH,
||
R > R
n=1,2,3 R= cardanol's aliphatic side chain

Figure 19  Representation of phenalkamines synthesized with thiourea groups and substituted

hydroxyl.

Although hardeners with high AHEW were achieved with thiourea groups, the majority of those
hydrogens are from secondary amines, which, as reported by Darroman et al [124], are less
reactive. Hence when the phenalkamines are compared to DETA, the tensile strengths are inferior
(reduced in 41.80 % and 48.90 % for the hydroxyl-phenalkamine and

2,3-dihydroxypropyl ether-phenalkamine respectively). When thermal characteristics are
evaluated, 2,3-dihydroxypropyl ether-phenalkamine showed a T; of 80.1 °C and hydroxyl
phenalkamine of 46.5 °C. Such behaviour was discussed by Shechter et al [122], not only the
phenolic hydroxyl but also those provided by protic solvents function as catalysts, a scheme is of

which presented in Figure 20.
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Figure 20  Hydroxyl catalysed epoxy ring opening [122].

DETA has two primary amines; however, when it is used to prepare the phenalkamines with
thiourea, all of these amines become secondary and thus less reactive. The addition of
2,3-dihydroxyl ether increases the amount of hydroxyl groups and improves the reactivity and
crosslinking density given by 2,3-dihydroxypropyl ether-phenalkamine, which provides a higher T,

while slightly reducing the tensile strength.

Zhang and Xu [126] studied the curing kinetics of several DGEBA/phenalkamine blends. These

phenalkamines were synthesized with increasing amounts of secondary amines (1, 2, 3 and 5)
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using ethylenediamine, diethylenetriamine, triethylenetetramine and pentaethylenehexamine.
The reactivity given by the short-chain amines (diamine and triamine) is higher due to the lower
viscosity the phenalkamines synthesized with them have. The activation energy increases as the
curing develops and it is attributed to the smaller amounts of tertiary amines in them, which are
responsible for catalysing the epoxy ring opening. The activation energy for the long-chain amines
is slightly higher in the beginning of the curing reaction; it is smaller due to the higher amounts of

tertiary amines in their chains.

Using a different approach, Balgude et al [127] prepared cardanol-based hardeners for coating
applications by functionalizing the insaturations in the aliphatic chain with maleic anhydride

followed by its condensation with DETA, seen in Figure 21.
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Figure 21  Cardanol based polyamide [127].

The synthesis was made so that the hardeners had different amine values varying around the
amine value of a conventional hardener, also tested in the study. T;followed the amine content
giving higher crosslinking densities in the higher amine values. In the same fashion, tensile
strength increased. Such behaviour contrasts with what is seen when the phenalkamines are
prepared by the Mannich reaction where the amines are added to the phenol group, leaving the
long aliphatic chain free, which in turn acts as a plasticizer in the final product, reducing tensile

strength.

The plasticizing effect given by phenalkamines was also reported by Sahoo et al [128]. Blends of
conventional DGEBA epoxy and ELO were prepared. The systems were cured by a commercial
phenalkamine (NC558 - Cardolite Corporation). Viscosity tests showed that the
DGEBA-phenalkamine blend has a much higher shear-thinning effect than the blends containing
ELO, which behave similarly to a Newtonian fluid (viscosity is only dependent on the temperature
and not on the shear rates applied [129]). Tensile strength and T; were reduced and elongation at
break increased with higher amounts of ELO. Sahoo et al [130] found the same behaviour when
comparing the effect of ECO (epoxidized castor oil) and EMR (epoxidized methyl ricinoleate) in
DGEBA-phenalkamine blends. EMR is the result of the transesterification of castor oil’s

triglycerides, resulting in a much less viscous fluid.
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2.3 Curing of epoxidized vegetable oils

The position of the epoxide groups in the epoxidized oils make curing and crosslinking more
difficult. Internal epoxide groups (di-substituted and electronically unbiased) are less reactive
than terminal ones [131]—[133], seen in Figure 22. Similar charges between the two carbons in the

triglyceride epoxide groups hinder the approach of amines, which is facilitated when the epoxide

group is terminal, as in bisphenol-A diglycidyl ether (DGEBA).
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X
6%%0 0/%5
0 (o]

Figure 22  Structure of: (a) Triglyceride with internal epoxide group and (b) DGEBA with

terminal epoxide group.

UV-radiation is sometimes used to overcome the lower reactivity of internal epoxide groups.
Photoinitiators transform into radicals or ions that initiate the crosslinking reaction [134]-[137].
The most used type of photoinitiators are salts such as aryldiazonium, diaryl iodonium,

triarylsulfonium and tetra alkyl phosphonium [138]. A scheme of the photolysis of

Heterolytic Homolyrtlc

diphenyliodonium hexafluorophosphate is shown in Figure 23.
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Figure 23  Photoinitiator UV decomposition and cationic polymerization [137].
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The UV driven photolysis of the photoinitiator in the presence of a proton donor produces a
strong acid that open the epoxy ring and generates a cation. The reaction follows the cation
attacking another epoxide in the cation addition polymerization [135], [137]. From the cation
formation, the reaction is dependent on temperature and not on the UV source anymore, usually

referred as dark polymerization, making it a much slower process [137], [138].

Decker et al [136] found that the addition of epoxidized soybean oil to UV-curable epoxy resins
increased the hardness, flexibility, chemical and scratch resistance of the blends. Further to that,
the reduction in viscosity provided by the epoxidized soybean oil speeded up the crosslinking
reaction. Dzielendziak et al [46] used UV-curable linseed oil to study its hygrothermal ageing in
resin specimens. They showed that water uptake could be reduced in blends containing zeolites
due to the reduction in voids created inside the resin during the curing process. Malmstein et al
[45] compared the properties of epoxidized linseed and castor oils, as well as a conventional
epoxy resin in glass-laminated composites. In their work, glass/epoxy and glass/castor composite
panels were prepared by vacuum infusion. UV curable glass/linseed was hand laid-up due to the
much higher viscosity epoxidized linseed oil has, which hinders its use in vacuum infusion. Castor
oil usually has more than 90 % of its composition based on mono unsaturated ricinoleic acid
[139]. On the contrary, linseed oil is rich in tri-unsaturated linolenic acid (55 %) and
di-unsaturated linoleic acid (16.8 %), with amounts of mono-unsaturated oleic acid (18.4 %) [33].
The fatty acid profiles of linseed oil makes it much more viscous than epoxidized castor oil. Muturi
et al [40] showed that soybean and linseed oils become highly viscous when epoxidized as
opposed to much less viscous vernonia oil. Decker et al [136] showed that the propagation of a

cationic polymerization is greatly affected by molecular mobility, unlike radical polymerization.

Blends cured by processes different from UV are also sought. Park et al [140] used heat sensitive
catalysts (N-benzylpyrazinium hexafluoroantimonate and N-benzylquinoxalinium
hexafluoroantimonate) to produce heat-curable epoxidized castor oils. The samples were cured at
three different temperatures reaching up to 160 °C. Espinosa-Perez et al [141] prepared blends of
epoxidized canola and soybean oil with a petroleum-based epoxy resin. The systems were cured
by either amines or dicarboxylic acids. The epoxidized oils worked as plasticizers reducing T,
temperatures and mechanical properties. Samper et al [142] used anhydrides and obtained
blends of linseed and soybean epoxidized oils, with BDMA (benzyldimethylamine) as catalyst. In
both works, high temperatures were required for curing (160 °C for dicarboxylic acids and > 90 °C
for anhydrides) and post-curing (160 °C for anhydrides). Espafia et at [104] also reported findings
on the cure of epoxidized soybean oil with maleic anhydride; temperatures from 100 °C were

necessary for curing.
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Kumar et at [143] reported an improvement on T, temperatures and tensile strength of samples
prepared with petroleum-based epoxy resin with added epoxidized soybean oil. The blends were
cured by methylhexahydrophthalic anhydride and 2-methylimidazole was used as a catalyst,

shown in Figure 24.

% 2-methylimidazole

o H
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methylhexahydrophthalic anhydride
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Figure 24  Chemical structure of methylhexahydrophthalic anhydride and 2-methylimidazole

Even with the catalyst addition, temperatures of 130 °C and 150 °C were used to achieve curing.
Jian et al [144] used dicarboxylic oligomers from poly(butylene succinate) to improve the
crystallinity (via X-Ray Diffraction) of epoxidized soybean oil. The higher the molecular weight of
the oligomer the lower the curing rate was. The use of DMAP as a catalyst improved the rates.
The longer oligomers improved crystallinity and thermal and mechanical properties. The curing
process was performed at 160 °C. Zeng et al [145] reported that increasing amounts of DMAP (up
to 3 wt.%) reduced the curing temperatures down to 172.5 °C. The catalyst was used in blends of
epoxidized soybean oil and sebacic acid and other dicarboxylic acids. T, was found at below 0 °C.
Ding et al [101] obtained thermoset blends of epoxidized linseed oil and dicarboxylic acids with
DMAP (4-dimethylaminopyridine) as a catalyst and high temperature curing (160 °C). Dicarboxylic
acid containing up to 36 carbons in the structure were used. Only the ones with less than 12
carbons showed T temperatures above 0 °C; 0.4, 3.7 and7.0 °C for 10, 8 and 6 carbons

respectively.

The results reported by Zeng et at [145] and Ding et al [101] show that long dicarboxylic acid
chains reduce the T, temperatures. Contrarily, as presented by Jian et al. [144], when the chains

are long enough the molecules are able to rearrange into crystalline structures and increase T.

Qi et al [146] managed to produce a fully bio-based thermoset resin from epoxidized soybean oil.
Tanic acid was used due to the high amount of phenolic hydroxyl groups in it and histidine as a
catalyst. Though temperatures between 120 °C and 180 °C were used in the curing process, T,

between 54 ° and 63 °C were achieved.

Most recently Sahoo et al [130] used phenalkamines for curing epoxy and ELO blends, also using
high post-cure temperatures (120 °C for 2 h and 150 °C for 6 h). However, our study [147] showed

that post-curing samples hardened by different phenalkamines and phenalkamides at 10 °C higher
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than the glass transition temperature (Tg) can be detrimental to the final elastic modulus,

reducing it from 4 % to 24 %.

2.4 Summary

Many studies are being carried out in the search for sustainable materials. These materials are
important but unlikely to replace the current conventional resins systems, especially for
high-performance resins such as epoxy. Epoxy resins have been in the market since 1946, they are
one of the best and most versatile types of resin [18]. The knowledge around epoxy formulations
is so great that troubleshooting during manufacture has become easy. Therefore, new materials
cannot depend only on the sustainability claim; rather they need to show comparable high-
performance properties and reliability. No comprehensive work was dedicated to the synthesis of

low viscosity bio-based monomers from vegetable oils for developing epoxy resins.
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Chapter 3  Synthesis of low-viscosity epoxy resins

derived from vegetable oils

This chapter is divided in two sections that will present the findings in the development of a low
viscosity alternative for a commercially available epoxy resin synthesized with linseed oil. The
epoxidation of vegetable oils increases their viscosities; therefore, the transesterification of the
triglycerides into the smaller fatty acid methyl esters can produce a much less viscous product.
Transesterification is used in the biodiesel industry [148]-[150], hence any findings in better

transesterification routes might benefit both resin and fuel industries.

3.1 Sustainable epoxidation and transesterification of camelina,

soybean and linseed oils.

3.1.1 Introduction

Camelina, soybean and linseed oils were chosen as substrates because of their fatty acid profiles.
They differ between their amounts of unsaturations per fatty acid, as shown in Figure 25. The
unsaturations will be epoxidized and therefore provide more functional groups for polymer chain

growth and crosslinking.
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Figure 25  Fatty acid profile of soybean, linseed and camelina oils (saturated, mono-, di-, and

tri-unsaturated fatty acids) [33].

The traditional epoxidation of vegetable oil is performed with peracids that are highly dangerous
and toxic. lon exchange resins show high selectivity towards epoxides, yet peracids are still used
in the process. The enzymatic method is less harsh but a precise control of the reaction

parameters is necessary because enzymes can be denaturated. Solid heterogeneous catalysts
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such TS-1 and Ti-SiO, were chosen because they can perform epoxidation in much milder
conditions. Unlike the methods that require peracids, diluted hydrogen peroxide (30 wt. %) is
enough for the reactions. Further to that, the catalyst is able to withstand different reaction
temperatures, it is easily filtered off the reaction products and can be regenerated. Acetonitrile
was chosen as the solvent in several of the epoxidation reactions, either by itself or with
methanol. According to the “12 Principles of Green Chemistry” [4], acetonitrile should be avoided
because of its toxicity. Though at this development stage the reactions were based on the work of
Wild et al [93]. In their work several solvents were tested and acetonitrile showed to be the best

one, reaching higher reaction conversion and selectivity.

3.1.2 Experimental

3.1.2.1 Materials

The epoxidation of Soybean (SO), Camelina (CO) and Linseed (LO) oils and mainly their fatty acid
methyl esters (FAMEs) were studied. The reactions were carried out using diluted (30 wt. %)
hydrogen peroxide as oxidant and TS-1 as catalyst. Samples of the oils were supplied by Inovia UK,
samples of Epoxidized Soybean Qil (ESO) and Epoxidized Linseed Oil (ELO) were supplied by
Akcros Chemicals. TS-1 was purchased from ACSMaterials (pore size 0.56 - 0.58 nm). Ti-SiO, was

provided by a colleague (pore size 16 nm) [151], these catalysts were used as obtained.

3.1.2.2 Substrate and products characterization

All the oils, FAMEs and respective epoxidized derivatives were characterized by Nuclear Magnetic
Resonance (NMR). NMR is a highly accurate technique used for characterization and
quantification of a great variety of compounds. Its use in vegetable oils and their derivatives has
proved to be very reliable and easy [47], [120], [152]—-[155]. The most important peaks in the

spectrum are given on Table 2.

Table 2 Peaks of interest in 'H-NMR spectra of vegetable oils and fatty acid methyl esters.

Peak range (ppm) [120], [153], [154] Structure

1.45-1.60 (-CH,-CHOCH-)

1.70-1.85 (-CHOCH-CH,-CHOCH)

2.00-2.10 (-CH,-CH=CH-)

2.80-2.85 (-CH=CH-CH,-CH=CH-)

2.90-2.95 (-CHOCH-), (-CHOCH-CH,-CH=CH-)
3.00 (-CHOCH-CH,-CHOCH-)

3.06-3.24 (-CHOCH-CH,-CHOCH-)
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5.35-5.45 (-CH=CH-)
5.60-5.65 (-CHOCH-CH,-CH=CH-CH,-CHOCH-)
3.43-3.62 (CHOH-CHOH-)

By following the peak’s variation, it is possible to obtain the conversion and selectivity of the
epoxidation peaks. All the peaks of interest in the 'H-NMR spectra obtained from the samples
used in this work were integrated. Initially the sum of the intensity of the integrated area of all
epoxide signals (Ae) was calculated, as seen in Equation ( 1 ). Aow is the integrated area for the
glycol groups generated after epoxide opening, Ac-cis the integrated area of the unsaturations

signal.
A, = 2.90to 3.24 ppm Aoy = 3.44 ppm Ac—c = 5.40 ppm (1)

The reaction conversion (X) is then calculated using Equation ( 2 ).

Aet+Aoy
Aet+Aoy+Ac=c

X(%) = x 100 (2)

The selectivity towards epoxide groups (Se) is obtained from Equation ( 3 )

Ae
Aegt+tAoytAc=c

S.(%) = x 100 (3)

3.1.23 Epoxidation of Fatty Acid Methyl Esters over TS-1

Prior to the epoxidation reaction, the oils were transesterified via an acid catalysed
transesterification. Although this process requires 24 h for completion, it becomes easier to
separate the final products, as it does not generate soaps in the reaction. For the reaction, 2.5 mL
of sulphuric acid was slowly added to 100 mL of methanol. This mixture was added to a round
bottom glass containing 40.00 g of the oil samples at 40 °C. The reaction temperature was then
raised to 60 °C and it was left to react for 24 h. After completion, the final mixture was washed
with chloroform and distilled water until the organic phase reached neutral pH. Chloroform was

eliminated in the rotary evaporator and the FAMEs were obtained.

For the epoxidation reaction, 1.0 g of FAMEs derived from each oil (SO, CO and LO), 1.7 g of TS-1
and 70 mL of acetonitrile were added to a 100 mL two-neck round bottom flask equipped with a
condenser and rubber stopper. The mixture was placed in an oil bath and the temperature was
raised to 50 °C. Then 1 mL of hydrogen peroxide (30 wt. %) was added dropwise. The reaction was
carried out for 24 h and samples were taken after 1 h, 3 h, 6 h and 24 h. This procedure was based
on the work of Wilde et al [93], [94]. Conversion and selectivities were calculated based on NMR

spectra, as discussed on item 3.1.2.2.
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Three other reactions were carried out with FAMEs derived from linseed oil: Blank (without TS-1),
Calcined (with TS-1 used in the previous reaction which was then calcined at 550 °C for 6 h, under
air flow) and Reduced TS-1 (70 % reduction in TS-1 amount). These reactions were carried out for
24 h at 50 °C with the collection of only one sample in the end. TS-1 was filtrated off and the
remaining liquid phase was treated with hexane to obtain the epoxidized FAMEs in an organic
layer. The organic layer was washed with distilled water to eliminate traces of acetonitrile and
unreacted hydrogen peroxide. The FAMEs were concentrated in the rotary evaporator. Over 90 %

of the product was obtained as Epoxidized FAMEs after the reactions.

3.1.24 Epoxidation and transesterification of Linseed oil over TS-1 and Ti-SiO,

A simultaneous transesterification and epoxidation reaction was attempted based on the
parameters used for the epoxidation of the FAMEs. A 50:50 volume ratio mixture of methanol and
acetonitrile was used as a solvent. In the reaction, 50 mL of acetonitrile and 50 mL of methanol
were added to a 250 mL two-necked round bottom flask containing 1 g of TS-1 and 2 g of linseed
oil. The mixture was heated to 5 °C and then 5.5 mL of hydrogen peroxide (30 wt. %) was added
dropwise. The reaction was carried out under reflux for 24 h. At the end, TS-1 was filtered off, the
mixture was treated with hexane for obtaining an organic layer, which was separated and washed
with distilled water. The organic phase was concentrated in a rotary evaporator. The remaining
oily product was analysed by NMR spectroscopy. The reaction over Ti-SiO; (pore size = 16 nm) was

performed in the same fashion.

3.1.3 Results and discussion

3.13.1 Epoxidation of fatty acid methyl esters over TS-1

The NMR spectra obtained for the samples of pure FAMEs and after 1h, 3h, 6h and 24h of

reactions are shown in Figure 26.
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Figure 26  'H-NMR spectra of the epoxidation reactions of Fatty acid methyl esters derived from

linseed, camelina and soybean oils.

From the integration values obtained from the delimited peak areas of each spectrum, it was
possible to calculate the conversion and selectivities towards epoxides for the reactions. The

results are shown in Figure 27.

. 982985 989 992 1 433 9.9 977 98.0 | 97.87985 " 987 9838 |
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Figure 27  Conversion and selectivity of the epoxidation of fatty acid methyl esters derived from

linseed, camelina and soybean oils.

All the samples resulted in high conversion and selectivities where best results were obtained
from linseed > soybean > camelina oils. All the oils have similar amounts of unsaturated FAMEs:
soybean (84.1 %), camelina (86.9 %) and linseed (90.3 %) [33]. The reaction rates were not related
to the total amount but followed the fatty acid profile of each oil, meaning the proportions of
mono-, di- and tri-unsaturated fatty acids, given in Figure 25. It was initially supposed that the
epoxidation of one of the double bonds could hinder the reaction of the neighbouring ones, but

on the contrary, the higher the amount of neighbouring double bonds, the higher the reaction
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rate was. It appears that having a double bond readily available for the following oxidation speeds

up the reaction.

Although camelina FAMEs have a high amount of tri-unsaturated fatty acids, it also has the
highest amount of mono-unsaturated ones. Wilde et al [94] also tested a mixture of FAMEs from
commercial biodiesel but reached lower yields (80 %), most likely because the biodiesel had
around 72 wt. % methyl oleate (mono-) and 19 wt. % methyl linoleate (di-). Further to those

reactions, the results for Blank, Calcined catalyst and Reduced amount TS-1 are shown in Figure

28.
100
95.3 97.2
80 - 84.7
g
c 60
Q
I
a
= 40 [ conversion
8 ‘ Selectivity
20
0-
Calcined TS-1 Blank 70% less TS-1 (mass)
Reaction

Figure 28  Further epoxidation of Linseed oil FAMEs over TS-1.

The reduction in the amount of TS-1 in the reaction by 70 % brought the conversion down to
around 62.8 % showing that catalyst was initially being used in excess. Hence, the selectivity was
still high. For the Blank reaction, epoxidation was still possible with a high selectivity, but the
conversion was very low. That suggests TS-1 is catalysing the formation of the peroxycarboximidic
acid through Payne’s oxidation pathway (see 2.1.4.2). The reaction with calcined TS-1 had a lower

performance, showing that the catalyst is being deactivated.

3.1.3.2 Epoxidation and transesterification of linseed oil over TS-1 and Ti-SiO,

Unlike the FAMEs, the whole triglyceride molecules are much bigger and bulkier. In that sense,
the simultaneous epoxidation and transesterification reactions were attempted over TS-1 and

Ti-SiO,.

52



Chapter 3

-»”"e s v " é!i&@.!o Nanopores
%‘? "etg'ar .§ 'Cl!i 0.6 nm
g',@!& ‘.? 0% ?i‘ o
"a e "at@'.-r’""a-v "*-v“?'m ‘o P ".a"”'e .
@m t' o @e mo b5 3«[@;{,@».@ ,5"@. !.
i ? r@ atq..,gt. o 5&%‘,5: :’?; ;{;ﬂ'!‘:e’

mesopore |@g&g&g&g§@@‘. 1!\ O'G'Ii A/ ‘!"‘¢g .

i e
16 nm g Q‘!’ !\5«‘.!"'

i'!o 'em ,,e@,. a@ @!o ,,e!o‘.

g{‘g "et" 9'5?'3 % g

ATy
ﬂ@gg;%l ﬁ\; & ?0‘.,@‘?0&: 0 :@?l\ ‘!;g?l "

-, I ST PALTTA
PRI '”'gog'.e
a"””g:“‘a'&“@i 'm@
OERRITS ?’e’é@"g.‘e
L/

gy N

0

{7
og,a% K2 eog'to— w, e, - »., oy

t!

&

9

%

Ly

& L
é.~ :

&
R

Figure 29  Representation of solid catalyst containing microporisity (TS-1) and

mesoporosity (Ti-Si0,) [156].

The results are shown in Figure 30, which shows that the epoxidation reaction reached a higher

yield over Ti-SiO,.
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Epoxidation Transesterification

Figure 30  Transesterification and epoxidation of linseed oil over TS-1 and Ti-SiO..

Linseed oil molecules are much bigger than its derived FAMEs such as methyl oleate. That would
explain why the conversion was ten times higher in Ti-SiO, which has a much bigger pore size,
enhancing the diffusion of reactants. The suggested Payne’s formation of peroxycarboximidic acid
is not the only factor for the successful epoxidation, as pore size played an important role as well.
Both selectivities were high meaning epoxides being produced are stable. Further, the
epoxidation over TS-1 was around three times lower than a blank reaction fully carried out in

acetonitrile.
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3.14 Summary

Epoxidation of FAMEs over TS-1 proved to be efficient and high yields were achieved. The reaction
rate indicates dependence on the profile of the fatty acids used in the synthesis. Closer double
bonds accelerate the reaction speed instead of hindering it. TS-1 full regeneration was not
accomplished; the results lead to the conclusion that it can be achieved, possibly by increasing
calcination time. The reaction carried out without catalyst exhibited conversion of double bonds
towards epoxides, much likely via Payne’s oxidation pathway. The process is very slow and
requires a catalyst. Therefore, TS-1 was crucial for the epoxidation. The reduction on the amount
of TS-1 was detrimental to the reaction; it is shown that it is important to have an excess of the

catalyst.

Transesterification reactions over TS-1 and Ti-SiO, were not successful. Acid catalysed
transesterification is by itself a slow process, even when strong acids are used (H,SQ,), therefore
acidity might have been the main issue in the transesterification. The epoxidation nonetheless
was very pronounced over Ti-SiO,, which disregards the transesterification failure being caused by

lack of diffusion of the bulky triglycerides.

Though the initial plan was to compare the mechanical properties of epoxy resins made from the
three different oils (camelina, soybean and linseed), the reaction required an excess of catalyst.
Producing enough amounts of epoxidized oils and FAMEs for the preparation of testing specimens
was not feasible. In consequence, it was decided to change the focus to linseed oil because it has
the highest amount of unsaturations and it is already been used in the market in its UV-curable

version.
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3.2 Transesterification of epoxidized linseed oil

3.2.1 Introduction

Although very high yields were achieved in the epoxidation of FAMEs over TS-1, the amounts
obtained were very small and producing enough material for testing would not be feasible.
Further to that, the heterogeneous catalysed transesterification reactions were not successful.
Therefore, this section will discuss the homogeneous transesterification of epoxidized linseed oil
(ELO) to obtain its epoxidized fatty acid methyl esters (TELO). This particular chosen pathway was

described by Holsner [150] and is able to transesterify ELO keeping the epoxide groups.

3.2.2 Experimental

ELO was provided by Valtris Specialty Chemicals (Lankroflex L, EEW 182). Sodium methoxide (95 %
reagent grade) was purchased from Sigma-Aldrich. Benzonitrile (anhydrous) was purchased from
Sigma-Aldrich and used as internal standard (IS). Hexane and methanol (HPLC grade) were

purchased from Fisher Scientific.

3.2.2.1 'H-NMR characterization

'H-NMR has been successfully used for characterizing epoxidized vegetable oils as well as
detecting traces of oxidized oil in biodiesel, due to its high accuracy [153]-[155], [157]-[159]. In
this work, a Bruker AV11400 FT-NMR spectrometer (400 MHz) was used. For the procedure,
benzonitrile (Sigma-Aldrich 2 99%) was used as internal standard (IS) and D chloroform (Euriso top

99.80% D) as a solvent.

3.2.2.2 Transesterification of epoxidized linseed oil

For a batch of TELO, 450 g of the ELO was placed in a 1000 mL glass round bottom flask with a
magnetic stirrer, 150 mL of methanol was added and then 4.5 g of sodium methoxide. The
reaction quickly started with a visible colour change. The flask was placed in an oil bath at 50 °C
and the reaction was carried out for 3 h under reflux and stirring. The resulting mixture was
placed in a separation funnel and left to cool down. Distilled water and hexane (100 mL each)
were added to the mixture and the funnel was manually agitated. The emulsion-like mixture was
separated by centrifuging for 15 minutes at 8500 RPM. The organic layer was separated and dried
in a rotary evaporator. The yield was obtained by *H-NMR spectra, shown in Figure 31. All peaks

referring to glycerol completely disappearing in the process.
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Figure 31  'H-NMR spectra of ELO and TELO.

3.2.3 Results and discussion

Epoxy resins can be characterized by their Epoxy Equivalent Weight (EEW). It determines the
amount of resin (g) containing one gram-equivalent of epoxide groups [160], or per mol

(g/mol) [161]. From EEW it is possible to estimate the amount of epoxy hardener (AEW - Amine
Equivalent Weight) required for a stoichiometric or near-stoichiometric cure of the epoxy

system [162], [163]. EEW values are usually provided by the suppliers; however, the value
changes for ELO when it is transesterified to TELO, as the molecular weight changes. Based on
several works [153], [155], [160], [164] a methodology to determine the EEW of the epoxidized oil

and its transesterified version was developed using *H NMR. Spectra are shown in Figure 31.

With known amounts of ELO or TELO and internal standard (IS), as well as using the integrated
area under each correspondent peak in the *H-NMR spectra, it was possible to determine EEW for
ELO and TELO. For EEW calculations, a known amount of IS was added to every sample, which was
detected on the H-NMR spectrum recorded. The area under the peak regions for IS and epoxide
groups in the spectra were obtained. The integrated peak areas (Aepoxide, 1s) represent signals from

a number of protons (ny) in each molecule or functional group, as seen in Figure 32.

H
- H ¢
H>A<H
R R H
N
epoxide (n, = 2) H

benzonitrile (n, = 5)

Figure 32 Number of protons (H) present in the epoxide groups of ELO and TELO and in the IS.
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Hence, the peak intensity per proton (i) is obtained from Equation (4 ).

, Aepoxide,Is

_ poxide,

lepoxide,IS - ( 4 )
Hepoxide,IS

Further the number of moles of IS (ns) is obtained with the known mass of IS (mjs) and its
molecular weight (My,) in Equation (5 ).

_ mys (g) (5)

n =
IS ™ Mwys (g/mot)

The number of moles of IS (nis) yields its respective peak intensity (iis). The number of epoxide
groups (nepoxide) is calculated using the ratio between the peak intensity generated by the epoxide
groups and IS, given in Equation ( 6 ).

_ iepoxide
nepoxide =nNyg (m0l) X ( iIs ) (6)

It is important to note that nis stands for the number of IS molecules and nepoxide is the number of
epoxide groups in the whole ELO/TELO sample, meaning each triglyceride can have several
epoxide groups. Finally, using the sample mass (mewo, Te10), it is possible to obtain the EEW values
using Equation 4:

EEWgL0,1EL0 (9/mOl) = mELoTELO (9) )

Nepoxide

In such a manner, EEWFeo, 1e10 represents the masses of ELO or TELO (g) containing 1 mol of

epoxide groups.

Because of the transesterification reaction of ELO, no peak related to glycerol groups were found
in TELO, seen in Figure 31. The EEW value given by the supplier for ELO was 182 g/mol and the
value calculated from the *H-NMR was 172.22 g/mol. For TELO the calculated EEW was

215.16 g/mol. The epoxidized FAMEs were successfully obtained from ELO. The *H-NMR method
used for determining the EEW value for ELO resulted in a similar value to the one given by the
supplier. The EEW value for the epoxidized FAMEs is different because they have a different

molecular weight from the triglycerides in ELO.

3.24 Summary

ELO was transesterified to TELO keeping its epoxide content. *H-NMR was successfully used in
finding EEWs for ELO and TELO as well as tracking the transesterification reaction. The resulting
epoxidized fatty acid methyl esters were used in the production of testing specimens. The EEW

values were used in the blends prepared in this work.
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Chapter 4 Screening of epoxy hardeners based on

cashew nut shell liquid (CNSL)

4.1 Introduction

Epoxidized vegetable oils are effectively cured under UV-light with the employment of a
photoinitiator [45], [46], [165]. Traditional composite and resin users benefit when a two-part
system is available, as the use of UV-radiation requires specific installations. The lamps used for
the curing can cause damage to unprotected skin. Epoxidized oil thermosets are obtained from
bio-based hardeners [104], [111], [140], [142]-[146], [166] yet high temperatures are required. In
this sense, commercial bio-based hardeners were investigated. These phenalkamines and
phenalkamides are based on CNSL and used in conventional DGEBA epoxy systems, they enable
cure at room temperature. This chapter will present the results found when the CNSL-based
epoxy hardeners were tested against a conventional one. The conventional system comprises an
epoxy resin and respective hardener obtained from the market and developed for resin infusion
systems. All the hardeners used are based on amines and amides. These groups are very reactive
and provide fast, room temperature curing [18]. Five different types of phenalkamine and
phenalkamide hardeners were supplied by Cardolite Corporation. This screening was then
performed to select one with properties closest to the properties given by the conventional

hardener.
4.2 Experimental

4.2.1 Materials

A conventional epoxy infusion system was obtained from Gurit (resin PRIME 20LV and hardener
FAST). The resin being based on DGEBA
(2,2'-[(1-methylethylidene)bis(4,1-phenyleneoxymethylene)]bis) and hardener mainly based on
2-piperazin-1-ylethanamine. The phenalkamine and phenalkamide hardeners Ultra LITE 2009, LITE
3000, 3005, 3060 and 3100 were provided by Cardolite Corporation. The mixing ratios are given in
Table 3.
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Table 3 Properties of resin mixture components.
Final
Mix ratio Solids | bio-based
resin:hardener | content | content Hazards
Hardener (g) (wt. %) | (%) Class identification | Reference
Conventional | 100:26 100 - Cycloaliphatic, | Irritant, [167]
aliphaticand | dangerous for
phenyl amines |the
environment.
R(36/38, 43,
51/53)
Ultra LITE 100:55 297 24 Cycloaliphatic | Harmful. [168]
2009 amine adduct |R20/22
and cardanol
LITE 3000 100:135 69-73 |40 Phenalkamide |Harmful, [169]
irritant.
R20/21, 38
LITE 3005 100:134 70 42 Phenalkamide |Harmful, [170]
irritant.
R20/21, 38
LITE 3060 100:55 Solvent |32 Polyamide and | Corrosive, [171]
free cardanol irritant. R22,
34,43,37/38-
41
LITE 3100 100:79 78-82 (36 Polyamide Flammable, [172]
adduct and corrosive,
cardanol irritant.
R20/21, 38,
34,43, 36/38
4.2.2 Moulds preparation

In order to prepare tensile testing specimens, 3 mm polymethyl methacrylate (acrylic) sheets
were laser cut to size based on specimen type 5 of ASTM D638-14 standard. Small type 5
specimens were chosen due to size and volume. They are also better suited for thermal and
hygrothermal ageing [173]. Moulds were prepared with room temperature vulcanizing (RTV)
silicone, purchased from EA silicones. The silicone was prepared as indicated by the supplier and
degassed in a vacuum chamber to eliminate bubbles formed in the mixing process. It was then
poured into a tray containing the type 5 acrylic specimens and left for 24 h at room temperature
for curing. After curing, the solid silicone mould was taken from the tray and the acrylic specimens

removed leaving hollow spaces for the resin. A picture of the mould is shown in Appendix A.
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423 Samples preparation

The samples were prepared by thoroughly mixing the resin and the different hardeners according
to the mixing ratios shown on Table 3. The mixtures were poured into the RTV silicone moulds
and left to cure at room temperature for 24 h. Some samples were then post-cured in a fan-
assisted oven at different times and temperatures (NPC: non post-cured, 16h60: 16 hours at 60 °C
and 5h80: 5 hours at 80 °C). The conventional resin system supplier suggests post-curing at 50 °
for 16 h. Therefore, the post-curing temperatures were chosen so they would be closer to the

initial glass transition temperature of the system (Tg = 70 °C).

424 Hygrothermal ageing

The moisture absorption was evaluated based on ASTM D570 standard [174]. Five samples of
each cured system, weighing 0.9 + 0.1 g, were placed in distilled water at 40 °C for four weeks.
Twice a week all the samples were removed from the water, dried with paper towel and weighed.
The water uptake was measured by the weight change within the samples. The results were
averaged and the standard deviation obtained. The Fickian water diffusion constant is obtained by
finding the initial slope in the plot of percentage in weight change (%) in function of the square

root of the immersion time (V days).

4.2.5 Infrared spectroscopy

Infrared spectra were recorded in a Thermo Scientific Nicolet iS5 equipped with an iD7 device for
attenuated total reflectance (ATR) spectroscopy. The ATR spectroscopy allows easy evaluation of
solid and liquid samples. Each spectra is an average of 16 scans performed by the equipment from

680 cm™ to 4000 cm’™.

4.2.6 Gel content

The curing and post-curing processes in the epoxy systems allow the molecules to increase their
crosslinking density, therefore enhancing the properties in the material and consequently their
resistance to solvents [111]. Based on ASTM D 2765 standard [175], three samples of
approximately 1 g were left in 15 mL of dichloromethane (DCM) for 7 days. The samples were
separated from the solvent by filtration and rinsed with acetone. The remaining solid fraction was
dried overnight in an oven at 65 °C. The solid fraction weight was measured in order to obtain the
soluble fraction of the samples applying the following equation ( 8 ).

Gel%=(1—w)x100 (8)

Ws
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where wt is the total weight of the sample before extractionand ws is the weight of the remaining
dry solids. Gel% values were averaged and the standard deviation obtained. The gel content is

expected to be higher in cured and post-cured samples (samples with higher crosslinking density).

4.2.7 Density

The density of the cured samples was measured using Archimedes’ principle, described in Hughes’
work [176]. Five cured samples, described on item 4.2.3, were evaluated. The densities were

obtained employing Equation ( 9 ).
d = WS/VW ( 9 )

where ws is the sample’s weight and V,, is the weight of the sample suspended in water, which

denotes the water displaced and therefore the volume.

4.2.8 Viscosity

The viscosity of each system (resin + hardener) as well as each individual liquid component were
assessed using a cone and plate viscometer (Brookfield CAP2000+) with a number 1 cone spindle,
the temperature control set to 25.0 + 0.1 °C. Three measurements were taken at different

rotation speeds within 10 % to 90 % of the viscometer’s measuring torque.

4.2.9 Mechanical testing

The elastic modulus or Young’s Modulus (E) is defined by the deformation or strain a material

suffers due to an applied stress, elaborated in the following Equation ( 10 ).

F/A

E:AL/L
0

(10)

where F is the tensile load applied to the specimen, A is the undeformed cross section area of the
specimen, AL is the variation in length (axial strain) of the specimen during the test and Lo the

initial length [8].

In order to compare the elastic modulus (stress/strain) of the specimens, as well as their strain at
break, mechanical tensile tests were performed in an electromechanical testing machine (Instron
4204), where a tensile load was applied to the specimens until failure. In accordance with ASTM
D638 standard [173], elastic modulus was calculated on axial strain range of 0.0005 to

0.0025 mm/mm. For the tests, all cross sections were measured individually. Extensometers or

62



Chapter 4

strain gauges could not be used due to the specimen size; therefore, the strain was measured by

the crosshead displacement.

4.2.10 Thermal analysis

Glass transition temperature (Tg) and the decomposition behaviour of the cured samples were
obtained by Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
respectively. DSC was recorded on a PerkinEImer DSC 6000 using closed aluminium pans under a
50 mL/min nitrogen flow. The samples were subject to heating from 0.0 °C to 90.0 °C, cooling
from 90.0 °C to - 50.0 °C and heating again from - 50.0 °C to 90.0 °C. A rate of 20.0 °C/min was
used for all three ramps. In order to obtain the T; value, the derivative of the last curve was
obtained and the peak centre was found. The software Origin 2017 (Academic) was used in the
determinations. TGA was recorded in a thermal analyser TA Instruments Q600 SDT using an open
alumina pan under a 50 mL/min airflow from room temperature to 650 °C at a rate of

20.0 °C/min.

4.3 Results and discussion

The blends made with hardeners LITE 3000 and LITE 3005 were not contemplated in the study

because their initial curing time was much higher than 24 hours.

The results are presented as Non-aged and Aged samples. The aged samples were submitted to
hygrothermal ageing as described on section 4.2.4. A representation of the samples used in this

chapter is shown in Figure 33.

Figure 33  Epoxy blend samples based on ASTM D638-14 type 5 [173], cured by hardeners
conventional, Ultra LITE 2009, LITE 3060 and 3100.
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43.1

Hygrothermal ageing

The percentage of weight change recorded during the hygrothermal ageing is presented in Figure

34. Conventional hardener and LITE 3060 presented very similar behaviours for all the curing and

post-curing conditions. Specimens cured with hardeners Ultra LITE 2009 and LITE 3100 performed

differently. There was an initial water absorption but the material started to lose weight.

Therefore, a different number of points were used to obtain absorption rate constants, seen on

Table 4.

Conventional

Water uptake (%)

— 2009
—3060
—3100

NPC

16h - 60°C

5h - 80°C

0 2

4 6 8 10 12 14 0 2 4 6 8 1012 14 0 2 4 6 8 10 12 14

Figure 34

Period (v days)

Mass percentage change over time (V days).

Post-curing reduced the amount of water absorbed as well as the absorption rate for the samples

cured with conventional hardener. With an exception for the specimens cured with hardener LITE

3060 (5h80), all the specimens had their absorption rate increased, indicating that the post-curing

routines were detrimental to the CNSL-based hardeners.

Table 4 Diffusion constant (% weight change/ V days) of water in samples cured by
conventional and CNSL-based hardeners.

Hardener Non-post-cured |R-square [16 h-60°C |R-square |5h-80°C |R-square

Conventional' |0.8780 0.999 0.7280 0.996 0.6780 0.999

Ultra LITE 20092 | 0.5190 1.000 0.5320 1.000 0.6100 1.000

LITE 3060’ 0.7430 0.999 0.7560 1.000 0.6980 0.999
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LITE 3100° 0.4030 0.991 0.4180 0.985 0.4450 0.990

Number of points in the linear fitting: ' 4 points, 2 2 points and 2 3 points

Although some initial rates were higher than the ones provided by the conventional hardener,
CNSL-based hardeners managed to reduce the overall water uptake. By taking the final point in the
water uptake curves of conventional and LITE 3060 hardeners, the absolute reduction given by LITE
3060 for non-post-cured, 5h80 and 16h60 is respectively 1.40 %, 1.19 % and 0.82 %. The relative
reduction being 20.5 %, 18.4 % and 13.7 %. These values show that both hardeners had similar

water uptake reductions when post-cured for 5 h at 80 °C.

When the behaviour of these hardeners is taken into account amongst the different curing
procedures, specimens cured with hardener 3060 were less susceptible to water uptake
improvement. In the final data point of 3060’s curves, there was an absolute reduction of 0.12 %
and 0.30 % for post-cures 16h50 and 5h80 respectively. For the conventional hardener the absolute

reduction was 0.33 % and 0.88 % respectively.

The cured resin obtained from the conventional hardener was highly cross-linked and required the
extra heat provided by the post-curing to enable some molecular mobility and therefore curing of
residual active groups. The samples cured by CNSL-based hardeners rely on the long aliphatic side
chain featured in the cardanol moiety, which in turn is responsible for a more relaxed and more
mobile structure, as well as natural hydrophobicity. CNSL-based hardeners did not need the
post-curing process that the conventional one did to achieve low water uptake rates. Meaning that

CNSL-hardeners can reduce the energy consumed in the post-curing of composites.

4.3.2 Infrared spectroscopy

In order to assess the curing state of the epoxy blends by FT-IR, spectra of liquid samples were
obtained so the consumption of active groups during the curing could be tracked. These
hardeners are found in the market and therefore not all their components are disclosed. Figure 35
presents the spectra from the liquid samples. Peak information are given in Table 5. Though this
technique was not used in a quantitative manner, its use helps understanding the behaviour of

the cured resin.

Table 5 Peaks of interest in the FT-IR of epoxy resins and hardeners [177].

Peak region |Group Intensity Wavenumber (cm™)
1 Amines and amides medium, weak 3250 -3500

2 Amines and amides strong, medium 1580 - 1700

3 Oxirane rings medium 1200 - 1250

4 Oxirane rings medium 810 - 960
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Region 1 represents where medium and weak intensity peaks of amine groups are expected to

appear; region 2, strong medium intensity peaks of amines and amides; region 3 and 4, medium

intensity peaks of oxirane rings [177].

Figure 35
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FT-IR spectra of liquid components used in the preparation of epoxy blends. Active
groups are expected at regions: (1) and (2) for amines and amides, (3) and (4) for

epoxides.

Peaks in region 1 represent primary and secondary amines and amides. When these groups

become tertiary (fully cured epoxy) the signals disappear and are shown as medium (aliphatic)

and strong (aromatic) peaks at around 1200 cm™ and 1300 cm™ respectively for amines. For

amides, a strong peak appears at around 1700 cm™®. Though peaks in regions 3 and 4 should not

be expected for hardeners, these regions may also contain signals of aromatic groups, which are

part of cardanol’s structure or additives.
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Figure 36 FT-IR spectra of cured and post-cured epoxy samples prepared with conventional and

CNSL-based hardeners.

The epoxy ring-opening reaction caused during the curing process generated hydroxyl groups.

Signals of these hydroxyl groups appeared as a strong and broad peak between 3100 cm™ and

3500 cm™. Furthermore, the curing reaction consumed the oxirane rings, assessed by the

disappearance of signals in region 3, which represents a high degree of curing.

433 Gel content

By calculating the loss in mass or the soluble content, it was possible to verify that post-curing

improved the resistance to the solvent for Conventional hardener, as seen on Table 6. For the

CNSL-based hardeners, due to a bigger standard deviation, it is not possible to infer that post-

curing improved the resistance to the solvent.
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Table 6 Gel content (solid content) of epoxy blends cured by conventional and CNSL-based
hardeners.
Hardener Non-post-cured (%) 16 h- 60 °C (%) 5h-80°C (%)
Conventional 98.5+1.16 99.8+0.14 99.3+0.76
2009 87.7+1.02 89.5+2.88 86.5+1.96
3060 96.6 £1.86 95.9+2.13 97.5+2.14
3100 92.4+1.39 90.6 £ 0.90 93.8+1.58

The lower gel contents given by hardeners Ultra LITE 2009 and LITE 3100 are likely to be due to

the washing out of the solvents/compatibilizing agent benzyl alcohol and xylene, present in the

composition, see Table 7 on page 73. Hardener LITE 3060 also contains small amounts of salicylic

acid that works as an accelerator [178] that is not part of the structure and can leach out.

434

Density

Density can be used as a way to assess the degree of curing. Once curing starts, the structure will

shrink or expand as the molecules arrange themselves [179], [180]. Post-curing the solidified

resins will eventually provide molecular mobility and allow the relaxation of the structure and

further change in density by altering the overall volume. The values of density are shown in Figure

37.

Figure 37
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Density of cured and post-cured epoxy samples prepared with conventional and

CNSL-based hardeners.
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The aging process caused all the samples to absorb water and swell. CNSL-based hardeners are
much bulkier than the conventional one because it carries the long cardanol structure within. It
works by reducing the overall density by increasing the structure volume. That explains why
conventional hardener resulted in a denser material. Hardener Ultra LITE 2009 is the one with the
least amount of additives, which in turn contains heavier molecules that increase the system’s

mass.

4.3.5 Viscosity

Another important aspect on the curing of epoxy resins is the viscosity because it influences the
molecular mobility and therefore low viscosity systems are not only likely to yield better materials
because it allows a higher crosslinking density, they can better interact with the substrate where

applied. Low viscosity epoxy resins can fill small imperfections and increase adhesiveness [18].
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Figure 38  Viscosity of epoxy blends with conventional and CNSL-based hardeners.

According to Strong [41], viscosity is the single most important aspect of a resin system for
infusion. It should range between 50 and 1000 cP. In that sense, hardener LITE 3100 would be
over the infusion threshold. The viscosities found might be connected with the presence of
additives in the composition of the hardeners. Hardener Ultra LITE 2009 has the largest amount of
solvent/compatibilizing agent and therefore does not require additives to accelerate the curing

reaction. As the viscosities increases, additives are added to accelerate curing speeds.
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4.3.6 Mechanical testing

Stress versus strain curves of the aged and unaged samples are presented in Figure 39. Unaged
samples cured by the conventional hardener managed to withstand similar loads regardless of the
curing and post-curing processes used. The strain to failure was increased when post-curing was
applied, giving a slightly less brittle material and decreasing the elastic modulus. Blends cured by
hardeners Ultra LITE 2009 and LITE 3060 had their ultimate strength diminished when post-curing

was employed, unlike LITE 3100, which had the ultimate strength almost doubled.
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Figure 39  Stress vs Strain curves of aged and unaged epoxy blends.

Although the non-post-cured samples hardened by LITE 3100 improved their strengths after
ageing, the extension at break was also increased which reduced the overall elastic modulus.

Elastic moduli are shown in Figure 40.
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Elastic Modulus of aged and unaged epoxy/CNSL blends.

Aged samples cured by Ultra LITE 2009, LITE 3060 and 3100 also had their elongation at break

increased. A great loss of mechanical properties is evidenced in terms of elastic modulus,

particularly for hardener LITE 3060. According to the suppliers, hardeners Ultra LITE 2009 and LITE

3100 are adducts while LITE 3060 and Conventional are not. These types of hardeners are

modified versions of amines or amides that preliminarily react with epoxide groups. Such

modification is performed to increase the molecular weight of the hardeners, which reduces the

volatility and increases the curing speed. Due to the addition of epoxide groups, the amine active

groups are spread further apart, reducing the crosslinking density and increasing flexibility [18].

Nonetheless, the additives presented in each hardener composition might play an important role

in the overall mechanical properties, mainly based on the types of amine present (primary,

secondary and tertiary) [124], [126], listed in Table 7 on page 73.
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Table 7 Types and proportions of additives in the hardeners.
Proportion
Hardener Additives! (%)*
Conventional | 2-piperazin-1-ylethylamine HN/ﬁ 50 - 100

4-tert-butylphenol 10-25
OH

m-phenylenebis(methylamine) 2.5-10

H,N NH,
trimethylhexane-1,6-diamine 2.5-10

NH,

H,N
Ultra LITE benzyl alcohol 31-37
2009

OH
LITE 3060 1,3-cyclohexanedimethanamine 5-9
H,N NH,

3-aminopropyldimethylamine 3-8

salicylic acid

LITE 3100 xylene

m-phenylenebis(methylamine) 2-5
H,N NH,

2,4,6-tris(dimethylaminomethyl)phenol

18-21

22—
2

T
! According to information in the materials safety sheets.

Conventional hardener is a non-adduct that contains the highest amount of primary amines,
which gives the systems a very high crosslinking density as well as resulting in a brittle material.
Hardener LITE 3060 is not an adduct and has less primary amines than the conventional one,

hence it has cardanol in its structure whose aliphatic side chain provides flexibility. Hardeners LITE
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3100 and Ultra LITE 2009 are adducts and differ in the additives, the amine in LITE 3100 helps

increase the crosslinking density and therefore the mechanical properties.

Overall, non-adducts performed better than adducts in terms of elastic modulus. The longer
distance between amine active groups in the adducts combined with cardanol’s long aliphatic side
chains make these systems less resistant to high loads but it adds and/or increases the strain

energy to failure. It creates a resisting and damage tolerant material, yet becoming too flexible.

4.3.7 Thermal analysis

43.7.1 Differential Scanning Calorimetry

Finding a polymer T, is complicated because the thermal gradients used in the material’s
processing is stored within its structure. The amorphous/crystalline morphology of the polymer
changes with temperature. Even with the routines of curing and post-curing, active groups are left
unreacted and will be consumed further in the polymer’s lifespan. Figure 41 shows the DSC curves
of non-aged samples. On the first ramp, it is possible to see that along with a change in the heat
capacity there are endothermic peaks. These peaks represent the absorption of heat by the
polymer, which allow the polymer to relax and have its molecules rearrange in a crystalline way.
Once the samples are cooled down (second ramp) and reheated (third ramp) these peaks
disappear and only the change in heat capacity is shown. This change is then used to obtain the T,

temperatures.
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Figure 41  DSC curves of non-aged epoxy blends cured with conventional and CNSL-based

hardeners.

The DSC curves for the aged samples are shown in Figure 42. There was a shift in the T, peak

temperature to a higher temperature. Tg is highly dependent not only on formulation but in the

degree of curing of a certain polymer. Epoxy resins are thermosetting materials which, by their

crosslinking nature, are less susceptible to glass transition [181]. During the curing process the

molecular mobility is reduced, unreacted monomers left behind will cause molecular

rearrangement when the polymer is reheated.
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Figure 42  DSC curves of aged epoxy blends cured with conventional and CNSL-based hardeners.

In this work’s scenario, the samples were aged at 40 °C for a period of 7 months. Apart from
hardener LITE 3060, the ageing process improved all glass transition temperatures. The T,

temperatures are shown on Table 8

Table 8 Glass transition temperatures (Tg) of aged and non-aged epoxy blends cured with

conventional and CNSL-based hardeners.

Non-aged Aged Non-aged |Aged |Non-aged Aged

Non-post-cured | Non-post-cured | 16h60 16h60 |[5h80 5h80
Hardener (°C) (°C) (°C) (°C) (°C) (°C)
Conventional |73.0 81.6 75.7 79.7 75.0 81.0
2009 373 54.0 44.3 52.0 42.3 49.0
3060 62.0 66.0 63.0 62.6 64.3 63.3
3100 57.0 73.0 64.7 66.0 62.6 68.0

From the T; temperatures it is clear to see how the addition of extra primary amines improved the
temperatures in the timeframe evaluated. Hardener Ultra LITE 2009 presented a very low T; due
to lack of additives and for the rubbery and flexible structure given by cardanol’s aliphatic chain.
Longer curing and post-curing times would eventually improve the T, for instance aged and non-
post-cured 3100 samples achieved the same T; as non-aged and non-post-cured conventional

ones.

76



Chapter 4

4.3.7.2 Thermogravimetric analysis

The thermal stability and degradation of the samples were evaluated by TGA. The loss of mass is
shown in Figure 43. The samples presented different curves before ageing which tended to
become similar with the aging process. Hardener Ultra LITE 2009 had an initial loss of mass that is
also seen after ageing but in a smaller amount. Hardener LITE 3100 initially presented a higher

degradation temperature that was reduced after ageing.

— Conventional |
—— 2009
— 3060
3100

Normalized Weight (%)

| Non-aged -5h-80°C : 7Aged-5h -80°C
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (°C)

Figure 43  Thermal degradation curves of epoxy samples cured with conventional and CNSL-

based hardeners.

Around 20 % of all samples were left as char that was finally degraded at final temperature. In
order to assess the degradation temperatures, the derivative of the degradation curves was

obtained, shown in Figure 44.

The initial mass loss shown by the specimens cured with hardener Ultra LITE 2009 is evidenced at
around 160 °C. This hardener contains benzyl alcohol in the composition (boiling point 205.5 °C)
[182]. Studies evaluated the atmospheric oxidation of benzyl alcohol but it happens under room
temperature with the presence of radical OH or O3 [183], [184]. Xylene in turn would be a solvent
to evaporate at an approximate temperature (boiling point around 140 °C) [182], however there is
no mention of it being part of this hardener’s composition. Xylene is part of hardener LITE 3100

but its evaporation was not detected.
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Figure 44  Derivative of degradation curves obtained from epoxy samples cured with

conventional and CNSL-based hardeners.

Hardener LITE 3100 presented a change in the decomposition behaviour after ageing. The main
decomposition peaks were shifted to lower temperatures, from around 430 °C to 358 °C. Such
behaviour is specially noted for the aged sample post-cured for 5 h at 80 °C. There is a shoulder
formation indicating this shift started in the non-aged samples and progressed further with higher

post-curing temperatures. All hardeners also presented an extra shoulder at around 300 °C.

4.4 Summary

In the attempt to find the most comparable CNSL-based hardener to the conventional one,
CNSL-based hardeners proved to be more resistant to water absorption when compared to the
conventional one. Although LITE 3060 absorbed similar amounts of water to conventional, the
amounts remained comparable and independent of the post-curing used. Unlike LITE 3060,
conventional hardener needed post-curing to reach a reduction in water uptake. Hardeners Ultra
LITE 2009 and LITE 3100 showed the best water uptake reduction, but there was mass loss

tendency during the aging process.

Infrared spectroscopy showed a high and comparable degree of crosslinking amongst all samples

due to the consumption of the oxirane rings in the epoxy systems. Furthermore, the differences in
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gel content demonstrates that the curing and post-curing procedures were able to provide a
highly cross-linked structure in the materials. The differences found are due to the nature of each

hardener and do not imply that the material is under-cured.

In terms of density and viscosity, hardener Ultra LITE 2009 was closer to the conventional. The
viscosity of hardener 3060 was high yet found to be within the infusion threshold.
Notwithstanding, if the mechanical properties are taken into account, LITE 3060 properties are
better than the other CNSL-based counterparts are. Even though there was a great loss in elastic
modulus for 3060 after post-curing, the values were still higher than 2009. Hardener LITE 3100
showed good mechanical and T, properties but its viscosity is over the infusion threshold and it

would be impossible to obtain comparable composites specimens had they been done.

Considering these results, hardeners LITE 3060 was chosen for further study in the interaction

with epoxidized linseed oil.
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Chapter 5 Blends of epoxidized linseed oil cured by
CNSL-based hardener.

5.1 Introduction

This section will present the findings from the preparation and analysis of epoxy blends, prepared
epoxidized linseed oil and its transesterified version (fatty acid methyl esters). An attempt to cure
ELO with CNSL-hardeners was performed and the results are found in Appendix B. The samples
had to be cured in the oven at 220 °C to be able to get minimally hardened. Further to that,
attempts using succinic acid as cross linker/acid catalyst were performed and found to be

unsatisfactory, see Appendix D.

As discussed in section 3.2. The nature of the epoxide groups in ELO and TELO are less reactive
than in conventional epoxy resins. In this sense, to be able to obtain solid samples feasible for
tensile testing, conventional epoxy resin was employed in the blends. Hardener LITE 3060 was

chosen based on the tests reported in 3.2.

5.2 Experimental

The epoxy blends were formulated by replacing 30 % of the epoxide content in the conventional
resin by epoxide groups from ELO or TELO, shown on Table 9. Bio-based contents were estimated
by the amount of ELO and TELO (as 100 % bio-based) added to the blend. The bio-based content
present in hardener LITE 3060 was taken from its safety data sheet [171]. Conventional epoxy
resin for vacuum infusion (ConvR) and hardener (ConvH) were provided by Gurit

(EEW =170, resin:hardener ratio = 100:26). The blends shown on Table 9 were calculated with

EEW values obtained from *H NMR.

Table 9 Composition of resin blends for 100 g of conventional resin.
Conventional |LITE 3060 Bio-based

Sample ELO (g) |TELO(g) |hardener(g) |hardener (g)|content (%)
ConvR - ConvH - - 27 - 0
ConvR - ELO - ConvH 44.8 - 32,5 - 25.3
ConvR - TELO - ConvH - 53.8 325 - 28.9
ConvR - LITE 3060 - - - 55 32.3
ConvR - ELO - LITE 3060 44.8 - - 68.8 48.5
ConvR - TELO - LITE 3060 - 53.8 - 68.8 50.6
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All blends were thoroughly mixed and placed in a vacuum chamber to eliminate the bubbles
formed during the manual stirring. Then they were poured onto RTV silicone moulds (ASTM D638
type 5 shape) comprising approximately 1.5 mL each. Samples were left for initial curing at room

temperature for 24 h with following post-cure at 60 °C for 24 h in a fan-assisted oven.

5.2.1 Degree of cure - Fourier-Transform Infrared spectroscopy

Many works have used FT-IR for tracking the consumption of epoxide groups during the curing
process of epoxy resins [101], [157], [185]-[187]. In FT-IR spectra of conventional epoxy resins,
peaks at 1237 cm™ and 1030 cm™ can be used to assess the epoxide function. They are related to
ether groups in general; hence, they can overlay oxirane ring signals. Peaks at 913 cm™ and

863 cm™ are less sensitive to this condition and are usually used to determine the presence of
oxirane rings. Further, the broad region between 3550 - 3200 cm™ is used to assess the presence

of hydroxyl groups that are formed from the epoxide ring opening.

Spectra of liquid and cured samples were recorded in a Thermo Scientific Nicolet iS5 infrared
equipped with an iD7 device for attenuated total reflectance (ATR) spectroscopy spectrometer. In
order to avoid resin blends to cure in the spectrometer window, the spectra of all individual
components were taken separately and the blend spectra was calculated proportionally to each

component in the final blend, see Table 9 on page 81.

5.2.2 Viscosity

A Brookfield CAP 2000+ (spindle 1) was used to measure viscosity of all individual resins and
hardeners as well as their blends, listed on Table 9, at 25.0 0.1 °C. All measurements were taken
at three different shear stresses (kPa) and the obtained viscosities (cP) were averaged. The three
shear stress set values were not the same for all measurements; they were adjusted so the

spindle spinning torque would fall between 10 % and 90 % of the equipment’s limits.

5.2.3 Density

The density of the cured samples was measured using Archimedes’ principle, described in Hughes’
work [176]. Three cured samples, described on item 4.2.3, were evaluated. The densities were

obtained employing Equation ( 11 ).
w
d= S/VW (11)

Where w; is the sample’s weight and V., is the weight of the sample suspended in water, which

denotes the water displaced and therefore the volume.
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5.24 Mechanical testing

Tensile testing was performed on an Instron 5569 tensometer based on ASTM D638 standard,
using type 5 specimens [173] at a displacement speed of 1 mm/min. The stress/strain plots were
obtained and the elastic modulus was calculated. Due to the small specimen size, extensometers

were not used.

5.2.5 Thermal analysis

Differential Scanning Calorimetry (DSC) curves were recorded in a thermal analyser Discovery DSC
from TA Instruments. Flakes of each sample were analysed using aluminium pans under a
50 mL/min nitrogen flow from 10 °C to 250 °C at a rate of 20 °C/min. Glass transition

temperatures (Tg) were estimated from the DSC curves.

5.3 Results and discussion

5.3.1 Degree of cure

Spectra of liquid and solid samples are shown in Figure 45. The peaks at 913 cm™ and 863 cm™
regarded to the epoxide groups disappeared and there was a formation of a broad peak in the

hydroxyl region, between 3550 cm™ and 3200 cm™.
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Wavelegth (cm™)
Figure 45 Normalized [0, 1] FT-IR spectra of liquid epoxy blends and respective solid cured

samples.

The cure and post-cure cycles were sufficient for a full consumption of the epoxide groups in all
samples, even with ELO and TELO in the composition, despite them being less reactive due to

their internal epoxide positioning. Hardeners based on amines and amides (ConvH and LITE 3060)
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can readily react with the terminal epoxides of ConvR but are not reactive enough for the internal
ones in ELO and TELO, hence many works cited above used high temperatures. Internal epoxides
are nonetheless prone to ring opening in acidic conditions, via cationic polymerization [46], [140].
Furthermore, according to Shechter et al [122], the presence of hydroxyl groups generated in the
crosslinking, acts as a catalyst speeding up the reaction. The blends in this work had both types of
epoxide groups (internal and external), and the curing reaction appears to have started in the
highly reactive external epoxides. This generated hydroxyl groups that further enabled the
crosslinking reaction to extend to the internal epoxides, depicted in Figure 46 and based on the

findings of Shechter et al [122].

Figure 46  Proposed internal epoxide ring-opening by amines/amides facilitated by hydroxyl

groups created in the reaction of terminal epoxides and amine/amide [122].

5.3.2 Viscosity measurements

Viscosity measurements of each independent component and respective mixtures are given in
Figure 47. Conventional hardener has a lower viscosity than what the viscometer was able to

measure in the used setup. ELO and hardener LITE 3060 have viscosities over the resin infusion
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limit of 1000 cP [41], yet all the blends that contained them kept their viscosities within the

threshold.
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TELO's viscosity was measured at the lowest torque limit (torque = 10.73 %), given its low

viscosity, which is a characteristic of fatty acid methyl esters [188]. Both ConvH and TELO

functioned as diluents, reducing viscosity when applied. Contrarily hardener LITE 3060 increased

the system’s viscosity in all the blends where it was employed.

5.3.3

Density

The density of the cured samples is shown in Figure 48. The conventional system is the one

presenting the higher density, especially due to its degree of crosslinking and tight structure given

by the small amine compounds in its composition.

Figure 48
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Once bulkier molecules are added, such as ELO, TELO and LITE 3060, the density decreases.
Dzielendziak et al [46] reported the formation of cavities in UV-curable epoxidized linseed oil

specimens.

5.3.4 Mechanical testing

Best results were found when ConvH and LITE 3060 hardeners were employed solely with ConvR,
with a loss of maximum tensile load for LITE 3060. ConvH comprises small molecules (Table 7)
which allow a fast and highly cross-linked material. LITE 3060 is not only bulkier but also highly
viscous, which in turn resulted in a material with higher extension at break. The same behaviour
was evidenced in all of the other blends, shown in Figure 49. Hardener LITE 3060 increased
extension at break when applied in conjunction with ELO and TELO. It has a long aliphatic side
chain, a feature of cardanol-based materials [110], [113], that can decrease the crosslinking

density, as well as increase extension at break.
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Figure 49  Averaged stress/strain curves for resin blends.
The elastic modulus, shown in Figure 50, was reduced in all applications in which a bio-based
content was added, either from adding LITE 3060 or from replacing ConvR by ELO or TELO.

Although hardener LITE 3060 did not yield the highest bio-based content and in fact, increased

the viscosity, it had the highest elastic modulus amongst the samples with bio-based content.
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Unlike TELO, ELO increased viscosity in all applications. It also performed better regarding elastic

modulus, which resulted in a more extension-resistant material. These results indicate that the

bonding provided by the glycerol group within the triglyceride is responsible for a higher

crosslinking degree, opposite to what happens with the loose mixture of fatty acid methyl esters

in TELO.

5.3.5

Thermal analysis

T temperatures at around 40 °C are usually found in blends containing and/or fully developed

with epoxidized vegetable oils [104], [157], [189], as a result of a decrease in the crosslinking

density caused by the longer triglyceride and fatty acid chains. In DSC thermograms shown in

Figure 51, the T, temperatures were decreased when ELO and TELO were applied.
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DSC curves of conventional epoxy resin blends containing bio-derived components
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The T temperatures found for the samples not containing ELO or TELO are in accordance with a
previous experiment whose results were reported on Table 8, on page 76. The first DSC run
showed relaxation zones around the T, temperature. These relaxation events were more intense
when conventional hardener was used, except when triglycerides from ELO were in the structure.
The relaxation zones were found to be less intense when LITE 3060 was applied and that is given

by the long aliphatic side chain in cardanol’s structure.

5.4 Summary

FT IR spectra showed that the testing specimens produced were fully cured with both internal and
external epoxide groups being consumed in the process. LITE 3060 cured specimens had reduced
elastic modules but had higher extension at break showing a better resistance to damage. ELO
increased viscosity, however in some cases, due to its bulk molecules and thus lower crosslinking
degree, it reduced the T,. TELO functioned oppositely to ELO giving high crosslinking degree and

very low viscosity, both increasing extension at break.

The blends containing the conventional hardener performed better in terms of mechanical
properties but lacked in bio-based content. TELO managed to reduce the viscosity but the
absence of the glycerol moiety that connects the three fatty acids reduced the mechanical

properties.
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Chapter 6 UV-curable epoxidized linseed oil

6.1 Introduction

This section will discuss the comparison between the mechanical properties given by ELO and
TELO in mixtures containing different proportions of them. A UV-curable epoxidized linseed oil
(UV-L) was chosen as base for the production of specimens. This way no photoinitiator needed to

be sought.

6.2 Materials and method

UV-curable epoxidized linseed oil (UV-L) was supplied by Sustainable Composites Ltd. Epoxidized
linseed oil (ELO) was purchased from Naturally Thinking. TELO was obtained from the
transesterification of ELO (described in item 3.2 - Transesterification of epoxidized linseed oil).
Test specimens were prepared by mixing UV-L and ELO or TELO in different weight proportions
(5%, 10 %, 20 %, 30 %, 40 % and 50 %). The mixtures were degassed in a vacuum chamber to
eliminate bubbles and then poured into silicone moulds (see item 4.2.2 - Moulds preparation,
page 60). A UV chamber was prepared to cure the test specimens comprising four UV lamps,
pictures of the rig are shown in Appendix E. The silicone moulds containing the liquid mixtures
were placed in the UV chamber and irradiated for 1 h. The samples were taken from the mould,
flipped, placed on a grid and irradiated for another 30 minutes. Further to that, they were post-

cured for 16 h at 35 °C in a fan-assisted oven.

6.2.1 Hygrothermal ageing

The moisture absorption was evaluated based on ASTM D570 standard [174]. Six samples of each
cured system, weighing 0.9 £ 0.1 g, were placed in distilled water at 40 °C for four weeks. Twice a
week all the samples were removed from the water, dried with a paper towel and weighed. The
water uptake was measured by the weight change within the samples. The results were averaged
and the standard deviation used as upper and lower limits. The water diffusion constant is
obtained by finding the initial slope in the plot of weight change as a function of the square root

of the immersion time (V days).
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6.2.2 Infrared spectroscopy

Infrared spectra were recorded in a Thermo Scientific Nicolet iS5 equipped with an iD7 device for
attenuated total reflectance (ATR) spectroscopy. The ATR spectroscopy allows easy evaluation of
solid and liquid samples. Each spectrum is an average of 16 scans from 680 cm™ to 4000 cm

wavenumbers.

6.2.3 Gel content

The curing and post-curing processes in the epoxy systems allow the molecules to increase their
crosslinking density, therefore enhancing the properties in the material and consequently their
resistance to solvents [111]. Based on ASTM D 2765 standard [175], three samples of
approximately 1 g were left in 15 mL of dichloromethane (DCM) for 7 days. The samples were
separated from the solvent by filtration and rinsed with acetone. The remaining solid fraction was
dried overnight in an oven at 65 °C. The solid fraction weight was measured in order to obtain the
soluble fraction of the samples applying the following Equation:

Ge1%=(1—w)x1oo (12)

Ws

Where w: is the total weight of the sample before extraction, ws is the weight of the remaining
dry solids. Gel% values were averaged and the standard deviation obtained. The gel content is
expected to be higher in better, cured and post-cured samples (those with higher crosslinking

density).

6.2.4 Density

The density of the cured samples was measured using Archimedes’ principle, described in Hughes

[176]. Five cured samples were evaluated. The densities were obtained employing Equation ( 13 ).
w
d = S/VW ( 13 )

where ws is the sample’s weight and V,, is the weight of the sample suspended in water, which
denotes the water displaced and therefore the volume. The samples were hung by a thin wire

whose density was subtracted off.

6.2.5 Viscosity

The viscosity of each system (resin + hardener) as well as each individual liquid component were

assessed in a viscometer Brookfield CAP2000+ with a number 1 cone spindle, the temperature
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control set to 25.0 £ 0.1 °C. Three measurements were taken at different rotation speeds within

10 % to 90 % of the viscometer’s measuring torque.

6.2.6 Mechanical testing

The Elastic Modulus or Young’s Modulus (E) is defined by the deformation or strain a material
suffers due to an applied stress, elaborated in the following Equation ( 14 ).

E = “/a 14
—% (14)

where F is the pulling load applied to the specimen, A is the cross section area of the specimen, AL

is the variation in length (axial strain) of the specimen during the test and Lo the initial length [8].

In order to compare the elastic modulus (stress/strain) of the specimens, as well as their strain at
break, mechanical tensile tests were performed in an electromechanical testing machine Instron
4204, where a pulling load was applied to the specimens until failure. In accordance with ASTM
D638 standard [173], elastic modulus were calculated on axial strain range of 0.0005 to

0.0025 mm/mm. For the tests, all cross sections were measured individually. Extensometers or

strain gauges could not be used due to the small size of the specimen.

6.2.7 Thermal analysis

Glass transition temperature (Tg) and the decomposition behaviour of the cured samples were
obtained by Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
respectively. DSC was recorded on a PerkinEImer DSC 6000 using closed aluminium pans under a
50 mL/min nitrogen flow. The samples were subject to heating from 0.0 °C to 90.0 °C, cooling
from 90.0 °C to - 50.0 °C and heating again from - 50.0 °C to 90.0 °C. A rate of 20.0 °C/min was
used for all three ramps. In order to obtain the T, value, the derivative of the last curve was
obtained and the peak centre was found. The software Origin 2017 (Academic) was used in the
determinations. TGA was recorded in a thermal analyser TA Instruments Q600 SDT using an open

alumina pan under a 50 mL/min airflow from room temperature to 650 °C at a rate of 20 °C/min.
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6.3 Results and discussion

6.3.1 Hygrothermal ageing

The mass gain over time is presented in Figure 52. The samples containing ELO performed

similarly unlike the ones containing TELO. With higher amounts of TELO, the water uptake was

reduced.
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Figure 52 Water uptake of UV-L with added amounts of ELO and TELO.

The five initial data points were linearly fitted and the slopes recorded as water diffusion constant

rates, shown in Figure 53. Because UV-L has a photoinitiator in it, even when stored away from

light, there were moments when it was exposed and the crosslinking reaction started, which

makes the polymer chains grow. For this reason, UV-L is more viscous than ELO so the more ELO is

added the less viscous the mixture gets and a better degree of crosslinking is achieved due to a

higher molecular mobility.
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Figure 53  Diffusion constant rates of UV-L samples with added amount of ELO and TELO.

92



Chapter 6
6.3.2 Infrared spectroscopy
The spectra of all the mixtures containing ELO and TELO were averaged, shown in Figure 54. The

spectra of cured UV-L and of the averaged samples containing ELO and TELO are very similar,

indicating that all samples are at the same stage of curing for further comparison.
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Figure 54  FT-IR spectra of liquid and cured UV-L with added amounts of ELO and TELO.

The peak corresponding to the epoxide groups in the liquid UV-L spectra was fully consumed and
a broad peak of hydroxyl groups (-OH) was created. The hydroxyl groups are a result of the

crosslinking reaction. The FT-IR results indicates all the samples have a high degree of curing.

6.3.3 Gel content

The solid content is shown in Figure 55. The addition of ELO improved the resistance to DCM and
oppositely, the addition of TELO decreased it. Although ELO and UV-L have the same composition
in terms of triglycerides, UV-L has a much higher molecular weight because even when kept away

from light, crosslinking reactions are slowly happening.
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Figure 55  Solid content of UV-L cured samples with added amounts of ELO and TELO.
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The addition of no cross-linked ELO decreased the viscosity and allowed a higher molecular
mobility, which in turn promoted a tighter cured structure and was therefore more resistant to
the solvent. The absence of the glycerol moiety in TELO makes the structure looser and more

prone to the solvent attack.

6.3.4 Density

The densities of UV-L specimens cured with ELO and TELO are shown in Figure 56. The samples
containing from 30 % replacement had the non-aged density very similar to the aged samples.
The densities diminished in all cases and it was due to the swelling ratio of the specimens. There

was a gain in mass from the absorption of water but the gain in volume by swelling was higher.
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Figure 56  Density of aged and non-aged samples of UV-L cured with ELO and TELO.

The variation in volume and mass is given in Appendix G. Further to that. The swelling caused

cracks in the specimens, shown in Figure 57.

Figure 57  Crack formation in a UV-L aged sample.

6.3.5 Viscosity

The viscosity of the UV-L replacement mixtures is given in Figure 58. The addition of TELO
decreased the viscosity values drastically. ELO has a viscosity close to the infusion threshold and

the same chemical structure of UV-L (triglyceride). Hence, the reduction in viscosity is smaller.
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Figure 58  Viscosity of UV-L with replacements by ELO and TELO.

6.3.6 Mechanical properties

Chapter 6

The stress vs strain curves of samples containing different amounts of ELO and TELO are shown in

Figure 59. The blends containing ELO mantained the mechanical properties closer to UV-L. The

increase of ELO amounts initially reduced the elastic modulus but increased again from 40 % UV-L

replacement. The elastic modulus values are shown in Figure 60.

After the hygrothermal ageing process the majority of the samples had their elastic modulus

reduced. The very low elastic modulus of samples containing the highest amounts of TELO

showed the smallest changes.
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Figure 59  Stress vs Strain curves of samples prepared with different amounts of ELO or TELO.
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Unlike ELO, TELO proportionally decreased the elastic modulus in all applications. Though TELO is
capable of crosslinking and has a very low viscosity that enhances molecular mobility (reactive
diluent), the lack of the glycerol group connecting the FAME molecules decreased the mechanical
properties. UV-L has a large molecular weight that increases the viscosity throughout its lifespan.
The addition of diluents, such as ELO and TELO, helps improving the crosslinking but the nature of

the diluent changes the final properties.
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Figure 60  Elastic modulus of UV-L samples prepared with different amounts of ELO and TELO.

The glycerol moiety is connected to the FAMEs by ester groups that can spontaneously be
hydrolysed (water-catalysed hydrolysis) [21], [190]. Such hydrolysis is dependent on the medium

pH, it can be acid or alkali catalysed, as depicted in Figure 61.
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Figure 61  Acid and alkali catalysed hydrolysis of esters [50].
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The results after the hygrothermal ageing show that the ester bonds in ELO were hydrolysed and
the FAMEs became loose, which is the same as the structure in TELO that does not have the
esters being part of the cross-linked structure. After the ageing process, the only remaining
crosslinking bonds are the ones created in the curing procedure. Ageing in warm distilled water
made the structure of cured ELO turn into the structure found in TELO. The cured molecular

structures of ELO and TELO are shown in Appendix F.

6.3.7 Thermal analysis

Dzielendziak et al [46] reported the T, temperature for UV-L between 40 °C and 46 °C. These
values coincide with the relaxation zones found in the first DSC run of the samples, shown in
Figure 62. However, in the second run this value disappears, even when the derivative graph is

obtained, the Tg region is difficult to identify.
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Figure 62  DSC curves of UV-L samples prepared with different amounts of ELO and TELO.

Taking the derivative of the second DSC run into consideration, the UV-L curves (in black) reach a
plateau at around 40 °C, regardless of the aging process applied. Following the same behaviour,

the samples containing ELO had similar curves throughout the different formulations. In the
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samples containing TELO, these plateau regions were diminished with the increasing amounts of

TELO in the composition.

UV-L and ELO have the same triglyceride composition, but in different stages of crosslinking
densities and molecular weight. TELO comprises a mixture of fatty acid methyl esters that work as
a reactive diluent, which in turn reduced the Ty temperature. The addition of diluents might not

only reduce the T; temperature, but the mechanical strength and modulus [22].

The degradation curves are shown in Figure 63. Even though the addition of TELO decreased the
Tg, the curves followed the same pattern and the main decomposition temperature, between

415 °C and 420 °C, did not change amongst compositions and ageing processes.
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Figure 63  Thermal decomposition of UV-L samples prepared with different amounts of ELO and

TELO.

The decomposition curve derivatives are shown in Figure 64. UV-L and samples prepared with the
addition of ELO present a degradation peak at just above 450 °C. This peak tends to shift to higher
temperatures with increased amounts of UV-L replacement by both ELO and TELO. After ageing,

the peaks are highly reduced and only a second large peak for char degradation remains.
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Figure 64  Derivative curves (DTGA) of the thermal decomposition of UV-L samples prepared

with different amounts of ELO and TELO.

6.3.8 Summary

The use of UV radiation curing allowed a high consumption of epoxide groups and therefore a
highly cross-linked structure. Further, the addition of reactive diluents such as ELO and TELO
decreased UV-L’s viscosity. TELO was able to reduce the viscosity to a much higher extent than
ELO. Its addition also reduced density and water uptake in comparison to ELO. Though
TELO-based blends were much less viscous than those prepared with ELO, tensile strength and

elastic moduli diminished drastically.

According to the tests to assess the degree of curing, all the epoxide groups were consumed,;
therefore, all samples tested reached a high curing state. The deviations in the properties of the

blends found in the tests were due to the polymeric structure, rather the unreacted monomers.

The internal and unbiased epoxide groups within the epoxidized oils are less reactive than
terminal ones in conventional DGEBA epoxy resin. Initial curing attempts of ELO and TELO
performed with phenalkamines, phenalkamides and succinic acid did not result in solid polymers;

see Appendix B and Appendix D.

Both ELO and TELO showed a plasticizing effect reducing tensile strength and elastic modulus; it
also reduced the brittleness of the final materials, which enhanced the resistance to damage and

failure under their supported loads. TELO was also able to reduce the water uptake most likely by
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filling the voids inside the structure. These voids, according to Dzielendziak et al [46], are filled in
by water. The glycerol moiety that connects the fatty acids is crucial for retaining these
mechanical properties, but the ester groups in it are hydrolysed. This behaviour is seen in other

resins containing ester groups, such as polyester and vinyl ester [190].
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Chapter 7  Final considerations, conclusion and future

work

The search for sustainable materials is challenging yet necessary. Such materials can drastically
change the way human activities affect the planet. Vegetable oils can provide long aliphatic
chains, lignin and cardanol aromatics. The biofuel industry also benefits from plant sugars and
oils. All these compounds can be used in the synthesis of new materials and decrease the current

crude oil dependency.

The synthesis of a low viscosity epoxy resin derived from linseed oil was initially planned using
heterogeneous catalysts. The epoxidation of the FAMEs reached much higher yields than that of
ELO over TS-1 did, but the transesterification was not successful in the parameters tested. Further
investigation of the catalysis was not carried out due to the small amounts of resin produced,
instead a homogeneous approach was adopted. The transesterification of ELO reduced the
viscosity and allowed its use in composite production with vacuum and infusion systems. Lighter
and more water resistant materials were produced with the EFAMEs, yet with very poor tensile

and thermal properties.

In spite of the fact that methyl linolenate, the major FAME in linseed oil compositions, has three
unsaturated bonds that are able to be epoxidized these groups were unable to provide a highly
cross-linked network. These bonds are near each other and are not able to reach other monomers
and growing chains that could create a tight polymer network. The epoxidized triglycerides (ELO)
however, are able to create more crosslinks due to the size of the molecule. The structure of the
cross-linked ELO is not as tight as in a DGEBA system. The long aliphatic chains in ELO make the
structure loose, functioning as a plasticizer. This reduces the tensile strength, elastic modulus and

glass transition temperature.

CNSL-based hardeners are a great alternative to conventional hardeners. They can provide
comparable mechanical properties to the conventional ones with an added bio-based content.
Further to that, the cardanol moiety can receive different amines and amides to create tailored
hardeners, depending on the application of the resin system applied. The aliphatic side chains in

cardanol have unsaturations where amine and amide groups can be added.

In systems formulated only with epoxidized oils as monomers, suitable curing procedures were
the employment of a hardener and high curing temperature, or the addition of a photoinitiator
and exposure to UV-light. Each of these methods hasbenefits and drawbacks. The cure with

hardeners and heat is suitable for thick composites but the process can be slow. The UV curing
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process is fast but requires thin materials. The fibres in the structure create shadowed regions
that will not initially cure. These UV systems are able to cure without the UV source once the

reaction is started but the process is slow and is affected by the viscosity of the material.

7.1 Conclusions

The suitability of linseed oil based epoxy resins for maritime application was evaluated. Other
types of oils apart from linseed oil are suitable for the production of epoxy resins. However, the
degree of unsaturation in each fatty acid has to be taken into account. A high degree of
unsaturation will result in a higher epoxide content but also in a high viscosity. The vegetable oil
based resins are less reactive then their common synthetic counterparts. The epoxide groups
located in the fatty acids of the vegetable oils are internal and symmetrical, hence the curing
reactions must be more energetic, such as with application of heat or radiation (UV-light). The
lower reactivity hinders the use not only of traditional epoxy curing agents but also those derived

from natural feedstock, such as phenalkamides and phenalkamines.

TELO showed a great capacity for reducing the resins’ viscosity, functioning as a reactive diluent.
The synthesis of TELO eliminates the glycerol moiety from the original triglyceride. Glycerol is
responsible for linking the fatty acid molecules together, it was proven to be a great influencer of
the mechanical properties, because it strengthens the material. The bond between the glycerol
and the fatty acids are ester linkages. These bonds, similarly to those in polyester and vinyl ester
resins, are susceptible to hydrolysis, in both acid and alkaline conditions. Therefore, it can be
concluded that the maritime environment can be very detrimental to the epoxy resins derived

from triglycerides (vegetable oils), limiting their applications in this area.

7.2 Future works

Although the resins developed from epoxidized vegetable oils did not perform as well as the
DGEBA resin, many applications can still be explored, such as materials that do not require high
stiffness and strength. Therefore, as well as carrying out further research in the material’s
properties knowledge gathered must be disseminated so that these products can be available to

other markets.

The hydrolysis of ester bonds in the triglyceride was responsible for the loss of mechanical
properties when the resins were exposed to hygrothermal ageing, therefore further work should
be carried out to investigate how the reaction occurs, especially in the area of how the water

molecules diffuse through the cured material and propagate the hydrolysis. The use of molecular
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modelling is a great tool in that sense. Dzielendziak et at [46] carried out modelling simulations to
investigate the diffusion of water in epoxidized linseed oil resins. The work showed that the cured
structure contains voids through which water penetrates. Furthermore, the cure of epoxide
groups generates hydroxyl groups that also attract water molecules. The knowledge around these
diffusion and hydrolysis mechanisms would help in the development of modifications that could
protect the resin structure, or make the molecules more highly organized and therefore tighter,

reducing water diffusion.

TELO is a version of the resin that does not have ester groups in the composition, and is thus not
affected by hydrolysis. However, the absence of the glycerol moiety reduced the mechanical
properties. A different approach would be the decarboxylation of fatty acids, substituting the
ester by a group that is able to crosslink via a different functional group or bond. In a recent work
by Sun et al [191], the carbonyl group in carboxylic acids was substituted by a double-bond,
producing an a-olefin. This extra double bond in the already unsaturated long chain from the fatty
acid can also be functionalized with an epoxide group. Though this could be a promising monomer
for cross-linked resins, the cost of the photocatalyst used was considered very high for the
application [191]. The synthesis of these monomers could be improved by heterogeneous

catalysis and this presents an opportunity for further work.

Additionally, the development of heterogeneous catalysis for the decarboxylation and/or
transesterification of vegetable oils would highly benefit the biofuel industry. Biodiesel derived
from vegetable oils is the product of a transesterification reaction of the triglyceride in the oil. The
parameters used for heterogeneous catalysis in this work were limited to the extent of what

heterogeneous catalysts can achieve.

Some aspects of the present work did not consider the twelve principles of green chemistry [4].
The epoxidation reactions over TS-1 and Ti-SiO, were carried out in acetonitrile as solvent, which
is harsh and toxic. The choice of using it came from the work of Wilde et al [93], as although other
solvents were analysed in their work, acetonitrile showed the best reaction yields. There is an
opportunity to further develop the reaction in solvents that are more sustainable, tuning the

reaction parameters in order to achieve higher yields.

Still in the area of sustainability, CNSL-based hardeners are not the ultimate replacement for the
conventional ones, but the bio-based content given by them is a claim for lower environmental
impact. Nonetheless, these phenalkamines and phenalkamides have amines and amides in the
composition, which in case of a fire in a marine vessel, would generate toxic fumes. Cardanol can
be used for the production of epoxy resin monomers. The aliphatic side chain has unsaturations

that can be functionalized (epoxidized/acrylated).
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The UV curing used is limited by the material’s transparency, thickness and any fillers in the
structure. To overcome these limitations, photosensitizers can be employed in conjunction with
the photoinitiators to help the curing process. Further to that, electron bean curing could also be

studied because it can penetrate deeper into the material and does not require photoinitiators.

This work was carried out so that a final resin derived from linseed oil with some environmental
benefits, could be evaluated,. A whole Lifecycle Assessment needs to be carried out, evaluating all
the steps in the process of production, usage and disposal of the resin, in order to assess its full
environmental impact. Linseed oil is not readily available all around the globe, other oils will have
different fatty acid profiles and their employment might not be feasible, due to differing
unsaturation content. The lifecycle assessment methodology developed will then be able to
identify if such alternative materials really are sustainable for the application they will be

proposed for.
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Appendix A RTV silicone moulds for preparation of test

specimens
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Appendix B Properties of commercial thermosetting resins for maritime application.

Commercial Viscosity (cP | Cured density | Water uptake Elastic Modulus

name Type Description at 25 °C) (g/cm3) (%) 2 Tg (°C) (GPa) Reference

Prime 20LV | Epoxy Designed for infusion NA 1.153 NA DMTA: 82.8 3.2 [192][192]
systems

. Designed for infusion

Prime 27 Epoxy 260 - 280 1.13 NA HDT: 64.0 3.2 [193]
systems

Crystic . S . u ”

Polyester |Low viscosity, isophthalic 160 1.19 10 mg HDT: 75.0 3.58 [194]

701PAX
Designed for infusion y .

EC-1P2 Polyester 160 1.19 10 mg HDT: 75.0 3.58 [195]
systems

Hydrex Vinyl ester | DeSigned for infusion 175 NA 0.16 HDT: 123.0 3.79 [196]

100HF systems

Crystic VE . . . u ”

671-03 Vinyl ester | Bisphenol A based resin 150 - 200 NA 35mg HDT: 95 - 100 3.4 [197]

NA: Not available values. ®water absorption after “24 h at 23 °C”, according to data sheet. DMTA: Dynamic mechanical thermal analysis. HDT: Heat distortion

temperature.
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Appendix C  ELO and CNSL-based hardeners

ELO:FAST |8.7:1.3

ELO:3005 |5.8:4.2 ELO:3060 |7.7:2.3 ELO:3100 |7.0:3.0

e 3initial hours for 220°C in fan-assisted oven. Samples containing hardeners 3000, 3005
and 3060 presented a non-sticky film formation on the surface of the resin.

e Samples containing hardener 3100 presented bumps/bubbles on the surface, they were
left in the oven for 5h. There was a resulting non-sticky part as well as liquid remaining,
which became non-sticky with time after oven.

e Samples made with ELO and hardeners FAST/2009 had a rugged film on the surface after
5h.
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Appendix D ELO and succinic acid 10 wt.%
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Appendix E

Appendix E UV rig for resin curing

4 Cosmedico cosmopower s 50/58w ballasts.

4 Philips Cleo 40W-R UV lamps
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Appendix F

Appendix F  Cured ELO and TELO
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Appendix G

Increase in Volume and Mass of aged UV-L

cured samples

Appendix G
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