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Abstract

The overall objective of this thesis is to develop bioresins from plant oil epoxides for use
in biocomposites and other applications. Plant oil-based epoxides show promise as feedstocks to
replace non-renewable epoxides used in many applications from biocomposite manufacturing to
adhesives and coatings. However, plant oil epoxides are often not directly compatible with many
hardeners, requiring a solvent to prepare one phase epoxide-hardener mixtures. The work
described in this thesis is aimed at making plant-oil-based bioresins and biocomposites, without
the use of solvents and catalysts. In order to achieve a one phase epoxide-curing agent mixture,
this thesis explores two possibilities: 1. modification of the plant oil epoxides and 2. modification

of the curing agent, specifically in the synthesis of biobased curing agents.

In the first possibility, epoxidised triglycerides are transesterified into epoxidized methyl
esters (EMS). These low viscosity EMS were found to act as reactive diluents for the curing agent.
However, the curing agent still had limited miscibility in EMS, and so required the use of elevated
temperatures to achieve a single phase. As a result, prepolymer mixtures containing EMS have a
limited pot life because they start to polymerise, leading to increased viscosity and leads to major

difficulties in manufacturing.

In the second possibility, a biobased curing agent (citric acid) was modified into alkyl
citrates via solvent- and catalyst-free esterification with the short- to medium-chain alcohols,
ethanol, propanol, butanol and hexanol. The synthesized mixtures of, mono-,di-, trialkyl citrate
esters and unreacted citric acid (CA-alkyl esters), were found to be fully miscible with plant-oil-

epoxides.! The resulting homogeneous mixtures of epoxides and curing agents have about 1 hour
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of pot life compared to less than 5 minutes for mixtures produced from epoxidized methyl esters.
The optimum molar ratios of epoxy group to carboxylic acid group (Ep/Ac) were identified by the
glass transition temperatures (Tg) measurements of bioresins that were prepared by using range of
Ep/Ac ratios. Then, properties of the cured resins were measured and characterized. These novel
biobased curing agents were found to be reactive at room temperature which could be utilized for
certain new applications where low temperature curing is required. Furthermore, the Tg achieved
for solvent-free curing of bioresins prepared from CA-alkyl esters were higher than those achieved

using citric acid dissolved in solvent, for example 61 °C with epoxidized linseed oil, compared to

38 °C using a citric acid/acetone solution.

Finally, the optimum epoxide-curing agent formulations were used to prepare natural fiber
biocomposites without the use of solvents. The Tg of biocomposite prepared by using epoxidized
hemp oil and the citric acid/acetone solution was 39 °C. Comparatively, a biocomposite prepared

via a solvent-free process using CA-alkyl esters and its Tg of 46 °C was achieved.
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Chapter 1

General Introduction: Epoxy Resins, Plant Oil Based Bioresins And

Natural Fiber Biocomposites

1.1 Resin

A resin is a viscous liquid or noncrystalline material with the potential to form a polymer.
Resins can be either of natural origin like a gummy semisolid material from certain tree secretions
or synthetically derived substances [1]. Due to the increasing demand for high performance
materials, synthetic resins have largely replaced natural resins. Resins are divided into two broad
categories: thermoplastic and thermosetting resins. Linearly linked monomers form thermoplastics
which can be melted while crosslinked monomers form thermosets which cannot be melted. About
92% of plastics used worldwide are thermoplastics [2]. The words “resin” refers to monomers and
sometimes to cured materials, while “plastic” refers to polymers. The 12 major types of resins are

being produced commercially worldwide listed in Table 1.1 [3].

Types of Commercial resin names Typical Applications
Resin
Polyester a. Polyethylene Terephthalate | Packaging, Textiles
(PET or PETE) e Market size: PET-$43.8 billion (2019)
b. Polybutylene Terephthalate
(PBT)
Unsaturated Unsaturated polyester resin | Water tanks, Shower stalls, Boats,
Polyester Swimming pools
Vinyl ester Vinyl ester resin Coating, Printed circuit board, metal foil
laminates
Phenolic Phenol formaldehyde (PF):




a.Novolacs

a.Carbon brakes, binder for carbon bonded

b. Resoles refractories
b.Oriented strand boards (OSB) and
Laminated composite lumber (LCL)

Alkyd Alkyd resins Paints, varnishes, enamels
Polycarbonate | a. Lexan Safety glasses, lenses

b. Makrolon
Polyamide a. Nylon a.Toothbrush bristles, textile.

b. Kevlar b. Bulletproof vests.

Polyurethane | Polyurethane resins Insulations, foam liners for clothing,

adhesives, elastomers.

Silicone Silicone resins Rubber, laminates, defoamers, water

resistant applications

Epoxy Epoxy resins
Polyethylene | a. Low density (LDPE)
b. High density (HDPE)

Floorings, adhesives, coatings etc.

a. Shopping bags
b. Drainpipes, milk-juice container

c. Ultra-high molecular weight | c. Medical devices

(UHMW-PE) e Market size: 100 million tons annually.
Acrylic Acrylic resins UV resistant properties, Decorative panels,
coatings, translucent tiles
Polystyrene Polystyrene resins Acid, alkali, salt resistant material,
insulation, cooling  towers, foams,

automotive dashboard, pipes

Polypropylene | Polypropylene resins Heat resistant so wused in medical
equipments, electronics, fiber & filament,

coatings etc.

Table 1.1 Major commercial resins produced worldwide [3]
Almost all of the above listed resins are synthesized from nonrenewable resources with only a

very small proportion derived from renewable feedstocks. Since the beginning of the plastics era,



there has not been enough awareness, research, and effort made to recycle used plastics at the end
of their service life. The consequences of not considering the end of service life for these materials
is plastic pollution in water, land, and other natural resources. Such plastics may take hundreds of
years to degrade in nature. In addition, they can produce microplastics that have the capability of
polluting ecosystems and which are difficult to remove. That is why, there is now a demand for
new greener products which are biobased, recyclable, and compostable.

There are many biobased feedstocks available which could be transformed into valuable
precursors of biobased materials. Specifically, carbohydrates, cellulose, sugars, and lipids are
important feedstocks which could be utilized to synthesize biobased resins. Table 1.2 summarizes

some commercially available bioresins which are potential replacements for synthetic resins [4].

Name Type of Bioresin | Raw materials used | Alternate to | Manufacturer
Polyethylene v’ Partially Cs sugars Polyethylene Avalon,
furanoate biobased terephthalate Avantium,
(PEF) v" Thermoplastic (PET) Corbion,
Synvina
Polylactic | v* Fully biobased Corn starch, High density Corbion,
acid (PLA) |v° Thermoplastic Sugarcane polyethylene | NatureWorks,
v Biodegradable (HDPE) and Futerro,
others Radici Group
SK Chemicals,
Synbra
Poly(butylene | v" Thermoplastic 1,4-butanediol, HDPE, BASF,
adipate-co- | v' Biodegradable adipic acid, LDPE Eastman,
terephthalate dimethylterephthalate Bio-Fed,
(PBAT) (DMT) Jinhui
Zhaolong




Biopolyamide Sebacic acid (castor Specific Arkema,
OR oil), diamine (Ce, applications Vestamid,
Polyalkylene Cio) DSM
sebacamides
(PA)
Thermoplastic | v Biodegradable Biomass Specific Futerro,
starch (TPS) applications Novamont,
and mainly Biome,
in food Biotec,
packaging Biobag,
Cardia,
Kuraray,
PSI,
Huhtamaki,
Hitachi,
NatureWorks
Ethyl Biomass Limited Ashland,
cellulose (EC) applications Dow
Methyl Biomass Water Ashland,
cellulose soluble films Dow,
(MC) Haishen,
Tembec,
Shin Etsu,
Sidley
Chemical
Polyhydroxy | v Thermoplastic Carbohydrates PE Tianan
butyrate v' Biodegradable PP Biopolymer,
(PHB) BASF,
Tepha,
Biocycle,
Biomer




Cellulose v/ Stable cellulose Biomass Specified Celanese,
acetate (CA) derivative fermentation applications Eastman,
v’ Thermoplastic Nagase,
Solvay
Polyhydroxy | v'Thermoplastic Biomass Specified Tianan
alkanoates fermentation applications | Biopolymer,
(PHA) BASF,
Tepha,
Biocycle,
Biomer
Polyglycolic | v' Thermoplastic Kureha
acid (PGA) |v Biodegradable
Polybutylene | v Thermoplastic Succinic acid & PLA, PHB MCPP
succinate v Biodegradable 1,4-butanediol (Mitsubishi),
(PBS) Succinity,
Showa Denko,
PTT MCC
Biochem,
Genomatica
(1,4-
butanediol),
Roquette
(succinic acid)

Plant oils are versatile feedstocks which can be utilized to manufacture biobased products [5].
All plant oils have a consistent chemical structure, being predominantly triacylglycerides.
However, they also contain a variety of fatty acids in different proportions [6]. Having a consistent

backbone, but with this variation in functionality, offers many possibilities for synthesizing a wide

Table 1.2 List of commercial bioresins [4]

range of products [7].




1.2 Plant oils as epoxy monomers

Plant oils are extracted from oilseeds via mechanical pressing [8] and solvent extraction [9]
processes. Crude plant oils are refined through multiple refining steps include degumming,
neutralization, bleaching, deodorization, and fractionation to remove undesirable components
which improves oil stability [8]. Refined plant oils are mainly triglyceride of fatty acids where the
fatty acids typically include saturated and unsaturated fatty acids (Figure. 1.1). This unsaturation
is used to functionalized or to make more reactive monomers via many chemical transformation

routes.
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Figure. 1.1 Triglyceride of fatty acids
Oil unsaturation level can be measured by the absorption of iodine or iodine value (IV) and
various plant oils have different IV (Table 1.3). The IV of an oil is defined as the number of grams

of iodine that is absorbed by 100 g of oil. One of the functionalization routes for triglycerides is



epoxidation, which results in an epoxy ring (Figure. 1.2) at the carbon-carbon double bond position
[10]. Hence, the oxirane functionality of the epoxides formed depends on the IV of an oil. The IV
of some of the commonly available plant oils are listed in Table 1.3. Additionally, there are some
commercially produced genetically modified oilseeds that have very different fatty acid profiles.
For instance, high oleic soybean, canola oils. Such oils offer potentially better feedstocks for resin

production with more unsaturation or uniform fatty acid profile.

Name of plant oil Iodine value Reference
(gl2/100g)
Olive 75-94 [14]
Peanut 80 - 106 [14]
Karanja (Pongamia) | 89 [16]
Rapeseed 94 -120 [14]
Cottonseed 90 - 140 [14]
Corn 103 - 140 [14]
Sunflower 110 - 143 [14]
Soybean 117 - 143 [14]
Hemp seed 155-167 [19]
Linseed 168 - 204 [14]
Camelina 140 - 152 [19]

Table 1.3. Iodine value of plant oils
The mechanism for conversion of a double bond into an epoxy group is described in the
following section. The importance of epoxy groups is that they are more reactive or susceptible

to be opened by nucleophiles to from an ester linkage than are double bonds.
O
/\6'1 f\
i

Figure. 1.2 Epoxy ring

8



C-O-C epoxy bonds are strained due to unusual bond angle of 61° which makes both carbons
strong electrophiles. This is because the localized electron cloud stretches towards the oxygen
atom making both carbon atoms partial positively charged sites. Such electrophiles can attract an
electron pair from nucleophile resulting in opening of an epoxy ring into an ester linkage and a
hydroxyl group when the nucleophile contains carboxylic acid [11]. Further detail and significance
of nucleophiles are discussed in section 1.3 as they can be used as curing or crosslinking agents or
hardeners to make thermoset materials. The properties of such materials are directly associated

with the epoxy functionality of the epoxides.

1.2.1 Epoxidation of plant oils

Plant oil epoxidation in the presence of an acidic catalyst and hydrogen peroxide is an efficient
and commercially developed reaction to produce epoxy monomers or epoxides [10,12]. Fig 1.3.
illustrates the two-step reaction mechanism which occurs during double bond conversion into an
epoxy group. The reaction temperature, reaction rate, and type of acid catalyst have direct impact
on the conversion of ethylenic double bond into an epoxy group [10,13,15,16]. Omonov et al.
studied other side reactions occurring during epoxidation: these include ring opening and
oligomerization which should be minimized in this reaction to achieve the maximum oxirane
content of epoxides [10]. Since plant oils are composed of a variety of fatty acids, each fatty acid
has a different reaction rate in the overall epoxidation process. Scala et al. reported that double
bonds of linolenic acid (C18:3) are three times more reactive than the double bonds in oleic (C18:1

9¢) and linoleic acids (C18:2 9¢,12¢) [17].



Step-1: Formation of peroxy-acids
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Figure. 1.3 Epoxidation reaction mechanism

The number of epoxy groups in the epoxidized product can be measured by its oxirane oxygen
content (%OO0C), which has units of grams of oxirane in 100 g of epoxidized product [12]. The
significance of %0OO0C is in calculating the amount of curing agent needed to make a thermoset
material or bioresin. Theoretically, higher IV oils could result in epoxides with higher %0O0C
compared to lower IV oils. For instance, linseed oil (IV=168-204) epoxide has higher amount of
%00C (%00C=~9.0) compared to soybean oil (IV=117-143) epoxide (%O0C=~7.0) [14]. The
higher or lower %OO0OC which can be achieved for different plant oils has implications for the
properties of the thermoset materials. Crosslinking density is one of the important characteristics
to determine the property of cured materials. Crosslinking density is the average molecular weight
of segments between two crosslinks. Thus, a higher segmental molecular weight material would
have a lower crosslinking density than a lower segmental molecular weight material. For instance,
material prepared from the linseed oil epoxide is expected to have a higher crosslinking density
than a material prepared from soybean oil epoxide. In order to crosslink these epoxy monomers,
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they are reacted with multifunctional compounds, the structure of which dictates the formation and

properties of thermoset materials. Such compounds called hardeners or curing/crosslinking agents.

1.3 Curing agents
The majority of curing agents are short chain and multifunctional compounds derived from
nonrenewable sources. They can be categorized by their functional groups: carboxylic acid, amine,

amide, anhydride, sulfide; also, by whether their chemical structures include aliphatic or aromatic

groups, as summarized in Table 1.2 [18,23].

Type of Name of curing agents Functional Reference
curing agents group
Polybasic acids -COOH [18]
Active . .
Acid anhydrides (CH3CO),0- [18]
hydrogen i
o Polythiols -SH [18]
containing
Polyamines -NH>-NH-NH>- [18]
compounds
Polyols -OH [18]
Anionic: [18]
1. Alkali metal derivatives |1. Li, Na, K, Cs
Anionic and
2. Organic compounds 2. Pyridine,
Cationic
o (bases) Amines etc.
nitiators
Cationic: NH3-BF; [18]
1. Complexes of BF;
Phenol CesHs-OH [18]
Reactive cross- | Urea (carbamide) CO(NH2)2 [18]
linkers Formaldehyde -CHO [18]
Melamine -C3HgNs [11]

Table 1.4. Classification of curing agents
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Aromatic amines are widely used curing agents which are not only derived from petroleum
resources but are also potential human carcinogens [23]. Due to such drawbacks, the possibility of

developing biobased curing agents needs to be further explored.

Besides being multifunctional and biobased, the compatibility of curing agents with the
intended epoxide is also an important criterion to manufacture a thermoset material with specified
properties [20,21,23]. The majority of curing agents require solvent to enhance miscibility with
plant oil epoxides [23,24,25]. It is quite difficult to have all the desirable characteristics (fig. 1.4)

in a group of curing agents.

Biobased

Figure 1.4 Targeted class of curing agent

The focus of this thesis is to utilize the plant-oil-epoxides (section 1.2) so the selection of
curing agents could be narrow it down towards the curing agents that are miscible with the plant

oil epoxides. Then, the second parameter can be their biobased characteristic, so the biobased

12



curing agents (section 1.4.2) can be selected from the initial group. Then, the remaining three
parameters (Fig 1.4) can be introduced to focus on a group of curing agents that are miscible with
the plant oil epoxides, biobased in nature, non-toxic, economical and derived from sustainable
sources. There are some non-toxic and biobased food grade carboxylic acids available which could
be used as curing agents (Table 1.5). These group of curing agents are not meeting all the
requirements depicted in Fig. 1.4, but their derivates could meet all requirements so it was

hypothesized (section 1.9.1) and explored in this thesis.

Multifunctional food grade carboxylic acids are listed in Table 1.5 which are commercially
available. The cost of these available natural acids and their processing or extraction route and the
higher carboxylic acid group functionality of 3 are making only one candidate suitable for a low-
cost curing agent application: citric acid. Citric acid (2-hydroxy-propane-1,2,3-tricarboxylic acid)
is synthesized from various simple sugars by fermentation with Aspergillus niger mycelial fungi
[27]. Citric acid is used in many applications, including as a food preservative and antioxidant, as
a beverage acidity regulator, in coagulants for many industrial processes to remove metal
complexes of iron and aluminum, as a detergent in many cleaning product formulations, as a metal
scavenger, in cosmetics, and lately in synthesizing various polymers as a functional compound and

plasticizer [27].
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Multifunctional Molecular formula Molecular | Ref.
carboxylic acids weight

(g/mol)
Oxalic acid HOOC-COOH 90.04 [26]
Malonic acid HOOC-CH2-COOH 104.06 [26]
Succinic acid HOOC-CH,-CH2-COOH 118.09 [26]
Fumaric acid HOOC-CH=CH-COOH 116.07 [27]
Malic acid HOOC-CH2-(CH)OH-COOH 134.09 [26]
Glutaric acid HOOC-(CHz);-COOH 132.12 [26]
Itaconic acid HOOC-CH2-CH>-COOH 130.10 [27]
Tartaric acid HOOC-(CH)OH-(CH)OH-COOH | 150.09 [26]
Citric acid HOOC-CH2-(HOOC)-C-(OH)- 192.12 [26]

CH>-COOH

Table 1.5 Multifunctional biobased carboxylic acids

Aside from being biobased, multifunctional, and an economically viable option, citric acid is
hygroscopic and highly water soluble (160.8 g of citric acid/100g H2O at 25 °C for a saturated
solution of citric acid in water). However, it has a density of 1.665 g/cm?at 25 °C [26] making it
incompatible to be use with hydrophobic plant oils. Additionally, such incompatibility between
citric acid and plant oils is also due to their polarities, as citric acid is a polar substance while plant
oils are non-polar. Songqi et al. prepared fully biobased thermoset materials by utilizing naturally
occurring carboxylic acids as crosslinkers with epoxidized sucrose soyate, although these cured
resins possess limited chemical resistance [28]. Synthesis of such novel epoxidized sucrose soyate
requires multi step chemical process which utilizes organic solvents and catalysts making them

less attractive to be used as precursor to make bioresins [29,30].
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1.4 Biobased epoxies and curing agents

Due to the environmental concerns, nonrenewable based materials are being replaced with the
biobased [31]. About 10% of the total fossil-based feedstock is utilized to make various chemicals
and materials [32]. Majority of commercial epoxy resins and curing agents are derived from
nonrenewable resource, and studies are showing variety of renewable sources can be utilized to

make biobased materials [33,34,35].

1.4.1 Biobased epoxies
There has been variety of biobased feedstocks explored to make biobased epoxy resins as listed

below [36]. These building blocks requires derivatization to make epoxides. These derivatization
processes are important to determine the commercial viability of epoxy resins. The majority of

these extracted materials require derivatization to make epoxy monomers besides epoxidation.

Source(s) of Common name | Advantages/Disadvantages References
epoxide of epoxy resin
Plant oils Plant oil-based Simple epoxidation process | [37,38]
epoxy resin to convert plant oils into
€poXy monomers
Cashew nutshell Cardanol-based Aromatic backbone [39,40]
liquid (CSNL) epoxy resin enhances the thermo-
mechanical properties of
cured resins
Cellulose and Furan-based Better mechanical [41,42]
Hemicellulose from | epoxy resin properties of cured resins
agriculture waste but relatively
difficult/expensive to
extract furan derivatives
Tall oil (Pines and | Rosin-based Phenanthrene structure [43,44]
Conifers) epoxy resin imparts superior mechanical
performance of cured resins
Agriculture waste Lignin-based Lignin is not stable [45,46]
epoxy resin compound and form a range
of derivatives
Agriculture waste Itaconic acid- Low cost and high [47,48]
(carbohydrates) based epoxy resin | availability

15




(clove, nutmeg,
cinnamon, basil,
bay leaf)

epoxy resin

due to high cost of
feedstocks, but comparable
mechanical properties of
cured resins

Gallnuts, Tea Gallic acid-based | Very expensive but [49,50]
leaves, Sumac, Oak | epoxy resin aromatic backbone provide
bark etc. superior properties of cured
resins
Wood Vanillin-based Aromatic backbone but [51,52]
epoxy resin complicated
extraction/synthesis routes
Sugars and Fruits Isosorbide-based | Greater progress in [53,54]
(Sorbitol epoxy resin synthesizing to make
derivatives) isosorbide but requires
elevated curing
temperatures to make cured
resins
Natural plant Cinnamic acid- Not commercially viable to | [55,56]
extract (cinnamic based epoxy resin | be use as epoxy resins due
acid) to expensive
extraction/synthesis process
Essential oils Eugenol-based Not commercially viable [57,58]

Plant oils are versatile feedstock that can be transformed into epoxy monomers via
epoxidation reaction as discussed in section 1.2.1. The epoxy groups in the plant oil epoxides are
located (Fig 1.3) along with the fatty acid chain that makes them less reactive than the epoxides
with the terminal epoxy groups. Additionally, plant oil epoxides are generally nonpolar while

many curing agents are polar in nature making them immiscible (detail discussion in chapter 5,

section 5.3).

Another commercially available biobased epoxide, with the cardanol backbone, can be
derived from the cashew nutshell liquid. One of the significant characteristics of these epoxides is
that they possess an aromatic ring with the alkenyl chain, that can make the cured bioresins with

the superior thermal and mechanical properties compared to the plant oil based epoxy resins

[39,40].

Table 1.6 Biobased epoxy resins
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Furan and their derivatives are cyclic compounds that can be used to make epoxides.
Furans can be extracted from the cellulose and hemicellulose, but their purification requires

additional processing [41,42] and costs.

Tall oil or rosin can be extracted from wood mainly pine and conifer. It is a viscous and
dark color oil that contains resin acids including oleic (40-50%) and linoleic (35-45%), sterols,
and other compounds. Commercially, rosin is a byproduct of pulp and paper manufacturing
operations [43,44]. Commercially, tall oil fatty acids (TOFAs) are converted into dimer acids and

they can be used in adhesives, coatings and other applications [44].

Lignin is mixture of aromatic and complex compounds that can be extracted from the
biomass, but it is not a stable compound [45,46]. The major monomeric units of aromatic alcohols
namely, p-coumaryl, coniferyl, and syringyl, present in lignin that can be used to make epoxides,
but to obtain the purified lignin is not a commercially established process [46]. There are some
other biobased feedstocks (eugenol, sorbitol, chitosan, gallic acid, itaconic acid, sugars) can be
used to make epoxides but in general, the cost of their extraction and conversion to resins make it

unlikely that they would be commercially viable [47,48,49,50, 51,52,53,54].

1.4.2 Biobased curing agents

There have been many common sources as indicated in Table 1.6 that are utilized to make
biobased curing agents as well [36]. Many studies have shown promising properties of the cured
resins prepared by using various biobased curing agents include plant oils, lignin, and rosin
derivatives, biobased phenols, acids, and anhydrides [59]. Aliphatic and aromatic amines are

widely used commercially as curing agents because of their superior reactivity with the epoxy
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monomers and mechanical performance of the cured resins [60,61]. Biobased amines can be

synthesized from the renewable sources include carbohydrates, terpenes, and plant oils [62].

1.5 Plant oil based Bioresins

In this thesis, the term “epoxides” is used to refer to uncured TAG epoxide monomers while a
“cured resin” refers to epoxides crosslinked into a rigid thermoset material. A multifunctional
compound can crosslink the epoxidised triacylglycerols into a three-dimensional polymer network
via oxirane ring opening reactions. The process of crosslinking is referred to as curing of the
epoxides, to make rigid bioresins or thermoset materials. Plant oils are the most attractive resource
and intensively studied for this use, due to their availability and functionality for the synthesis of
bioresins [63]. However, sustainable bioresin production without the use of toxic chemicals and
solvents is still a challenging task. Omonov et al. reported an aldehyde-free thermoset material
from plant oils and other biobased compounds as curing agents which possess adequate
thermomechanical properties [64].

The properties of a cured bioresin material depends on the oil epoxide structure, the curing
agent and the curing process employed in its to preparation. Li et al. reported that epoxide
monomers with higher %O0OC produced bioresins which could be cured to a higher crosslinking
density, glass transition temperature, tensile strength, and thermal stability. On the other hand,
some impact strength is lost compared to cured bioresins produced from lower epoxy monomers
[65]. Generally, aliphatic long chain structures of epoxide monomers as well as curing agents
afforded flexible bioresins with high impact strength while an aromatic structure imparts rigidity
into bioresins [66]. In addition, Jian et al. reported that a longer carbon chain length of the epoxides
and curing agents decreases the curing rate as well as producing bioresins that cure to a higher

impact strength and heat resistance [67]. Thus, manufacturing of bioresin based materials with
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targeted properties can be achieved by selecting appropriate epoxide monomers, curing agents,
and curing condition or processes [68]. For instance, material prepared by using the shorter carbon
chain length succinic acid (C4) as a curing agent is rigid compared to material prepared by using
longer carbon chain length sebacic acid (C10).

Plant oil based bioresins can be used with or without reinforcement material for certain
applications due to their high modulus, for instance in a coating application that requires high
modulus of elasticity [69]. Additionally, their availability and wide range of thermophysical,
mechanical, and superior adhesion characteristics make them one of the ideal candidates to be used
as a polymer matrix with natural and synthetic fibers to make biocomposites [70]. Epoxies possess
adhesion properties that are superior to other polymer classes, and plant oil epoxies can have good

adhesion performance on wood and metal surfaces [99].

1.6 Natural fiber biocomposites

A biocomposite is a material prepared by combining a biobased or non-biobased polymer
matrix with natural fibers as reinforcement component. Since two completely different
components are involved in forming a biocomposite, its properties are influenced by interfacial
adhesion, structure, and their bonding mechanism [71]. Shushanta et al. studied the effects of
modified soybean-based resin, epoxidised methyl soyate (EMS), which improved the adhesion
between natural fiber and resin matrix resulted in enhanced properties of cured material [72]. EMS
was prepared through the base catalyzed transesterification of epoxidised soybean oil. The plant
oil chemistry allowing to modify the resin depending on the desired final properties of
biocomposites. Additionally, biocomposites properties can be tunable by selecting appropriate
bioresin, reinforcement fiber and manufacturing processes. Natural fibers are very diverse

materials and their selection has a large impact on biocomposite properties.
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1.6.1 Natural fibers

Natural fibers from agriculture waste or byproduct of certain crops are low cost and sustainable
materials which could be used to manufacture various products. Only certain natural fibers like
flax straw, hemp, coir, and bamboo have the necessary high modulus-to-density and strength-to-
density ratios as well as high availabilities, for them to be considered as potential feedstocks to
manufacture biobased products, including biocomposites [73]. Although there are challenges to
overcome in the utilization of natural fibers, they do have the potential to replace synthetic fibers
that are currently used in many composite materials. Such challenges include their typical
hydrophilic nature, which makes them incompatible with hydrophobic polymer matrices [74,75].
Due to this drawback, composite materials containing natural fibers may absorb water and
eventually degrade more rapidly than composites manufactured from synthetic fibers. Some
common synthetic fibers are nylon, polyester, glass fiber, carbon fiber, polyacrylonitrile or rubber,

acrylic, rayon, and many more which are mostly derived from fossil-based feedstocks [76].

However, synthetic fibers could be substituted with natural fibers in many cases, and
biocomposites are already being used in light weight automobile components, for example [77].
Natural fibers consist of cellulose, hemicellulose, and lignin monomers (Figure 1.5). These
monomers are bound together by chemical and hydrogen bonds to form polymer strands which
form a bundle and group of these bundles form natural fiber [78]. In addition to this, natural fibers
also can contain small percentages of waxes and other higher molecular weight substances which
make them an inconsistent feedstock [78]. Natural fibers can be derived or harvested from a wide
range of plants including woody species, hemp, flax, banana, coconut, jute, wheat, coir and many

more. Some plants are not exclusively used to produce natural fibers, but instead natural fibers are
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generated as a by-product. For instance, flax plants can be harvested for oilseed, but flax fibers

remain as a valuable by-product [79].

The properties of natural fibers vary based on their chemical composition and structure. A
typical composition for natural fibers would be cellulose 60-80%, hemicellulose 5-20%, lignin,
and moisture 20% [80], but the ratios may vary depending on the source of fibers. The
compositions and origins of some natural fibers are given in Table 1.4. In nature, cellulose and
hemicellulose are usually hydrophilic while lignin is hydrophobic [81]. In addition to this,
hemicellulose functions as cementing agent in natural fibers; due to its hydrophilic nature, it is
responsible for absorption and retention of moisture. Lignins are complex aromatic and aliphatic
hydrocarbon compounds which impart rigidity to natural fibers. Since, these complex hydrocarbon

compounds absorb UV light, they are susceptible to degrade and lose their rigidity over time [81].
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Figure 1.5 Chemical structure of Cellulose, Hemicellulose and Lignin

Utilization of natural fibers as reinforcement in making biocomposites has some disadvantages
and some advantages compared with biocomposites reinforced with synthetic fibers. They do not
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make perfect reinforcement materials because they are naturally available in a randomly oriented
form and usually have less mechanical strength than glass fibers [83]. In addition, they are
hydrophilic in nature so tend to absorb or retain moisture. On the other hand, they can form a
desirable reinforcement material because of their higher specific modulus, lower processing

temperature (costs), low density and carbon footprint [83].

Natural Type/Origin Chemical composition
fiber

Cellulose (%) | Hemicellulose(%) | Lignin (%)
Hemp bast 68 15 10
Flax bast 71 18.6-20.6 2.2
Sisal leaf 65 12 9.9
Coir fruit/seed 32-43 0.15-0.25 40-45
Ramie bast 68.6-76.2 13-16 0.6-0.7
Bamboo grass 26-43 30 21-31
Sugarcane stalk residue | 55.2 16.8 253
bagasse
Jute bast 61-71 14-20 12-13
Abaca leaf 56-63 20-25 7-9
Kenaf bast 72 20.3 9

Table 1.7 Natural fiber origin, composition, type, characteristics [82]
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The chemical composition of natural fibers varies as depicted in Table 1.4. Sushanta et al.
showed that the cellulose in natural fiber contributes to tensile strength while lignin provides
thermal stability to the natural fibers [72]. Marie et al. revealed that the fiber-matrix adhesion is
crucial to make biocomposites [84]. Fiber-matrix interface bonding can be improved by many fiber
treatment methods reported in the literature including alkaline, hot water, and salt solutions as well
as treatment with silane compounds [82,85]. Surface modified or chemically treated flax fibers

tend to establish better fiber-matrix adhesion which results in strong composites [80].

The durability or service life of biocomposites is a crucial factor in their utilization in most
applications, including automobile parts, siding panels and many more. The deterioration of
biocomposite materials can occur due to factors such as moisture/humidity, temperature, chemical
contact, and biological environments that promote mold growth, as well as percentage loading of
the cured polymer matrix. Cellulose and hemicellulose can readily uptake and diffuse water inside
the fiber microfibrils, which can destabilize the structure. Many material degradation studies have
been conducted on various natural fibers and biocomposites. These have demonstrated that the
hydrophilic nature of natural fibers is one of the drawbacks to their use as in reinforcement [81].
If the natural fiber is not protected by the polymer matrix, or if there are voids in the biocomposites,
water contacts the natural fiber causing swelling. Ultimately the integrity of the biocomposite is
compromised. Despite being hydrophilic in nature, natural fibers can be protected from moisture
by coating with an appropriate polymer matrix to make biocomposite materials suitable for

furniture, light weight interior auto parts, and construction applications [86].
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1.7 Applications: Bioresins and Biocomposites

1.7.1 Bioresins

Substantial efforts are being made to discover advanced applications of bioresins from shape
memory polymers to thermally stable materials and many more [25,106,107]. In addition, there is
a need to replace some existing resins which are nonrenewable and toxic. Epoxy resins make up
about 70% of the thermoset resin market, and of this share, about 90% of the resins incorporate
the diglycidyl ether of bisphenol A (DGBPA) [87]. This is due to the excellent properties imparted
by this structure, including superior adhesion on various substrates, water and thermal resistance,
and tunable curing profiles. Hence, DGBPA-based resins can be used in high performance
applications including automobile body parts, sports equipment, and siding panels in the
construction industry [88]. Considering these attractive properties of epoxy resins, Paramarta et al.
reported that bioresins made from soybean oil epoxide with anhydride curing agents have the
potential to replace traditional epoxy resins [89]. There are four major applications of epoxy resins:
coatings, composite matrices, adhesives, and castings [90]. Out of these, the epoxy adhesives
market has grown extensively due to greater demand for low cost and high-performance materials

[91].

1.7.1.1 Coatings

The function of a surface coating is to protect the material from corrosion and other
environmental impacts, as well as decorative purposes [90]. Coatings can be applied on a variety
of surfaces include metal, wood, concrete, and glass. Epoxy resins are versatile materials fulfilling
the required characteristics, including bond strength on various substrates, chemical resistance,
porosity, and durability [91,92]. Numerous studies shown that vegetable oil-based epoxy coatings,

especially with amine hardeners, can replace DGBPA resins [93]. For instance, Patil et. al.

24



prepared a corrosion-proof coating from epoxidized alkyd resin. This alkyd resin’s backbone was
modified by amino silane compound in order to enhance the anti-corrosion properties, and the
resin was cured by itaconic acid [107]. Many amine hardeners are toxic compounds derived from
nonrenewable sources, so there have been many studies to eliminate such compounds from coating
formulations to produce environmentally friendly solutions. Kovash Jr. et al. reported a 100%
biobased coating formulation from epoxidized sucrose soyate (ESS) and dicarboxylic acids [94].
Despite good compatibility between ESS and dicarboxylic acids, these 100% biobased coatings
required a catalyst and still the drying time was not adequate to scale the process for industrial
application [94]. There has been a great interest in biobased wood coatings to protect wood from
moisture and other environmental factors. Drying oils and other biopolymer-based wood coatings
have durability issues like cracking and peeling from the substrate, for instance linseed and tall
oils [95]. Such poor performance is caused by poor adhesion to the surface and intramolecular
cohesion bonding. between Hence, there is a need to develop a sustainable biobased coating

formulation for wood preservation.

1.7.1.2 Adhesives and Sealants

Two surfaces are bonded or sealed through materials called adhesives and sealants (A&S).
In particular, adhesives are used for bonding applications while sealants are used for filling or
sealing the gap between two surfaces. When the gap between surfaces needs to be filled while
bonding them together, sealants are more appropriate than adhesives. The function of these
materials is to bond surfaces without compromising properties due to riveting or welding. The
sealant materials can also transfer loads throughout a structure making it stronger and eliminating
any potential for fracture propagation. With these characteristics, sealants can be used in many

industries include aerospace, automobile, construction, packaging, and apparel. There are a wide
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range of A&S materials, including epoxies, polyurethanes, and acrylics, that are used depending
on the properties required. But epoxy resins are used most widely, across many industries [96].
Epoxies are shown to have a better adhesion and bonding performance than other types, which is
why they are widely used in A&S applications [96]. Although the majority of A&S are derived
from petroleum sources, there has been extensive research on biobased alternatives, including
plant oil biopolymers, starch, lignin, cellulose. These biobased A&S have some disadvantages,
including solvent usage in their formulation, and cost-effective synthesis of their monomers, and
these issues still need to be explored [97]. For example, Kong et al. prepared canola oil-based
polyurethane adhesives, which showed comparable lap shear strength and chemical resistance
properties to petroleum derived commercial polyurethane adhesives [98]. Wiebke et al. reported
three pressure sensitive adhesive (PSA) formulations prepared from plant oil methyl esters, which
have adhesion properties within the range of commercial petroleum derived PSAs [99]. However,

this PSA formulation required solvent usage, which can limit its applications in many industries.

1.7.2 Biocomposites

Biocomposites are promising materials due to their properties, for instance low density and
biobased feedstocks like natural fibers and bioresins [100]. Traditionally, wood has been a
dominate source of fiber for construction but it has certain drawbacks like durability against
moisture and fungal degradation, while biocomposites can perform well under a wide range of
conditions from dry to humid and from low to high temperatures. A patio deck can be constructed
from wood vs. biocomposites prepared from natural fiber and bioresin. The natural fiber of
biocomposites can be protected by the polymer that can prevent the natural fiber degradation from
water and biological attack from organisms like fungi. Additionally, many research reports

indicate that low-cost natural fibers could replace some of the synthetic fibers without
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compromising properties, and this allows their applications to be extended as well as replaced
[90,91]. For instance, glass fiber could be replaced by natural fiber in making biocomposites for

nonstructural applications.

1.7.2.1 Automobile interior parts

Biocomposites prepared from natural and synthetic fibers like carbon fiber have been used to
make lightweight automobile components. Compared to traditional metals in automobile
construction, light weight automobiles are more fuel efficient [102]. European countries have set
a challenging target to reduce CO: to of 95 g/km from automobile emission through decreasing
vehicle weight [102]. In order to achieve such ambitious goals, biocomposite properties must be
acceptable to current standards. Birat et al. made a hybrid composite from sisal and glass fibers
and analyzed its mechanical and thermal properties. Their data suggests that such hybrid
composites could be used to make numerous interior parts of an automobile [103]. Khalfallah et
al. prepared flax laminates from the newly developed resin “ACRODUR” and formed composites
for automobile interior applications. Moreover, they have optimized the flax fiber content (at least

40%) with ACRODUR resin and processing parameters to make such types of composites [104].

1.7.2.2 Structural and nonstructural construction material

Researchers have also reported utilization of biocomposites for structures such as helmets,
electrical cover boards, mailboxes, and mirror covers [105]. Additionally, biocomposites have also
been used for making roofs, pedestrian bridges, and beams as load-bearing components in
structural applications [105]. Generally, there are 8§ major types of material used for building the
roof: asphalt shingles, metal, stone-coated steel, rubber slate, clay and concrete slate, and
biocomposite materials [109]. In general, the materials used for structural applications require
moderate flexural strength, load capacity, and modulus of elasticity. Natural fiber composites are
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able to fulfill most of these requirements along with greater renewability. Additionally,
biocomposites can be used for nonstructural applications including non-load bearing partitions,
cladding systems, and ducting to replace the use of some non-renewable plastics, rubber, and

metals.

1.8 Concluding remarks

In spite of some of the current challenges of infusing natural fibers with bioresins to form
perfect biocomposites, there is considerable potential for these feedstocks to make competitive
materials through further research in this area. Promising biocomposites have been prepared from
modified natural fibers by various surface treatment methods of which, some are not sustainable.
For example, the alkali treatment of fibers produces hazardous alkali waste as a by-product. The
polymer matrix is as important as natural fibers in making biocomposites. Additionally, plant oil
epoxides are a promising feedstock to be used as precursor in making the polymer matrix used to
manufacture biocomposites. Furthermore, plant oil modifications have not been explored
intensively in this context so there are many opportunities to develop novel biobased epoxides. In
addition to this, there is a strong opportunity to design novel crosslinking agents for plant oil-based

epoxides which can directly affect biocomposite properties.

1.9 Hypothesis, Objective and Thesis organization

There is a need to develop biobased epoxy resins to complement some of the traditional epoxy
resins. Additionally, if such bioresins can be synthesized via green chemistry principles then it
would not only contribute to the bioeconomy but also minimize the overall carbon footprint of

manufacturing.
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1.9.1 Objective and Hypothesis

1.9.1.1 Hypothesis

It is hypothesized that;

a. Plant oil epoxides can be cured with a fully biobased curing agent made from citric acid
to prepare a high biocontent bioresin, without the use of solvent. This could be achieved
by changing or aligning the polarities of either component.

b. Epoxidized fatty acid methyl esters can be synthesized for use as reactive diluents with
curing agents such as citric acid and trimellitic anhydride.

c. Citric acid can be partially esterified with short to medium chain length alcohols to create
a crosslinking catalyst that is readily soluble in triglyceride epoxides.

The hypotheses were tested as depicted in Figure 1.6.

1.9.1.2 Objective

To develop plant oil based bioresins for biocomposites and other applications:

Approach 1: Produce plant oil epoxides that are miscible with the biobased curing agents.

Approach 2: Produce biobased curing agents that are miscible with plant oil epoxides.
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1.9.2 Thesis organization
Plant oil based bioresins

Bioresins & Natural fiber

Solvent-free synthesis of

biocomposites

bioresins & biocomposites

Chapter 4

Chapter 1

Biobased thermosets from
epoxidized linseed oil and its
methyl esters

General introduction

Chapter 2 Chapter 5

Eonid_ized plant oil based natural i {| Novel biobased curing agents for
fiber biocomposites ¢ i | the plant oil epoxides

Chapter 3 Chapter 6

Solvent-free manufacturing of
high biocontent bioresins and
biocomposites

Development of egoxidized hemp oil
prepolymers for the preparation of
thermoset networks

Chapter 7

General conclusion and future work

Figure 1.6 Thesis organization
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Chapter 2

Epoxidized plant oil based natural fiber composites

2.1 Introduction

Fiber reinforced composite materials can have excellent elastic and mechanical properties,
such as high modulus and strength, as well as toughness while maintaining a low density compared
to engineering materials, such as metals, alloys and ceramics. These properties can also be tailored
via ratios of constituents and their arrangement in the composites. Consequently, they are used
widely in many applications including in the aerospace, automotive, construction, marine, oil and
gas industries [1]. The mechanical properties of a composite depend, to a large extent, on the
properties of the reinforcing fibers. However, the polymer/resin component forms a matrix that
binds fibers together, and distributes applied load to the reinforcing fibrous component. At the
same time, it protects the stiff but brittle fibers, and gives the fiber preforms a structural shape that
is otherwise not possible to maintain [2]. In doing so, the matrix must be chosen such that it has
the necessary mechanical properties to transfer mechanical load to the fibers without failure [3].
In addition, a resin should provide a high enough glass transition temperature (7,) since this
determines the useful operating temperature range of the composite material: the higher the 7, of

the resin component, the broader the range of applications for the material [4].>

2 A version of this chapter has been submitted, “Patel, Vinay & Omonov, Tolibjon & Ayranci, Cagri & Curtis,
Jonathan. “Epoxidized plant oil based natural fiber composites.”
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Composite materials have often been made using conventional petrochemical polymers such
polyolefins, polyesters, polyethers or epoxy resins and incorporating glass, carbon, aramid or other
fibers [5]. While synthetic fibers such glass or carbon fibers provide excellent mechanical
performance and are not greatly affected by moisture, solvents, acids and bases [2], some
drawbacks of these fibers can include their cost, their relatively high densities and their abrasive

behaviors, which may be detrimental to the processing equipment [6, 7].

Such factors, along with an increasing environmental awareness which favors materials with a
lower carbon footprint, have stimulated the development of natural fiber composites (NFC) from
renewable resources. NFC have the potential to be biodegradable, require lower amounts of fossil
fuels for their manufacture, and can still be manufactured at a reasonable cost. Typically, NFC are
made from fibers derived from agriculture or forestry along with a petrochemical thermoset, or
thermoplastic, binding adhesive polymer [1, 8-10]. There are many successful examples of
petrochemical polymer-based NFC in the literature that have been made using hemp, flax, kenaf,
cellulose, jute, straw, bamboo, wood and other fibers [8-15]. However, most of these NFC are
described as non-biodegradable and/or non-recyclable. Moreover, it has been reported that poor
interfacial adhesion between the polar-hydrophilic fibers and the predominantly non-polar-

hydrophobic polymeric matrix, can result in matrix-fiber incompatibilities [16].

There have also been reports on making fully biobased composite materials, such as from
lignocellulosic fibers bound in plant oil derived epoxy or acrylated epoxy resins [1, 5, 9, 16-19] .
Also, biodegradable plastic materials originating from either renewable or petrochemical sources,
have been used in composites [9, 16, 18]. However, a major drawback limiting the wider use of
natural fibers in biocomposite applications is the hydrophilic nature of the fibers, which makes
them incompatible with the hydrophobic polymer matrix [16]. Modification of fiber to improve
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surface “wettability” is often required to overcome poor fiber/matrix interfacial adhesion [16, 20-
22]. Examples of such surface modifications for natural fibers include the use of isocyanates,
enzymes, ozone, peroxide treatments, silylation, acetylation, benzoylation and polymer grafting
[20-22]. Surface modification has the disadvantage of adding cost and requires the appropriate

handling and disposal of significant quantities of hazardous chemicals [16].

Epoxidized plant oils, along with suitable curing agents, could be used in place of other resins
and thermoplastic polymers that are currently used to make NFC. This requires identifying
appropriate reaction conditions, including temperature, an appropriate catalyst, and the possible
use of a solvent medium to facilitate reactions and proper impregnation of natural fibers by
monomers or oligomers of the binding resin. In addition, in spite of the hydrophobic nature of
epoxidized plant oils, their epoxy groups can also react with hydroxyl moieties of lignocellulosic

fibers to form ether linkages.

This study reports on the properties of fully biobased composites (also referred as green
composites) made using hemp/wood fibermats bound with biobased resins containing three
different epoxidized plant oils (ECO - epoxidized canola oil, EHO — epoxidized hemp oil and ELO

— epoxidized linseed oil), and cured with either an aliphatic or an aromatic curing agent.

2.2 Materials and methods
In addition to the Materials and Methods given here, a description of the bioresin synthesis and

composite material preparation is given in Sections 3.2 and 3.3 below.

2.2.1 Materials
Canola oil was purchased in bulk (20 L) from the local supermarket (Loblaws, Inc., Canada),

hempseed oil was purchased in bulk (20 L) from Rocky Mountain Grain Products (Lethbridge,
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AB, Canada) and linseed oil was purchased in bulk (20 L) from the Shape Foods Inc. (Brandon,
MB, Canada). All oils were used as supplied to produce epoxidized derivatives. Formic acid (85%)
and aqueous hydrogen peroxide (H202, 35%) were purchased from Univar Canada (Richmond,
BC, Canada) and used in epoxidation process. Hydrogen bromide (HBr), 33 wt% solution in
glacial acetic acid (Fisher Scientific Canada) and glacial acetic acid (99.7%, Caledon Laboratory
Chemicals, Georgetown, ON, Canada) were used in oxirane oxygen content titration of epoxides.
ACS grade (=99.5%) acetone was purchased from Fisher Scientific Canada and used as a solvent
medium to prepare epoxy prepolymers. Trimellitic anhydride (1,2,4-benzene tricarboxylic
anhydride, MW=192 g/mol; 7,=156 °C) was purchased from Sigma-Aldrich Canada and citric
acid (2-hydroxypropane-1,2,3-tricarboxylic acid, MW=192 g/mol; 7,=165 °C) were purchased
from Jungbunzlauer Canada Inc. Both TMA and CA were used as curing agents for epoxidized
oils to produce bioresins. Hemp/wood-based nonwoven, randomly oriented fibermats (40/60 w/w)
with specific density of 2.5 kg/m? were provided by BioComposites Group (Drayton Valley, AB,

Canada) and used in making biocomposites with epoxidized oil-based resins.

2.2.2 Methods

2.2.2.1 Internal bond strength (IB)

Internal bond strength is defined as a cohesive strength of the material determined through the
tensile measurement conducted perpendicular to the test specimen surface [23]. Test samples from
each biocomposite formulation were cut with dimensions of 50 mm x 50 mm, and internal bond
strength was tested according to ASTM standard ASTM-D1037-12 [23] using an Instron 4204
with a 10 kN load cell and Instron 4482 with 50 kN load cell (Norwood, MA, USA). Test
specimens surfaces were bonded to aluminum alloy end-tab fixtures for the test. The loading of

the test specimens was conducted by separating the loading fixtures until failure at a crosshead
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speed of 3.80 mm/min + 0.60 mm/min. Internal bonding of the samples were calculated using the

equation (1) [23]:

Internal Bond Strength =

Failing load N

Length x Width’

2
mm

Five test specimens were used for each biocomposites and results of the measurements were

averaged.

2.2.2.2 Static 3-point bending test

Static bending test samples from each biocomposite formulations were cut with dimensions
of 75 mm x 150 mm (width X% length) and tests were conducted to measure the flexural properties
including the modulus of rupture and flexural modulus of elasticity. Tests were then performed in
a three-point bend jig, using an Instron 3369 (Norwood, MA, USA) with 30 kN load cell. Tensile
loading was applied at a crosshead speed of 8.55 mm/min for 3.90 mm nominal thickness (speed
= 0.02*span? /6*nominal thickness) to obtain a load/deflection curve of the test process. Modulus
of elasticity (MOE) and modulus of rupture (MOR) were calculated according to the ASTM
standard ASTM-D1037-12 [23] using the maximum load at the linear range of the curve and the

complete failure curve, respectively as shown in equations (2) and (3):

3P_L
MOR = maxébdz 2)

MOE:%b - x(A%y) 3)

where Pmax 1s the maximum failure load [N], L is the distance between support centers [mm], b is

the test specimen width [mm], and d is the average test specimen thickness [mm]. AP is the
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increment in load (N) on the straight-line portion of the load/deflection curve, and Ay represents

the increment in deflection at mid-span (mm) corresponding to the P increment in load.

2.2.2.3 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical properties of biocomposites such storage modulus (G'), loss modulus
(G'"), and loss factor (tan ¢) were measured with a TA Instruments’ DMA Q800 (New Castle, DE,
USA) equipped with a liquid nitrogen cooling system. Measurements were performed according
to ASTM standard method [24] at a fixed frequency of 1 Hz in the dual cantilever bending mode,
at a constant heating rate of 2 °C/min from -50 to 180 °C. Similar sized specimens prepared by
cutting of the bulk thermoset resin sheet, and results of the measured Tg values were averaged. TA

Universal Analysis (version 4.7A) software was used to analyze the experimental data.

2.2.3 Preparation of plant oil epoxides

Epoxidation of plant oils was conducted using in-situ generated performic acid as described
elsewhere [25, 26] using 20 kg of each oil in 100 L glass reactor (Across International, NJ, USA)
equipped with a bottom drain, a water jacket and attached to a recirculating liquid cooler/heater
unit. The molar ratio of formic acid: H2O> used was 0.25: 1.5 per double bonds of the oils and the
epoxidation process was conducted at 60 °C, for up to 48 hours. The extent of epoxide formation
was followed by measuring the OOC of the epoxidized products according to the ASTM standard
titrimetric method “Standard Test Method for Epoxy Content of Epoxy Resins” [27], as described

elsewhere [25, 26].
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2.3 Results and discussion

2.3.1 Characterization of plant oils and their epoxides

Canola (CO), hempseed (HO) and linseed oils (LO) were used to produce epoxidized oils. The
fatty acid profiles of these oils before epoxidation reactions were measured by GC-FID according
to the method described in [25] and are given in Table 2.1. In addition, Table 2.1 also lists some
properties of the oil and the fully epoxidized oil, that were calculated based on these experimentally

derived fatty acid profiles.

Fatty acids Canola [%] | Hempseed [%] | Linseed [%]
Cl16:0 5.0 7.0 4.9
Cleé:1 0.3 - -
C18:0 1.8 3.0 3.0
C18:1 n9 64.1 14.7 17.5
C18:2n6 18.9 56.0 14.3
C18:3n3 7.3 17.9 60.3
C20:0 0.6 0.7 -
C20:1 1.6 0.4 -
C22:0 0.4 0.3 -
Total monounsaturated [%] 66.0 15.1 17.5
Total polyunsaturated [%] 26.2 73.9 74.6
Total saturated [%] 7.8 11.0 7.9
Properties (calculated) Canola Hempseed Linseed
Average number of double bonds/mol [-] 3.8 5.5 6.8
Average MW of oil [g/mol] 882 876 874
Average MW of epoxide [g/mol] 944 965 985
Maximum OOC of epoxide [%]" 6.3/6.1 9.0/8.3 11.0/9.8

" Both respective theoretical/experimental OOC values are given

Table 2.1 Fatty acid profiles of canola, hempseed, and linseed oils, along with some important
calculated properties of their epoxidized derivatives.

It can be seen from the Table 2.1 that all three oils consist mainly of 18 fatty acids with a high
content (~90%) of unsaturated fatty acids. The saturated fatty acid content of these oils (mainly
C16:0 and C18:0) varies between 8-11% whereas the abundances of major unsaturated fatty acids

oleic acid (C18:1n9), linoleic acid (C18:2n6), and linolenic acid (C18:3n3), differ substantially.
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The major fatty acid for CO is C18:1 9¢ (64%), for HO 1s C18:2 (56%) and for LO is C18:3 (60%).
As a result, CO has a lower number of double bonds (3.8) per triacylglycerol (TAG), HO has a
moderate number of double bonds (5.5/TAG) and LO has the highest double bond content
(6.8/TAG). Hence, when near complete epoxidation of all double bonds is achieved, these oils
significantly differ in their epoxy content. The calculated and experimentally measured OOC of
the epoxidized oils used in this study are shown in Table 1. The slightly smaller values of OOC
actually achieved compared to the theoretical maximum values, can be explained by both
incomplete epoxidation and by epoxide ring-opening side reactions, as we have reported
previously [25]. These epoxidized oils were used in preparing biobased resins and composites as

described below.

2.3.2 Prepolymer solution preparation

Two types of curing agents - citric acid (CA) and trimellitic anhydride (TMA) - were selected
as model curing agents to produce bioresin solutions with epoxidized oils. These curing agents
have molecular formulae of C¢HgO7 and CoH4Os respectively, and hence they have the same
nominal molecular weights (MW) of 192.1 g/mol. They also have similar melting points at 165°C
(CA) and 156°C (TMA). Despite these similarities, CA and TMA are structurally quite different.
CA is an alpha hydroxy tri-carboxylic acid and both hydroxyl and acid functional groups can
participate in epoxy ring opening reactions, resulting in multiple curing mechanisms. TMA is an
aromatic carboxylic acid anhydride which is readily hydrolyzed to trimellitic acid (benzene-1,2,4-
tricarboxylic acid). Both are solid curing agents with very limited solubility at room temperature
in EHO, which is viscous and low polarity. Acetone was chosen as the reaction medium, since it
can effectively dissolve both curing agents and epoxidized oils while at the same time it is an

aprotic solvent and will not participate in reactions with epoxides. In addition, the presence of
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solvent will assist in prepolymers penetration into the fibermats, which is otherwise difficult to
achieve. Acetone also has a low boiling point so is easily distilled from the impregnated fibermat
and then reusable. Resins were prepared from ECO, EHO and ELO using CA and TMA curing

agents at stoichiometric ratios 1:1 of epoxy moieties of epoxidized oils to acid moieties of CA or

TMA (see Table 2.2).
Resin Ratio * MOR® |MOE"® IB?® T’
Composition |[mol/mol] |/MPa] [MPa] [MPa] [°CJ
ECO/CA 1.0/1.27  |15.4+1.6 |2531 £387 [0.2+0.0 25.7£1.7
EHO/CA 1.0/1.80  123.9+0.8 |2843 +319 |0.8+0.1 39.1£1.4
ELO/CA 1.0/2.27  |38.2+5.2 3982 +356 [3.0+0.2 52.7£1.5
ECO/TMA 1.0/1.27 286 +3.012891+75 |1.8+0.2 38.0+1.7
EHO/TMA  |1.0/1.80 1450 +4.7 |4190 + 494 |3.8+0.3 85.5+1.4
ELO/TMA  |1.0/2.27  140.1 +1.7 |4352+292 |3.4+0.3 83.1+1.5

"In all biocomposites, the hemp/wood 40/60 w/w fibermats were used.
9 At these ratio of components the stoichiometric ratio of epoxy to acid groups are equal to one.
bValues are means + standard deviation of 3 to 5 samples for each group

Table 2.2 The thermal-mechanical properties of biocomposites produced using resin made from

various combinations of epoxidised oils with CA or TMA curing agents '

In calculating the stoichiometric ratios of reactive moieties, TMA contributes three carboxylic
acid groups (similar to trimellitic acid) since TMA has one free acid group and upon hydrolysis,
the anhydride group will potentially yield two more acid groups. It should be noted that due to
considerable differences of the epoxy functionality between different epoxidized oils, the molar
ratios of curing agents differs significantly. For example, one mole of ECO requires about 1.27
moles of either CA or TMA curing agent for complete curing, while ELO requires 2.27 moles of

curing agent (Table 2.2) to react with all epoxide sites.
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Using the above information, prepolymer resin solutions were prepared by stirring the required
weight of the curing agent (CA or TMA) into the same weight of acetone at a temperature of
50£1°C, until solid particles were dissolved. The appropriate amount of epoxidized oil (Table 2.2)

was then mixed into this solution to constitute the resin solutions.

2.3.3 Biocomposite preparation via hot compression moulding

The homogenous (prepolymer) solutions of bioresins produced from different epoxidized oils
and curing agents were then used to make biocomposites with hemp/wood fibermats. Hemp/wood
based nonwoven, randomly oriented fibermats 15mm x 15mm were soaked in prepolymer
solution for about 2 minutes and excess solution was removed by rolling the saturated fibermats
through a roller. The space between two rollers was controlled to extrude any excess solution

through multiple passes without damaging integrity.

Resin saturated fibermats were placed between two aluminum foil covered steel plates at room
temperature and were transferred to the electrically heated platens (150mm x 150mm) of a
benchtop Carver press. (Model 3851 Carver Inc., Wabash, IN, USA). Pressure (14000 kPa) was
applied and the molding/curing process of biocomposites was achieved by heating to 200 °C for
about 5 minutes to allow for heat transfer into the core of the biocomposite. Under these conditions,
excess resin was squeezed from the fibermats. The final molded hemp/wood biocomposites were
close to 3 mm thick and had a resin content of 30 + 2 wt%, as measured by the weight differences
between each cured biocomposite material and the dry fibermat used to make it. Full removal of
the solvent was ensured by post-curing storage in an oven at 200 °C until a constant weight was

determined and subsequent cooling to room temperature at 0.5 °C/min.
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2.3.4 Mechanical performance of ECO, EHO and ELO based biocomposites

By starting with natural oils covering the range of 3.8-6.8 double bonds per mole of

triacylglyceride, resins possessing a corresponding range of OOC were produced (Table 2.1).

These resins were used to study the effects of oil composition and epoxide content on NFC material

properties. The mechanical properties of these biocomposites were evaluated using flexure,

internal bonding, and dynamic mechanical thermal analysis tests.

Table 2.2 and Figure 2.1 demonstrates the MOR and MOE (from the SB test); IB strength (from

IB test); and T, (from DMA test) of the biocomposites produced using two different curing agents.
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Figure 2.1 The MOR (A), MOE (B), IB (C) and T, (D) (standard deviation +3 SD) of

biocomposites produced using different epoxidized oils and curing agents. The solid lines are
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connecting the experimental values of biocomposites with the same curing agents and drawn as

guide for the eye.

2.3.4.1 Modulus of Rupture (MOR)

Figure 2.1(A) shows the measured MOR for biocomposites made using a range of resins. As
expected, the MOR varies with the OOC of epoxidized oils. Thus, biocomposites made using
ECO resins, which have the lowest OOC, have lower MOR values than those made with ECO or
EHO regardless of curing agent. In addition, the MOR values for biocomposites prepared with
ECO/TMA resin are nearly two times higher than MOR values for biocomposites prepared with
ECO/CA resin. Since the MOR is a material’s ultimate bending strength, larger values of MOR
reflect a higher resistance to failure, as seen for biocomposites made using the TMA curing agent.
This can be explained in a general way by the molecular rigidity imparted by incorporating an
aromatic crosslinking agent [28]. In addition, the anhydride ring of TMA may react with the
surface hydroxyl groups of the reinforcing fibers to form ester bonds, which would enhance the
resin’s adhesive strength [29, 30]. At the same time, the acid moiety formed by anhydride ring

opening can further participate in epoxy resin curing reactions.

The MOR of biocomposites made with medium and high OOC epoxides (EHO and ELO) are
significantly higher than for the ECO resin based biocomposite (Fig. 2.1A), due to the higher
crosslinking density in these resins. In all resin systems, the biocomposites prepared with the
aromatic curing agent demonstrated significantly higher MOR values. Surprisingly, the ELO/TMA
resin based biocomposites showed somewhat lower MOR values compared to EHO/TMA. It is
believed that this unexpected behavior is directly related to another outcome of using a very high
OOC epoxy resin. The reaction rate of ELO with the curing agents to form esters, and further to

form oligomers, is significantly higher compared to that for epoxides with lower OOC. As a result,
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oligomers (prepolymers) generated during curing reactions quickly form thermoset resin
coagulates. This was visually observed as the formation of white powder precipitates in the
solution. These local thermoset network chains remain unbound, or weakly bound, even after
compression molding of the biocomposites. This in turn, significantly reduces the adhesive and
cohesive strength of the resin. Moreover, the presence of such resin aggregates creates structural
defects, or high stress concentration points, in the bulk volume, which lead to premature

mechanical failure of biocomposites at relatively low degrees of deformation and/or loads.

This behavior is most pronounced in biocomposites made using ELO/TMA resin formulations
where the reaction rate between ELO and TMA, and consequently the formation of such local resin
coagulates, are highest. In the ELO/CA curing system the reaction rate is moderate, and the
formation of such thermoset coagulates is negligible, so that the biocomposites made with this
resin ultimately demonstrate a mechanical performance that is comparable to the ELO/TMA
system. To summarize, the observed MOR results reflect the competing processes of desired
network crosslinking that occurs during compression molding, and, possibly, the undesired,

premature formation of coagulates in the resin prior to this time.

2.3.4.2 Modulus of Elasticity (MOE)

In contrast to the MOR, the MOE is a measure of material’ flexural stiffness, defined as the
material’s resistance to elastic deformation (non-permanently) under an applied external bending
load [23]. Therefore, composites which have a larger MOE have greater flexural stiffness. This is
particularly important in stiffness critical design applications when the criteria of low deflection is
imposed, for example in medical, aerospace, and automotive applications [31]. Figure 2.1 (B)
illustrates the MOE values for all three groups of biocomposites studied. Overall, the MOE values
of the biocomposites follow a similar trend to MOR, increasing with increasing epoxy content in
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the resin systems (Fig 2.1 B). In addition, the MOE values are higher for biocomposites made
using the aromatic curing agent TMA compared to those containing the aliphatic curing agent,
CA. In this case, despite showing the somewhat early rupturing failure during the bending test, the
average MOE for biocomposites made with ELO/TMA shows no statistically significant

difference to that using the EHO/TMA resin (Figure 2.1(B)).

2.3.4.3 Internal bond strength (IB)

The internal bond measurement provides information regarding the tensile strength of the
material as determined by applying tension perpendicular to the plane surface of the material. The
procedure is detailed in Sections 11 and 28 of the ASTM standard D-1037-12 [23]. Failures of
internal bonds in natural fiber composites are often due to failure of adhesion and/or the
lignocellulose component [32]. Figure 2.1 (C) shows the internal bonding strength values for the
biocomposites made using different epoxidized oils cured with two different curing agents. As
with MOR and MOE, the biocomposite made using ECO/CA (low OOC) resin system had weaker
IB, while the IB values were much higher for biocomposites produced with medium and high OOC

epoxides (Fig. 2.1 C).

Overall, TMA based resin formulations produced biocomposites with stronger internal
bonding compared to their CA based counterparts, and IB values depends on the epoxy
functionality of epoxidized oils. The one exception, however, is that IB failure occurred earlier
than expected for biocomposites made with the ELO/TMA resin. As described earlier, this
behavior can be explained with an inhomogeneous resin matrix that caused defects in the integrity
of biocomposites. The IB depends on the stress distribution and stress allocation in the test
specimen [33], and in an ideal scenario, applied stress is distributed evenly throughout the sample.

Upon increase of applied stress to the biocomposite, re-allocation and re-distribution of the stress
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occurs at the defective sections. Further increase of the applied stress leads to further de-bonding

at the defective area, and finally to biocomposite failure.

2.3.4.4 Dynamic Mechanical Analysis (DMA)

DMA was used to determine the glass transition temperature, 7, of the specimens. The T,
values for the biocomposites were found using the peak point of the fan ¢ (Fig. 2.1D). The trend
in T, values for the biocomposites shows nearly identical behavior to that observed in MOR and
IB test results. As expected, the 7, values for biocomposites proportionally depends on the epoxy
content in the epoxidized oils, so that higher the epoxy number, the higher the T,. Although both
curing agents have nearly identical molecular weights of 192 g/mol and bear similar reactive acid
moieties (3 acid groups/mol In addition, Figure 2.1(D) demonstrates the influence of the type and
molecular architecture of the curing agents to the dynamic mechanical properties of
biocomposites,). The aromatic curing agent TMA produces more rigid biocomposites with higher
T, values compared to those made using the aliphatic curing agent. Epoxy resins cured with
aromatic amine curing agents had 7, values nearly 50 °C higher than those of resins cured with
aliphatic curing agents having similar functionalities [28]. In addition, the storage moduli are also
higher for biocomposites prepared with plant oil epoxides of high epoxy content (not shown here).
For example, the ECO resin based biocomposites has a low storage modulus due to its low epoxy
content and low crosslinking density. On the other hand, the structure of the main fatty acid of
canola oil, oleic acid (~65%), possesses a nine carbon highly mobile chain end with no double
bonds. this flexible structure contributes to the lower storage modulus and the 7, [35] of ECO. For
fatty acids with double bonds closer to the omega carbon than oleic acid the molecular motions
are reduced. Also, in the fatty acids of oils with more double bonds there are more epoxy groups

prior to polymerization and this results in greater crosslinking density in their biocomposites.
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2.3.5 Mechanical performance of ECO/ELO mixture based biocomposites

The previous section demonstrates the production of biocomposites using variety of
epoxidized oils differing in epoxy content. It was shown that the mechanical performance of these
biocomposites proportionally depends on the OOC content of the uncured resin. However, it was
also shown that high epoxy content was not always beneficial and led to the fast and uncontrolled
reaction conditions, especially when it is cured with the more reactive aromatic TMA. In addition,
the availability of highly unsaturated oils such hemp and flax oils are limited, and the price of these
oils relatively high compared to canola oil. To illustrate this point, canola/rapeseed oil is the third
most widely produced plant oil worldwide (28.8 Mt in 2017) while the production of flaxseed
(0.75Mtin 2017) [36] and hemp oils are produced in much lower amounts. Therefore, it is rational
to use the mixture of cheaper and readily available canola oil with flaxseed oil (relatively expensive
and has a limited availability) in producing bioresins and biocomposites. This could include
inedible industrial rapeseed oil and off-specification canola oil that is not suitable for food use.
Here, we test the hypothesis that ECO/ELO blends can be used to produce biocomposite materials

with mechanical performance that is “tunable” by varying the ECO/ELO ratio.

Bioresin solutions from ECO/ELO mixtures varying in ratios from 0% ECO (w/w) to 100%
ECO (w/w) were prepared. Table 3 lists the resin compositions and thermal-mechanical properties
of the biocomposites made using hemp/wood (40/60 w/w) fibermats and various resin

compositions.
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Resin Ratio * MOR"’ MOE" IB® T,’

Composition [mol/mol] |/MPaj [MPa] [MPa] [°cj

(ECO/ELO 100/0)/CA |1.0/1.27 154+1.6 |2531+387 [0.2+0.0 257+ 1.7
(ECO/ELO 80/20)/CA |1.0/1.47 262+3.5 [4042+665 [0.7+0.1 262+1.2
(ECO/ELO 60/40)/CA |1.0/1.67 274+1.6 |3807+321 (1.4=£0.2 29.6 +1.4
(ECO/ELO 40/60)/CA |1.0/1.87 31.1£1.8 [4303+465 (23=+04 333+14
(ECO/ELO 20/80)/CA |1.0/2.07 32.1+£22 |4283+147 |3.4+0.3 465+ 1.5
(ECO/ELO 0/100)/CA |1.0/2.27 353+1.4 [3982+356 |3.0+0.2 52.7+1.5
(ECO/ELO 100/0)/TMA |1.0/1.27 286+3.0 {2891 +750 [1.8+0.2 380+1.7
(ECO/ELO 80/20)/TMA |1.0/1.47 39.0+0.2 [3684+114 |3.5+£0.6 43.4+1.2
(ECO/ELO 60/40)/TMA |1.0/1.67 48.0+0.5 |4801+£311 |3.9+0.3 573=+1.5
(ECO/ELO 40/60)/TMA |1.0/1.87 48.0+34 5196680 [3.9+0.1 61.6+14
(ECO/ELO 20/80)/TMA |1.0/2.07 46.4+1.9 [4913+358 [4.0+0.2 743=£1.5
(ECO/ELO 0/100)/TMA |1.0/2.27 40.1 +1.7 |4352+£292 |3.4+0.3 83.1+1.5

"In all biocomposites, the hemp/wood 40/60 w/w fibermats were used.

9 At these ratio of components the stoichiometric ratio of epoxy to acid groups are equal to one.

bValues are means + standard deviation of 3 to 5 samples for each group

Table 2.3 The thermal-mechanical properties of biocomposites produced using resin made from

various ratios of ECO/ELO, with CA or TMA curing agents’

The molar amount of curing agent needed was calculated using the following equation:

(xF +yF ) C
MR — ECO ELO MR
‘ { F. }100 : )

where MR, is the number of moles of curing agent required for curing of the epoxidized oil

blends; MR, is the number of moles of epoxidized oil; x and y are the weight percentages of the

epoxidized oils in the mixture; Frco and Fero are the epoxy functionalities of ECO and ELO,
respectively; Fc is the acid functionality of the curing agent; C is the selected molar ratio of epoxy

groups to carboxylic acid moieties in the curing agent. In this work, we aim for an equal number
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of epoxide and carboxylic acid groups to achieve complete ring opening, i.e. C=1 in the calculation
used for Table 3. The functionalities are listed in Table 1, and Fc=3 for both CA and TMA, as
discussed earlier. Table 3 indicates how the required amount of curing agent changes with the

ECO/ELO ratio in order to achieve C=1.

The measured mechanical performances of all composites are tabulated in Table 3 and plotted
in Figure 2.2. The average densities of these biocomposites were between 840-860 kg/m? and their

resin content was between 27-29%.
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Figure 2.2 The MOR (A), MOE (B), IB (C) and Ty (D) (standard deviation +3) of biocomposites

produced using different mixtures of ECO/ELO and curing agents. The solid lines are connecting
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the experimental values of biocomposites with the same curing agents and drawn as guide for the
eye.

It can be seen from Table 2.3 and Figure 2.2 that the mechanical performance of biocomposites
made using ECO/ELO mixtures follow the general trends seen in Figure 1, i.e. increasing with
increasing OOC, as the percentage of ELO increases. For instance, increasing values of MOR of
biocomposite materials were observed (Figure 2(A)) with increasing ELO content, when both
aliphatic and aromatic curing agents were used, but with TMA curing agent giving higher MOR
values. For the TMA based resin system, at ECO/ELO ratios of between 60/40 and 20/80 w/w, the
biocomposites have achieved the maximum values of MOR of 48.0 to 46.4 MPa, respectively.
These values actually exceed the MOR value of biocomposites produced with ELO alone (40.1
MPa). This modest improvement in mechanical performance is associated with better optimized
reaction conditions, since the presence of the lower OOC ECO reduces the reaction rate and results

in curing conditions for the resin where premature agglomeration is minimized.

In contrast, the reduced MOR, MOE and IB values observed for biocomposites with >60%
ELO (most pronounced when TMA was used) are associated with the formation of local resin
agglomerates within the bulk resulting from premature curing. These agglomerates can create

defects that lead to failure of biocomposites at low mechanical loads.

The glass transition temperatures of the biocomposites, estimated using DMA (Table 3, Figure
2(D)), show that for all of the ECO/ELO composition range the 7 of the biocomposites varies in
proportion to the epoxy content of the resin. It should be noted that the biocomposites prepared
using CA as curing agent have multiple transitional peaks in storage modulus (especially at high
ECO content) indicating likely inhomogeneity in the cured structures. In contrast, the storage
modulus of the TMA based biocomposites show a single transition, which suggests more
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homogenous structures for these biocomposites. As discussed above, TMA based biocomposites
show higher 7, compared to their CA based counterparts, which is associated with enhanced

crosslinking density in these resins.

These results demonstrate the possibility of the producing bioresins, and biocomposites using
blends made of epoxidized oils having low and high epoxy group content, using the example of
canola and linseed. An illustration of this is that the mechanical performances of most of the
biocomposites produced meet the ANSI requirements for Medium Density Fiberboards (A208.2-
2016) and siding panels (ANSI A135.6-2012). Hence, these bioresins/biocomposites can be made
without compromising their mechanical properties while reducing the overall costs of
manufacturing by maximizing the incorporation of the lower cost monounsaturated oils. It should
be noted that these results apply to oils that are low in saturated fatty acids (less than 8% for canola
and linseed) so only contain a small percentage of fatty acyl groups that are not epoxidized and so

are not able to participate in crosslinking reactions.

24 Conclusions

Natural fiber composites were prepared from hemp/wood fibermats and resins made from 3
different epoxidized plant oils. Both aliphatic and aromatic curing agents of similar molecular
weight were used in these resins. It was shown that the mechanical performance of the
biocomposites varies in proportion to the epoxy content of the resin. Thus, for the local plant oil
feedstocks investigated, the mechanical performances of the biocomposites produced, measured
via MOR, MOE, IB and Ty, followed the trend ECO < EHO <ELO. It was also demonstrated that
the aromatic curing agent, TMA, produces biocomposites with improved MOR, MOE, IB and 7,

compared to CA.
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In a series of experiments, blends of ECO with ELO were used in resins for compression
moulding of biocomposite materials. Such an approach allows the use of more widely available
and lower cost plant oils for epoxidation and so may reduce the cost of manufacturing
biocomposites without compromising their mechanical performance, if the optimum ratios of
components are selected. The trend in the mechanical performance of biocomposites produced
with ECO/ELO mixtures were similar to those observed for individual epoxidized oils in that upon
increase in the ELO content (and hence OOC) the MOR, MOE, IB or 7, become greater, and this
behavior is more pronounced in TMA based biocomposites. However, for ELO contents of >60-
80% a decrease in MOR, MOE and IB values was observed due to the formation of localized resin
agglomerates prior to bulk curing (compression moulding). These results demonstrate the
feasibility of producing fully- or high- biocontent resins using unsaturated plant oils blended to
achieve the optimum mechanical properties in composite materials, whilst minimizing the content

of the more expensive and less abundant component.
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Chapter 3

The development of epoxidized hemp oil prepolymers for the

preparation of thermoset networks

3.1 INTRODUCTION

Epoxy thermosets have been used in many composite applications because of their outstanding
adhesion, high strengths, and superior fatigue strength [1,6,53]. Currently, the major components
used in most epoxy-based thermoset polymer formulations originate from petroleum-based
derivatives. Biobased thermosets only represent a very small percentage of the entire polymers
market, despite the trend towards their use in increasingly diverse areas due to the potential life

cycle greenhouse gas reductions and decreased reliance on fossil fuel resources [2].

A recent review paper [3] outlines the current state and future prospects of the biobased
thermosetting epoxides with description of some important chemical reactions and formulations
of biobased epoxy polymers. Epoxidized plant oils could be used as versatile alternative to
petrochemical epoxides [4]. By manipulating the unsaturation level of the input oil, and by
controlling epoxidation conditions, epoxidized plant oils with a wide range of epoxy content can
be produced [5]. Hemp is an industrial oil crop with high content of unsaturated fatty acids that

makes it an excellent feedstock for producing epoxidized derivatives.?

3 A version of this chapter has been published, “Omonov, Tolibjon & Patel, Vinay & Curtis, Jonathan. (2019). The
Development of Epoxidized Hemp QOil Prepolymers for the Preparation of Thermoset Networks. Journal of the
American Oil Chemists' Society. 96. 10.1002/a0cs.12290.”
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Approximately 90% of the fatty acids in hempseed oil are unsaturated (Table 3.1) which make this
oil well suitable for chemical modification to produce epoxidized derivatives. Currently, more than
30 countries are cultivating industrial hemp as an agricultural commodity as a source of fiber for
textile, construction, and composites industries, while hempseed oil has a great potential to be
utilized as a feedstock for producing oleochemicals. Moreover, in Canada the cultivation of
industrial hemp is increasing rapidly, from about 3,260 hectares in 2008 to 31,540 hectares in 2018
[6]. Therefore, the industrial hemp oil is becoming readily available for the use as a component in

the burgeoning biobased economy.

Modification of the double bonds of the unsaturated oils to produce epoxidized derivatives is
well known process [7,8]; and these epoxidized oil monomers can further be cured into thermoset
epoxy networks, in similar ways as used for their petroleum-based counterparts. The possible
reaction pathways and cure mechanisms between epoxy and acid moieties [9,10], and between
epoxy and amine or anhydride groups [11] have been well described in the literature. The use of
an aqueous citric acid solution as a curing agent for epoxidized soybean oil is reported to produce
self-healable polymer network [1] and biodegradable coating for mulch [12]. Although, use of an
aqueous citric acid solution in making epoxy networks provides “greener” route, the presence of
water might be disadvantageous as water might act as a nucleophile to open epoxy rings forming
hydroxyl moieties [13,14]. This in turn, reduces the number of epoxy groups available for the

intended reactions.

Recently, an attempt has been made to examine all possible epoxy-acid reaction pathways
using the density functional theory and simplified physical molecular models to demonstrate
comprehensive epoxy cure mechanism [15]. Most of these studies are carried out during the curing

of epoxides in bulk, in the absence of solvent. However, when making biocomposites with fibrous
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materials, the components of the epoxy based bonding adhesives are usually dissolved, mixed or
pre-polymerized in solvents to allow homogenous impregnation of the fibers. In such systems, the
cure behavior of the epoxides may differ from the bulk, due to dilution effects. In addition, a great
number of curing agents or hardeners are incompatible with, or insoluble in, epoxidized plant oils.
In order to reveal the full potential of a curing agent, proper homogenization/mixing of such
incompatible curing agents in the epoxy monomer is necessary. This can positively affect the cure
kinetics, speed up gelation and lead to improvements to the final properties of the resulting epoxy

network.

Therefore, the main aim of this work is to study and compare the cure behavior of epoxidized
hemp oil (EHO) with the 2 otherwise incompatible curing agents trimellitic anhydride (an aromatic
petrochemical compound) and citric acid (a non-aromatic, fully biobased compound), in the
presence of a solvent. A comparison between the thermomechanical properties of the resulting

partly or fully biobased thermoset polymers, can then be made.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials.

Hemp oil was purchased in bulk (20 L) from Rocky Mountain Grain Products (AB, Canada)
and was used as supplied. Formic acid (85%) and aqueous hydrogen peroxide (H202, 35%) were
purchased from Univar Canada (Richmond, BC, Canada) and used in epoxidation process.
Trimellitic anhydride (1,2,4-benzenetricarboxylic anhydride) was purchased from Sigma-Aldrich
Canada and used as curing agent for epoxidized hemp oil. Food grade citric acid (2-
hydroxypropane-1,2,3-tricarboxylic acid) was purchased from Jungbunzlauer Canada Inc. (ON,
Canada) and used as a curing agent. ACS grade (>99.5%) acetone was purchased from Fisher

Scientific Company (Ottawa, ON, Canada) and used as a solvent for curing reactions. Hydrogen
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bromide (HBr), 33 wt% solution in glacial acetic acid (Fisher Scientific Company) and glacial
acetic acid (99.7%, Caledon Laboratory Chemicals, Georgetown, ON, Canada) were used in the
oxirane oxygen content titration of epoxides. The lipid standard methyl-9,10-dihydroxystearate of
molecular weight (MW) 330.51 g/mol was purchased from Frinton Laboratories (Hainesport, NJ,
USA); 1,2-distearin (MW of 625.03 g/mol) and trieicosapentaenoin (MW of 945.42 g/mol) were
purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA). These standards were used in gel

permeation chromatography analysis of the products.

3.2.2 Characterization of hemp oil and preparation of epoxidized hemp oil.
The fatty acid profile of hemp oil as measured by the GC-FID, along with some important

calculated parameters of its derivatives are given in the Table 3.1.

Fatty acids [%]
C16:0 7.0
C18:0 3.0
Cl18:19c, 11c 14.7
C18:2n6 56.0
C18:3n3 17.9
C20:0 0.7
C20:111C 0.4
C22:0 0.3
Total monounsaturated [%] 15.1
Total polyunsaturated [%] 73.9
Total saturated [%] 11.0
Properties (calculated)

Average number of double bonds/mol [-] | 5.42
Average MW of oil [g/mol] 876
Average MW of epoxide [g/mol] 965
Maximum OOC of epoxide [%] 9.0

Table 3.1 Fatty acid profile of hemp oil, along with some important calculated parameters of

its derivatives
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It can be seen from the Table 3.1 that hemp oil mainly consists of 18 carbon fatty acids, with
an average MW of 876 g/mol. The majority of fatty acids of the hemp oil are polyunsaturated fatty
acids including 56% of linoleic acid and about 18% linolenic acid. As a result, hemp oil has an
average of 5.4 double bonds per triacylglycerol (TAG) molecule. If epoxidation of hemp oil
proceeds to completion at all of its double bonds, it would produce epoxidized hemp oil (EHO)
with an average MW of 965 g/mol and an oxirane oxygen content (OOC) of 9.0%. This OOC
value is high compared to the calculated OOC values of, for example, epoxidized canola oil (6.34
%, [8]) or soybean oil (7.79%, [16]). This makes industrially grown hempseed oil an attractive

option as a feedstock for the manufacture of epoxidized oil derivatives.

In this work, epoxidation of hemp oil was carried out using performic acid generated in-situ
from formic acid and H>O». Although, the efficiency of the different types of carboxylic acids in
epoxidation of vegetable oils is still the subject of debate, the order of formic acid reactivity is
described to be greater compared to benzoic or acetic acids [17]. The molar ratio of hemp oil:
formic acid : H2O2 used was 1.0 : 1.36 : 8.13, respectively. This means that for every mole of
double bonds in hemp oil there will be ~0.25 moles of formic acid and 1.5 moles of H>O,. Under
such ratios of reactive components, epoxides with high yields can be produced with negligible loss
of formed epoxy groups during epoxidation [8]. The epoxidation reactions were carried out using
3 kg of hemp oil in 22 L glass reactor (Chemglass Life Sciences), as described previously [5,7].

The epoxidation of hemp oil was carried out for up to 48 hours to establish the optimum conditions
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to produce EHO with the highest epoxy content within the shortest reaction time. Figure 3.1 shows

the kinetics of hemp oil epoxidation carried out at 60 °C.

10

01 T=60 °C

0 10 20 30 40 50
Epoxidation time [hours]
Figure 3.1 Epoxidation kinetics (OOC vs epoxidation time) for the hemp oil using in-situ

generated performic acid, at 60 °

It can be seen that the OOC reached a plateau region within 24 hours, after which the change
in OOC is negligible for the rest of the 48 hours reaction time. The final experimental OOC of
EHO that was achieved (~8%) was a little lower than the calculated maximum value, likely due to
competing ring opening reactions, as has been described [8]. Hence, all EHO samples necessary
for this study were prepared within 24 hours, and used for the following studies of epoxy curing

behavior.

3.2.3 Thermoset polymer preparation

The biobased thermosets of EHO were prepared using CA and TMA as curing agents, under
similar conditions. The study of EHO curing process was carried out in 2-stages. The first was to
study the curing behavior between EHO and its immiscible curing agents at the initial stages of

the low temperature prepolymerization reaction, in the presence of a solvent. The second stage
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was to measure the thermomechanical properties of the thermoset networks that were produced by

subjecting the prepolymers to full curing at high temperatures, after removal of the solvent.

The EHO/CA aliphatic network was prepared at a molar ratio of 1.0 : 1.8. This ratio was chosen
because each CA molecule has 3 carboxylic acid groups which could potentially react with the
epoxy groups of EHO [18]. At the same time, each molecule of EHO has 5.4 epoxide groups on
average. Hence, the expected stoichiometric ratio of the reactive moieties of these components was

close to 1:1 at a molar ratio of EHO to CA of 1.0 : 1.8 [19].

The EHO/TMA aromatic network was prepared in similar manner to EHO/CA, at molar ratio
of EHO to TMA of 1.0 : 1.8. In doing so, the carboxylic acids reactive groups for TMA was taken
as 3, taking into consideration TMA has one acid group plus the anhydride group which will yield
two more acid groups after hydrolysis. Coincidentally, both CA and TMA have similar MW, so

the weight amounts of these curing agents to be added into EHO are identical.

The required amount of curing agent, CA or TMA, was dissolved in acetone in a 500 ml glass
flask that was placed in oil-bath at a temperature of 50+1 °C. Continuous mixing with a magnetic
stirrer at 500+10 rpm was used until complete disappearance of all solid particles occurred. The
amount of acetone used was approximately equal to the weight of EHO plus curing agent, which
is sufficient to dissolve both curing agents. Although the TMA is readily soluble in acetone (49.6
2/100 g @25 °C), CA has a more limited solubility in acetone (18g/100 g @20 °C, [20]) so requires
a longer stirring at 50 °C. Then, after complete dissolution of the curing agents in acetone the

required amount of EHO was added into the solution to produce thermoset network solutions.

74



3.2.4 Characterization methods

3.2.4.1 Oxirane Oxygen Content (OOC)

The OOC of an epoxidized hemp oil was measured according to the ASTM standard titrimetric
method [21], as described elsewhere [22]. For these purposes, the aliquots (~15 ml) of epoxidized
products were taken and diluted with an equal amount of ethyl acetate and washed with an equal
amount of saturated NaCl solution at least three times (or until pH~6) to remove the formic acid
and unreacted H>O». Then, the epoxide solution in ethyl acetate was dried with anhydrous Na>SOs,

and finally concentrated from ethyl acetate using rotary evaporator at low pressure (20 mbar and

60 °C).

3.2.4.2 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy

The analysis of EHO and product formation during the prepolymerization processes, were
carried out using a Bruker Alpha FTIR spectrometer equipped with an ATR accessory. IR spectra
(4000-650 cm™!, 32 scans, 4 cm™! resolution) of the products were obtained by placing ca. 10 pl of
the epoxidized product onto the ATR crystal. FTIR data analysis was carried out using Bruker’s

OPUS spectroscopy software package.

3.2.4.3 Gas chromatography (GC)

A Perkin Elmer (Waltham, MA, USA) Clarus 500 Gas Chromatograph equipped with a Flame
Ionization Detector (GC-FID) was used for the fatty acid analysis of hemp oil FAME. Details of
the GC-FID measurements were described earlier [22]. A 100 m x0.25 mm SP-2560 Supelco
capillary column with film thickness of 0.20 um was utilized. The oven temperature was
maintained at 45 °C for 4 min, increased to 175 °C at a rate of 13 °C/min, maintained at 175 °C
for 27 min then increased to 215 °C at a rate of 4 °C/min, and finally held at 215 °C for 35 min.

The injector and detector temperatures were 240 and 280 °C, respectively. Hydrogen was used as
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carrier gas at 1.3 mL/min and the injection port was in split mode of 20:1. 1.0 puL of sample was
injected into the GC. The individual FAMES are identified by their retention times and the relative
percentage (area %) of the fatty acids using a reference standard mixture of methyl esters of fatty
acids. This reference standard mixture was GLC-463, from Nu-Chek Prep, Inc. The analysis of the

products was carried out at least in duplicates.

3.2.4.4 Gel permeation chromatography (GPC)

A 1200 series High Performance Liquid Chromatograph (HPLC) from Agilent Technologies
Inc (Santa Clara, CA, USA) equipped with an Agilent 1200 evaporating light scattering detector
(ELSD) was used for all GPC experiments to measure MW distributions of the products during
prepolymerization, as described elsewhere [22]. A Styragel HR 4E THF column (with the size of
4.6 x 300 mm) from Waters Corporation (Milford, MA, USA) was used along with tetrahydrofuran
(THF) as mobile phase and at a flow rate 0.5 mL/min. For every run, the eluent was the same as
the sample buffer. The random run-to-run difference in retention times for system was <0.1%. The
SEC calibration curve for the column was carried out using the lipid standards, described in
Materials section. All data were processed using the Agilent’s ChemStation for LC 3D Systems

(Rev. B.03.01).

3.2.4.5 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the thermosets were measured with a TA Instrument
DMA Q800 (New Castle, DE, USA) equipped with a liquid nitrogen cooling system. The DMA
experiments were carried out according to ASTM E 1640-09 in the dual cantilever bending mode
at a fixed frequency of 1 Hz, strain 0.04% and constant heating rate of 2 °C/min from -50 to 175
°C, as described elsewhere [19]. At least two similar sized specimens with approximate dimensions

of 60 mm X 12 mm X4 mm were prepared by the cutting of the bulk thermosets and the results of
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the measured glass transition temperatures were averaged. TA Universal Analysis (version 4.7A)

software was used to analyze the experimental data.

3.2.4.6 Thermogravimetric analysis (TGA)

The thermogravimetric analysis of the neat components and their polymers was performed
using a TA Instruments' TGA Q50 Thermogravimetric Analyzer (New Castle, DE, USA) under a
nitrogen atmosphere at a flow rate of 40 mL/min. About 10 mg of material in a ceramic pan was
used in the thermogravimetric analysis. The sample was heated from ambient temperature to 600
°C at a constant heating rate of 10 °C/min and the weight loss was recorded as a function of
temperature. The TA Universal Analysis (version 4.7A) software was used to analyze the

experimental data.

3.3 RESULTS AND DISCUSSION

3.3.1 Prepolymerization reactions of EHO in solvent

Although the curing mechanisms of epoxides [9,10,18,23] and plant oil epoxides [18,23]
without solvents are well described in the literature, the (pre)polymerization reactions of epoxides
in solvents have not been extensively reported.
Epoxidized hemp oil (conceptual structure of EHO is shown in Figure 3.2) is a clear, light yellow,
viscous liquid at room temperature. The two curing agents selected to study the curing behavior
of EHO (Table 3.2) have nearly identical molecular weights, and comparable melting points, and

densities.
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. MW Tn Density
Curing agent Structure [g/mol]  [°C] [¢/cm?]
Citric acid o) ° O%

itric aci
192.03 156 1.66
(CA) HOJ\J\/\)‘\OH
OH
o)
Trimellitic anhydride
O
(TMA) HO 192.13 165 1.54
0 O

Table 3.2 Structure and some properties of the citric acid and trimellitic anhydride

They are widely used and inexpensive chemicals that are readily available at an industrial scale.
However, despite their similarities, CA and TMA are structurally and chemically very different.
CA, 2-hydroxypropane-1,2,3-tricarboxylic acid, is an alpha-hydroxy carboxylic acid containing 3
carboxylic acid groups and 1 hydroxyl group. Both of these functional groups can participate in
epoxy curing reactions. TMA, 1,2,4- benzenetricarboxylic anhydride, contains 1 carboxylic acid
group and 1 anhydride group on the aromatic ring. TMA is commercially available as solid white
flakes, which readily hydrolyze to form trimellitic acid, while citric acid is a colorless translucent
crystalline compound. Both curing agents are in solid form at room temperature and have very
limited solubility in the viscous, nonpolar EHO. Acetone was selected as the solvent for the curing
reaction, since it can effectively dissolve both curing agents and EHO.

3.3.2 Chemistry of curing reaction

The reactions of epoxy groups with curing agents are complex, and with multiple competing
reactions, such as the formation of ethers or esters, occurring [17,18]. Figure 3.2 shows some of
the reaction pathways that could occur during the early stages of the curing of EHO with CA

(Figure 3.2, Path I) and with TMA (Figure 3.2, Path II).
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Figure 3.2 The possible curing reaction paths between EHO with CA (Path I) and with TMA

(Path II).
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The acid groups of CA may react with an epoxy group of EHO to produce both an ester linkage
and a hydroxyl group (Path I-A). Moreover, the presence of the hydroxyl group makes CA
potential nucleophile to react with epoxy ring, although requires strong acidic catalytic conditions
[7,9]. Nevertheless, it is reasonable to expect that some amount of CA may also react with an
epoxide to produce ether linkage [18] and another secondary hydroxyl group (Path I-B). Thus,
hydroxyl groups participating in further reactions with oxiranes may also originate from the
products of esterification and etherification reactions of CA with epoxides (reaction Path I-A or I-
B). Furthermore, these esterified and etherified monomeric units having acid and hydroxyl groups
(or both) will react both with other epoxy moieties on unreacted EHO and through inter- or intra-
molecular reactions of partially reacted EHO (such as the example in Figure 3.2) to give rise to the
oligomeric structures. As an example, Figure 3.2 I-C represents the intramolecular reaction of
epoxidized TAG due to an esterification and etherification reaction with CA. Similarly, Scheme 1
I-D represents an example of the dimerized EHO formed from an intermolecular etherification

reaction.

The curing reactions for TMA are different due to the presence of the reactive cyclic anhydride,
which does not react directly with the epoxy group [24,25]. Instead, to initiate uncatalyzed curing
with TMA the anhydride ring is first opened by a hydroxyl group to form carboxylic acids which
then react with epoxy groups [19,25,26]. Scheme 1, Path II shows possible anhydride ring opening
via hydrolysis of TMA to form trimellitic acid (TMLA) due to residual water present [27] in the
EHO or acetone. Later in the process, the anhydride ring opening can also occur with any available
hydroxyl group, resulting in ester formation. For example, Figure 3.2 II-A and II-B shows EHO
esterified with TMA and TMLA, respectively, resulting in the formation of an additional hydroxyl

group. This hydroxyl group may then take part in a further anhydride ring opening reaction. In
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addition, the carboxylic acid groups of TMLA can participate in epoxy ring opening as shown in
Figure 3.2 II-C, resulting in dimerization. Further curing reactions occur, resulting in oligomeric
structures such as the example in Figure 3.2 I-D. It has been reported that hydrolysis of the
anhydride group to form acid groups is rapidly followed by their subsequent reaction with epoxides
at relatively low temperatures [18,23]. Higher temperature and strong catalytic conditions are

necessary for the reaction between hydroxyl groups and epoxy groups [28].

The progress of prepolymerization reactions were studied via measurement of some physical
and chemical properties of samples during the initial stages of reaction. Monitoring the decrease
in the OOC of EHO provides direct information on the extent of the esterification and other
reactions of the system. To measure these OOC changes, samples (15 ml) were taken from the
curing medium periodically, without significant disturbance of the reaction conditions. Each
sample was washed with saturated NaCl solution to remove the unreacted CA or TMA, and the
resulting product was extracted into ethyl acetate, dried (anhydrous sodium sulfate), filtered and

the ethyl acetate was removed using a rotary evaporator (at 25 °C).

Figure 3.3 shows the change of the OOC of the EHO upon reaction with CA (A) and with
TMA (B). It is clear that the reaction of the EHO with CA occurs at significantly lower rates
compared to the reaction with TMA. For the EHO/CA system, the OOC decreases from its initial
value of 7.8% down to about 4% after 6 hours of reaction. In contrast, the reaction of EHO with

TMA occurs very rapidly, and reaches a similar OOC of about 4% within 30 min. Hence, the
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reactivity of TMA is much higher than that of CA, even though both curing agents can provide 3

carboxylic acid groups for reaction.

(B)

0 1 2 3 4 5 6
Reaction time [hours]
Figure 3.3 The change of OOC of EHO upon curing reaction with CA (A) and TMA (B), in
acetone, at 50 °C. Note that the line is showing a cumulative fitting of the two sets of

experiments

The epoxide group is a 3-membered cyclic ether, almost in the shape of equilateral triangle. It
has been reported [29] that the oxirane molecule has C—O bond lengths of 1.428 A, a C—C bond
length of 1.467 A, and a C—O—C bond angle of 61.62°. This shape results in ring strain with a
strain enthalpy of 27 kcal/mol; as a result, the epoxide is highly reactive. The opening of the epoxy
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ring is generally described as occurring in two steps: a) the epoxide is protonated; b) a nucleophile
attacks at the most substituted position. Protonation can occur either when an epoxy reacts with an
acidic compound which itself opens the ring, or when there is a separate proton source and
nucleophile [10,15]. In the present case, where low temperature conditions are used, epoxy ring
opening with TMA and CA is expected to occur via such reactions with the formation of ester
linkages (Figure 3.2 I-A and II-A) and a secondary hydroxyl group.

The greater reactivity of TMA towards EHO compared to CA (see Figure 3.3) comes about
both as a result of the anhydride functionality and as a consequence of resonance stabilization of
carboxylate anions due to their substitution on an aromatic ring. The greater acidity of TMLA as
compared to CA is indicated by its 3 pKa values (pK1=2.40, pK>=3.71 and pK3=5.01) which are all
lower than those of CA (pK1=2.87, pK>=4.35 and pK3=5.69) [30]. In an anhydride, both carbonyl
groups are effectively competing for the same oxygen electron pair, [31] and therefore the carbonyl
groups of anhydrides are less stabilized, and are reactive towards nucleophiles such as water or
hydroxyl groups. Hence, TMA can react with epoxides either through reactions involving the
anhydride group or the acid group, or both [32]. For these reasons, it is not surprising to observe

that TMA or TMLA are more reactive towards epoxides than citric acid.

However, it is interesting to note that the OOC of EHO reaches a similar minimum in the case
of low temperature prepolymerization with both CA and TMA, indicating a similar ultimate level
of ester formation giving rise to products similar to those shown in Figure 3.2 I-A and I-B and
Figure 3.3 II-A and II-B, respectively. Negligible changes in OOC were observed for extended
reaction times beyond those shown in Figure 3.3, indicating that no further esterification reactions

occur under these low temperature conditions and in the presence of solvent (see GPC results
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below). Further curing reactions forming higher oligomeric structures and polymers require the

elimination of solvent, high temperatures and/or catalytic curing conditions.

3.3.3 ATR-FTIR

It is clear from the above discussion there is a significant difference between the curing of
EHO with CA compared to the curing behavior of EHO with TMA. However, although TMA
appears to be much more reactive as a curing agent than CA, after 6 hours of reaction, the OOC of
both systems had decreased by about 40%. The structural changes which occurred during this
curing period were studied using ATR-FTIR spectroscopy. Detailed interpretations of the FTIR
spectra of plant oils and their derivatives can be found in the literature; [32,33,34,35,36,37]
therefore here we focus on describing those regions of the FTIR spectra that are most relevant in
the present context of curing reactions. Figure 3.4 (A) and (B) compares fingerprint region of
ATR-FTIR spectra for EHO/CA and EHO/TMA curing system respectively, at times of 0, 0.5, 1.5,

3.0 and 6.0 hours of curing.
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Figure 3.4 Stacked ATR-FTIR plots showing (A) EHO/CA, and (B) EHO/TMA curing systems
over curing time (0, 0.5, 1.5, 3.0 and 6.0 hours). The arrows indicate the direction in which

curing times increase from 0 to 6 hours, for each feature. Samples were prepared at 50 °C, in

acetone

It is evident that the change in the FTIR spectra occurs much faster when TMA is used as a
curing agent (almost complete esterification reaction at 0.5 h) when compared to using CA,
indicating the much greater reactivity of TMA over CA. Consistent with OOC data shown in

Figure 3.3, the primary indication of the occurrence and progress of the esterification reaction is a
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reduction in absorbance in regions of the spectra that arise due to oxirane groups. For example, in
Figure 3.4 the peak at 826 cm™ corresponding to C—O—C stretching from an oxirane vibration
[8,35,38,39] gradually decreases over reaction time for the EHO/CA based system (Figure 3.4
(A)), although this is only a weak absorbance. A much clearer change is the increase in a strong
peak at 1238cm’!, which is due to an ester C—O—C stretching vibration [8,33,36,40]. This appears
due to the ester formation that accompanies oxirane ring opening, as discussed above. The
stretching vibrations of ether linkages - for example, for aliphatic ethers - should appears at 1075

cm’!, However, the lack of such absorbances witnesses the absence of etherification reactions.

It can be seen from Figure 3.4 (B) that the TMA esterification reaction occurs at much faster
rates compared to CA (for example compare the absorbances at 1238cm™), and that the decrease
in the intensity of the epoxy moieties beyond 1 hour of reaction is negligible. Note that the arrows
indicate the direction in which curing times increase for each main feature; however, the oxirane
peak for EHO prior to curing (Figure 3.4(B), time Ohr) appears anomalous because of the absence
of underlying absorbances associated with TMA. Overall, it can be concluded that in both curing
systems, the trend in the oxirane group consumption is similar to the direct measurements of OOC
shown in Figure 3.1, and that TMA reacts faster than CA. Similarly, a moderately strong
absorbance band is seen at 1045 cm™ due to O—C stretching vibrations, in carboxylic acids and
their derivatives [40]. Less readily explained is the increase in absorbance at 1380 cm™ seen for
both curing systems. A possible interpretation is a —CHj3 aliphatic bending vibration [35,36], but

this remains ambiguous.

There are a few distinctive peaks only seen in the EHO/TMA system. The sharp peak at 720
cm’! is attributed to aromatic C-H out of plane bending [43] of esterified TMA. This peak is

overlapped by the weak peaks due to —CH> rocking vibrations and to the stretching vibrations of
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cis-olefins, which is typical for lipids [8,36]. The C=O in-plane bending vibration of the anhydride
group [41] is observed at 751 cm™'. The peak at 890 cm! is assigned to the out of plane bending
of O—H in TMA, while the symmetric stretching vibration of C—O—C anhydride functional group
[41] is observed at 924 cm™'. The peak around 1860 cm™ and 1716 cm™ (appears as a shoulder) is
assigned to the asymmetric stretching of C=0 groups of the anhydride while strong resolved peak
at 1783 cm™! is assigned to the symmetric stretching of C=0 groups of the anhydride [41,42]. The
expected strong peak at 1743 cm™ from the C=0 stretching modes of the triglycerides [19,34,36]
is overlapping a strong peak at around 1737 cm’! that is assigned to the stretching vibration of the

ester groups, which are formed during the reaction [42].

Thus, it is apparent that the initial stages of the cure reaction of EHO with CA and TMA occur
at different rates, mostly resulting in ester formation through reactions between EHO and either
CA or TMA. Further prepolymerization reactions between these CA or TMA esters with the
remaining EHO would be expected to form higher molecular weight, oligomeric structures, so this

possibility was investigated using gel permeation chromatography.

3.3.4 Gel Permeation Chromatography
Figure 3.5 (A) and (B) shows the GPC chromatograms for the products of EHO cured with CA

and TMA, at different reaction times.
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Figure 3.5 Normalized (to the monomer intensity) GPC chromatograms of (A) EHO/CA and (B)
EHO/TMA systems over curing time (0, 0.5, 1.5, 3.0 and 6.0 hours). The arrows indicate the
direction in which curing times increase from 0 to 6 hours. Samples were prepared at 50 °C, in

acetone

These show primarily a monomer peak due to molecules with similar molecular weight (MW)
to EHO. In addition, an earlier eluting peak is seen due to the presence of dimeric species. These

are present at low abundance but increase in abundance with the reaction time. The formation of
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esters of CA and TMA leads to an increase of the average molecular weight, which in turn is
reflected by the observed small shift in retention times to the lower values. It can be seen that under
the reaction conditions used (60 °C in acetone, 6h reaction time) the majority of products remain
in a monomeric state. It can also be seen from Figure 3.5 (A) that whilst the esterification of CA
with EHO occurs gradually over the reaction period, the reaction of TMA with EHO (Figure 3.5
(B)) occurs rapidly, as seen by the jump in the retention time of the monomer peak to a lower value

and the appearance of the dimer peak, at between 0 h and 0.5 h.

The increase in intensity at low retention times seen in Figure 3.5(A) shows that the CA
containing system forms more trimers and higher oligomers with longer reaction times. Overall,
the trends observed by GPC during the curing of EHO with CA or with TMA, are consistent with

the changes in OOC discussed above.

3.3.5 Structural changes upon prepolymerization

In order to relate the changes in OOC that occurred during curing reactions to structural
changes, two main factors must be considered. Firstly, there is decrease in OOC due to oxirane
ring opening by the curing agent. Secondly, there is a decrease in OOC due to an increase in the
average MW, since OOC is defined as the grams of oxirane oxygen in 100 g of product. Fully
epoxidized hemp oil has an average of 5.4 epoxy groups per epoxidized TAG molecule (equivalent
to OOC=9.0%; see Table 3.1). Hence, each mole of EHO could react with up to 5.4 moles of
carboxylic acid groups from the curing agent, to form esters of CA or TMA. The curing agent
(either CA or TMA) was added such that there are 1.0 moles of epoxy groups from EHO to every
1.0 moles of acid groups from the curing agent. This is achieved by using a molar ratio of 1.0 :
1.8 for both EHO/CA and EHO/TMA systems (assuming that 1 mole of TMA yields 3 moles of

acid groups).
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Hypothetically, if only one carboxylic acid group from each molecule of curing agent (CA or
TMA) reacts with one epoxy group of EHO, then the number of moles of oxirane groups on the
esterified product should decrease to 3.6 (=5.4-1.80). As a result, the average molecular weight of

the esterified product is expected to be around 1310 g/mol. Then, using the equation

00C z#ofepoxygroupsxmxloo%,

the OOC of the esterified product is expected to be about

epoxide
4.4%. This number is only slightly higher than the experimental result of 4.2% for the EHO/CA
system and 4.0% for the EHO/TMA system, after 6 hours of reaction. The small deviation of OOC
from the calculated values could be associated with lower OOC value of the starting EHO
compared to theoretical values and with a small loss of epoxides due to the formation of oligomeric

compounds [7].

The reaction between epoxide and carboxylic acid is described in the literature using the model
reaction systems of phenylglycidyl ether/caproic acid [43] and diglycidyl ether of 2,2-di-p-
hydroxyphenyl propane/caproic acid [10]. These authors found that at the initial stages, the
reaction of epoxide with carboxylic acid resulted in fast monoester formation. Further reaction of
these formed monoesters with residual epoxides (etherification) and carboxylic acids

(condensation esterification) led to the branching and crosslinking.

As confirmed in Figure 3.5, the majority of products formed during the prepolymerization
reaction in acetone are monomeric compounds. The small difference in the final prepolymerization
OOC value for the EHO/CA system after 6 h of reaction maybe partly a result of the slower
transesterification reaction (see Figure 3.3), and partly due to the competing reactions which form
oligomers, with a somewhat higher oligomer content observed for the EHO/CA system at 6h

compared to EHO/TMA (Figure 3.5).
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3.3.6 Fully cured EHO based thermosets and their properties

Ultimately, our aim is to use solutions of the EHO/CA or EHO/TMA prepolymers as binding
adhesives in biocomposite materials. To this end, we have evaluated and compared the thermo-
mechanical properties of these thermosetting networks in their fully cured state. Determination of
the thermo-mechanical properties of the thermosets, helps to define the operating temperature
range over which the material can be used [44]. Therefore, thermosets made from EHO with CA
or TMA were prepared in acetone solution according to the procedure described above. After
prepolymerization for 3 hours (this time was chosen to achieve adequate prepolymerization
without immediate curing upon removal of solvent), the acetone was removed using a rotary
evaporator at room temperature. After acetone evaporation, formed prepolymer is homogenous
and has honey-like consistency. The prepolymer was then transferred into a Teflon mold and
subsequently was placed into an oven, cured at 170 °C for 4 hours, then cooled down to room
temperature at a rate of 0.5 °C/min. The resulting resin samples were believed to be fully cured,
as indicated by the complete disappearance of the of the epoxy peak at 826 cm™ in the ATR-FTIR

spectrum.

3.3.7 Dynamic Mechanical Analysis (DMA)

The resulting fully cured thermoset samples (100 X100 x 4 mm?) were used for DMA analysis
to determine their dynamic mechanical behaviors. Figures 3.6 (A) and (B) demonstrates the storage
modulus (G°) and loss factor (tan ¢) for the EHO/CA and EHO/TMA thermoset systems, as a

function of temperature.
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Figure 3.6 Storage moduli, G, (A) and loss factor, tan J, (B) as functions of the temperature for

the EHO/CA and EHO/TMA resin systems, cured at 170 °C

Overall, the trend in dynamic mechanical behavior of these thermosets is similar. EHO/TMA
network has a higher storage modulus compared to the EHO/CA system (Figure 3.6 (A)), over the
whole temperature range of the experiments. The alpha relaxation temperatures (7)), which is
associated with the glass transition temperatures of the networks were determined from the peak
of the dynamic transition temperature of tan . It is seen from the Figure 3.6 (B) that the 7, of the
EHO/CA aliphatic network is 38 °C, which is significantly lower than the EHO/TMA aromatic

network system (89 °C). This could be due to a lower crosslinking density and to the presence of

92



low molecular weight, unreacted CA esters of EHO (monomeric compounds) in the EHO/CA
system. It can be seen from Figure 3.6(B) that the tan 6 < 1, which suggests that the networks are
gelled at this point. Moreover, the temperature dependence of tan o curves that EHO/CA network
represents two overlapping but distinguishable relaxations. These could be attributed to the
relaxation of segregated networks that are yet not part of the integrated network. The presence of
such segregated formations can be seen in TGA thermograms, where their decompositions occur

at different temperatures (see Section 3.2.2 below).

Crosslinking density can be defined as the number of moles of elastically effective network
chains per cubic centimeter of polymer (mol/cm?), as described in the literature [45]. In
calculations of crosslinking density, it is assumed that all functional groups of the same type are
equally reactive, they can react independently, and no intramolecular reactions occur [46]. With
these assumptions, the networks have an ideal network, all chains are elastically effective and the

storage modulus is not dependent on the frequency at the rubbery plateau [45,47]. The crosslinking

' '

density, ve, can then be estimated using the following equation: v, = ®T = IRT’ where G’ (shear

storage modulus) or £’ (tensile storage modulus) are obtained in the rubber plateau of the storage
modulus; T is temperature corresponding to the storage modulus value (in °K) and R is the gas
constant. While v, is appropriate to characterize networks, it was also described [45] for the easy

visualization of the “tightness” of a polymer network through “number average molecular weight

of the effective network chains” using the following equation: M, £ , where M. [g/mol] is
1%

weight of sample in grams that contains one mole of elastically effective chains, and p is bulk

density of material. M. is often called molecular weight between crosslinks.
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The crosslinking density of the epoxy networks was estimated from the storage modulus (at
1Hz) of the samples in the rubbery plateau, about 50 °C above T, of the respective samples. These
storage moduli were found to be 1.07 MPa at 88 °C for the CA based networks and 20.72 MPa at
139 °C for the TMA based system. The bulk densities of epoxy networks were measured to be
1.16 g/cm® for EHO/CA system and 1.09 g/cm® for EHO/TMA based thermoset. Using these
values in the equation, we obtain the crosslinking density of EHO/CA epoxy network to be
0.36x10° mol/cm® while EHO/TMA system has a crosslinking density of about 6.05x107
mol/cm?. This gives rise to a number average MW of “effective network chains’[46], M., of 3260
g/mol and 180 g/mol for EHO/CA and EHO/TMA networks, respectively. These values are in the
range of previously reported soybean oil based epoxy resins cured with variety of different
anhydride and amine based curing agents [48]. For example, epoxidized soybean oil (ESO) cured
with succinic anhydride and triethylamine (TEA) showed M:=3277 g/mol, while ESO cured with
phthalic anhydride and TEA showed M.=352 g/mol. A high value of M. corresponds to a “loose”
network and a low value to a “tight” network. Most importantly, the present results differ
considerably between EHO/TMA and EHO/CA. The “loose” network for the EHO/CA system
may be explained by the presence of unreacted, and partially reacted, curing agent, resulting
dangling chain ends which do not count as elastically effective chains but contribute to the volume
of the sample [45]. In this case, the resulting unreacted epoxy groups lead to mobile pendant chain
ends, which also account for the decrease in 7 [48]. It is important to note that the tan o peak
intensity for the EHO/TMA aromatic network is significantly lower that the peak intensity of
EHO/CA system (see Figure 3.6). This is understandable since the EHO/TMA system has a higher
crosslinking density and so chain mobility is suppressed by the bonding. In addition, it was

previously reported [49] that the network architecture of an epoxy network has significant effect
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on the glass transition temperature. For example, it has been shown [49] that epoxy networks cured
with aromatic trifuctional and tetrafunctional amine curing agents demonstrated 7, that were
nearly 50 °C higher than 7, with aliphatic curing agents having similar functionalities. Therefore,
the contribution of the aromatic structure of TMA curing agent is consistent with the observed 51

°C increase in T, between the EHO/CA and EHO/TMA epoxy networks.

A further indication of the differences in between EHO/TMA and EHO/CA network structures
was seen by an experiment in which cured samples of each (0.4 cm?®) were immersed in acetone.
After 5Sh the EHO/TMA sample had swollen by <10% by weight; subsequent drying of this sample
in a vacuum oven at 110 °C showed that there was no loss of weight, i.e. the insoluble fraction of
the resin is ~100%. In contrast, the EHO/CA resin sample swelled by about 50% on soaking in
acetone for 5 h, and started to crack. On drying, it was found that the insoluble fraction was 91.4%,

again suggesting a less tightly crosslinked material compared to EHO/TMA resin.

3.3.8 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis, which measures weight change in materials as its temperature is
increased, provides a way to determine the presence of unreacted components in the resin. The
presence of these unreacted or unbound components should give rise to a mass change that is over
a temperature range that is characteristic of their decomposition. In this study, TGA experiments
were carried out on samples of about 10 mg in a ceramic crucible, with a constant heating rate of
10 °C/min from 25 °C to 600 °C, and under a nitrogen flow of 60 mL/min. Figure 3.7 contains the
TGA thermograms (weight loss (A) and derivative weight (B) as a function of temperature) for

the EHO/CA and EHO/TMA epoxy networks.
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Figure 3.7 Weight loss (A) and weight loss derivative (B) curves for fully cured EHO/CA and
EHO/TMA resin systems. Horizontal dashed line refers to the 5% weight loss, while inserted

numbers above the arrows refers to the temperature positions of the respective transitions

The initial decomposition temperature of the resins, taken as the temperature for 5% weight
loss, occurred at 204 °C for the EHO/CA system and at 269 °C for the EHO/TMA system. This
demonstrates the higher thermal stability for the EHO/TMA system (Figure 3.7 (A)). In addition,
the decomposition behavior of the epoxy networks also differs, i.e. EHO/TMA is a single-step
decomposition, whereas the EHO/CA system appears as a multi-step decomposition (Figure 3.7
(B)), which is evidence for the heterogeneous structure of this epoxy network.
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The thermal decomposition of citric acid is a complex process proceeding via dehydration and
decarboxylation reactions to various intermediate products [50,51,52]. It was reported that citric
acid undergoes a single step decomposition with a maximum weight loss temperature of between
198-205 °C, at a heating rate of 10 °C/min [50,51]. The first stage of decomposition observed at
about 175 °C in EHO/CA system (see Fig 3.7(B)) can be attributed to the decomposition of
unbound citric acid species. Such decomposition is reported to occur at temperatures about 175 °C
by dehydration of citric acid to form cis- or trans- aconitic acid, and further to form cis- or trans-
aconitic anhydride due to loss of water molecule [50,52]. The second stage of decomposition
observed at about 275 °C may correspond to the reported further decomposition of cis- or trans-
aconitic acids [52]. Alternatively, this might be attributed to the decomposition of CA esterified to
EHO. In either case, the decomposition products result from the presence of CA that is not fully

crosslinked into the polymer.

The decomposition of the remaining products occurs between 300-480 °C, which is typical for
plant oil epoxide based networks, and is similar for both EHO/CA and EHO/TMA systems. It has
been reported that the decomposition temperature range of plant oil epoxy networks depends on
their content of epoxy groups. For example, the decomposition temperatures of soybean oil based
epoxy networks are between 300-420 °C [48], whilst this range is higher (400-560 °C) for epoxy
networks made with more highly unsaturated oils such as for fish oil [53] or tung oil [54]. It can
be concluded that the EHO/TMA network represents a more homogenous structure compared to
the EHO/CA system, as indicated by the lower temperature decompositions of citric acid

derivatives.
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3.4 CONCLUSIONS

The formation of prepolymers by the reaction of EHO with aliphatic (CA) and aromatic (TMA)
curing agents in a solvent medium at 50 °C, was studied. Significant differences were found
between the prepolymerization rates for these two curing agents with EHO in acetone, and between
the thermo-mechanical properties of the fully cured biobased epoxy networks. The
prepolymerization of EHO with CA resulted in the formation of citric acid esters of EHO, along
with simultaneous formation of dimers and higher oligomeric compounds. The reduced reaction
rate after 3 h of mixing appears to indicate the point at which most of the CA species are attached
to epoxidized fatty acids. Beyond this, further stirred reaction leads to enhanced oligomerization

of the citric acid esters.

When TMA is used as the curing agent with EHO, TMA esters (or possibly TMLA esters)
form at rapidly but subsequent oligomerization of the TMA esters of EHO proceeds slowly
compared to the CA based system. This maybe because TMA has less ability to self-catalyze the
curing reaction since an additional step of hydrolysis of the anhydride group to form acid moieties

is required.

The ultimate goal of this work was to explore the use of EHO/CA and EHO/TMA epoxy
network prepolymer solutions as binding adhesives in biocomposite materials. Therefore, we
compared the thermo-mechanical properties of both epoxy networks in their fully cured state
(cured at ~170 °C, after removal of the solvent). This showed that the EHO/TMA based network
is rigid and has a high 7 of 89 °C, while the EHO/CA based system is somewhat flexible with a

T, of 40 °C.

These findings have several practical implications. Firstly, the use of a solvent overcomes the

barrier to using a curing agent that is immiscible with EHO or other epoxide, allowing for the
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production of a homogeneous phase containing prepolymers of the epoxy networks. Secondly, the
prepolymer solution in solvent has a very low viscosity, so is able to impregnate fibers in the
manufacturing of (bio)composites much more readily than can a more viscous mixture of an
epoxidized plant oil based network alone. These advantages become apparent by separating the
epoxy monomer curing into the two stages of prepolymerization and final curing, as described in
this work.

The use of such biobased epoxy networks has been successfully demonstrated in

manufacturing natural fibre biocomposites, as will be reported separately.
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Chapter 4

Biobased thermosets from epoxidized linseed oil and its methyl

esters

4.1 Introduction

Recently, many scientific publications and patents have described the rational use of renewable
resources to produce monomers, polymers and other reactive intermediates, as alternatives to
petrochemicals [1]. Several reviews and books have been published describing the current
achievements, as well as the outstanding issues for manufacturing biobased monomers, polymers
and composites [2,3,4,5,6];(lubricants and greases [7]; surfactants and detergents [8]; and
biocomposites for many high performance applications[6,9,10,11]. The opportunities and
challenges encountered while manufacturing and commercializing the biobased products are well
described in a recently published comprehensive review[12], which also outlines environmental-

economic benefits and the technology and market risks.

Plant oil derivatives, such epoxides[13,14,15], polyols [16,17,18] or acrylates [9,19] are being
used extensively as reactive intermediates or monomers. The uses for epoxidized plant oils are to

some extend governed by the number of epoxy groups per mole of triacylglycerides (TAG).*

4 A version of this chapter has been submitted as a journal manuscript, “Tolibjon Omonov, Vinay Patel, Jonathan
M. Curtis, Biobased thermosets from epoxidized linseed oil and its methyl esters.”
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Epoxidized plant oils with lower epoxy numbers, such epoxidized palm olein [20] or canola oil
[21] tend to crystallize at room temperature, which may limit their use in some applications.
Moreover, upon curing they produce flexible thermosets while epoxidized plant oils with high
epoxy content produce rigid thermoset with enhanced mechanical performances[22]. Unlike
petroleum-based epoxides, such bisphenol A diglycidyl ether (DGEBA) that has a terminal oxirane
group, plant oil epoxides produced via epoxidation of their double bonds have internal epoxy
groups along the fatty acid chains. These epoxy moieties have significantly lower reactivity
compared with terminal epoxy groups[23]. As a result of this, and the presence of unreactive
saturated fatty acids, plant oil based epoxy networks normally have a lower crosslinking density

[23] and exhibit a self-plasticizing effect, resulting in poorer thermal-mechanical properties.

Clearly, the properties of these thermosets also depend on the curing agents’ reactive
functionality (amine, acid, anhydride etc) and molecular architecture (molecular weight (MW),
chain length, aromatic vs. aliphatic, linear vs. branched etc)[21,24,25]. For example, epoxidized
oils cured with aliphatic curing agents usually produce flexible networks while aromatic curing
agents are more likely to produce semi-flexible to rigid thermosets[26]. There are many curing
agents/hardening compounds in liquid, powder or solid forms that can be used in making plant oil
based epoxy polymers[24,25]. As with the epoxidized oils, curing agents or hardeners that are in
the liquid form are often easier to use in epoxy network applications at relatively low temperatures.
However, in practice many curing agents are in solid form, which likely require the use of solvents
or high temperatures to dissolve them in the epoxidized oil, and which is not always a controllable
process. In this study, we specifically attempt to overcome the incompatibility between an
epoxidized plant oil and a solid curing agent by developing novel epoxy monomers that both have

low viscosity and can effectively dissolve the curing agent.
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Converting plant oils into epoxidized fatty acid alkyl esters (eFAAE) is an efficient way to
prepare such low viscosity derivatives. These eFAAE can be produced either by epoxidation of
the fatty acid alkyl esters (FAAE) produced by transesterification of plant oils by alcohols, or by
transesterification of the epoxidized plant oils (triacylglycerides, TAG) by alcohols, usually
methanol or ethanol. It has been shown that transesterification of epoxidized plant oils by methanol
produces low viscosity eFAME while the epoxy functionality of the resulting product remains

unaffected[27,28].

When the goal of producing eFAAE is to use them in biobased thermoset applications, then
eFAAE should have at least two epoxy groups per molecule to allow the polymer chain to grow.
Therefore, not all epoxidized plant oil derivatives are suitable for thermoset applications. For
example, epoxidized FAME from canola oil has about 1.3 epoxy group/mol[21], which apparently
not ideal to produce epoxy networks. In contrast, a more suitable plant oil for producing the eFAAE
is linseed oil (LO), which has around 6.8 double bonds per mole. Consequently, epoxidized FAME
from LO should have on average 2.3 epoxy groups/mol which is well suited for use in thermoset

applications.

This work explores the possibility of producing low viscosity epoxidized LO fatty acid methyl
esters (denoted further as ELOME) that can effectively dissolve the curing agent (trimellitic
anhydride) flakes at a relatively low temperature without use of solvent, to produce thermoset

resins. The thermo-mechanical performance of the resulting thermosets are also evaluated.
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4.2 Material and methods

4.2.1 Materials

Linseed oil was purchased in bulk (20 L) from the Shape Foods Inc. (Brandon, MB, Canada)
and was used as supplied. In order to avoid any differences in fatty acid profiles, the epoxidized
linseed oil (ELO) and ELOME were prepared from the same batch of oil. Formic acid (85%) and
aqueous hydrogen peroxide (H202, 35%) were purchased from Univar Canada (Richmond, BC,
Canada) and used in epoxidation process. ACS grade (>99.5%) ethyl acetate purchased from
Fisher Scientific Canada (Ottawa, ON, Canada) was used in work-up process of epoxidized
derivatives. Sodium chloride (NaCl) was a food grade and was purchased from Univar Canada,
and used in work-up processes. Anhydrous sodium sulfate (Na>SO4) was technical grade and also
was purchased from Univar Canada and used as drying agent. Hydrogen bromide (HBr), 33 wt %
solution in glacial acetic acid (Fisher Scientific) and glacial acetic acid (99.7%, Caledon
Laboratory Chemicals, Georgetown, ON, Canada) were used in oxirane oxygen content titration
of epoxides.

Anhydrous methanol (99.8%) and reagent grade sodium methoxide powder (CH3ONa, 95%)
were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada) and used for
transesterification reactions to produce ELOME. Reagent grade hydrochloric acid (HCI, 37%) was
purchased from Caledon Laboratory Chemicals and used in work-up process of ELOME.
Trimellitic anhydride (1,2,4-benzenetricarboxylic anhydride, TMA) was purchased from Sigma-
Aldrich Canada and used as a curing agent for epoxidized derivatives of linseed oil. The gas-liquid
chromatography reference standard GLC-463 was purchased from Nu-Chek Prep, Inc. (Elysian
Township, MN, USA) and used gas chromatography analysis. The lipid standard methyl-9,10-

dihydroxystearate of molecular weight (MW) 330.51 g/mol was purchased from Frinton
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Laboratories (Hainesport, NJ, USA); 1,2-distearin (MW of 625.03 g/mol) and trieicosapentaenoin
(MW of 945.42 g/mol) were purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA). These

standards were used in gel permeation chromatography analysis of the products.

4.2.2 Methods

4.2.2.1 Oxirane Oxygen Content (OOC)

The OOC of an ELO and ELOME were measured according to the ASTM standard titrimetric
method “Standard Test Method for Epoxy Content of Epoxy Resins”[29], as described

elsewhere[30].

4.2.2.2 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy

The analysis of the LO and its epoxidized derivatives were carried out using a Bruker Alpha
FTIR spectrometer equipped with an ATR accessory. IR spectra (4000-650 cm™!, 32 scans, 4 cm™
resolution) of the products were obtained by placing ca. 10 ul of the product onto the ATR crystal.

FTIR data analysis was carried out using Bruker’s OPUS spectroscopy software package.

4.2.2.3 Gel permeation chromatography (GPC)

An Agilent 1200 series High Performance Liquid Chromatograph (HPLC) (Santa Clara, CA,
USA) equipped with an Agilent 1200 evaporating light scattering detector (ELSD) was used for
all GPC experiments to measure MW distributions of the LO and its epoxidized derivatives. A
Styragel HR 4E THF column (with the size of 4.6 x 300 mm) from Waters Corporation (Milford,

MA, USA) was used, and the details of the GPC measurements were described elsewhere[30].

4.2.2.4 Proton Nuclear Magnetic Resonance ("H-NMR) Spectroscopy
The structure of LO, ELO and ELOME were qualitatively examined and compared using A

400 MHz Varian Inova 400-MR NMR spectrometer. The samples for 'TH-NMR spectroscopy were
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prepared by dissolving 10 mg of LO and its epoxidized derivatives in deuterated (D6) acetone (0.7

mL) and the spectra were obtained at room temperature.

4.2.2.5 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the produced thermosets were measured with a TA
Instruments DMA Q800 (New Castle, DE, USA) equipped with a liquid nitrogen cooling system.
The measurements were performed according to ASTM standard method (ASTM E1640-18, 2018)
at a fixed frequency of 1 Hz in the single cantilever bending mode, at a constant heating rate of 2

°C/min from -50 to 180 °C, as described elsewhere[31].

4.2.2.6 Thermogravimetric analysis (TGA)

The thermogravimetric analysis was performed using a TA Instruments TGA Q50
Thermogravimetric Analyzer (New Castle, DE, USA) on 10 mg thermoset samples in a ceramic
crucible, at a constant heating rate of 10 °C/min under a nitrogen flow (balance purge 40 mL/min
and sample purge 60 mL/min) from 25 °C to 600 °C. The TA Universal Analysis software (version

4.7A) was used to analyze the experimental results.

4.3 Procedures

4.3.1 Epoxidation of linseed oil.

The epoxidation of LO (~3000 g) was performed as described previously [30] using a molar
ratio of LO/ formic acid/ H>O2 0of 1.0:1.7:10.2, which translates into the ratio of 1.0:0.25:1.5 double
bond/ formic acid/ H»O», respectively. Such conditions are the optimal ratios to yield epoxides
with high oxirane content and negligible loss of epoxy groups (Omonov et al., 2016; Curtis et al.,
2019). The extent of epoxide formation was followed by periodically measuring the OOC of
aliquots (~15 mL) of the epoxidized products. Using the above epoxidation conditions, the process

is typically completed within 24 hours.
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4.3.2 Transesterification of epoxidized linseed oil.

ELO (3000 g) was loaded into a 22 L glass reactor at 60 °C under reflux (condenser
temperature at 5 °C) and with continuous mixing (350+10 rpm). Separately, about 30 g (1% to the
total weight of ELO) of NaOCH3; was dissolved in anhydrous methanol (682 g) at room
temperature under continuous mixing, taking care because of the resulting release of heat. The
methanolic NaOCH3 solution was then transferred into the reactor with the ELO, resulting in a
molar ratio of ELO to methanol of 1 : 7, as described elsewhere (Rashid and Anwar, 2008). The
extent of ELO transesterification was monitored by GPC through the disappearance of the ELO
peak as ELOME forms. The Figure 4.1 compares the GPC chromatograms of LO, ELO and

ELOME.

ELOME (MW=330 g/mol)

Intensity [a.u.]

ELO (MW=985 g/mol)

LO (MW=874 g/mol)

5.5 6.0 6.5 7.0 7.5
Retention time [min]|

Figure 4.1 GPC chromatograms of LO, ELO and ELOME. Average molecular weights of
products are inserted next to their respective chromatograms. Vertical dashed lined to

demonstrate the peak positions of the respective products.
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After 2 hours of reaction, GPC chromatograms showed that no ELO remained, and negligible
formation of oligomeric structures occurred. The mixture was allowed to cool down to room
temperature to allow separation of the liberated glycerol and NaOCH3, after which, the remaining
product was washed at least 3 times with equal volumes of saturated aqueous NaCl solution to
remove excess methanol and the traces of catalyst. During the first wash, the product was
neutralized with 1N HCI aqueous solution to adjust the pH of the system to 5-6. The final product,

ELOME, was dried over anhydrous Na>SO4 and filtered.

The 'H NMR spectroscopy is used to get insights into fatty acid composition of the LO and its
epoxidized derivatives, while the structural changes that occurred during epoxidation and

transesterification processes were monitored by ATR-FTIR.

4.3.3 Sample preparation to study the pot-life of ELOME based prepolymers.

The ELOME based prepolymer sample for the evaluation of the pot-life was prepared using
TMA as curing agent, at the molar ratio of acid groups of the TMA and the epoxy groups of the
ELOME (Ac/Ep) of 0.68 at 60 °C. The desired amount of ELOME and TMA was loaded into the
glass flask with magnetic stirrer and placed into oil bath at a temperature of at 60 °C with
continuous mixing at 500 RPM. Agitation of the reactive components continued until complete
dissolution of TMA. After this, the reactive mixture is cooled down to room temperature. The
stability of the prepared prepolymer is estimated through evaluating the structural changes of the
product over the storage time at room temperature (~25+2 °C), using the rheometer, FTIR and

GPC.
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4.4 Results and discussion
4.4.1 Linseed oil and its epoxidized derivatives

The average MW of LO is about 874 g/mol as measured by GPC (Figure 4.1). Also, as
measured by GC-FID, LO consists mainly of linolenic acid (C18:3, 60%) along with oleic acid
(C18:1, 18%) and linoleic acid (C18:2, 14%), and has a total saturated fatty acid content of about
8%. The high double bond content of LO (an average of 6.8 double bonds per triacylglycerol
molecule) compared with other commodity plant oils makes it an attractive feedstock for
manufacturing reactive derivatives, such epoxides. The epoxidation process is a common route to
functionalize plant oils for further use in variety of applications[13,32]. The epoxidation of linseed
oil using in situ generated performic acid is schematically illustrated in Figure 4.4. As mentioned
above the products from epoxidation and transesterification processes were analyzed by '"H NMR
and ATR-FTIR spectroscopy.

The 'H chemical shifts of the oils and main FFA identified by the 'H NMR can be found in
many literatures and NMR spectrum of vegetable oils and its derivatives have relatively small
number of characteristic peaks. Figure 4.2 demonstrates and compares the '"H NMR spectrum of

the LO, ELO and ELOME.
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Figure 4.2 'H-NMR spectra of LO, ELO and ELOME at room temperature (solvent D6 acetone).

The chemical shift values for the olefinic protons (-CH=CH-) and bis-allylic protons (=CH-
CH»>-CH=) can be seen for the LO at 5.36 and 2.80 ppm. Triacylglyceride structure of the LO can
be evidenced by the presence of signals from the glycerol protons at 4.18 and 4.33 ppm. After
epoxidation these peaks responsible for the unsaturated fatty acids disappears and new peaks will
appear in the epoxidized oils with the chemical shift values at 3.06 and 1.50 ppm which represents
signals from oxirane protons (-CH-O-CH) and -CH2 neighboring oxirane protons (-CH-O-CHaz-
)[33]. The small peak of the olefinic protons in the ELO indicates to the traces of the remaining
unsaturates of the LO. Transesterification of the ELO with methanol leads to the formation of
epoxidized linseed oil fatty acid methyl esters (ELOME). This can be evidenced by the absence of
the signals from the glycerol protons in the ELOME spectra, in which the liberated glycerol is
removed during the workup process. And finally, the strong peak with the chemical shift with the

value of 3.60 ppm represents the signal from the methoxy protons (-OCH3) of the ELOME][34].
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Moreover, the signals from the oxirane protons remains unaltered in the ELOME which indicates
the stability of the epoxy groups during transesterification process.

Similar trend in structural changes which occurred during epoxidation and transesterification
processes were observed on the FTIR measurements of the ELO and its derivatives. Figure 4.3
compares the ATR-FTIR spectra for LO, ELO and ELOME. Detailed descriptions of the FTIR

spectra of plant oils and oil derivatives can be found in the literature[13,27].
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Figure 4.3 ATR-FTIR spectra of LO, ELO and ELOME.

Figure 4.3 shows the linseed oils C=C—H double bonds stretching at 3006 cm™ and C=C
vibrations at 1655 cm™, which disappears in the epoxidized oils derivatives. The transformation
of double bonds into epoxy groups is confirmed by the appearance of the new band at 826 cm™,
which corresponds to the C—O—C stretching from the oxirane vibration. There is nearly no change

in the oxirane peak in the FTIR spectra of the ELO and ELOME, which indicates the stability of
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the epoxy moieties. Small deviation of the baseline between 3100-3650 is due to the hydroxyl
group stretching vibration which evidences a negligible loss of oxirane during epoxidation and
transesterification processes, to form O—H groups.
Thus, both {H NMR and FTIR spectrum evidences the complete conversion of the unsaturates of
the LO into epoxides in ELO spectra, and a successful transformation the ELO in to ELOME upon
transesterification with methanol.

Ideally, completely epoxidized LO should produce ELO with an oxirane oxygen content

(O0C) of 11%. However, a typical final OOC of ELO is slightly lower at about 9.4%, as shown

in Table 4.1.
Density Viscosity MW 0O0C"  #Epoxy"
Product | &5 oC [glem?] @25 °C [Pa.s] [&mol] (o] 1/mol
LO 0.924 0.051 874 - -
ELO 1.032 1.076 985  11.1/94  6.8/5.8
ELOME 0.994 0.045 330 11.0/9.5  2.3/2.0

0OOC values calculated using fatty acid profile and experimentally measured
* ok

Number of epoxy groups calculated using fatty acid profile and estimated from the OOC
Table 4.1 Physical-chemical and structural properties of the LO and of its epoxidized derivatives.

Note that while it is possible to increase the OOC beyond this point by extended epoxidation,
at the same time some degradation of oxirane may take place, due to epoxy ring reactions (Omonov
et al., 2016). Moreover, the small gain in OOC does not usually justify the extra time and energy
required.

Hence, here ELO of OOC ~9.4% was used for transesterification to ELOME as described
above. The OOC of the resulting ELOME was 9.5 %, with the small increase in OOC likely due
to the loss of saturated fatty acid methyl esters (methyl stearate or methyl palmitate) which are
solid at room temperature and easily filtered out during the work-up process. Example structures

of ELOME resulting from the transesterification reaction are illustrated in ESI (Figure 3.1). These
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components - methyl oleate, methyl linoleate and methyl linolenate - are the main constituents of

the resulting product.

4.4.2 Comparative analysis of LO and its epoxidized derivatives

The main aim of this study was to produce low viscosity reactive derivatives of LO that could
also be used as a diluent for the curing agent used in making biobased thermosets. To this end, it
was necessary to compare the physical properties and structures of LO and its epoxidized
derivatives. Hence, the densities of the LO, ELO and ELOME were measured according to an
ASTM method[36]; their viscosities as a function of temperature were measured using a
rheometer; and their molecular weight distributions were determined by GPC (Figure 4.1). Table
4.1 above compares the measured densities, viscosities, calculated average molecular weights for
LO, ELO and ELOME and the OOC and epoxy content per moles of epoxidized derivatives of
ELO and ELOME.

As can be seen from the Table 4.1, the unsaturated LO has a density of 0.924 g/cm? and a low
viscosity of 0.051 Pa.s. ELO has a significantly higher density (1.032 g/cm?), a more than two-
fold increase in viscosity (1.076 Pa.s) compared with LO, and an increased average MW due to
the addition of oxiranes. Fully epoxidized linseed oil has an OOC of 11% (calculated), which
translates into 6.8 epoxy groups per moles of the epoxidized TAG. Transesterification of ELO by
methanol leads to a slight decrease in density for the resulting ELOME to 0.994 g/cm?, along with
a large decrease in viscosity to 0.045 Pa.s, which is even lower than the viscosity of the starting
LO. Note that the OOC of ELOME remains similar to ELO despite the decrease in molecular
weight from 985 g/mol to 330 g/mol (Figure 4.1), since 100 g of either still contains a comparable

percentage of oxirane oxygen. The low viscosity of ELOME makes it useful to consider as a

118



reactive diluent compound for many curing agents, while the number of epoxy groups per mole of

ELOME is still sufficient (> 2) to grow the polymer chain upon curing.

4.43 Biobased thermosets from ELOME and ELOME/ELO mixtures

A series of ELOME based epoxy thermosets at different concentrations of TMA curing agent
were prepared. In calculating the required amount of TMA, it was assumed that anhydride ring
opening via hydrolysis results in formation of two acid groups (Omonov and Curtis, 2014;
Omonov and Curtis, 2016) so that there were effectively 3 acid groups per mole of TMA. In this
way, the molar ratio of carboxylic acid groups on TMA to epoxy groups on ELOME (2.3 epoxy
groups/mole) was varied from 0.68 to 1.32. Under the experimental conditions used, it was shown
that within this range it is possible to dissolve TMA in ELOME without extensive polymerization
occurring (see below). In contrast, at higher concentrations of TMA solvation in ELOME and
polymer network growth occur simultaneously, so that the curing process initiates before complete

solvation of TMA.

In these studies, the selected amounts of ELOME and TMA were loaded into a glass flask with
a overhead stirrer, and placed into oil bath at a temperature of at 100+2 °C, mixing at 500+10
RPM. The prepolymers can also be prepared at 60 °C although this then requires 45-60 min
(depending on Ac/Ep ratio) to completely dissolve the curing agent, whereas successful dissolution
of TMA was achieved within 7-15 min at 100 °C, without polymerization. Mixing of the reactive
components continued until the complete disappearance of TMA. Then, the reactive mixture was
transferred into preheated (170 °C) Teflon mold (100 x 100 mm?) and placed in an oven (170 °C)
for 4 hours of curing. Five different ELOME based thermoset compositions were prepared by
varying the concentration of the TMA curing agent. Two further thermosets were prepared in

which 1/3 and 1/2 of the ELOME in the thermoset formulation was replaced by ELO. To prepare
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these epoxy networks, first the TMA was dissolved in the ELOME, then subsequently ELO was
added to this mixture. In these cases, the molar abundance of epoxy groups was calculated
considering both ELOME and ELO; the thermosets were then made such that the molar ratio of
acid to epoxide groups (Ac/Ep) was kept constant at 0.68 (Table 4.2). The Ac/Ep ratio of 0.68 was
found to be the maximum proportion of TMA can be dissolved in ELOME without extensive
polymerization occurring prior to adding ELO. It was hypothesized that due to the TAG structure,
the ELO containing networks will exhibit different mechanical performance compared with

thermosets made from ELOME alone.

Figure 4.4 illustrates some of the possible curing reaction pathways between epoxidized methyl
linoleate and TMA. The curing process starts with the reaction of an acid group from TMA with
an epoxy group from ELOME to produce both an ester linkage and a hydroxyl group, as shown in
the structure in Figure 4.4 (circled area A). For the sake of clarity, the background network is

grayed out, while the examples of the areas of the network under discussion, are circled.
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Figure 4.4 ELOME (epoxidized methyl linoleate, as example) curing pathway with TMA

(and TMLA) and, the schematic illustration of the resulting epoxy resin network.
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It is known that the cyclic anhydride group does not react directly with the epoxy group; the
anhydride ring is first opened by a hydroxyl group to form a carboxylic acid, which then reacts
with an epoxy groups [35]. Anhydride ring opening may occur either through reaction with
residual water present in the epoxide to form trimellitic acid (TMLA), or by reaction with hydroxyl
groups formed from epoxide rings-opening reactions. Following TMLA formation, opening of
epoxide rings results in the formation of esters, as shown in Figure 4.4 (circled area B). This in
turn results in hydroxyl moieties which participate in further anhydride ring opening to produce
an additional ester linkage plus a carboxylic acid group that can further participate in polymer
chain growth (Figure 4.4, circled area C). In addition, epoxide ring opening by hydroxyl moieties
can take place, which allows the network to grow via the formation of ether linkages (Figure 4.4,
circled area D). Thus, thermoset network formation may occur due to the formation of both ester
(acid-epoxy and/or hydroxyl-anhydride reactions) and ether (hydroxyl-epoxy reactions) linkages.
Stability (pot-life) of the thermoset. The ability to manufacture low-viscosity, high-biocontent
thermosets at relatively low temperatures, without the need for solvents, has some practical
implications. Such low-viscosity prepolymers with stable and controllable pot-lives can further be
used to impregnate natural, mineral or synthetic fibers to produce biocomposite materials.
Obviously, the main indicator of the prepolymer stability is the viscosity, which determines the
dispensability of the prepolymer into fibers or fibermats.

As can be seen from Figure 4.1 that the viscosity of the ELOME is 0.05 Pa.s. The viscosity of
ELOME mixture with its curing agent increases to 0.83 Pa.s after dissolving/reacting for about 40

min.
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Figure 4.5 The viscosity of the ELOME/TMA based prepolymer over storage period at room

temperature. The prepolymer is prepared at 60 °C for 40 min under continuous mixing.

Further storage of this mixture for 7 hours at room temperature increases its viscosity slightly, up
to 2.2 Pa.s. However, this viscosity of the mixture is still low enough and is suitable spray
impregnation of the solution into fibermats.

The GPC chromatograms (Figure 4.1) show a corresponding increase in the dimeric and
trimeric compounds over storage time that accounts for this increase in viscosity. A similar trend
can also be seen in the FTIR spectra (Figure 4.3) of the bioresin over the storage period. A small
reduction in the absorbance corresponding to the presence of epoxy groups over the storage period
was observed (the peak at 826 cm™ corresponding to C—O—C oxirane stretching vibration). There
is also an increase in the strong peak at 1238 cm™!, corresponding to a C—O—C ester stretching
vibration. This arises since the ester group formation accompanies epoxy ring opening to form

oligomeric epoxy network. From the stability of the product, it can be concluded that the
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composition with the molar ratio of components giving Ac/Ep =0.68 and a temperature of 60 °C
could be used to produce a prepolymers which is suitable for manufacturing biocomposites, having

a useful pot life of at least few hours.

4.4.4 Dynamic mechanical analysis

A determination of the thermo-mechanical properties of the thermosets, such as their glass
transition temperatures, helps to define the operating temperature range over which the material
can be used[37]. DMA test specimens were machined from cured thermosets with approximate
dimensions of 35 mm X 12 mm X4 mm. The single cantilever-bending mode of DMA was used,
with a temperature range from -50 °C to 180 °C, and at a constant frequency of 1 Hz. Figures 4.6
(A) and (B) demonstrate the storage modulus (£’) and loss factor (fan J) as a function of

temperature, for the ELOME thermoset networks cured with different concentrations of TMA.
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are shown in the inserted legends for the respective curves

It can be seen in Figure 4.6(A) that the trends in the dynamic mechanical behavior of all
thermosets are similar, but differences between the behaviors of these samples in the glassy state

and rubbery state are apparent. Specifically, in the low temperature region, the network with the
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lowest Ac/Ep ratio of 0.68 has the lowest £’ (1.8 GPa), most likely due to correspondingly low
crosslinking density (Sindt et al., 1996) resulting from insufficient curing agent. In addition, the
unbound long aliphatic chains of ELOME have a plasticizing effect in the network (Roudsari et
al., 2017), which results in the formation of relatively flexible network. It has been reported [38]
that either decreased cross-link density or increased flexibility have a similar effect to decrease the

glassy modulus of the polymer.

In the thermoset with an equimolar Ac/Ep ratio, the glassy storage modulus increases up to 2.3
GPa, which indicates the formation of tighter network structure and a stiffer polymer. Only a
minimal increase of the glassy storage moduli is observed by further increasing the Ac/Ep ratio up
to 1.32 (Figure 4.6(A)). The observation of these fairly consistent values of the glassy storage
modulus (2.3-2.4 GPa) with above equimolar Ac/Ep ratios (in the range of 1.0-1.3) suggests that
within this range, all ELOME chains are integrated into the thermoset polymer network. In
addition to these differences in E’, significant changes in the glass transition region of the
thermosets are also apparent. In the thermoset compositions with higher Ac/Ep ratios, the samples
exhibit an extended glassy state, the glass to rubber transition zone is noticeably narrow, and the
transition slope is relatively steeper (Figure 4.6(A)). This can be seen, for example, in the £’ values
of the thermosets at room temperature (25 °C). At this temperature, the £’ value for the network
with lowest Ac/Ep ratio of 0.68 is about 0.9 GPa, and this value increases with increasing Ac/Ep

ratio up to values of 1.9 GPa for the thermoset prepared at an Ac/Ep ratio of 1.32 (see Figure S4).

Based on the trend of the E’ observed on the glassy state of the thermosets we could expect
similar behavior in the rubbery state. However, in the rubbery plateau region the storage modulus
demonstrates invert tendency and the samples with the lower Ac/Ep ratio that exhibit the highest

value of E'. This indicates to the two concurrent reaction, TMA ester formation (circled area A and
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B) and integration of the formed TMA (or TMLA) ester into the thermoset network (circled are C
and D) that occurs during the thermoset preparation, as shown in the Scheme 1. This is explained
in detail below with the temperature dependence of the loss factor for the all resin f studied. The
intensities of the loss factor (zan ) peaks in Figure 4.5(B) reflect the degree of mobility of polymer
chain segments in cured ELOME thermosets made using various Ac/Ep ratios, at this temperature.
Figure 4.5(B) shows that the fan ¢ peak intensity increases with the Ac/Ep ratio. This indicates
that the network demonstrates enhanced viscous behavior at higher Ac/Ep ratios, as the energy
dissipated by the network become larger. In contrast, one might expect reduced fan o peak
intensities with increasing Ac/Ep ratios due to increased crosslinking densities that restrict
segmental mobility of polymer chains in the network (Perera, 2001). This unusual increase in the
tan o peak intensity with increasing Ac/Ep ratios could be explained by the excess of curing agent
used, which forms high amounts of monomeric TMA (or TMLA) esterified fatty acids (see isolated
structures A and B in Figure 4.4). At a high Ac/Ep ratio, not all of the TMA esterified fatty acids
are incorporated into the polymer network, and these unbound compounds demonstrate their
mobility within the network. This is also consistent with the width of the glass transition region of
tan J, which is seen to be much broader for the thermoset prepared with an Ac/Ep ratio of 1.32
(Figure 4.5(B)), indicating greater structural heterogeneity (Menard, 2008). On the other hand, in
another elastomeric polymer system it was reported [39] that an increase in the crosslink density
resulted in a broadening of the fan 6 peak caused by more densely located structures on the chains
arising from reaction with the curative and dependent on its structure. In addition, these authors
proposed an increased number and size of “heterogenic microregions”, that relaxed over a broader

range of temperatures.
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It can be concluded that the increased structural inhomogeneities of the networks that occur in
thermosets made when the Ac/Ep ratio is increased are related to the both the high molecular
weight heterogenic local areas that are the result of the higher curing agent concentration, and an
excess of monomeric esterified components in the system, and which are not integrated to the

polymer network.

Nonetheless, it was expected that a rise in the Ac/Ep ratio should increase the crosslinking
density, at least up to the expected stoichiometric ratio. This would be reflected in increased glass
transition temperatures[40]. The glass transition temperatures, 7, of the biobased thermosets were
determined from the respective peaks of the dynamic transition temperature of tan 6 (Figure
4.5(B)). The Ty of the thermoset with the lowest Ac/Ep ratio (0.68) is 79.8 °C and 7, values were

found to slightly increase up to 85.9 °C for the network with highest Ac/Ep ratio (see Table 2).

ELOME/ELO| 100/0 | 100/0 | 100/0 | 100/0 | 100/0 | 66/34 | 50/50
PROPERTIES
Ac/Ep ratio [-] 0.68| 0.84 1.00 1.16 1.32| 0.68| 0.68
Pexp [g/lem?] 1.148 | 1.162 | 1.168 | 1.181 | 1.182 | 1.140 | 1.144
E’ @25 °C [MPa] 887 | 1107 | 1416 | 1599 | 1848 | 1144 | 1359
E’ @T,+50°C [MPa] 17.3 94 5.9 4.0 26| 386| 66.6
T; [°C, DMA] 798| 814 | 822| 826 859| 96.2| 101.7
ve (X 107%) [mol/cm?) 052 028 0.17| 0.12| 0.08 1.11 1.89
M. (X 10%) [g/mol] 222 | 414 6.70| 10.01 | 15.52 1.03 | 0.61
10% weight loss [°C, TGA] 304 300 287 282 264 309 319
Tonset [°C, TGA] 320 313 304 300 291 315 320

Table 4.2 Properties of bioresins prepared from EMOME/ELO mixtures

Thus, there are two simultaneous processes which vary with the Ac/Ep ratio and which
determine the mechanical performance of the thermosets: enhanced crosslinking which increases

the 7T, and suppression of the polymer network formation due to the excess formation of TMA
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esters, which consume epoxy moieties. The crosslinking densities of the networks are further

discussed in Section 3.5.

The above discussion refers to thermoset networks made using only epoxides in the methyl
ester form (ELOME). In order to test the possibility that better mechanical performance of the
network could be achieved by incorporating the intact triacylglycerol structure of ELO, in a series
of experiments, 34% and 50% of the ELOME was replaced by ELO whilst keeping the Ac/Ep ratio
of the reactive components constant at 0.68. DMA plots, such temperature dependence of £’ and
tan 0, of the networks prepared with the mixtures of ELOME and ELO are shown in Figures 4.6(A)

and 4.6(B).
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Figure 4.7 Storage modulus, E’, (A) and loss factor, tan d, (B) for the resins made at different
ratios of ELOME and ELO. Ac/Ep ratio is 0.68 in all resin systems. ELOME/ELO ratios are

shown in the inserted legends for the respective curves.

Whilst the trends in £’ plots for all network compositions are similar, replacing a portion of
ELOME with ELO results in a proportional increase in E’ values. For example, the E’ for the
ELOME network at Ac/Ep ratio of 0.68 is about 0.9 GPa at 25 °C, but this increases to 1.4 GPa

for the thermoset where 50% of the ELOME replaced by ELO, consistent with the triacylglycerol
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structure of ELO contributing to the crosslinking density of the network. This is expected because
in ELO the 3 epoxidized fatty acids already have junction points (ester linkages to glycerol) prior
to curing, which increases the probability that all epoxides become be part of polymer network on
curing. In contrast, the small amount of saturated FAME (5% methyl palmitate and 3% methyl
stearate) in ELOME can dissolve TMA but will never become part of thermoset network, since
they lack the reactive groups necessary to participate in the curing reaction. However, all of the
saturated fatty acids present in ELO are already incorporated into the triacylglycerol structure, and
hence still become part of the crosslinked structure and contribute to the performance of the
thermoset. It is interesting to note that the crosslinking densities of the thermosets made from
ELOME/ELO mixtures noticeably differ from the ones that are prepared from pure ELOME, as

discussed in Section 3.5.

Figure 4.7(B) shows the tan J as a function of temperature for the ELOME/ELO based
thermosets at different ratios of components. Clearly, the intensity of the tan J peak decreases with
increasing ELO content, due to the higher crosslinking densities which restrict the segmental
mobility of polymer network. The observed glass transition temperature of the thermosets
increased from 79.8 °C for 100% ELOFAME (Table 4.2) to 96.2 °C and 101.7 °C when 34% and
50% of the ELOFAME was replaced by ELO. The estimation of 7, values by modulated DSC

measurements also demonstrated a similar trend (see Figure 4.5).

4.4.5 Cross-linking density of epoxy networks
The crosslinking density, v., is a well described concept in the literature that has been
calculated using the modulus at the rubbery plateau of polymer networks[41,42]. By making the
simplifying assumptions that all functional groups are equally reactive and that no intramolecular

reactions occur[43]; that the resins have an ideal network [44] and all chains are elastically
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effective; and that the storage modulus is not dependent on the frequency at rubbery

plateau[41,45]; the values of v. can then be calculated using the equation: v, = E%e T In this

equation, the £’ value is obtained from the rubbery plateau of the storage modulus; 7'is temperature
corresponding to the £’ value (in °K) and R is the gas constant. In addition, an estimation of the

degree of “tightness” of a polymer network can be obtained [41] from the “average molecular

weight of the effective network chains” using the following equation: M, = % , where M.

[g/mol] is weight of sample in grams that contains one mole of elastically effective chains and p

is the bulk density of material.

Using these concepts, crosslinking densities for the various biobased thermosets were
estimated using £’ values from the rubbery plateau (50 °C above Ty) resulting in the values for v
and M. that are given in Table 4.2. It was observed that the v. value for the cured thermoset made
using an Ac/Ep ratio of 0.68 is 0.52x10~ mol/cm’. Increases to the Ac/Ep ratio resulted in a
decrease in v. such that with an Ac/Ep ratio of 1.32, the v. value is only 0.08x107 mol/cm®. The
decrease in v. and corresponding increase in M. with increasing Ac/Ep ratio (Table 2), is believed
to be a result of the increasing concentration of TMA esters that are not incorporated into the
polymer network, and which oppose an increase in ve. An illustration of the cured ELOME/TMA
epoxy network is shown in Figure 4.5, using an epoxidized methyl linoleate as an example. As
described above, the reaction of the TMA (or/and TMLA) with ELOME starts with the
esterification reaction as shown in the Figure 4.5 (circles A and B) and each carboxylic acid group
consumes one epoxy moiety. The esters so formed then react with remaining epoxy groups to
allow the polymer chain growth, until all of the epoxy groups of ELOME is consumed. At high

concentrations of TMA (Ac/Ep>1.00), the esterification process consumes a significant portion of
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the available epoxy moieties, and fewer reactive groups might be available to grow the polymer
chain. In addition, any excess amounts of TMA esters will not be integrated into the polymer
network but rather will create the defects and free volumes that allow for chain mobility (A and B
in Scheme 1). It should be mentioned that there is not a significant amount of unreacted TMA left
in the cured network, as confirmed by DSC measurements which did not show any melting points
(at 166 °C) which belong to pure TMA. Hence, any contribution of unreacted TMA to the

crosslinking behavior is negligible.

Thus, it can be concluded that an increase in the Ac/Ep ratio (and consequently the TMA
content) in the thermosets slightly increases their crosslinking density, as demonstrated indirectly
by increased £’ and 7, values. However, the calculations of ve suggest that crosslinking density
was inhibited by an excess formation of TMA esters that in turn reduces the availability of epoxy
groups for polymer chain growth. Partly as a result of this heterogeneity in the epoxy network, i.e.
the separation of polymer and unreacted ester monomers, a basic assumption used in estimating ve
from an ideal network, does not apply.

In contrast, the estimated v. values of the ELOME/ELO epoxy networks with a fixed Ac/Ep
ratio of 0.68 increased with their increasing ELO content (Table 4.2). This increase in v. values,
and the consequent decrease in M. values, could be explained by the increased number of junction
points and enhanced physical entanglement of the polymer chains in the network[41], which

incorporates the triacylglycerol structure of ELO.

4.4.6 Thermogravimetric analysis (TGA)
In TGA analysis, is expected that unreacted or unbound components, if present, should
demonstrate individual decomposition transitions over the experiment. Here, TGA experiments

were carried out on 10 mg samples in a ceramic crucible, at a constant heating rate of 10 °C/min
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from 25 °C to 600 °C, and under a flow of nitrogen. TGA thermograms (weight loss as a function
of temperature) for the ELOME based epoxy network made using a range of Ac/Ep ratios are
shown in Figure 4.8(A), and those for the cured thermoset systems prepared using different

ELOME/ELO ratios but a fixed Ac/Ep ratio are shown in Figure 4.8(B).
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Figure 4.8 TGA thermograms (weight loss as a function of temperature) for the ELOME resin
systems cured at different Ac/Ep ratio (A) and for the resins made at different ELOME/ELO

ratios cured with the fixed amount of Ac/Ep=0.68 (B).
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All thermosets demonstrate similar single-step decompositions that is consistent with a
relatively uniform network structure, despite the presence of some inhomogeneities, as discussed
earlier. The initial decomposition temperatures of the thermosets (defined as the temperature for
10% weight loss) are given in the Table 4.2. These decrease with increasing Ac/Ep ratio, so the
epoxy network produced using Ac/Ep =0.68 shows higher thermal stability with 10% weight loss
occurring at 304 °C, compared with 264 °C for the network with Ac/Ep=1.32 (Figure 4.8(A), Table
2). Thus, there is a greater proportion of compounds with low decomposition temperatures, in the
thermoset with higher TMA content. The decomposition of the major part of the network occurs
between 300 °C and 480 °C, which is typical for plant oil epoxide based thermosets. For example,
the decomposition range for soybean oil based epoxy thermosets was reported to be between 300-
420 °C [46] while fish oil [47] or tung oil [48] based thermoset networks show higher temperature
decomposition ranges of 400-560 °C. In the latter cases, the higher decomposition temperatures
are related to the epoxy content of the monomers in the thermoset formulation. The temperatures
for the onset of the main network decomposition, Touser, are listed in the Table 2, and also show a
decreasing trend with increasing Ac/Ep ratios in the thermosets. This indicates that at low Ac/Ep
ratio the majority of the TMA esters are integrated into the network, while the amount of unbound
compounds rises with increasing the Ac/Ep ratio. Note that the values of Touse; for the neat ELOME,
TMA and ELO are 217 °C, 231°C and 380 °C respectively, as measured by TGA (Figure 4.8).
This data is consistent with the trend of a decrease in the calculated values of the crosslinking
density with an increase of the Ac/Ep ratio (TMA content). At the same time, the contrasting
enhancement in the crosslinking density that was suggested by the DMA results most likely occurs
due to the formation of highly crosslinked local domains, whereas its extrapolation to the whole

network is constrained by the negative influence of the excessive TMA esters.
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The ELOME/ELO epoxy network demonstrate higher thermal stability compared with
ELOME based network formulations, and this varies with the ELO content (Figure 4.8(B), Table
4.2). The relatively high decomposition temperatures (at 10% weight loss) for these systems are
most likely related to the higher decomposition temperatures of ELO, as well as to the enhanced
crosslinking densities within such networks, as discussed earlier. Note that the temperatures for
10% weight loss measured for neat ELOME, TMA and ELO are 200 °C, 211°C and 374 °C,

respectively (Figure 4.8).

4.5 Conclusion

In this work, an ELOME preparation procedure giving a high epoxy content has been
described. ELOME was then used in studies of the curing behavior of ELOME and ELOME/ELO
mixtures with an aromatic curing agent to produce a thermoset material. These thermosets contain
high percentages of LO and hence have a high biocontent. Unlike ELO, ELOME acts more like a
solvent to efficiently dissolve a curing agent such as TMA, at a moderate temperature. It was
demonstrated that an increase in the curing agent concentration (Ac/Ep) results in an increase in
the storage modulus and the glass transition temperature of the resulting thermoset materials. This
was attributed to the formation of highly crosslinked local domains within the network. However,
the calculations of the crosslinking densities using DMA results showed a decrease in v. values
upon increasing the Ac/Ep ratio. This was interpreted as being due to the resulting restraints to
crosslinked network formation due to an excessive amount of TMA ester formation. These also

consume epoxy moieties, hence reducing their availability further polymer chain growth.

In thermoset systems prepared with ELOME/ELO mixtures, an improvement to the
thermomechanical properties was observed. The increase in v. values, consequently decreased M.

values for these series of samples was explained by the increased junction points and enhanced
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physical entanglement of the polymer chains in the network, originating from the branched

structure of ELO.

The ability to manufacture high-biocontent thermosets, without the need for solvents, has some
practical implications. Specifically, the method allows the production of low-viscosity, solvent-
free epoxy prepolymers at relatively low temperatures, that can further be used to impregnate fibers
to produce biocomposite materials. These prepolymers can achieve pot lives which are practical
for industrial use. As an example, a solvent-free ELOME based prepolymer prepared at 60 °C was
still useable with a viscosity of ~2 Pa.s after 6 hours of storage at room temperature (see Figure
4). Furthermore, there is considerable scope for optimization of conditions and curing agents,

which will likely result in further improvements.
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Chapter 5

Novel biobased curing agents for plant oil epoxides: Synthesis of
alkyl citrates via solvent- and catalyst-free esterification of citric

acid with the short to medium chain length alcohols

5.1 Introduction

Epoxy monomers are vital building blocks for making thermoset polymers, which are derived
mainly from petroleum-based feedstocks. For instance, diglycidyl ether of bisphenol A (DGEBA)
is a widely used epoxy monomer. However, there are also some natural or biobased feedstocks
available to be converted into biobased epoxy monomers, for instance plant oils and cashew nut
shell liquid (CNSL) which is composed of phenolic compounds with a fatty acid chain, cardanol,
cardol, anacardic acid and 6-methyl cardol. The double bonds of the plant oils are converted into
epoxy group via epoxidation reaction [1,2]. The detail description about the types of plant oils,
their functionality, and other chemical characteristics described in the section 1.2. They are unique
compared to other natural feedstocks in terms of their composition as they are more than 99%
triacylglycerides (TAG). However, the types of fatty acids and their positions within TAG
structures are diverse. One of the focuses of this research is functionalizing the double bonds of

the fatty acids (-C=C-) into epoxy groups (-C-O-C-).>

5 A version of this chapter has been submitted as a patent, “Jonathan M. Curtis, Vinay Patel, US provisional patent
application serial no. 63/075,940, Biobased hardener for epoxy resins.”
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A discussion of the process parameters for the epoxidation and the reaction mechanism is given in
the Section 1.2.1.

The reason for forming -C-O-C- epoxy rings is because of their enhanced reactivity. The ideal
tetrahedral geometry has bond angle of 109.5° but oxirane (-C-O-C-) has a bond angle of 60°
which make them less stable or strained due to the bond angle. Hence, they are susceptible to be
opened by nucleophiles by accepting an electron pair to form a hydroxyl group, as depicted in
Section 1.3. In order to form a crosslinked polymer network via epoxy ring opening reactions,
multifunctional nucleophiles or crosslinking/curing agents are required [2]. The strained epoxy
ring can be protonated by suitable active hydrogen, oxygen or nitrogen containing groups like
carboxylic acid (-COOH), amine (-NH2), anhydride (-CO-O-CO-) and others [3] (Section 1.3).
One of the important properties of such curing agents is their miscibility in epoxy monomers. Since
plant oils are hydrophobic, most of these curing agents are not miscible with plant oil epoxide,
which leads resin formulators to the use of polar aprotic solvents like acetone. These facilitate the
preparation of one phase epoxide-curing agent mixtures [4,5]. Any toxicity of the curing agent is
also an important factor because it not only makes the bioresin synthesis process unattractive but
also poses a threat to the final consumers [6] if any level of these toxic compounds leach from the
product into human contact, for instance plastic toys prepared from bisphenol A (BPA) resin.

In this work, a solvent-free synthetic route for making bioresins has been explored. Citric acid
is a fully biobased, multifunctional, and nontoxic compound, so it was used in this study. It is also
available in abundant quantity as their synthesis route is very well explored at a commercial scale
[8]. According to the BCC research, a market research organization, about 2.39 million tons of
citric acid produced in 2020 globally and it was sold for about $1.5 per kilogram [10]. There are

other food grade carboxylic acids available, as depicted in Table 1.5, but their price, availabilities
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and lower functionality make them less attractive to be use as curing agent as citric acid has
functionality of 3 while these carboxylic acids have only functionality of 2. Despite citric acid’s
unique features, it is not suitable to be used with the plant oil epoxides because it is immiscible
with them. That is why, it was hypothesized that if citric acid’s polarity was modified by
incorporating short to medium carbon hydrocarbons which would make it less polar, then such
derivatives could be miscible with the plant oil epoxides. Such hydrocarbon chains can be
introduced through the esterification reaction between carboxylic acid group of citric acid and an
alcohol. For a substance or mixture to be used as the multifunctional curing agent, it must have at
least two functional groups so that it can incorporate two epoxy groups and the polymerization
reaction grows to form polymer network. Since, citric acid contains three carboxylic acid groups,
monoesterification is required to preserve two carboxylic acid groups. There have been multiple
studies on citric acid esterification, although most of them are focused on forming trialkyl citrates
[11,12,13,14]. Formation of trialkyl citrate with higher yield is difficult so these studies explored
strategies to maximize the yield of trialkyl citrate while minimizing inputs. For instance, use an
excess amount of alcohol, catalyze the reaction, and perform a multistep reaction to remove
byproduct water from the system, which moves the reaction forward with higher yield of trialkyl
citrate. Grigoryan et al. synthesized and reported properties of long chain esters of citric acid [16].
They have used 6, 8, 9, 10, 12, and 15 carbon chain alcohols and used 120 to 180 °C reaction
temperature range and formed milky white to thick brown mass which has softening points around
50 °C. As these studies were focused on producing trialkyl citrate under various reaction
conditions, and their applications does not require high functionality such as food preservatives,
cosmetics ingredient, and as plasticizers. The dialkyl citrate has only one carboxylic acid which

make it insignificant to be use for curing agent application. The monoalkyl citrate has two
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functional groups so it could be utilized for crosslinking applications. Kotick et al. synthesized
monoalkyl citric acid ester for surfactant application by a complex regioselective multistep
synthesis procedure [15]. First, they synthesized anhydro-methylene citric acid, a citric acid
derivative with anhydride group derived by utilizing a hydroxyl and a secondary position
carboxylic acid groups of citric acid, by using paraformaldehyde. In a second step, they have used
long chain alcohols from C7 to C19 to react with the product formed in step 1 to synthesize 2-
mono ester of alcohol with 90% purity. The overall process parameters of this pathway are lengthy,
2 hrs. at 145 °C and 45 hrs. at 60 °C. In addition, the second reaction step involves chloroform
followed by multistep purification steps. In contrast, this work illustrates the greener and
economical way of synthesizing mixture of alkyl citrate which could be used as curing agent for

plant oil epoxide.

5.2 Materials and methodologies

5.2.1 Materials

Citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid, MW=192 g/mol) was purchased
from Jungbunzlauer Canada Inc. and ground it into a fine powder by Fitz Das06 hammer mill and
passed through 0.25 mm sieve. Synthesis grades of ethanol, n-propanol, n-butanol, and n-hexanol
were purchased from Sigma. Analytical ACS grade deionized water, acetonitrile, formic acid, and
methanol were purchased and used in HPLC/ELSD.

5.2.2 Methodologies

5.2.2.1 Synthesis of alkyl citrates
All of the following alkyl citrates were synthesized via a solvent- and catalyst-free
esterification of citric acid with four different alcohols: ethanol, n-propanol, n-butanol and n-

hexanol. The esterification reaction was performed under reflux condition which not only keeps
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the reactant alcohol and byproduct water in the reaction mixture, but it also could restrict the
formation of trialkyl citrates or hinder the esterification reaction [9] which is significant for it to
be used as curing agent. Removal of byproduct, water, from the esterification reaction enhances
the reaction rate towards formation of the thermodynamically possible products. However, if the
water byproduct stays in the reaction mixture, this restricts the reaction between the remaining
carboxylic acids and alcohols to form an ester bonds. For a curing agent application, the product
must have to have at least two functional groups which could react with epoxy group to form a
crosslinked network. Thus, if all or two carboxylic groups from the three available in the citric
acid structure participate in the esterification reaction, then the resulting di- and trialkyl citrates
cannot serve the purpose of a crosslinking or curing agent. That is why, intermediate samples were
analyzed to determine the citric acid conversion and mono, di and trialkyl esters formation.
Figure 5.1 illustrates the structures of three citrate esters formed during this reaction,
although there are possibilities of forming other isomers of mono- and dialkyl citrates in the
mixture. However, in this study such isomers are not separated. Since the goal of synthesizing
these citrates is for them to be used as curing agents, so they should be multifunctional and miscible
with the plant oil epoxides. To synthesize the suitable alkyl citrate mixture, the process should
form the maximum amount of monoalkyl ester component, ideally with no formation of di- and
trialkyl ester components. The reaction temperature was selected based on the boiling point of the
alcohol used in the reaction. As described below, the reaction temperature selected was about 10
°C above the alcohol’s boiling point which facilitates better mixing. The reaction mixtures are
milky at the beginning of the reaction, because of the natural white color of the citric acid and its
limited solubility in alcohols. However, it was found that after a specific reaction time they

become fully transparent. This reaction time is dependent on the concentration of the citric acid in
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the alcohol. As the objective is to synthesize the maximum amount of monoalkyl citrate and
minimum or no formation of di- and trialkyl citrates, the alcohol amount used in the reaction is
crucial as excess alcohol leads formation of di- and trialkyl citrates. For this reason, various
amounts of alcohols were tested in order to synthesize the suitable alkyl citrate formulation which
should ultimately have maximum amount monoalkyl and no formation of di- and trialkyl esters,

as explained above.
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Tri alkyl citrate

Figure 5.1 Citric acid esterification

148



5.2.2.2 Synthesis parameters

For studying the reaction progress at various citric acid to alcohol mole ratios, 200 grams
of citric acid was used, and intermediate samples were collected and analyzed. These studies
illustrated (Figures 5.6 and 5.7) that the citric acid consumption and the monoalkyl citrate
formation continue up to certain point then their consumption/synthesis progress become constant.
Additionally, it was also discovered that the highest functionality can be achieved at the minimum
reaction time at which the reaction mixture becomes transparent. By discovering these reaction
behaviors, the remaining two alkyl citrates, ethyl and hexyl, were synthesized and studied by
taking 20 grams of citric acid with various amounts of alcohols. Citric acid esterification was
performed under reflux condition at 90 °C with ethanol which has a boiling point is 78 °C. The
reaction temperature was determined by considering two factors: the boiling point of the alcohol
and the decomposition temperature of citric acid, which occurs above 130 °C. Therefore, the
reaction temperatures for all four alcohols used in this study were less than 130 °C. Lower reaction
temperatures may be possible, but they are avoided due to the limited solubility of citric acid in
alcohols at lower temperatures, which leads to higher reaction times. Simultaneously, the reaction
time should be minimized because with longer reaction times, the di- and trialkyl citrate
compounds formation occurred as illustrated in the results and discussions section.

Citric acid esterification was performed at 110 °C with n-propanol which has a boiling
point of 97 °C and under reflux condition. The boiling point of n-butanol is 117 °C so a 130 °C
reaction temperature was selected. Despite the boiling point of hexanol being 157 °C, reaction
temperatures of 120 °C and 130 °C were tested to avoid citric acid decomposition. All the

intermediate and final alkyl citrate samples were evaporated at 100 °C under vacuum pressure in
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a rotary evaporator to remove byproduct water and unreacted alcohols. The residual alcohol
content in these samples were below 0.3%.
5.2.2.3 Quantification of alkyl citrates by HPLC-ELSD

Suaza et al. synthesized, separated, quantified, and measured some physical properties of
dibutyl citrate [7]. They separated dibutyl citrate from citric acid, mono- and tributyl citrate
mixtures through a reversed phase C18 column while using a UV detector operating at 210 nm
wavelength. In this work, they assumed that the response factor of dibutyl citrate is same as the
citric acid which is commercially available with high purity of 99.9%. In this work, the ELSD
detector was used and followed the following procedure to establish the analytical method. First,
the ELSD detector parameters, tube temperature and nitrogen gas flow rate, were optimized. It was
found that the tube temperature of 30 °C and nitrogen gas flow rate of 1.5 L/min were optimum to
obtain the highest peak area of citric acid, di- and trialkyl citrates. The detector gain factor of 16
used and impactor set at OFF position. Second, the calibration range was determined by
considering the estimated composition of the citrate mixtures fall within these concentrations as
long as the data are linear. All these calibration data of citric acid and various alkyl citrates are

presented in the Figures 5.2 and 5.3. A butyl citrate mixture separation is depicted in Figure 5.4.
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a. Dibutyl citrate (DBC) b. Citric acid (CA)
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Figure 5.2. Calibration curves for citric acid, mono-, di- and tributyl citrates

In order to prepare a dibutyl citrate standard for quantification purposes, butyl citrate was
separated from the citric acid, mono-, and tributyl citrates by liquid-liquid extraction procedure by
using diethyl ether as solvent at various pH levels [7]. First, the mixture dissolved in a diethyl ether
and the solution pH increased to 8.0 and separated aqueous phase from the organic phase which
contains tributyl citrate. The pH of the organic phase decreased to 5.0 and separated the aqueous
phase which contains dibutyl citrate. Finally, the solution pH further decreased to 2.0 and removed
the aqueous phase containing monobutyl citrate. Tributyl citrate was commercially available with
greater than 99% purity so it was purchased and used to obtain a calibration curve. Linear

calibration curves were obtained as depicted in Figure 5.2 for citric acid, di-, and tributyl citrates.
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The monobutyl citrate amount was quantified by subtracting the sum of the quantified amounts of

citric acid, di- and tributyl citrates.
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Figure 5.3. Calibration curve for citric acid, diethyl, dipropyl and dihexyl citrates

152




mnt Chromabogramie|
ADCA A, ADCH [WINATAPE 18 30481 TR BC10_ N MEDEH_SVGML. 3T 5-04-18 13-58-10V D000 0

'“ K
g
I.-*
Ciric acld
aec]
4o
Dinutyl ftrate
ss0 o
Manooutyl chrate E 7
tal o
gf\l“
420+
i I
W |
] | | o | W "
I IL//’“ . b .
'-\_iJI. -|'t-"rul' - "rJﬂ—\.\;—uI)""‘—r"" el
) A ! ] i 12 14 =

Figure 5.4 A butyl citrate mixture separation
Diethyl citrate was purified by liquid-liquid extraction [7] and used to obtain the calibration
curve as depicted in Figure 5.3. Since the formation of trialkyl citrates are not useful or have
negative implications for bioresin synthesis application, so one of the objectives was not to

synthesize any di- and trialkyl citrates. That is why, di-, and triethyl citrates were not quantified

and aim for no peak of these compound in the ethyl citrate mixtures.

Since the various chain length alcohols were used to synthesized alkyl citrates, each alkyl
citrate was separated in a C18 column by slight modification of the mobile phase gradient, as

illustrated in Figure 5.5. Water and acetonitrile buffers were used as mobile phase solvents.
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Figure 5.5 Gradient profile of mobile phase for separation of citric acid, mono-, di- and

trialkyl citrates mixtures: ethyl, propyl, butyl and hexyl citrates

5.3 Results and discussions

These synthesized half esters of citric acid are mixtures of free or unreacted citric acid, mono,
di and trialkyl citrates.
5.3.1 Ethyl citrate

First, the realistic citric acid to ethanol ratio was identified by considering the reaction time
not exceeding 5 hours because at a greater reaction time, di- and trialkyl citrates started to form.
To keep the reaction time minimum, higher amount of alcohol can be used but at too excess amount
of alcohol contribute to formation of di- and trialkyl citrates. That is why, realistic ratio needs to
be identified then further other parameters, mainly reaction time, can be implemented to have an
optimum synthesis condition. A citric acid to ethanol equimolar ratio, 1:1, was not suitable because
the citric acid was not fully dissolved at 90 °C, and the mixture did not become one phase after 6

hours of reaction.
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Citric Reaction | Reaction Free citric | Monoethyl | Diethyl Triethyl Average
acid to | time temperature | acid (%) | citrate (%) | citrate citrate (%) | carboxylic
ethanol (min.) ©O) (%) acid
(mol:mol) functionality

360 90 Reactants did not become homogeneous n/a

77* 343 65.7 0.0 0.0 23

120 17.2 82.8 0.0 0.0 2.2

180 8.9 73.6 17.5 0.0 1.9

* The reaction time at which mixture become transparent

Table 5.1. Ethyl citrate formation under various ethanol mole ratios

Then, a citric acid to ethanol mole ratio of 1:2 was used, and the mixture become one phase
and transparent after 77 minutes of reaction. Finally, with the citric acid to ethanol molar ratio
fixed at 1:2, the reaction time was increased in order to investigate the reaction behavior in terms
of formation of mono-, di-, and trialkyl esters formation. The results clearly indicate that when
the mixture become transparent, the free citric acid amount was 34.3% and over time it gets
consumed in the reaction to 17.2% at 2 hours and 8.9% at 3 hours of reaction. Additionally, it was
found that at 3 hours of reaction, formation of diethyl citrate (17.5%) occurred, and the carboxylic
acid functionality was reduced from 2.3 to 1.9.
5.3.2 Propyl citrate

The three different mole ratios of citric acid to n-propanol that are depicted in Fig. 5.6 resulted
in the formation of dipropyl citrate from the beginning or the reaction. The percentage of dipropyl
citrate increased over reaction time, which correspondingly decreased the average carboxylic acid

group functionality of the mixture.

155




No. of carboxylic acid group

Reaction time (hrs.)

Citric acid:n-Propanol (1:1.25 mol) Citric acid:n-Propanol (1:1 mol)
70 22 70 2.2
__ 60 S, 3 || — 60
9 0] o....... Deeeeen D...... Breenne 2.0 o || X L T, S 20
= 50 .. P s || T 50 S ZTON Mde w Tt
S 40 Teoeeeemnlll, T o 18 8|8 a0 GRS Frd | g
E= . e e ] K] = I T T T
g 30 IR A 16 >|| 830 = 16
o S - o &l . f.....a... '
£ 20 S| § 2 Sy Bng
© & D...... Deeeennn Deeeene Beonrons D eerone e 14 E © 10 14
[T
0 OO DO O 12 O 0 12
1.50 2.50 3.50 4.50 3 2.50 3.50 4.50 5.50
Reaction time (hrs.) Reaction time (hrs.) O
1
Citric acid:n-Propanol (1:0.75 mol)
70 2.1
__60
§ . B renns D eveecepmerceee@eenn.. Q...
o Citric acid c 8] 2.0
. .g O R L S
0O Monopropyl citrate % 20 I
Dipropyl citrate g S e B i O 1.9
Tripropyl citrate S 20 ©
0 Number of carboxylic acid group 10
0 b 1.8
4.50 5.50 6.50 7.50

No. of carboxylic acid group

Figure 5.6 Citric acid conversion into their propyl esters at various mole ratios of n-
propanol
For crosslinking applications, the presence of di- and trialkyl citrate is not suitable because
they inhibit the polymer chain growth. Therefore, additional propyl citrate formulations were

prepared to avoid formation of di- and tripropyl citrates as depicted in Table 5.2.
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Citric Reaction | Reaction Free citric | Monopropyl | Dipropyl | Tripropyl | Average
acid to n- | time* temperature | acid (%) | citrate (%) | citrate citrate carboxylic
propanol | (min.) °O) (%) (%) acid
(mol:mol) functionality
1:1.50 77 110 24.7 57.6 16.7 0.0 2.1

1:1.75 50 21.5 60.3 17.2 0.0 2.0

1:2.00 50 29.1 69.9 0.0 0.0 23

1:2.50 35 20.2 61.3 17.5 0.0 2.0

* The reaction time at which mixture become transparent

Table 5.2. n-propyl citrate formation under various n-propanol mol ratios
Dipropyl citrate was not formed when citric acid to n-propanol ratio of 1:2 used and an average
carboxylic acid functionality of 2.3 was achieved as indicated in Table 5.2. The dipropyl citrate
amount is increasing as the alcohol amount increases, and it becomes 0 at the citric acid to propanol
ratio of 1:2. Then, at the 1:2.5 mol ratio, it increased again to 17.5% as it is not only dependent on
alcohol amount but also the reaction time. It also can be concluded that higher amount of alcohol
is decreasing the reaction time, although at the same time after certain level of alcohol, the dipropyl

citrate starts to form.

5.3.3 Butyl citrate

Four different citric acid to n-butanol mol ratios were used and the reaction progress was
monitored as depicted in Figure 5.7. Tributyl citrate was not formed when limiting amounts of n-
butanol was used for the reaction, as seen with 0.50 and 0.75 moles of butanol per mole of citric
acid. At these citric acid-to-n-butanol mole ratios, dibutyl citrate formation of between 10 and 15
occurred %. For all four different mole ratios, the monobutyl citrate content is comparatively

similar (between 50 to 55%) and as the reaction progresses monobutyl citrate amounts stabilized
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which indicated that the reaction establishes to its equilibrium. The citric acid conversion also
reaches an equilibrium state for all mole ratios except for the case of mole ratio of 1:4, where

excess n-butanol is available to be used in the reaction, and free citric acid continues to be

consumed.
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Figure 5.7 Citric acid conversion into butyl esters at various mol ratios of citric acid : n-butanol

It can be concluded that the n-butanol amount and the reaction time affect the carboxylic acid

functionality of the citrate mixture and can be tunable to achieve desired functionality. After
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studying the effects of esterification reaction parameters onto the citric acid conversion and mono-
, di-, and tributyl citrates formation, five additional butyl citrate formulations were prepared to
determine their viscosities and how they are corelated with the composition of the mixture as

depicted in the Table 5.3.

CA MBC | DBC TBC Viscosity (Pa.S)
(%) 25°C [30°C 35°C 40 °C 45°C |50 °C
BC-1 17.3 49.4 29.0 3.4 3264 1887 1463 1403 1391 | 1402
BC-2 | 28.7 51.0 19.3 0.0 10825 | 6956 4439 2073 1562 | 1481
BC-3 | 22.0 63.1 13.8 0.0 3224 1207 488 209 97 48
BC-4 | 420 44 4 12.4 0.0 23929 | 18336 | 13970 | 11523 | 9266 | 5017
BC-5 |379 473 13.6 0.0 17159 | 5665 2069 820 349 157

Table 5.3 Viscosities of butyl citrate formulations
Since each compound affects the overall viscosity of the formulation would have multiple
effects as one compound increasing while other is decreasing, for instance, trialkyl citrates are
low viscosity compounds while citric acid is a solid substance. It cannot be concluded the precise
effect of individual compound’s viscosity on the overall viscosity of the formulation. The
viscosities are drastically reduced at 50 °C, specifically for formulation no. 3, which could be
highest amount of monobutyl citrate and lower amount of free citric acid present compared to
formulation no. 4. Additionally, such a high viscosity formulation is not suitable for plant oil
epoxide as they are not miscible at room temperature.
5.3.4 Hexyl citrate
Two reaction temperatures were used and various citric acid to n-hexanol mol ratios were used
to synthesize hexyl citrate mixtures as depicted in Table 6. It was found that dihexyl citrate was

formed at both temperatures that is why the average carboxylic acid group functionality was less
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than 2.0 for all formulations. Since the curing agent must have at least two functional groups in

order to form infinite crosslinks, those formulations with less than 2 functionalities are not suitable.

Citric Reaction | Reaction Free citric | Monohexyl | Dihexyl Trihexyl Average
acid to n- time temperature | acid (%) | citrate (%) citrate citrate carboxylic
hexanol (min.) (°O) (%) (%) acid
(mol:mol) functionality
1:1 282 120 14.7 52.8 27.2 5.4 1.8
1:1.25 210 10.3 47.5 36.1 6.0 1.6
1:0.75 96 130 20.7 56.1 20.1 3.0 1.9
1:1 120 17.2 54.2 249 3.7 1.9
1:1.25 60 16.1 58.9 22.2 2.8 1.9

5.3.5 Bioresins

Table 5.4 n-hexyl citrate formation under various n-hexanol mol ratios

The objective of synthesizing these partial esters of citric acid was to prepare a plant oil epoxide

miscible curing agent. This miscible curing agent then make possible to prepare fully biobased

epoxy resins without the use of solvent. These citrates were miscible with the plant oil epoxides

as depicted in the Figure 5.8. Then, this mixture was kept at room temperature and it become a

tack-free solid cured mass within 48 hours as depicted in Figure 5.9.
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Fig 5.9. Room and elevated temperatures cured plant oil epoxide with the alkyl citrate
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Name of Composition of the curing agent Miscible
the curing ™5 ™ T'Monoalkyl | Dialkyl | Trialkyl | With the
agent citric | citrate (%) | citrate | citrate plant oil
acid (%) (%) (%) | epoxide®
at 50 °C
Ethyl 36.8 63.2 0.0 0.0 No
citrate-1
Ethyl 17.2 82.8 0.0 0.0 Yes
citrate-2
Propyl 22.0 60.0 18.0 0.0 Yes
citrate-1
Propyl 29.1 69.9 0.0 0.0 Yes
citrate-2
Butyl 22.0 63.1 13.8 0.0 Yes
citrate-1
Butyl 41.3 44.7 12.9 0.0 No
citrate-2
Hexyl 20.7 56.1 20.1 3.0 Yes
citrate-1
Hexyl 10.3 47.5 36.1 6.0 Yes
citrate-2

*Epoxides to curing agent ratio1:0.4 w/w

Table 5.5 Miscibility of novel biobased curing agents with the plant oil epoxides

These biobased curing agent mixtures were miscible with the plant oil epoxides at 50 °C,

when the free citric acid content was less than 30% in the mixture.

5.4 Conclusions
Biobased, multifunctional, and compatible curing agents were synthesized for use with the

plant oil epoxides. The partial esters of citric acid were synthesized by using short to medium chain
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length alcohols, ethanol, propanol, butanol and hexanol via green chemistry route. An HPLC-
ELSD analytical method was established to quantify these synthesized alkyl esters of citric acid.
It was found that the composition of these alkyl citrate formulations depends on the citric acid to
alcohol mole ratio, reaction time and temperature. Then, these synthesis parameters were used to
prepare alkyl citrate with the highest carboxylic acid functionalities. The di- and trialkyl citrates
have carboxylic acid functionality of 1 and 0, respectively which cannot contribute to crosslinking,
so they are avoided in the formulations. By utilizing the synthesis parameters described, it was
possible to synthesize ethyl and propyl citrate mixtures without the formation of di- and trialkyl
citrates. However, this was not possible for the butyl and hexyl citrates. Finally, it was also found
that these biobased curing agents are reactive at room temperature, 25 °C with the plant oil
epoxides and formed tack-free and light colored cured resins within 48 hours. It was also found
that the room temperature cure sample’s Tg is keep increasing up 4 weeks and matching with the
sample which is cured at elevated temperature. Although, Fig 5.9 clearly indicating that the pale
yellowish color bioresin formed when it cured at elevated temperatures while room temperature

cured samples remain light colored.
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Chapter 6

Solvent-free manufacturing of high biocontent bioresins and

biocomposites

6.1 Introduction

Greenhouse gas emissions are rapidly increasing which causes devastating global climate
change effects. One of the major sources of greenhouse gas emissions is from nonrenewable
feedstocks. Hence, there is a need to diversify our dependence towards alternate or biobased
resources [1] that have low carbon footprints. Large amounts of polymeric based materials are
manufactured from petroleum-based feedstock. Epoxy resin is a class of thermoset material which
makes up about 10% of the overall plastics or polymer based materials market [2]. Out of this,
more than 90% of the epoxy resins are formulated from petroleum-based feedstocks such as
bisphenol A [2]. The abundant usage of this class of resin is due to its versatility - the phenolic
ring and a 3-dimensional polymer network contributes for its toughness and rigidity, the ether
linkage imparts chemical resistance, and the hydroxyl group can contribute towards adhesion
properties [3]. These BPA based thermoset materials are being used in electronics, as coatings,

polymer matrices for natural fiber composites, and many other applications [4].°

6 A version of this chapter has been submitted as a patent, “Jonathan M. Curtis, Vinay Patel, US provisional patent
application serial no. 63/075,940, Biobased hardener for epoxy resins.”
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In spite of having such a versatile material, studies have shown that BPA is a potential human
hormone disruptor and could be responsible for many diseases include hypertension, peripheral
artery disease, and atherosclerosis [5]. Additionally, the majority of this BPA is produced via the
condensation reaction between phenol and acetone, and these are derived from petroleum sources.
As such, there is a need to find an alternate source of resin which could be biobased and not have
any adverse human health effects.

There has been a growing research trend towards biobased materials from plant or animal
sources [6]. For instance, lactic acid is being produced commercially by fermentation of starch and
sugars that is one of the biobased monomers to produce polylactic acid (PLA), a thermoplastic
resin [7]. There are a few biobased thermoset resins that are commercially produced, for instance,
polyhydroxyalkanoates (PHA) is a polyester. The PHA monomers can be produced via
fermentation of sugars and lipids, and they can be mixed and extruded to form a rigid material [8].
Despite being produced from biobased feedstocks, these bioresins have limitations in terms of
efficient synthesis route as well as the overall cost of the final product [9].

Plant oils are another biobased resource which could be utilized to replace some of the
petroleum-based resins. These are desirable because they naturally contain almost entirely
triacylglycerides, and have wide availability (a detailed description can be found in Section 1.2).
They can be functionalized into reactive monomers, which could be used for many applications
from coatings to biocomposites.

This work utilizes epoxidized oils: namely, hemp and linseed, because they contain higher
amounts of polyunsaturated fatty acids, linoleic and linolenic and least amounts of saturated and

oleic acid. The three novel biobased curing agents, propyl-, ethyl-, and butyl-citrates (CA-alkyl
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esters), are used with these two epoxidized oils to make fully biobased thermoset materials without
the use of a solvent. Many biobased curing agents are not compatible with the plant oil epoxides
and the ones that are miscible have limitations include availability and costs [10]. So, one of the
obstacles of using epoxidized plant oils in making fully biobased materials is that it requires a
solvent to make a homogeneous mixture of epoxide and biobased curing agent. The previous
chapter described a novel process to make these CA-alkyl esters which are miscible with the plant
oil epoxides. It was discovered that the mixture of citric acid and their partial alkyl esters are
readily miscible with the plant oil epoxides that can crosslink epoxy monomers to form a rigid
thermoset material.

This chapter first describes an optimisation of the epoxy to curing agent ratios. This was
achieved through differential scanning calorimetry (DSC) measurements on epoxide-curing agent
mixtures and cured resins. Then, utilizing these optimum ratios, bioresins and natural fiber
biocomposites were prepared, and their mechanical and thermomechanical properties measured
using flexure tests and dynamic mechanical analysis (DMA). One of the objectives was to prepare
a miscible plant-oil-epoxide-curing agent mixture that can impregnate the natural fiber without the
use of solvent. Ultimately, the purpose of the testing was to determine the comparative mechanical
and thermomechanical performances of the newly synthesized bioresins for biocomposite

applications.

6.2 Materials and methodologies
6.2.1 Materials

The nonwoven natural fibermat with 60% wood, 40% hemp fiber content and density of 2.5
kg/m*® was generously provided by the Biocomposites Group, Drayton Valley, Alberta. The

epoxidized hemp and linseed oils were prepared in the lab using hydrogen peroxide and formic
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acid as catalyst [10]. The double bonds present in the oils were transformed into oxiranes via
peroxyacids (R-COO-0O-H) formation from formic acid and hydrogen peroxide. The detailed
synthesis process to make biobased curing agents was described in the previous chapter, and
compositions of the CA-alkyl esters used in this study are depicted in Table 6.1. These curing

agent formulations were chosen because they are miscible with the plant oil epoxides at 50 °C and

has pot life of about 1 hour.

Composition of CA-alkyl citrates
Propyl citrate | Citric acid | Monopropyl Dipropyl Tripropyl Average
(PC) (%) citrate (%) citrate (%) citrate (%) carboxylic acid
functionality/mole
29.1 69.9 0 0 2.3
Ethyl citrate | Citric acid | Monoethyl Diethyl Triethyl
(EC) (%) citrate (%) citrate (%) citrate (%)
17.2 82.8 0 0 2.2
Butyl citrate | Citricacid | Monobutyl Dibutyl Tributyl
(BC) (%) citrate (%) citrate (%) citrate (%)
22.0 63.1 13.8 0 2.1

Table 6.1 Compositions of the CA-alkyl citrates

6.2.2 Methodologies

The first portion of this work uses pure resin without any reinforcement material to determine
the optimum epoxy to carboxylic acid groups ratios for all epoxide-curing agents formulations.
Then, biocomposites were prepared from this resin by utilizing natural fiber as the reinforcement
material. The mechanical and thermomechanical properties were compared to determine the effect

of each curing agent on the biocomposites’ properties. These properties are correlated with

169



characteristics including the %OOC of the epoxides, the curing agent’s functionality, and the

amount of plasticizing compounds present in the curing agent.

6.2.2.1 Bioresin preparation

To study the curing behavior through DSC, the epoxide and curing agent were separately
heated to 50 °C and then mixed for about 10 minutes to achieve a homogeneous mixture. Then,
the mixture was placed in vacuum (25 mmHg) to remove any trapped air bubbles from the bulk
liquid at room temperature for about 10 minutes. It was then transferred to an aluminum pan and
kept at 25 °C over the next 22 days. Previously, it was observed that such epoxide-curing agent
mixtures were cured to become tack-free rigid material withing 48 hours (at 25 °C) so every 10
days the curing progress was measured. Figure 6.1 illustrate bioresin samples prepared from

epoxidized linseed oil and propyl citrate.

Figure 6.1 Bioresins prepared from epoxidized linseed oil and propyl citrate at 25 °C
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Additionally, bioresin samples were cured at elevated temperature. The epoxide and curing
agent mixture was prepared as described above until degassing under vacuum. Then, the liquid

mass was transferred into an aluminum pan, and it was placed in an oven which was set at 25 °C.
Then the oven temperature increased to 140 °C at a rate of about 2 °C/min. The oven temperature

was kept isothermal at 140 °C for 1 hour then cooled down to 25 °C.

6.2.2.2 Biocomposites preparation

The resin was prepared using the aforementioned procedure and used to impregnate the fiber
mat at room temperature by hand lay-up. Particular attention was paid to ensure homogeneous
impregnation of the fibermat with the resin system. Consolidation of the constituents of the
biocomposite was done by placing the impregnated fiber mat between two steel plates and placing
this onto a hot press which was preset at 140 °C. About 2 ton pressure applied onto the 6°X6” area
and maintained for 20 minutes. Then, it was removed and cooled down to room temperature for
further measurements and analysis. Figure 6.2 illustrates a biocomposite and a bioresin mixture

prepared using this manufacturing method.
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Figure 6.2 A biocomposite and a bioresin mixture samples

6.2.2.3 Sample preparation for flexure (3-point bend) test

As indicated above, 6”X6” biocomposite plates were prepared for each epoxide-curing agent
combination. Then, five samples were cut with dimensions of 96 mm length, 13 mm width, and 5
mm thickness. A Bose Electroforce 3200 series III universal testing machine was used for the
flexure tests. The unit was equipped with a 450 N maximum capacity load cell and a 3-point
bending fixture. The span length was set to 80 mm. The rate of the crosshead movement was 1.0
mm/min as per the ASTM D7274/D7274M-15 standard method used for flexural test. All tests
were conducted after 4 weeks of sample preparation and the time for all samples was constant.

These tests performed at room temperature of 25 °C.
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6.2.2.4 Sample preparation for DMA

DMA model Q800 (TA instruments, USA) was used for these measurements. Optimum epoxy
to carboxylic acid groups ratios was used to prepared bioresin samples. The homogeneously mixed
epoxide-curing agent mixture was poured into a Teflon mold with dimension: 95mm length,
15mm width, and 4mm thickness. It was cured at 140 °C for 1 hour and cooled down to room
temperature. All samples were polished by a sandpaper size P600 in order to have precise
dimension. A dual cantilever clamp used for the test and a fixed 1 Hz frequency was set for
temperature scan to measure the viscoelastic properties of the samples. There was no load applied

during the temperature scan. The temperature scan range was -70 to 100 °C.

6.3 Results and discussions

Differential scanning calorimetry is one of the tools used to determine the optimum ratio of
epoxide and curing agents by measuring their glass transition temperatures. At the optimum epoxy
to carboxylic acid groups ratio, the crosslinking density would be highest and there would remain
the lowest number of unreacted components, the epoxy monomers and curing agent. As a result of
these two effects, at the optimum epoxy to carboxylic acid groups ratio, where there would be
highest crosslinking density, the highest glass transition temperature amongst samples prepared by

using different epoxy to carboxylic acid groups ratios would be observed.

6.3.1 Determine the optimum epoxy to carboxylic acid molar ratios
Since the curing agents used in this study were synthesized and used with the plant oil epoxides
for the first time, the optimum epoxide to curing agent ratio needs to be determined. The epoxide-

curing agent mixture was prepared as described in section 6.2.2.1 and allowed to cure at 25 °C

over the next 22 days. The Tg was measured at days 0, 12 and 22. The Tg at day 0 was determined
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by taking the bulk liquid sample and cured in the DSC as follows. The sample mixture was heated
to 160 °C at 2 °C/min then held isothermal for 10 min. It was cooled down to -90 °C and the
temperature was raised to 160 °C within +1 °C/min. using the modulated mode. At days 12 and
22, samples were taken from the bulk bioresin for measurement of their Tg. The material with the
highest crosslinking density would have a higher glass transition temperature (Tg) than the
material with a lower crosslinking density. Additionally, the highest Tg can also indicate the lowest
amount of unreacted monomer present in the cured sample compared to the material with the lower
Tg. Such an unreacted monomers have plasticizing effect which is responsible for the low Tg of
the material. By considering these parameters, it can be hypothesized that if the maximum number
of epoxy groups are crosslinked via reaction with carboxylic acid groups, then in this case there

should be least amount of unreacted monomers/curing agents present in the cured sample.

Epoxidized linseed oil/Butyl citrate
Epoxy/Acid | Day 0 Day 12 Day 22 Cured @ 140
(Ep/Ac) °C, 1 hrs.
groups molar
ratio Cured at room temperature
Tg0 (°C) | Tgl2 (°C) | Tg22 (°C) | Tg (°O)
1.00 18.8 23.0 21.7
1.52 26.0 33.2 34.4
1.61 29.7 32.6 36.2
1.71 31.3 37.0 43.6 37.6
1.82 28.1 38.7 38.9
1.95 28.4 28.5 33.4

Table 6.2 Optimum Ep/Ac groups molar ratio for the epoxidized linseed oil and butyl

citrate mixture
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This material should have the highest Tg compared to one which has an unbalanced number
of epoxy to carboxylic acid groups in the reaction mixture. In the case of the butyl citrate curing
agent with epoxidized linseed oil, the epoxide to carboxylic acid group molar ratio of 1.7 is
optimum as it has the highest Tg among all other ratios. The highest Tg was also observed at this
molar ratio as curing progresses for the day 12 and 22 samples (Table 6.2).

The same epoxy to carboxylic acid groups molar ratio, 1.7, was used to prepare a bioresin at
an elevated curing temperature of 140 °C, and this sample has Tg of 37.64 °C which was about 6
°C less than the sample cured at 25 °C for 22 days. This could be due to differences between the
curing profiles at room temperature vs 140 °C as the reactive compounds in the bulk mixture have
more time to react at room temperature. In contrast, with the higher temperature curing, these
reactive components are crosslinked quicker and hence the remaining unreacted monomers do not
get enough time to become part of overall crosslinking network.

When the epoxidized hempseed oil was used with the butyl citrate as curing agent (Table 6.3),
the optimum epoxy to carboxylic acid groups molar ratio was determined as 1.5. Thus, the ratio of
1.7 was optimum for the epoxidized linseed oil but 1.5 for epoxidized hempseed oil, which means
that the later formulation is less epoxy rich. This could be due to the differences between the curing
kinetics of these two epoxidized oils, as it was proven that epoxides with higher %OO0OC have

higher reactivities than those with lower %OOC [11].
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Epoxidized hempseed oil/Butyl citrate
Epoxy/Acid Cured @
(Ep/Ac) Day 0 Day 12 Day 22 140 °C, 1
groups molar hrs.
ratio Cured at room temperature
Tg0 (°C) | Tgl2 (°C) | Tg22 (°C) Tg (°C)

1.00 8.9 11.8 12.5

1.40 10.0 17.5 18.3

1.49 14.3 19.8 23.0 16.6

1.59 10.3 16.4 21.1

1.70 11.9 20.6 21.6

1.84 9.4 12.7 14.6

Table 6.3 Optimum Ep/Ac groups molar ratio for the epoxidized hempseed oil and
butyl citrate mixture

The difference between bioresin’s Tg prepared from epoxidized linseed and hempseed oil with

the butyl citrate was about 21 °C due to the differences in their %0O0C, as 8.3% and 9.8% OOC

of EHO and ELO, respectively.
The optimum Ep/Ac ratio of 1.7 was determined for the epoxidized linseed oil and propyl
citrate since this ratio results in the maximum Tg for day 0, 12 and 22 (Table 6.4). The Tg of

bioresin prepared by using this ratio of 1.7 and cured at elevated temperature was about 3 °C higher

than the sample cured at 25 °C for 22 days.
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Epoxidized linseed oil/Propyl citrate

Epoxy/Acid
(Ep/Ac) Cured @ 140 °C,
groups molar | Day 0 | Day 12 | Day 22 1 hr
ratio Cured at room temperature

Tg0 Tgl2 Tg22 Tg (°C)
°C) °C) °C)

1.91 413 40.0 48.7

1.79 39.8 44.6 42.0

1.69 423 46.3 49.0 52.9

1.59 36.2 43.0 35.0

Table 6.4 Optimum Ep/Ac groups molar ratio for the epoxidized linseed oil and

When the epoxidized linseed oil replaced with the epoxidized hempseed oil, the optimum
epoxy to carboxylic acid groups ratio was decreased from 1.7 to 1.6 (Table 6.5). This small
difference could be due to their unique reactivities. Since the epoxidized linseed oil curing rate is
faster than epoxidized hempseed oil [11], the mixture of epoxidized linseed oil and propyl citrate
form a crosslinked network faster, which does not allow all of the epoxy groups to become part of

the network, and this could the reason that the optimum Ep/Ac molar ratio is greater than 1

propyl citrate mixture

requiring higher amount of epoxy groups than equimolar amount.
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Epoxidized hempseed oil/Propyl citrate
Day0 | Day12 | Day22 | Cured @ 140 °C,
Epoxy/Acid | Cured at room temperature 1 hr
(Ep/Ac)

groups molar | Tg0 Tgl2 Tg22 Tg (°C)

ratio (°O) (°O) (°O)
1.67 20.4 279 28.4
1.57 21.8 29.2 31.3 29.2
1.47 21.6 24.6 24.5

Table 6.5 Optimum Ep/Ac groups molar ratio for the epoxidized hempseed oil and
propyl citrate mixture

The optimum epoxy to carboxylic acid groups ratio of 1.7 was determined for epoxidized
linseed oil with the ethyl citrate (Table 6.6). Interestingly, the sample cured at 25 °C over time
appears to be maximally cured in 12 days as the 22 day sample does not show any further increase

in Tg. However, the bioresin prepared at elevated temperature has about 5 °C higher Tg than the

sample cured at 25 °C.

Epoxidized linseed oil/Ethyl citrate
Epoxy/Acid Cured @ 140

(Ep/Ac) Day 0 | Day 12 Day 22 °C, 1 hr

groups molar
ratio Tg0 (°C) | Tgl2 (°C) | Tg22 (°C) Tg (°C)

1.86 35.4 43.8 443
1.74 38.7 40.3 40.1 45.1
1.63 33.4 39.4 37.1

Table 6.6 Optimum Ep/Ac groups molar ratio for the epoxidized linseed oil and ethyl
citrate mixture

The optimum epoxy to carboxylic acid groups ratio was decreased from 1.7 to 1.4 when the

epoxidized linseed oil replaced with the epoxidized hempseed oil with the ethyl citrate curing agent
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(Table 6.7). Additionally, a similar 25 °C curing rate phenomenon was observed so that most of
the curing occurred within 12 days and there was no further significant change in Tg, when bioresin
cured for longer. For this epoxidized hempseed oil/ethyl citrate case it was also observed that there
was no significant difference in Tg between bioresins prepared at elevated temperature vs. cured
at 25°C. Hence, it can be concluded that such bioresin mixture can maximally cured at 25 °C

within 12 days.

Epoxidized hempseed oil/Ethyl citrate
Day 0 Day 12 | Day 22
Epoxy/Acid Tg0 Tgl2 Tg22 Tg (Cured in oven
groups ratio (°O) (°O) (°C) @ 140 °C, 1 hrs.)
1.63 20.2 22.2 24.8
1.52 23.0 26.2 25.1
1.42 23.8 23.4 23.0 24.1
1.34 20.2 23.1 26.4

Table 6.7 Optimum Ep/Ac groups molar ratio for the epoxidized hempseed oil and

ethyl citrate mixture

6.3.2 Flexural properties of biocomposites
Five specimens for each test were used for repeatability. A representative stress (N) versus

deflection (mm) graph is shown in Figure 6.3.
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Load (N) vs. Displacement (mm)

Yield strength  Ultimate tensile strength

Slope=Flexural stiffness

@
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Displacement (mm)

Fig 6.3 A representative load (N) vs. Deflection (mm) graph for biocomposite specimen

The initial linear portion of the curve was used to calculate the flexural stiffness of the
specimens. The maximum load was considered as the ultimate tensile strength. These points are
also shown in fig. 6.3. The averages of the flexural stiffness and the ultimate tensile strength for
the specimens tested for each case is presented in Tables 6.8, 6.9, and 6.10.

The ultimate tensile strength and flexural stiffness were higher for the biocomposites that were
prepared from epoxidized linseed oil compared to the biocomposites prepared from the epoxidized
hempseed oil (Table 6.8). These higher mechanical properties of epoxidized linseed oil based

biocomposites are due to higher %OO0C of the epoxidized linseed oil.

Curing agent Propyl citrate
Epoxidized oil Hempseed Linseed
Ultimate tensile strength (N/mm?) | 33.4 +2.8 582+2.1
Flexural stiffness (N/mm?) 7.6+£0.9 10.6 £1.8
Resin content (%) 48.9 50.6

Density (g/cm?) 1.0 1.1

Table 6.8 Flexural stiffness of biocomposite prepared by using epoxidized hempseed-linseed oils
with propyl citrate curing agent
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Similar superior mechanical properties were recorded for the biocomposites that were prepared
by using ethyl and butyl citrates with epoxidized linseed oil vs hempseed oil. The biocomposites
prepared from ethyl and propyl citrates were found to have better mechanical performance than
the biocomposite prepared from butyl citrate. This could be due to the 14% of the plasticizing
compound, dibutyl citrate, present in butyl citrate curing agent, and there were no such compounds
present in other two CA-alkyl esters. This data is also in agreement with the Tg data from the DSC
(Tables 6.5, 6.6 and 6.7). Despite having slightly different composition between ethyl and propyl
citrates (Table 6.1), the ultimate tensile strength and flexural stiffness differences between these
two biocomposites were within standard deviation. Such negligible difference could be because of

a small carboxylic acid functionality difference between ethyl citrate (2.2) and propyl citrate (2.3).

Curing agent Ethyl citrate
Epoxidized oil Hempseed Linseed
Ultimate tensile strength (N/mm?) | 33.6 + 1.6 60.9+3.9
Flexural stiffness (N/mm?) 7.6+1.1 114+1.5
Resin content (%) 42 .4 49.0
Density (g/cm?) 1.0 1.1

Table 6.9 Flexural stiffness of biocomposite prepared by using epoxidized hempseed/linseed oils
with ethyl citrate curing agent

In spite of differences in the resin amounts, 6.4% for hempseed and 1.6% for linseed, the
mechanical stiffnesses of the biocomposites were negligible (Table 6.8 and 6.9). Similarly, there

were not significant density differences between biocomposites.
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Curing agent Butyl citrate
Epoxidized oil Hempseed Linseed
Ultimate tensile strength (N/mm?) | 15.9 + 0.8 37.67+5.7
Flexural stiffness (N/mm?) 54+1.1 6.8+1.3
Resin content (%) 454 44.9

Density (g/cm?) 1.0 1.2

Table 6.10 Flexural stiffness of biocomposite prepared by using epoxidized hempseed/linseed
oils with butyl citrate curing agent

The ultimate tensile strength of the biocomposites prepared from butyl citrate was the lowest
among the 3 types of curing agents because of its composition (Table 6.1), which includes dibutyl
citrate resulting in the lowest functionality. The density of biocomposites prepared from butyl
citrate and hempseed epoxides was also the lowest at 0.98 g/cm? result in low crosslinking density

polymer network, although this could also be possibly a result of sample preparation.

6.3.3 Dynamic mechanical analysis (DMA)

Figure 6.4 Test set up for DMA
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Figure 6.4 illustrates the test set up for the DMA measurements. Fully biobased bioresins and
biocomposites were prepared without the use of solvent. Once these objective, fully biobased and
solvent-free process, had been achieved then systematically viscoelastic properties of these
bioresins and biocomposites were measured by dynamic mechanical analyzer (Table 6.11). Each
bioresin and biocomposite sample was prepared in duplicate and their properties were measured
to investigate the effect of the biobased curing agent on the properties of the final cured samples.
Since the butyl citrate curing agent has substantial amount of dibutyl citrate which act as a
plasticizer [12], it was of interest to see what effect this has on the cured sample compared to cured

materials prepared using ethyl and propyl citrates.

Tg (°C)
Curing agent EC PC BC
Epoxide Hempseed | Linseed Hempseed | Linseed Hempseed | Linseed
Bioresins 419+ 1.1 56.0+0.5 45.7+0.2 60.8+0.5 39.7+0.2 54.7+0.6
Biocomposites | 27.1 + 0.6 41.0+0.3 304+0.2 442 +2.0 23.8+ 1.1 375+ 1.4

Table 6.11 Glass transition temperatures (Tg) of bioresins and biocomposites

The impacts of three different biobased curing agents on the final properties of the bioresins
and biocomposites were significant. The curing agents used in this study was a mixture of two or
more compounds as depicted in Table 6.1. First, the effect of the curing agent’s composition was
evaluated. One common compound present in these three curing agents was citric acid, although
its amount in each curing agent was different. For instance, citric acid in ethyl citrate was 17.2%,
propyl citrate 29.2%, and butyl citrate 22.0%. Therefore, theoretically, the higher citric acid
content curing agent have higher functionality so it could produce material with highest Tg. At the
same time, it is better to consider the overall functionality of the curing agent (Table 6.1) to make
the predictions about the material properties. Using this assumption, the bioresin and biocomposite

prepared by using propyl citrate should have the highest Tg, which is what was found in this study,
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where the bioresin and biocomposite prepared from propyl citrate had a Tg of 60.8 and 44.2 °C,
respectively when epoxidized linseed oil used. Similarly, when the epoxidized hempseed oil was
used, the highest Tg for both bioresin and biocomposite were observed with propyl citrate, at 45.7
and 30.4 °C respectively. Thus, even though there are only small differences in carboxylic acid
functionalities between 3 curing agents, the Tg and storage modulus of bioresins and
biocomposites have significant differences. Such differences in mechanical properties could be
partly due to the plasticizing effects from the non-reactive compounds present in the curing agents.
Tri- and dialkyl citrates have functionality of 0 and 1, respectively, they are considered as
plasticizer and contribute to lowering the Tg and storage modulus of the material. Since the butyl
citrate contains the highest amount of these di- and tributyl citrates, material prepared from this

curing agent possess the weaker mechanical performance than the other two material samples.
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Figure 6.5 Bioresins - Storage (G') , loss (G") modulus, and Tan
Another possible justification for having the lower Tg and mechanical strengths of the
materials prepared by using butyl citrate compared to ethyl- and propyl-citrates due to the
difference is the carbon chain length. Butyl citrate contains 4 carbon compared to 2 and 3 for the

ethyl- and propyl-citrates, respectively.
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Figure 6.6 Biocomposites — Storage (G’), loss (G”) modulus, and Tan

The viscoelastic behaviors of the bioresins are illustrated in Figure 6.5 with their storage and

loss modulus, and tan delta curves. The bioresin’s storage modulus from 20 to 40 °C was highest

(~1800 MPa) for the epoxidized linseed oil with the ethyl and propyl citrates because of superior

functionality as well as no plasticizing compound in both curing agents. In contrast, the storage

modulus of the biocomposite (~500 MPa) prepared from butyl citrate and hempseed oil epoxide

was the lowest (Figure 6.5). Similar effects were observed from the tan delta curves, and in

addition the biocomposites prepared from linseed oil epoxide and ethyl and propyl citrates had the

highest Tg (55.5 and 60.7 °C).
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Similar viscoelastic behaviors were observed for the biocomposites such as the maximum
storage modulus ~2800 MPa was recorded between 20 to 30 °C for the linseed epoxide with the
ethyl and propyl citrates (Fig 6.6). Additionally, the viscoelastic properties and Tg values of
bioresin and biocomposites were also in agreement.

Overall, these fully biobased resins possess properties that match with commercial resin
products that are partially biobased. The Super Sap resin brand offers a range of epoxy resins and
hardeners, and it is commercially produced by Entropy Resins [13], and all of their resins contain
21-30% biocontent by mass [14]. The properties of five commercial epoxy resins produced by
entropy resins were reported [14], and some of the properties are comparable with the fully
biobased resins prepared in this work. Super Sap resin’s cure cycle at 25 °C is from 3 days to 10
days with a post cure recommended, while fully biobased resins cure between 2 (tack-free state)
to 15 (fully cured) days. The cured Super Sap resin’s Tg (DSC) are between 63 °C and 115 °C
[13,14], while the fully biobased resin’s (ELO/PC) Tg is 52 °C is achieved in this work.

A resole prepolymer was synthesized from cardanol (a phenolic by-product of cashew nut
industry) and diglycidyl ether of bisphenol A (DGEBA) to prepare a thermoset resin, and such
resin used to prepare biocomposites [15]. These resin contains 40% biobased cardanol, and their
Tg (DMA) was in a range of 42-56 °C while using silane compound as curing agent in presence
of amine catalyst [15]. In contrast, the Tg (DMA) in a range of 39 to 60 °C of fully biobased resins
prepared from epoxidized plant oils and CA-alkyl esters curing agents. Additionally, the tensile
strength of biocomposites prepared from 40% biobased phenolic resin was in a range of 9 to 20
MPa [15], and the biocomposites prepared from fully biobased resin possess tensile strength in a

range of 15 to 60 MPa (Tables 6.8,6.9,6.10).

187



6.4 Conclusion

Novel biobased curing agents were developed and used to prepare bioresins and biocomposites
without the use of solvent. Differential scanning calorimetry (DSC) data was used to determine
the optimum epoxy to carboxyl acid groups ratios. It was found that epoxy group to carboxylic
acid groups ratios between 1.40 to 1.80 or about epoxide to curing agents 1:0.4 (w/w) for all
formulations. It was also concluded that these formulations are curing at room temperature (25 °C)
and reach to the level of curing where samples cured at elevated temperatures in about 2 weeks.
Additionally, the glass transition temperature was highest for the formulations which has higher
amount of free citric acid and minimum amounts of di-and tri-alkyl citrates. The bioresins and

biocomposites viscoelastic properties and 3-point bend test data are also in the agreement with the

DSC data.

The fully biobased bioresins and biocomposites possess properties that are comparable to some
of the commercial partially biobased resins, for instance the Super Sap brand resin from Entropy
Resins. Additionally, these commercial resins contain 28% biocontent and their retail price is about
$30/kg [13]. In contrast, these fully biobased resins can be produced for a predicted price of under
$15/kg. Moreover, there are some other biobased resins synthesized from natural phenolic
feedstock, cardanol, to prepared biocomposites. The properties, Tg and tensile strength, of fully
biobased biocomposites were higher than the one prepared by using natural phenolic resins. These
fully biobased bioresins prepared from novel hardeners and epoxidized plant oils could replace

some of the commercial resins and partially biobased resins.
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Chapter 7

General Conclusion and Future Work

7.1 General conclusion
The high biocontent bioresins could replace some of the existing synthetic resins as well as

they could be used for new applications like wood and other coatings. These biobased materials
could accelerate the transition to meet the sustainability goals by fulfilling the circular economy

concept.

In this thesis, fully biobased plant oil epoxides and citric acid were used to prepare high
biocontent bioresins and biocomposites via a solvent-free manufacturing process. To achieve these
criteria, two approaches were adopted: 1. modification of plant oil epoxide and 2. modification of
citric acid. The mechanical and thermomechanical performances of bioresins and biocomposites
prepared from various plant oil epoxides (canola, hemp, and linseed) were tested (Chapter 2 & 4).
As expected, the bioresins made using higher %O0C epoxides (hemp and linseed) have better
mechanical performance than bioresins prepared from lower %OOC epoxides (canola), as
indicated by their modulus of rupture and elasticity, and their Tg values. Additionally, it was
confirmed that the high %OOC epoxide (linseed) are more reactive than the low %OOC epoxides
(hemp) (Chapter 3). Since the linseed oil epoxide was reactive, the mechanical and
thermomechanical performances of bioresins and biocomposites were not maximum compared to
hemp oil epoxide. That is why, a systematic blends of low %OOC canola and high %0OOC linseed
epoxides were prepared and used them to prepare bioresins and biocomposites (Chapter-2). It was
discovered that the bioresins and biocomposites prepared from an ELO/ECO epoxide blend in

range of 80/20 to 60/40 shown the highest mechanical performances that were comparable with
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the materials prepared from EHO. From this study, it can be concluded that the EHO can be
replaced with the blend of ELO/ECO. Such blends of epoxides reduced the average %0OOC to the
level of EHO, and they can cure at slower rate resulting in a highly crosslinked polymer network.
Both of these studies (Chapters 2 and 3) were conducted in presence of solvent: acetone, as the
epoxides and curing agents are not miscible. It is an important and necessary requirement to have
a one phase epoxide-curing agent mixture in order to crosslink these monomers with the curing

agents.

Many synthetic epoxy systems are solvent free, but they are prepared from nonrenewable
feedstocks that have higher carbon footprints. Plant oils and citric acid are fully biobased
feedstocks that could be utilized to replace some of these synthetic epoxy resins. There are various
multifunctional carboxylic acids that could be used as curing agents, but citric acid was used in
this thesis because of the combination of the following features: 1. it is biobased; 2. it is
multifunctional with the three carboxylic acids; 3. it is produced in large scale at low cost.
However, plant oils and citric acid are not miscible, so they were modified through simple
processes: transesterification of plant oil epoxides (Chapter 4) and monoesterification of citric acid
(Chapter 5). Epoxidized linseed oil converted into linseed oil methyl esters becomes a low
viscosity reactive diluent, capable of dissolving the curing agent at elevated temperatures (100 °C).
Then, crosslinking occurs while dissolving the curing agent in linseed oil methyl esters, and this
increases the mixtures viscosity. As a result, this system has a limited pot life, and so it may not

be suitable for the majority of applications.

As an alternative, novel fully biobased curing agent mixtures were synthesized from citric acid
via a simple process (Chapter 5), so that these would be compatible with the plant oil epoxides.
This process produces a mixture that contains 4 possible components: unreacted citric acid, mono-
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, di- and trialkyl citrates. Ofthese, the di- and trialkyl citrates do not participate in the crosslinking
reaction, and they act as plasticizers and responsible for the low Tg and flexure strength materials.
These components were therefore quantified via HPLC-ELSD so that these important criteria
could be optimized in the reaction. The esterification reaction, that was aimed at maximizing the
formation of mono-esters while the di- and trialkyl citrate formation are minimized or avoided.
These was achieved by controlling the reaction temperature and time, and the citric acid to alcohol
molar ratios. The optimum epoxy to carboxylic acid groups ratios were found to be in the range of
1.40 to 1.80 or epoxides to curing agent ratios were 1:0.4 (w/w). These ratios were important
because they produced the strongest materials as demonstrated by measurements of their flexural
modulus, yield strength, storage and loss modulus (Chapter-6). Utilizing these optimum ratios,
bioresins and biocomposites with up to 100% biocontent were prepared via a solvent free
manufacturing process (Chapter 6). The mechanical and thermomechanical performances suggests
that they could be used to replace petrochemical resins in composites manufacturing. In addition,

it could be used for other applications such as coatings for wood and other materials.

This thesis demonstrated the importance of miscibility between the plant oil epoxides and the
curing agents developed in this thesis. This characteristic not only makes it possible to prepare
bioresins and biocomposites via a solvent free process, but also making the production of high
biocontent materials. Such a solvent-free manufacturing process and up to 100% biocontent
materials could be produced with a low global warming potential impact. These high bio- and
solid- content formulations could be used for woodworking and coating applications to replace

synthetic resins.

The recyclability of products made from thermosetting resins is a big challenge. This is because

if they are not recycled at the end of their service life, they slowly decompose in the land and water
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releasing microplastics and other pollutants. There are not any efficient and cost effective solutions
for this challenge, but one of the potential solution could be biodegradable materials. However,
highly crosslinked thermoset resins may be difficult to depolymerize and biodegrade. Therefore,

a future study of biodegradability behavior data of bioresins would be highly desirable.

In this thesis, an attempt has been made to reduce the overall carbon footprint of these materials
by implementing many of the 12 green chemistry principals in manufacturing of bioresins and

biocomposites.

1. Prevention

As described in sections 1.2 and 1.3, bioresins can be prepared from two components: epoxides
and curing agents. Plant oil epoxidation process is not generating any hazardous waste except the

acidic wash water that is used to remove the formic acid catalyst from the product.

The novel curing agent synthesized in this thesis is not generating any waste except a by-

product of water.

2. Atom economy

By using the following atom economy formula, the atom economy to produce an epoxidized
oil is about 75% and to produce novel biobased curing agent (ethyl citrates) is about 66%. The
25% lost atom efficiency in plant oil epoxidation process is due to the excess amount of hydrogen
peroxide required for the reaction. Additionally, hydrogen peroxide decomposes to water and
oxygen, so it produces harmless waste. In case of citric acid esterification, the atom efficiency of

66% calculated based on the consideration that the excess amount of ethanol not reused or

194



recycled. If the excess amount of ethanol is recycled then the atom efficiency of this reaction would
be about 90%.

% Atom Economy = (MW of atoms utilised / MW of all reactants) * 100

For instance,

a. 1 mole canola oil, 6 moles of hydrogen peroxide and 1 mole of formic acid can produce 1

mole of epoxidized oil.

944

Therefore, % Atom economy = 933 1 34 1 6(46) x 100

Where, MW of epoxidized canola oil = 944
MW of canola oil =933
MW of hydrogen peroxide = 34
MW of formic acid = 46

b. 1 mole of citric acid and 2 moles of ethanol can produce 1 mole of novel biobased

curing agent.

230

Therefore, % Atom economy = 192+ 2(78.4) x 100

Where, MW of ethyl citrates = 230
MW of citric acid = 192
MW of ethanol = 78.4

3. Less hazardous chemical syntheses
The plant oil epoxides and biobased curing agents are produced without any hazardous

chemicals.

4. Designing safer chemicals

195



Since we do not have performed any toxicity studies on these materials, but the feedstocks

used are nontoxic and do not have any adverse human health effects.

5. Safer solvents and auxiliaries

The epoxidation of plant oils and esterification of citric acid processes are solvent free and do

not generating any intermediate that are not safe. Ethanol....as solvent and reactant...

6. Design for energy efficiency

We do not have any data to claim the exact efficiency of these processes but both process

parameters are mild: Epoxidation at 60 °C and esterification to make ethyl citrates at 90 °C.

7. Use of renewable feedstocks

Plant oils, citric acid, and ethanol are renewable feedstocks.

8. Reduce derivatives

Both processes (epoxidation of plant oils and esterification of citric acid) are single step

process without any intermediate or derivatization to make the final product.

9. Catalysis

The epoxidation process is catalyzed by acidic catalyst (formic acid) that promote the reaction

and that ultimately reduces reaction inputs without compromising the yield.

The citric acid esterification is self-catalyzing reaction means that the citric acid itself act as a

catalyst to promote the reaction.

10. Design for degradation
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This thesis has no data on degradation.

11. Real-time analysis for pollution prevention

This thesis has not looked into the real time data analysis.

12. Inherently safer chemistry for accident prevention

Neither of the synthetic steps produce any hazardous gas or byproduct during the process. The
hydrogen peroxide needs to be handled with care to prevent explosion, but such procedures are
widely practiced commercially.

7.2 Future work

This thesis has demonstrated some of the ways to prepare high biocontent thermoset materials,
such as through the discovery of novel biobased curing agents. The novel feature of the CA-alkyl
ester curing agents is their solubility in plant oil epoxides. The reason for such solubility could be
due to the intrinsic surfactant effect of the mono- and di-alkyl citrates, and they could enhance the
solubilizing citric acid to form a homogeneous mixture. Future work could confirm this hypothesis
through a systematic study of the surfactant properties of mono-, di- and trialkyl citrates with citric
acid. Additionally, it could make possible the synthesis of the lowest viscosity of CA-alkyl esters

that contain the maximum amount of citric acid.

Many other potential new applications of fully biobased bioresins which could be explored.
For example, wood and floor coatings require superior performance, such as high abrasion
resistance. This. could be achieved if aromatic biobased curing agents were used to formulate
partially biobased resins, so producing materials with the additional rigidity and mechanical

performance required.
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