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Dissertation Summary

Recently, worldwide environmental problems such as global warming, depletion of fossil
resources, plastic pollution have been solved to establish sustainable economy.
Development of chemicals and polymers from renewable resources has received great
attention to mitigate these environmental concerns. The use of biomass resources is highly
significant for the reduction in greenhouse gases as well as saving fossil resources.
Particularly, utilization technology of non-edible biomass resources has received much
attention since these resources are not competitive as food. Among agricultural biomass
resources, plant oil is one of the candidates for the feedstocks of bio-based materials, since
plant oils have various nature such as abundant renewable resources, cost effectiveness,
availability of chemical reaction, etc. CNSL is obtained from cashew nuts shells which are
biomass waste in cashew nuts industry. This plant oil possesses very unique properties
such as phenolic compound having long alkyl side chain, antimicrobial property,

antioxidant property, and UV absorption property, etc.

Here, effective utilization technology of CNSL was investigated to develop novel

functional bio-based polymer.

In Chapter 1, introduction of this thesis is described. Research background and literature

review of recent CNSL work are summarized in this chapter.

In Chapter 2, novel bio-based epoxy polymer was developed. The epoxy polymers were
prepared from all cardanol-based epoxy and amine components at room temperature
without any organic solvent. Molecular weight of epoxy cardanol prepolymer and thermal
treatment improved the drying thermal and mechanical properties.  Therefore,
environmentally-friendly preparation protocols without formaldehyde, heavy metal

catalyst, and organic solvent for novel all cardanol-based epoxy polymers was developed.

xi



In Chapter 3, novel bio-based epoxy composite was developed. The epoxy composites
were prepared from all cardanol-based epoxy and amine components with cellulose
nanofiber (CNF). CNF immobilization with amine components provided better
improvement of thermal and mechanical properties of the composites. The result indicated
that hydrophobic CNF can be reacted with phenalkamine to give the CNF immobilization
with phenalkamine and worked effectively as reinforced materials in cardanol-based epoxy

polymer.

In Chapter 4, novel bio-based photocurable polymer was developed. The polymer was
prepared from allyl cardanol and thiol compound via thiol-ene photoclick reaction at room
temperature without any organic solvent. The resultant UV-cured polymers showed
flexible transparent self-standing nature, thermal stability, and long-term stability (i.e.,
anti-aging) as compared with other cardanol-based polymers. This is because that thiol-
ene reaction proceeded effectively among S-H and C=C, leading to be more highly
crosslinked structure. Furthermore, thermal treatment of UV-cured polymers improved
aging behavior because S-S bonds were formed between unreacted S-H groups after

thermal treatment.

In chapter 5, Conclusion of this thesis is described. The strategy for the utilization of CNSL
investigated in this thesis provides various fundamental research benefits in academia and
industry. The significance of this research is believed to broaden the utilization of CNSL
for novel bio-based polymer synthesis and their applications for sustainable economy to

mitigate recent global environmental problems.

xii



CHAPTER 1: Introduction

1.1 Bio-materials to achieve SDGs: Sustainable Development Goals

The 17 Sustainable Development Goals (SDGs) with their targets are at the heart of the
United Nations 2030 Agenda for Sustainable Development [1] and were accepted by the
United Nations General Assembly’s 193 member states in 2015. SDGs were developed to
create foundations in sustainable development, with the goal of progressing toward global
health and well-being, advocating the abolition of all forms of inequity and poverty,
supporting climate action, quality education, gender equality, peace, and social justice. The
goals are expressed explicitly in their targets (ranging from five to twelve targets per goal).
The Sustainable Development Goals (SDGs) are formed from the three pillars of
sustainable development: the economic, social, and environmental sectors, in order to

ensure humankind's sustainability on Earth.

Despite the fact that the SDGs are acknowledged as a priority, their implementation is not
proceeding as intended, developing at varied rates and with a variety of problems, owing
in part to the present pandemic setting. Indeed, COVID-19 has caused an unanticipated
worldwide catastrophe, with catastrophic consequences for the lives and health of nearly
the entire world population [2]. The epidemic has delayed economic development, risen

unemployment, and exacerbated poverty and starvation [3].

Materially dedicated, they play a crucial role in all aspects of human life: their consumption
has been steadily increasing in recent years, reaching an unsustainable material footprint
per capita, which is predicted to expand further in the next decades [4]. Materials
extraction, manufacture, consumption, and end-of-life alternatives, in particular, have a

significant influence on the economic, social, and environmental pillars [5].

Materials are clearly linked to several of the SDGs. For example, raw material exploitation,
which should be related to the well-being of the population living in a natural resource-rich

region, can cause pollution, GHG emissions, and stress on Earth. Advanced materials are



also important in the advancement of technology, innovation, and resources in all

disciplines (from medicine to engineering and agriculture to artificial intelligence).

This implies a direct relationship between the various SDGs and the various stages of raw
material management. Then, for global sustainability, raw material replacement with

sustainable resources is required [5].

"Raw materials" are critical in a variety of industrial applications, such as chemicals,
forestry and agriculture, medicine, industrial metals, and mining Natural resources are
extracted and produced, with often negative effects on the natural environment. In our
planet, there are about 100,000 different materials [6] and suitable materials selection is
critical. Depending on the needed functional features and the ultimate cost, many aspects

might be considered while choosing among different materials.

Today, more emphasis must be placed on sustainability within the context of the SDGs.
Materials created from renewable resources are considered sustainable. Examples include
recycled metals, bio-based polymers, and sustainable energy sources. People are becoming
increasingly aware of the environmental part of sustainability challenges, and while the
economic dimension of sustainable development is also well acknowledged, the social
dimension is the lesser-known pillar. "Social sustainability" is associated with social results
and principles such as equality, social responsibility, children's work, gender equality,
community resilience, poverty eradication, and so on [7]. These are the more difficult to
describe and quantify sustainability challenges, which can be summed by the notion of
"inclusive growth," i.e., economic growth must be properly distributed throughout society

members and generate opportunity for all.

It is also vital to emphasize that it is not feasible to totally prevent mining. Raw resources
have always been necessary for mankind to exist on this planet. Furthermore, it is now
obvious that the extraction of specific minerals containing specific elements, such as
copper and rare earth elements, will be required in order to make significant progress
toward greenhouse gas reduction objectives. Mining raw materials is still important; thus,

in certain circumstances, a pertinent issue should be not only if such minerals can be given,
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but also at what cost, taking into account environmental and social aspects [8].
Additionally, metals recycling can benefit metals' future availability by reducing the need
for virgin resources. According to the United Nations, "sustainable consumption and
production promote resource and energy efficiency, sustainable infrastructure, and giving
access to essential services, green and dignified jobs, and a higher quality of life for
everyone. " Its implementation helps to achieve overall development plans, reduce future
economic, environmental and social costs, strengthen economic competitiveness, and
reduce poverty” (Goal 12: Ensure Sustainable Consumption and Production Patterns) [9].
Then, sustainable materials and innovation in their production must be in accordance with
the SDGs, and this review indicates that they are (directly or indirectly) linked to all of

them.

"Composites materials," for example, in Europe, packaging accounts for 39.6 % of total
plastics (often composites materials) demand, demonstrating that packaging is the most
significant sector for plastics demand [10]. It is obvious that packaging has the
disadvantage of generating plastic trash in Europe. As a result, the packaging industry
urgently needs to introduce more sustainable packaging materials [5], derived from
renewable sources. The research effort addressing alternative packaging (including SDGs
2-9-11-12-14-15) available from sustainable resources (for example, starch, poly(lactic
acid), chitosan) is now quite active, with the main goal of finding viable alternatives to

polymers generated from fossil fuels [11].

Cellulose is another material that may be utilized to create new sustainable composites
[12,13] capable of producing films for a variety of applications where biodegradability is
desired [14], as in single-use items (SDGs 1-2-7). Another pressing requirement is to
develop new fillers (rather than only matrices) to replace natural ones such as calcite [5],
nanocellulose crystals, for example, can be constructed [15], as fillers capable of improving
mechanical, barrier, and thermal properties, surface wettability, and drug release
capabilities. Other sustainable composites have been generated from agro-food waste (for
example, coffee silverskin, a coffee waste) and utilized as reinforcing agents in

biopolymer-based materials [16]. Finally, stabilized fly ash was used as a calcite (or talk)

3



alternative in the fabrication of polypropylene composites [17], demonstrating that the

mechanical properties of raw materials and finished products may be preserved.

"Bio-Based and Food-Based Materials" are concerned with the most valuable and
appropriate solutions to produce chemicals, which necessitate the use of various synthetic
pathways, overcoming the difficulties associated with the use of commercial solvents and
harsh conditions. Several examples can be discovered in the field of biomaterials, where
materials are primarily synthesized to create novel sustainable and safe molecules for
medical applications. New sustainable approaches for converting polyesters into
functionalized oligomeric derivatives that may be utilized to print personalized biomedical

devices, for example, have recently been presented [18].

Following the principles of green chemistry, new drug delivery composites for the
controlled release of antibiotics have been developed (SDG 3) [19], and new drug delivery
techniques that are more efficient have been proposed. Other materials for diagnostic and
therapeutic agents have been realized, with reduced toxicity and the avoidance of some
undesirable side effects of the chemicals used in pharmacy. In certain circumstances, water
has been employed as a green solvent instead of poorer sustainable commercial reactants
(SDG 12). Some of these materials can be derived from waste, byproducts, or crops, so

contributing to the achievement of SDG 11 objectives [20,21].

In 2012, up to 30% of food production in the European Union was not consumed, and 88
million tons of food are presently wasted each year [22]. As a consequence, avoiding and
eliminating food waste, as well as finding alternative applications for it, are vital, urgent
tasks that should be approached from a resource efficiency perspective that regards food

waste as feedstock for new materials.

In some cases, biomaterials can be useful for both bio-remediation and fuel production. A
novel chemical method called as "Azure Chemistry" has just been proposed to achieve this
goal [23], to restore or reconstruct ecosystems using fully environmentally-friendly and
sustainable materials and technology, microalgal, for example, was employed as a filler in

the manufacturing of bioplastic (SDGs 14-15) [24]. To complete the cycle following their
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usage in bio-remediation, these microalgae can be exploited as a biofuel source (SDG 11)

[25].

As previous mentioned, the growing concern in reducing the environmental effect
produced by traditional plastics is helping to the emergence of more sustainable plastics
with the goal of reducing the consumption of non-renewable resources for their
manufacturing. Thus, enhanced bio-based polymer manufacturing and use in recent years
has positioned biopolymers as one of the most viable solutions to achieve the sustainable
development aim of replacing existing petroleum polymers with more sustainable materials

in a variety of industrial sectors [26].

1.2 Cashew nut shell liquid (CNSL), Cardanol

Currently, this feedstock is widely employed as a raw material or after proper modification
in a variety of sectors, including surfactants, lubricants, paints, household items,
wastewater purification, textiles, and applications in coatings and resins [27-29]. Among
these renewable raw resources, "Cashew nut shell liquid (CNSL)", an industrial waste and
pollutant from the cashew nut (Anacardium occidentale) processing sector, has piqued the
interest of researchers due to its widespread availability and ease of separation in high

yields.

CNSL is a greenish-yellow to brownish viscous liquid obtained by thermal treatment of
cashew nut shell, with an estimated annual industrial production of 450,000 metric tons
[30]. Cashew nut trees were originally native to north-eastern Brazil, are now extensively
distributed across the world's tropical areas, including India, Brazil, Bangladesh, Tanzania,
Kenya, Mozambique, and Southeast Asia [31]. The cashew nut grows on the exterior of
the cashew apple, an edible fruit. The cashew nut shell is leathery and contains a viscous

reddish-brown liquid that accounts for roughly 67 % of the nut weight [32-34].

CNSL is among the most precious aromatic bio-feedstocks. It is high in phenolic
compounds with unsaturated aliphatic chains, such as anacardic acid, cardol, cardanol, and
2-methylcardol [35]. CNSL is unique for a wide range of applications due to its phenolic
residues and most hydrophobic long alkyl chains. It has practical applications, such as
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brake lining compounds, in addition to its natural antibacterial and antitermite qualities
[36], flame-resistant materials [37], surfactants [38], plasticizers [39], lubricants [40],
resins [41], CNSL nanomaterials [42], soft materials [43], doping agents [44], and other

medical applications [45].

Because CNSL is a non-edible oil, it has no detrimental impact on food production and
availability when compared to other food crop-based bio-feedstock. Traditionally, several
chemical processes such as the hot oil process, solvent extraction, mechanical extraction,
vacuum distillation, and supercritical fluid bath have been used to extract the CNSL from

raw cashew nut shells.

1.2.1 CNSL: Extraction and Chemical Composition

CNSL is a reddish-brown dark oil with a distinct odor that is widely regarded as one of the
most important natural sources of non-isoprenoid phenolic lipids. Anacardic acid,
cardanol, cardol, and 2-methylcardol are the primary chemical components found in

CNSL, the structures illustrate in Figure 1.1.

These phenolic compounds have a peculiar chemical structure, having an alkyl side chain
of 15 carbon atoms in meta-position in compared to their hydroxyl group (s). Another
intriguing feature is that these alkyl side chains can have varied degrees of unsaturation,

varying from none to 3 double bonds with cis (or Z) orientation (Figure 1.1).
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Figure 1.1 Chemical structure of the main components of CNSL.

CNSL may have variable chemical compositions depending on the technique of extraction
and therefore be categorized into two types: solvent-extracted CNSL (natural CNSL) and
technological CNSL (tCNSL).

Natural CNSL is prepared by using a solvent extraction technique (often Soxhlet,
supercritical carbon dioxide, or subcritical water) to get its contents under moderate
circumstances and without encouraging any chemical modification. Natural CNSL hence
represents the original composition found in nature, which is mostly constituted of
anacardic acids (60-70%), cardols (10-20%), cardanols (3-10%), 2-methylcardols (2-5%),
and other minor elements [46,47]. Technical CNSL, on the other hand, is a by-product of
the cashew nut industrial processing. Because the primary purpose of the cashew industry

is to extract the lucrative kernel, CNSL is a secondary product.

Technical CNSL was initially used as a source of phenolic chemicals for the manufacture
of phenol/formaldehyde polymers. With advancements in the chemistry of these phenolic
lipids, tCNSL now promises to be an economically viable source of phenolic components.
CNSL is extracted in the industry by an automated procedure that includes high
temperatures to crack the shell and collect the cashew kernel. Cashew nutshells are

submerged in the CNSL and heated to 180—190 °C in this "hot-oil process". Under these
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conditions, anacardic acid in natural CNSL undergoes a decarboxylation reaction,
converting itself to cardanol, resulting in technical CNSL, which is chemically distinct
from natural CNSL and is composed primarily of cardanol (60-70%), cardol (10-20%), 2-
methylcardol (2-5%), polymeric materials (5-10%), and other minor constituents. Table
1.1 describes several natural and technological CNSL compositions documented in the

literature.

Initially, these variations may be explained by the fact that CNSL is a natural product, and
hence its composition varies depending on geographical coordinates, climate, and soil
conditions. Other important factors which could influence to composition discrepancies
include extraction processes and analytical methodologies. Chemical compounds will have
different affinities for the mobile phase depending on the extraction strategy (solvent

utilized, temperature, duration, etc.), affecting their concentration in the completed product
[48].

Table 1.1 Chemical composition of natural and technical CNSL

Compound Natural CNSL Technical CNSL
Tyman, Oliveiraet Paramashivappa Tyman, Andradeet Kumar et
1996 al., 2011 et al., 2001 1996 al., 2011 al., 2002
[49] [50] [35] [49] [51] [52]
(%) (%) (%) (%) (%) (%)
Anacardic acid  71.65 62.90 63.00 - - -
Cardanol 5.10 6.99 10.50 67.80 40.26 67.00
Cardol 22.30 23.98 22.50 1820  29.95 22.00
2-Methylcardol  1.10 - - 3.30 - -

1.2.2 Cardanol-Based Functional Materials

Cardanol is an aromatic biomonomer generated from CNSL,; it is environmentally friendly,
affordable, and widely available as agricultural waste in many regions of the world.
Anacardic acid is typically decarboxylated into cardanol and isolated as a pale-yellow
liquid when CNSL is treated with high temperature (180-220 °C) under vacuum (3-4
millimeter torr). It was made up of a variety of cardanol compounds with variable degrees

of unsaturation in the meta-positioned side chain



Cardanol has unique structural properties; it is a phenol-based monomer with a meta-
substituted unsaturated alkyl side chain (C15) and many functionalization sites. The
phenolic hydroxyl group leads the following incoming groups into the aromatic ring's ortho
and/or para locations, allowing for more synthetic flexibility. The system's amphiphilicity
and lipid nature are induced by the unsaturated/saturated hydrophobic alkyl chain with odd-
numbered carbons. The phenolic hydroxyl group and the cis double bonds on the side
chains are also suitable for functionalization with other monomers. Cardanol is a valuable
starting material for the synthesis of different derivatives due to the difficulty of
synthesizing phenols with a long unsaturated carbon chain at meta-position and its low

price and availability [32-34].

Cardanol's potential as a starting material derives from its distinct chemical structure.
Cardanol is widely used as a renewable feedstock for the production of many functional
materials, particularly in places where cashew nut trees are abundantly cultivated.
Cardanol's active sites (aromatic ring, hydroxyl group, and unsaturation in side chains)
react with other molecules to produce a variety of functional materials. Esterification,
alkylation, etherification, propoxylation, polymerization, and phosphatation all benefit
from the phenolic hydroxyl group. Side chain unsaturation can be employed in
hydrogenation, epoxidation, metathesis, and hydrosilylation processes, conclusion in
Figure2. On an aromatic ring, several substitution (bromination, nitration, sulfation, and
amination), condensation, and hydrogenation processes can take place. These properties
are widely used in the design and development of a wide range of materials, including
epoxy resins, phenolic resins, acrylics, rubbers, polyurethanes, paints, and varnishes that

use cardanol as a bio-monomer [36—45].

A comprehensive list of products generated from cardanol is the very commercially
valuable cardanol-based polymers underlined. Condensation of formaldehyde with
cardanols resulted in the formation of several resins [53]. These resins' mechanical
properties may be easily controlled by exploiting unsaturation in the side chains [54].
Furthermore, these materials exhibit excellent hardness, elasticity, and superfine adhesive

properties.



Epoxy-type resins are synthesized from cardanol copolymers with phenols and glycidyl
ethers. These resins are among the best modified phenolic epoxy resins available as an
alternative to regular synthetic epoxy resins. They provide high flexibility and temperature
resistance while maintaining oil bleeding qualities [36]. Another important utilization
cardanol is the creation of benzoxazines with superior thermal, physical, and mechanical
qualities such as minimal moisture absorbtion, chemical and flame resistance, and nearly
no shrinking. These polymers are created using the Mannich-type condensation of

cardanol, formaldehyde, and various primary amines [55].

Cardanol-porphyrin derivatives were also effective for a variety of applications; they were
created by either simple reaction or condensation of cardanol aldehydes with pyrroles [56].
Cardanol-derived porphyrin composites are also employed to enhance TiO2 photocatalytic

activity in photodegradation processes [57].

Sulfation of saturated cardanol is widely documented in the literature; it may be
accomplished using sufficient sulfuric acid at ambient temperatures in halogenated
solvents or by treating the phenolic hydroxyl group with ethylene sulfate. The sulfated salts
of cardanol can be employed as surfactants, and their surfactant characteristics appear to
be similar to those of commercially available detergents, such as dodecylbenzene sulfonate

[58-60].

Cardanol's unsaturated C15 hydrocarbon side chain is universally acknowledged for its
crosslinking characteristics. Cardanol-azo benzene self-polymerization produces very
transparent liquid crystalline material films. These materials exhibited thermotropic as well

as lyotropic characteristics [61].

Another essential category cardanol functionalization is phosphorylation of the hydroxyl
group of phenol. These phosphorylated cardanols are commonly known as an excellent
rubber plasticizer [62]. Cardanol polymers combined with formaldehyde yielded rubbery-
type gel products that can be employed in cement hardening [36].

Cardanol has also been used to create thermoplastic polyurethanes with excellent thermal

and mechanical qualities [39,63]. These environmentally-friendly cardanol-derived
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polymeric coatings have found use in the paint, enamel, and varnish industries [31]. Most

polymeric coatings are synthesized by autooxidation or crosslinking of oily materials.

Due to the benefit of double bonds in the side chain, cardanol auto-oxidizes quickly at room
temperature and creates strong, clear, scratch- and wrinkle-free polymeric films [62].
Cardanol-based amphiphilic compounds were discovered to have outstanding self-
assembly capabilities in a variety of nanostructures. Cardanyl glycolipid molecules, for
example, generated nanotubes, twisted ribbons, tapes, and other forms that might be useful

in catalysis, inclusion chemistry, and nanofabrication [43].
OCOR;
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Figure 1.2 Possible reactions of cardanol [64].
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1.3 Chemicals and Polymers
1.3.1 Thermosetting cardanol resins

There is a greater emphasis on the importance of green chemistry in the chemical industry.
Cardanol phenol has raised significant interest in the development of thermosetting
materials with improved characteristics and applications [65]. Light, heat, and chemical
initiators were used to cure these materials. Cardanol-based thermoset products, such as
phenolic, epoxy, polyester, and polyurethane resins, offer advantages over petroleum-
based thermosetting materials because they are a unique and suitable sustainable feedstock,
have a cost-performance foundation, and have excellent eco-friendliness characteristics
[66]. Previous research exploited rosin as a natural substance to manufacture enhanced

epoxy resins, curing agents, vinyl ester resins, polyester, alkyd, and polyurethane [67—71]

Cardanol and related polymers have been found to have intriguing structural properties for
chemical modification and polymerization into specialty polymers. Cardanol-
formaldehyde resins outperform ordinary phenolic resins in terms of flexibility (due to the
internal plasticization effect of the lengthy chain), which improves processability. Because
it works as a water-repellent group, the inclusion of extended alkyl groups improves the

weathering resilience of cardanol polymers [72].

Moreover, cardanol polymers offer advantageous qualities such as heat and electrical
resistance, antibacterial capabilities, and insect resistance. Natural fibers, such as ramie,
flax, and hemp fibers, have been added to cardanol-formaldehyde resins in some situations
to overcome the steric hindrance and decreased intermolecular interactions conferred by
the C15 side chain for fabric structural purposes. It was also stated that an epoxy resin
based on bisphenol A diglycidyl ether was mixed with the cardanol-formaldehyde resins
to lower the quantity of water generated during the process and the porosity of the cardanol-

formaldehyde resins [73].

A novel benzoxazine prepolymer derived from cardanol was recently used to make
phenolic resins in the presence of formaldehyde and an amine. Cationic catalysts such as

PCI5 enable for faster polymerization of cardanol-based benzoxazine monomer at room
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temperature. The benzoxazine-based phenolic family has demonstrated exceptional
capabilities as advanced composites, including strong thermal properties and flame

retardancy, as well as mechanical performance and molecular design flexibility [73].

Epoxy thermosets are the most frequent polymers, with over 3 million tons manufactured,
and have a variety of uses in coating, adhesives, and composites. Petroleum derivatives are
most typically used to make epoxy resins. Recently, bio-based feedstocks have been
employed extensively to create epoxy from plastic waste and natural materials as low-cost

sources [67-71].

To generate epoxy resins, the phenolic hydroxyl group of cardanol or unsaturated double
bonds on the C15 alkyl side chain can be treated with epichlorohydrin (ECH) or
epoxidized, respectively. Furthermore, polyphenol derived from cardanol is utilized to
make epoxy resins. Cardanol was used to partially or completely replace phenol in
thermoset resins such as novolac resins [74], vinyl esters [75,76], and also in epoxy resins

modification [77].

Based on CNSL and its derivatives, the production of many types of epoxy compounds. At
95 °C, the hydroxyl group of cardanol was reacted with ECH to create epoxy using ZnCI2
as a catalyst under basic conditions. Cardolite Corporation sells this product commercially.
Cardolite resins (commercial epoxy based on cardanol) have been treated with bisphenol
A to produce adhesives with increased impact strength and shear resistance [78—80].
Cardanol was also used to synthesize curing agents for epoxy resins, such as polyamines
[33] and cardanol-based self-curing epoxy [81] to modified in surface coatings. By reacting
with chloroperbenzoic acid, perbenzoic acid, and performic acid, the double bonds of the
alkyl group linked to the cardanol phenyl group can be epoxidized to yield polyepoxy
cardanol [82—84]. These double bonds might also be epoxidized in toluene using enzymes
such as Candida antarctica lipase, acetic acid, and hydrogen peroxide (95 % yield) [85].
Cardanol-based modified epoxy resins were made in two steps: phenolation of the aliphatic
chain (C15H31), followed by reactivity of the phenol hydroxyl groups with
epichlorohydrin. When compared to diglycidyl ether based on bisphenol A, the modified

epoxy based on cardanol performed well after curing with polyamines [86].
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1.3.2 Curing agents

The reactive groups belonging to the molecules of an epoxy resin may react with a variety
of curing agents, including amines, anhydrides, acids, mercaptans, imidazoles, phenols,
and isocyanates, to produce covalent intermolecular connections and therefore build a
three-dimensional network. Because of the improved environmentally freindly of amine-
epoxy cured resin, primary and secondary amines are the most often employed curing
agents among these compounds: aliphatic or cycloaliphatic amines for limited epoxy
systems as adhesives or coatings, and aromatic amines to manufacture matrices for fiber-

reinforced composites [87].

Aliphatic amines are often combined with epoxy resins at room temperature, resulting in a
system with a greater curing rate and shorter curing life (i.e. gel and vitrification durations)
than cycloaliphatic or aromatic polyamines. Aliphatic amines are extremely reactive curing
agents that, when combined with epoxy molecules, produce dense cross-linked networks
because to the small distance between active sites. As a consequence, it is feasible to create
cured systems with strong resistance to alkalis and certain inorganic acids, good resistance
to water and solvents (but less against many organic solvents), outstanding bonding
performance, and good mechanical characteristics, but poor flexibility. The qualities of
these epoxy systems that normally cure at ambient temperature are enhanced by performing

a post-curing treatment at high temperatures [55,78,88—90].

Aromatic amines react with epoxy resins more slowly than aliphatic or cycloaliphatic
amines. By combining these curing agents with an epoxy resin, the resultant system has a
lengthy curing time and requires extended durations at high temperatures to achieve
optimal characteristics. Curing aromatic amine, in particular, requires two heating steps:
the first at a low temperature (about 80°C) to limit heat production, and the second at a
higher temperature (typically between 150°C and 170°C). The cured epoxy systems
generated by utilizing aromatic amines as hardeners exhibit outstanding heat resistance,

mechanical and electrical capabilities, and chemical resistance, notably against alkalis [91].
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Phenalkamine is produced through the Mannich reaction of cardanol with certain amines,
which results in a partly bio-based polymer (Fig 1.3). The reaction mostly produces
monomeric compounds with low molecular weight. Phenalkamine's aromatic backbone is
responsible for its great chemical resistance. Because the aliphatic side chain is
hydrophobic, these resins may be water-resistant. Because of the phenolic-OH group,
phenalkamine is particularly active even at low temperatures. The high crosslinked density
is due to the amine side chain. Aside from low-temperature curing (with a practical pot
life), their capacity to resist moisture while curing makes them perfect for temperature-
insensitive cure. When employed as a crosslinking agent in an epoxy system, the curing

characteristics are determined by the amine value [55].

Furthermore, the ultimate characteristics of the cured epoxy are determined by the
polyamine structure, which might be aliphatic or aromatic. The molecular weight of the
resulting phenalkamine is determined by the cardanol, formaldehyde, and amine ratio.
Higher molecular weight phenalkamines dry the surface quicker than lower molecular
weight equivalents. The curing, mechanical, thermal, and anticorrosive characteristics of
epoxy-based coatings are affected by the molecular weight and structure of phenalkamine
curing agents.[89] Despite the ideal characteristics, inherent constraints such as poor color
stability exist. Cardanol butyl ether and its phenalkamine based on diethylene triamine
were recently produced. Low molecular weight compounds produced by equimolar
concentrations of all three reactants were employed as epoxy cross-linkers. They
determined that cardanol butyl ether yields light colored phenalkamines but is less reactive
as an epoxy curing agent than typical phenalkamine [89,92]. As a consequence, cardanol

derivatives and phenalkamines were developed.

OH

. R
H

/\/\/\
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Figure 1.3 Chemical structure of Phenalkamine.
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1.3.3 Bio-derived epoxy resins

Over the past decade, major research efforts have been directed toward the synthesis of
polymers using renewable resources. This is mostly due to rising petrochemical pricing
and increased environmental concerns. As with other plastic materials, scientists are now
investigating the formulation and characterization of bio-derived thermosetting resins:
specifically, the replacement of bisphenol-A-based epoxy resins by materials obtained

from natural sources poses a problem.

Cardanol, a phenol-based byproduct of the cashew nut industry, is one of the most often
utilized precursors in the production of several kinds of epoxy bio-based resins. CNSL, the
international abbreviation for alkyl phenolic oil, is used to produce cardanol. CNSL
obtained from the most widely distributed roasted mechanical processes of the cashew
sector accounts for almost 25% of total nut weight, and its global output (Africa, Asia, and
South America being the primary producer regions) is projected to be over 300,000 tons

per year [73].

By coupling an epoxy monomer and an acid-based catalyst with a resole chemical, a
thermosetting resin containing roughly 40% cardanol by weight has been synthesized [93].
This final product was created by cardanol and formaldehyde in the presence of a basic
catalyst. The formulation, which had sufficient qualities and curing temperatures, was
reinforced with natural fibers (short ramie, flax, hemp fibers, and a jute fabric) to produce

samples that were then evaluated in tensile and flexural configurations.

Two diverse novolac resins (with unreacted cardanol contents of 35% and 20% by weight,
respectively) were utilized as curing agents for a DGEBA epoxy resin. Calorimetric tests
revealed that novolac/epoxy resin weight ratios less than 60/40 resulted in resin cross-
linking due to an increase in the amount of secondary hydroxyl groups accessible for cross-
linking reactions. The mechanical qualities improved when the epoxy resin quantity was
increased. The heat resistance of the cured resin in a nitrogen environment, on the other

hand, did not vary considerably with novolac quantity, and only a one-step mass loss
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corresponding to a single thermal degradation process, occurring at temperatures greater

than 400°C, was detected [74].

A paint based on an epoxy—cardanol resin has been developed and then described to
compare its performance (physicomechanical characteristics, chemical resistance, and
corrosion protection efficiency) to paints prepared with unmodified epoxy resin. It was
discovered that the new bio-based paints had stronger anticorrosive qualities than
unmodified paints, and so the cardanol-based epoxy resin provides an excellent binder

medium for paint formation [94].

1.3.4 Thiol-ene reaction for epoxy resins

A novel paradigm for chemical reactions was revealed in 2001, which focuses on high
selective (stereospecificity and stereoselectivity) and easy reactions without side products
under mild circumstances (solventless or aqueous solvent).[95] Several efficient reactions
capable of producing various synthetic compounds and materials have been classified as
"click reactions" [96,97] This reaction prompted researchers to focus on additional "click-
reactions," such as thiol-ene [98—101]. This last, long-known reaction is simply a thiolation
of'a C=C double bond followed by a proton exchange. It is very beneficial in the synthesis
of polymers and materials [102—104].

Thiol-ene reaction, the reaction of thiols with -ene compounds has been used to generated
crosslinkage of epoxy, and it is one of the greatest developments and creating these
molecules. Indeed, due to growing environmental concerns and limited petrochemical
resource availability, there has been a significant surge in demand for amines produced
from renewable resources [105,106]. It expands the possibilities for modifying vegetable
oils and fatty acid derivatives, as well as the manufacture of functional monomers and

polymers [107-110].

Amidation, thiol-ene click reaction, and esterification were used to develop a

polyfunctional tung oil-derivate reactive diluent (TDMM). The thiol-ene click reaction

conditions were initially optimized: 2 wt% 1173 as photoinitiator, a molar ratio of thiols to

CLIC double bonds of 12:1, a mercury lamp power of 300 W, and a reaction period of 6 h.
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When compared to the monomer acrylated epoxidized soybean oil (AESO) and
commercial pentaerythritol triacrylate, the resultant TDMM had a viscosity of 105 CP
(PETA). The rheological behavior of the AESO-TDMM mixture system enhanced when
combined with high viscosity monomer AESO. After that, AESO was treated using photo-
initiator 819 and a portable UV-LED light source with varying doses of TDMM. These
mixing systems have a high bio-content ranging from 61-81 %. Notably, adding TDMM
into AESO improved Tg and storage modulus. The high cross-linking density and long
fatty chain of as-synthesized TDMM contributed to the improvement in mechanical
strength. Furthermore, TDMM and the corresponding UV-LED cured films had excellent
physical and chemical characteristics. Overall, tung oil-based reactive diluent had
tremendous promise in the UV-LED curable coatings sector owing to its superior

characteristics as well as the benefit of high bio-content [111].

The use of thiol-ene coupling in the synthesis of a variety of polyfunctional primary
amines. These amines were created by thiol-ene coupling cysteamine hydrochloride to
triallyl pentaerythritol under UV light. The triallyl pentaerythritol direct coupling has a
poor yield. This poor yield is due to amine solubility in water. To generate insoluble amine
in water and therefore raise the overall yield of the procedure (and particular the extraction
yield), a first step of grafting of hydrophobic backbone by esterification of triallyl
pentaerythritol's hydroxyl group was attempted. These amines were then investigated to
identify their function- ality. BADGE was used to create epoxy/amine compounds with
known functionality. According to these findings, the functionality of the synthesized
amines ranges between 2.5 and 2.9. Finally, epoxy/amine compounds were created using
two bio-based epoxy: di-epoxidized cardanol and phloroglucinol tris epoxidized cardanol
(PGTE). Thermal characterizations of the materials suggest that these networks might be

used in a variety of applications ranging from coatings to composites [78].

By UV, free-radical-initiated thiol-ene coupling between the double bond moieties of the
cardanol long carbon side chain and thiol functional groups, industrial-grade cardanol and
2-mercaptoethanol were reacted to form hydroxyl-functionalized cardanol. The reaction

period influenced the average hydroxyl number of the hydroxyl-functionalized cardanol,

18



with hydroxyl values varying between 168-201 mg KOH g!. This cardanol was then
employed as a polyol in the preparation of cardanol-based polyurethane using
hexamethylene diisocyanate and an NCO/OH ratio of one. Cardanol modified with 10-
undecylenate was utilized as a raw material to manufacture cardanol-based polyols,
including the long carbon chain of 10-undecylenate, to compare the impact of cardanol-
based polyols with the qualities of cardanol-based polyurethane. The research
demonstrated that cardanol-based polyols with this long carbon chain may enhance the

hydrophobic and mechanical characteristics of cardanol-based polyurethane [112].

Thiol-ene coupling was used to synthesize a di-acrylic UV oligomer based on cardanol,
followed by a ring opening reaction employing glycidyl methacrylate. In commercial
epoxy acrylate resin, the produced oligomer was substituted from 10-50% wt%. The
coatings were applied to wood panels and their mechanical and chemical characteristics
were evaluated. The coatings' adherence was shown to decrease when the concentration of
cardanol-based UV oligomer was increased. Furthermore, when the quantity of produced
UV oligomer rose, a longer duration was needed to obtain a significant degree of
crosslinking. Furthermore, the inclusion of UV oligomer reduced pencil hardness and gloss
values. The chemical structure of commercial epoxy acrylate and cardanol-based UV
oligomer might explain such a trend in characteristics (GMA-CDS). When the hard and
rigid structure of bisphenol-A-based epoxy acrylate was replaced with less compact GMA-
CDS, the curing time and water absorption increased but pencil hardness, gloss, and
adhesion properties decreased. Nonetheless, coatings produced by substituting 30 wt% of
commercial epoxy acrylate demonstrated comparable mechanical and chemical

characteristics [113].
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1.4 Composites (Cellulose nanofiber (CNF), Epoxy resins as a matrix in fiber-

reinforced polymer (FRP) composites, etc.)
1.4.1 Cellulose nanofiber (CNF)

CNF, also known as micro (nano) fibrillated cellulose, is a material made up of cellulose
microfibrils as an elementary unit. CNF may be defined as a fibrous substance having a
width of 4-20 nm and an L/D ratio greater than 100. Non-cellulose components are
frequently absent from CNF. Producing CNF from higher plant cell walls requires the
removal of microfibrils. Raw material purification and fibrillation are common production

methods. The existence of numerical inconsistencies in the literature [114—125].

Purification of plant raw materials is done to remove non-cellulose components such as
pectin, hemicellulose, and lignin as cell wall components. While hemicellulose does not
appreciably hinder fibrillation, the high quantity of lignin left does. Chemical pulping
through heating and bleaching procedures is widespread for woody raw materials.
Delignification (Wise technique, peracetic acid treatment) and hemicellulose extraction
with alkali are also performed. CNFs, like CNCs, may be produced from a variety of
cellulosic sources [126], that include wood [127], tunicates [128], banana [129], pineapple
leaf [130], bamboo [131], cotton [132], algae [133], sludge [134], other industrial residues

[135]. Their proportions are greatly influenced by the cellulose source.

Due to the excellent characteristics of CNF, the creation of polymer nanocomposites
employing CNF as a nanofiller has prompted a great deal of scientific interest in recent
years [136]. However, like with CNCs, there is a limited potential that CNF's hydrophilicity
will consider it incompatible with the hydrophobic polymer matrix. To produce the desired
nanocomposites, some kind of polymer-CNF interaction must be included. When
reinforcing composites using polymers, the CNF dispersion may be homogenized.
However, unlike rod-like CNC systems, interweaving of nanofibers may be induced in the

event of homogeneity by blades revolving at high speeds. This requires the whole attention.
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There are two distinct methods: covalent and non-covalent interactions. Polymer/CNF
Nanocomposite with Covalent Interactions, such as etherification, the -OH groups of CNF
were also effectively employed for coupling with polymer epoxide moieties. Ansari and
colleagues discovered that CNF greatly contributes to the curing of epoxy (EP)/CNF
nanocomposite [137]. The —OH groups of the CNF interacted with the epoxy units during
the curing process, resulting in a crosslinked nanocomposite with three times the stiffness
and strength of the pure nanocomposite. Furthermore, Tg increased gradually as CNF level
increased, indicating covalent interaction between EP and CNF. Furthermore, the
nanocomposite demonstrated much decreased moisture absorption. Surface-modified CNF
may also be employed in crosslinking operations to create EP/CNF nanocomposite. The
surface modification of CNF by polyethylenimine (PEI), a branching polymer with many
amine groups, allowed for the crosslinking reaction between amine and epoxy units, which

resulted in a 237.6 % increase in Young's modulus [138].

Peptidic Coupling, Due to the presence of the —-COOH group at C6, TEMPO-oxidized CNF
(TOCN) gives the opportunity to graft polymers onto the nanofibers via amide (—CONH)
bond formation. The peptidic coupling approach along with the other approaches to
incorporate covalent interaction between the polymer and CNF [139-141]. The TEMPO

technology has a wide variety of applications in the CNF manufacturing industry.

1.4.2 Epoxy resins as a matrix in fiber-reinforced polymer (FRP) composites

The utilize of nanoparticles or nanofillers in the production of high-performance and/or
functional polymer materials has already become an important topic of current study not
only in academia but also in industry. The choice of nanofiller for creating nanocomposites
has created environmental issues in the last decade. There is a huge need for sustainable
and biodegradable nanofillers. In this respect, cellulose nanomaterials have piqued the
attention of researchers due to their natural abundance and biodegradability, as well as a
slew of other essential intrinsic properties that contribute to functionality expression and

material performance improvement.
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Because of the unique properties of those nanoparticles, such as abundant surface -OH
groups and their related ease of surface modification, high strength, (possibly) cheap cost,
and renewability, the fabrication of polymer nanocomposites employing nanocelluloses
has grown in popularity. However, these nanoparticles have several drawbacks, such as
significant moisture absorption and poor compatibility with the hydrophobic polymer
matrix. To obtain the required performance and functions, it has therefore been necessary
to induce any kind of contact, either covalent or non-covalent, between the polymer and
nanocellulose. The kind and extent of the interaction are the primary determinants of
nanocellulose dispersibility in the polymer matrix and, therefore, the ultimate

characteristics of the nanocomposite.

The original specialist disciplines of the researchers who have contributed to the nano-
cellulose sector are diverse: physical chemistry such as colloids and interfaces, mechanical
engineering, wood science, plant biology, and so on. The last several years, there have been
provided an overview of the structure and characteristics of cellulosic nanoparticles [114]
and their surface modification [115—117]. The colloidal behavior of nanocellulose has also
been studied in terms of its characteristics [118,142]. It should be emphasized that those

results are extremely suggestive for researchers getting into the area of nanocellulose.

There are several publications that summarize the developments in polymer
nanocomposites reinforced by nanocellulose, such as the synthesis and characteristics of
cellulosic bio-nanocomposites [119], achieved mechanical properties [120], the
comparison of mechanical reinforcement with the type and content of nanocellulose [121],
and the processing of nanocellulosic composites [123,124,143]. Additionally, polymer-
grafted nanocellulose is useful in the fabrication of polymer/nanocellulose composites in

specific instances [144,145].

Epoxy resins are more costly than other thermosetting polymers (such as polyester or vinyl
ester resins), but they have stronger mechanical qualities as well as greater resistance to
moisture absorption and corrosive liquids and conditions. When compared to other
thermoset polymers, their high physical qualities and durability in service combine to give

a superior cost-performance ratio. Epoxy resins also exhibit excellent electrical resistance
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and good performance at high temperatures, owing to their greater heat deflection
temperatures as compared to polyester matrices, as well as their high glass transition
temperatures (Tg). Furthermore, they exhibit excellent adhesion to a variety of substrates
(including metal and plastic) as well as fibers utilized as reinforcement in composite
materials (e.g., glass, carbon and Kevlar). Another advantage of epoxy resins is that they
shrink very little during the curing process. Polyester and vinyl ester resins shrink up to
12% volumetrically (specific shrinkage volumetric reductions for polyester and vinyl ester
resins are 5-12% and 5-10%, respectively), and since the resin continues to cure over
lengthy periods of time, this impact may not be immediately apparent. Epoxy resins, on

the other hand, shrink by less than 5%. [146].

Thus, epoxy resins exhibit various features that have made them the finest choice among
thermosetting resins for the majority of technical applications: There is no emission of
volatile and dangerous products during the curing process reaction, there is flexibility in
the choice of monomers to obtain a variety of products ranging from low Tg rubbers to
high Tg materials, and there is very little or no volume contraction during the curing
process for some blends. Due to the polar groups in the structure, the resin system has great
adhesion qualities to a variety of materials, and the ability to introduce various modifiers
to generate a resin system with a variety of useful properties (e.g., electrical or thermal).
However, these resins have drawbacks such as poor fracture development resistance,

brittleness, and limited UV resistance [147].

1.4.3 CNFs reinforced epoxy composites

Epoxy resins are a significant family of thermosetting polymers with many uses in
coatings, adhesives, electronics, and other fields [148]. However, as compared to other
regularly used fillers such as glass fibers, cellulose fibers often provide less augmentation
of the mechanical characteristics of the composites. The mechanical behavior of
composites is highly influenced by the dispersion of fillers in the matrix as well as the
interfacial contact between them [149]. However, the many hydroxyl groups on the
cellulose molecules provide high polarity and thick hydrogen bonding in its structure [143].

As a result, CNF compatibility and dispersion were not met in several polymeric matrices,
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particularly at high loading circumstances [150]. These flaws impair the mechanical
characteristics of the composites and significantly restrict the uses of cellulose in composite
materials. As a result, poor dispersion and compatibility between cellulose fibers and
polymer matrix become critical concerns that must be addressed in order to generate high-

performance composites.

CNF/epoxy composites with large volume fractions have been developed. Impregnation of
a wet porous CNF network with an acetone/epoxy/amine solution yielded 15-50vol% CNF.
Infrared spectroscopy investigations demonstrated a considerable increase in the curing
rate of epoxy (EP) in the presence of CNF. The CNF offered exceptionally effective
reinforcement (at 15 vol percent, stiffness and strength increased thrice to 5.9 GPa and 109
MPa, respectively), while ductility was conserved. Furthermore, the glass transition
temperature rose with increasing CNF concentration (from 68 °C in clean epoxy to 86 °C
in 50 vol percent composite) and had strong thermal degradation stability in nitrogen till
250 °C. Most notably, the moisture sorption values for the 15 vol percent CNF/EP were
low, even similar to pure epoxy. This material's mechanical characteristics did not alter
when the relative humidity rose (90 percent RH). As a cellulose-based composite, NFC/EP
offers a unique combination of high strength, modulus, ductility, and moisture stability.
The success is due to the controlled nanoscale distribution of CNF and strong CNF/EP
interface contacts without the need of expensive coupling chemicals. Chemically and
morphologically diverse plant fiber architectures exhibit substantially greater moisture
absorption, as well as non-uniform fiber distribution and poor fiber/matrix interface

interactions [137].

The surface-modified CNF with polyethyleneimine (PEI) resulted in abundant amine
groups on the surface of CNFs, resulting in a lower hydrogen bond density between CNFs
and, as a result, fewer CNF agglomerates. The amine groups might also react with the
epoxy to provide an efficient curing agent, increasing the density of interfacial crosslinking
and strengthening interfacial adhesion. CNFs-PEI/Epoxy nanocomposites had tensile
strength and Young's modulus that were 88.1 percent (104.72 MPa) and 237.6 percent (3.41

GPa) greater than plain epoxy, respectively. The nanocomposites' tensile storage modulus
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rose considerably at temperatures below and over Tg (30°C). The coefficient of thermal
expansion of the CNFs-PEI/Epoxy nanocomposites was 22.2 ppm K!, which was much
lower than the coefficient of thermal expansion of the plain epoxy (88.6 ppm K™).
Furthermore, the thermal conductivity of the nanocomposites was reported to increase. The
nanocomposites' remarkable and balanced features may give potential applications in

automotive, construction, and electrical devices [138].

Immobilization of epoxy monomer and amine curing agents on the surface of cellulose
nanofibers was achieved. FTIR analyses revealed that the epoxy monomer was physically
attached to the surface of the CNF. Meanwhile, the amine curing agent began a chemical
reaction with CNF to create active amide groups while leaving some amine groups
unreacted. Epoxy coatings containing both epoxy immobilized CNF (EiCNF) and amine
curing agent immobilized CNF (AiCNF) demonstrated self-healing capabilities. At the
presence of water, EiCNF existing in the injured site de-formed and released epoxy
monomer into the scratch. The epoxy monomer was released and interacted with the —-NH>

or amide groups in the AiCNF to produce an epoxy network that healed the scratch [151].

The epoxy composites were developed from CNF which was generated from Bleached
Softwood Kraft (NBSK). The morphology, XRD, and elemental content of the produced
CNFs filler reveal that it is nano in size and contains exclusively C and O elements. The
influence of varied CNFs filler loadings (0.5, 0.75, and 1%) on tensile, impact, and flexural
characteristics. The composite with 0.75 %CNF had the maximum tensile strength of 26.7
MPa and the smallest Young's modulus of 1.3 GPa. However, considerable increases in
mechanical characteristics seem to have been seen for 0.75 %CNFs due to homogeneous
and fine dispersion of CNFs filler within epoxy matrix with no trace of agglomerations and
micro-voids. In compared to the remainder of the nanocomposites, the SEM and TEM
pictures support the presence of toughening processes for 0.75 %CNF/epoxy
nanocomposites. The XRD pattern demonstrated that there is no discernible difference in
the intensity of diffraction peaks and crystallinity of the epoxy nanocomposites compared

to pure epoxy composites. The integration or functionalization of CNFs filler to the epoxy
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matrix via physical bonding is supported by FTIR research, and no new chemical bond

formation was found for any epoxy nanocomposites [ 152].

Photocuring techniques have also been modified for the enhancement of CNFs reinforced
epoxy composites. Because of its low energy consumption, room temperature operation
with rapid reaction speeds, and avoidance of solvents, photopolymerization is regarded as
a green technique. The photocuring of a commercially available epoxidized cardanol and
its application in reinforcement with microfibrillated cellulose (MFC) for the manufacture
of entirely biobased composites are the focus of this study. Filtration was used to create
wet MFC mats, which were subsequently impregnated with resin. The impregnated mats
were then exposed to UV light. FT-IR spectroscopy was utilized to evaluate the
photocuring of epoxidized cardanol and composites. The thermomechanical characteristics
of composites were evaluated using thermogravimetric analysis, differential scanning
calorimetry, and dynamic mechanical analysis. It was the ability to create completely cured
composites, however a high photo-initiator concentration was required, probably owing to

a photo-initiator side reaction with MFC [153].
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CHAPTER 2: Synthesis and Characterization of
Novel Bio-based Epoxy Polymers Derived from Cardanol

2.1 Abstract

A novel bio-based epoxy polymer was synthesized at ambient temperature using cardanol
derivatives, epoxy prepolymer, and phenalkamine. FT-IR and '"H NMR spectroscopy were
used to investigate the chemical structures of cured epoxy polymers. The drying, physical,
thermal, optical, and mechanical characteristics of epoxy polymers were explored in terms
of epoxy and amine compound composition, epoxy prepolymer molecular weight, and
post-curing technique. The resulting epoxy polymers were flexible and thermally stable
(thermal breakdown temperature of 300°C, for example). Furthermore, the epoxy polymers
were anti-microbial against E. coli and S. aureus. The drying property was also greatly
impacted by the molecular weight of the epoxy prepolymer, implying that the drying time
may be regulated by the prepolymer's molecular weight. Thermal post-curing of polymers
was a successful method for increasing hardness, thermal stability, and mechanical
strength. As a result, this new epoxy polymer based on cardanol derivatives may be
predicted to be extremely green functional epoxy polymers for coating, film, and resin

applications.

2.2 Introduction

Global warming and plastic pollution are major environmental issues today, harming whole
ecosystems, marine life, and human health and well-being [1-3]. Over the last several
decades, the manufacturing of petroleum-based plastics has skyrocketed, presently
exceeding 300 million tonnes per year [4], with an estimated 8 million tonnes of plastic
garbage entering the seas each year [5]. To address these global environmental issues, there
is a rising emphasis on the utilization of renewable resources to manufacture chemicals and
materials that can replace fossil fuels [6]. Today, a broad range of functional polymers
renewable resources are being researched to support long-term development. Because of
their great performance, epoxy materials are widely used in industrial applications such as

adhesives, coatings, and resins [7]. Recent epoxy polymer research has focused on
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ecologically friendly processes, renewable resources, and additional functionality [8]. Due
to the facilitation of additional crosslink reaction and rearrangement, the post-curing
process of epoxy polymers is one of the effective techniques to improving mechanical and
thermal characteristics [9]. Cashew nuts shell liquid (CNSL) is a non-edible plant oil
derived from the processing of cashew nuts (4dnacardium occidentale). Natural CNSL is a
combination of phenolic chemicals, the primary component being anacardic acid, with
minor components including cardanol, cardol, and 2-methyl cardol [10]. Thermal refining
converts anacardic acid to cardanol, allowing industrial resources to be used. Cardanol has
a phenolic compound structure with a meta-substituted unsaturated long alkyl side chain
(C15) and a variety of functionalisable sites. Cardanol's structural properties give heat
resistance, chemical resistance, and flexibility. CNSL is now available in epoxy resins and
coatings. Coatings developed from CNSL, for example, are utilized as synthetic lacquers
because they offer attributes comparable to natural lacquer, "Urushi," such as superb gloss
and long-term durability [11, 12]. This is because urushiol, a phenolic lipid found in natural

lacquer, and cardanol have a similar chemical structure.

We previously described the production of a new epoxy cardanol prepolymer (ECP)
through direct oxidative polymerization of epoxidized cardanol double bonds [13-16]. UV-
crosslinking or petroleum-based amine-crosslinking were used to create epoxy polymers
from this epoxy prepolymer. These epoxy prepolymers demonstrated flexibility, chemical
resistance, thermal stability, and antibacterial action against E. coli and S. aureus [13-15].
Phenalkamine is a cardanol-derived compound that has been used as an epoxy hardener in
resins and coatings [17, 18]. The crosslink point with the epoxy groups is caused by the

amine side chain in phenalkamine.

We attempted to improve the more environmentally-friendly synthesis process of epoxy
polymers using phenalkamine, a biomass-based amine monomer. Herein, we have
prepared novel “green” epoxy polymers derived from cardanol derivatives, epoxy cardanol
prepolymer and phenalkamine. The influence of molecular weight of epoxy prepolymer
and post curing process on the natures of epoxy polymers was investigated in terms of

effective curing process, physical, thermal, optical, and mechanical properties.
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2.3 Experiment
2.3.1 Materials

Purified cardanol and phenalkamine (Figure 2.1) were procured from Tohoku Chemical
Industry Co., Ltd. in Japan and Kusumoto Chemical, Ltd. in Japan, respectively. Tokyo
Chemical Industry Co., Ltd. in Japan supplied epichlorohydrin (>99.0 percent) and
diethylenetriamine (>98.0 percent). All compounds were utilized without additional
purification. The chemical makeup of the cardanol utilized in this investigation is given in
Table 2.1. The chemical composition and degree of unsaturation were assessed using 'H
NMR and HPLC analyses. As a comparison, CNSL-based polymer for coating (No. 53,

Cashew Co., Ltd., Japan) was employed in this research.

R=C1sHz25-31

OH OH
S N N NN
R)
N NN NN N “NH,
H
N N N
/\/\/\
R NN N NN NN CrHyq CsHy

cardanol phenalkamine

Figure 2.1 Chemical structures of cardanol and phenalkamine.

Table 2.1 Properties of purified cardanol

Mono-ene Saturation Unsaturation

. . o . o
Purity Tri-ene (%) di-ene (%) (%) (%) degree

96% 29 30 38 3 1.9

39



2.3.2 Synthesis of epoxy cardanol and epoxy cardanol prepolymers

The synthetic route of epoxy cardanol (EC) and epoxy cardanol prepolymers (ECP) is
shown in Scheme 2.1. These epoxy compounds were prepared in accordance with our
earlier research [13, 14]. 9.25 g (0.3 eq.) of cardanol, potassium hydroxide, and 30 mL of
DMSO were poured in a 200 mL flask and agitated with a magnetic stirrer. Epichlorohydrin
4.40 g (2.0 eq) was progressively put on an ice bath, and the mixture was agitated at room
temperature for a predetermined amount of time. Diethyl ether was used to extract the
solution, and the organic phase was washed with saturated sodium chloride solution. To
get the epoxy cardanol, the organic phase was dehydrated with magnesium sulphate and
the solvent was evaporated. The resulting epoxy cardanol was purified using silica gel
column chromatography with an eluent combination of n-hexane and ethyl acetate (9:1).
'"H NMR validated the purification of epoxy cardanol. Meanwhile, epoxy cardanol
prepolymer was created using the thermal oxidative polymerization of epoxy cardanol, as
described below. A 100-mL flask was filled with 5.0 g (0.017 mol) of epoxy cardanol. The
flask was then put in an oil bath (160°C) and the epoxy cardanol was agitated for the
duration of the oil bath. In this study, two epoxy prepolymers with various molecular
weights (ECP-low and ECP-high, respectively) were synthesized to investigate the

influence of molecular weight on epoxy polymer characteristics.

A~
OH [ R—|
@ epoxidation _ A /@
_— > —_— (o)
R R <o n
R Cqs5H25.31
Cardanol (CA) epoxy cardanol (EC) EC prepolymer (ECP)
phenalkamine Cardanol-derived

rt - epoxy polymer

Scheme 2.1 Synthetic route of all cardanol-based epoxy polymer.
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2.3.3 Preparation of epoxy film

In the indicated formulations, the epoxy prepolymer and phenalkamine, a
phenylalkylamine molecule, were physically mixed for 15 minutes using a spatula. The
epoxy polymer (epoxy prepolymer/phenalkamine) has a composition of 1:0.33 (P1), 1:0.5
(P2), 1:1 (P3), 1:2 (P4), and 1:3 (P5) (P5). The epoxy polymers produced by varying the
molecular weight of the prepolymers were examined in this work. A vacuum pump was
employed to remove the dissolved air from the resulting mixture. Following degassing, an
applicator was used to distribute the liquid uniformly on a glass plate at room temperature
(Yoshimitsu Seiki, Tokyo, Japan). When the epoxy polymer had dried, it was removed off
the glass plate. Furthermore, the epoxy polymer was post-cured at 180°C for 30 minutes.
In contrast, a cardanol-based polymer for coating (No. 53, commercial product) was also

examined.

2.3.4 Structure Analysis

Molecular weight and polydispersity index (PDI) were assessed using gel permeation
chromatography (GPC) in a system equipped with a UV detector (254 nm) (UV-2075 Plus,
Tokyo, Japan) with chloroform as eluent, calibrated against a monodisperse polystyrene
standard. A INM-ECZR300 spectrometer was used to collect 'H NMR spectra (JEOL Ltd.,
Tokyo, Japan). The samples were dissolved in deuterated chloroform solution, and
chemical shifts were calculated using tetramethylsilane (TMS). An FT/IR-4100 was used
to conduct attenuated total reflection (ATR) Fourier transform infrared (FT-IR)
spectroscopy (Jasco Corporation, Tokyo, Japan). The spectra were obtained between 3500

cm ! and 600 cm™!. Each spectrum was scanned 64 times with a resolution of 2 cm™!.

2.3.5 Characterization

The chemical structure, physical, mechanical, and thermal characteristics of all samples
were investigated. To measure the degree of the crosslink reaction, the gel content of the
cured epoxy polymers was evaluated. The gel content was determined using the equation:
Gel content (%) = Winsot/Winitia1 % 100, where Winsor and winiriar are the weight of the insoluble

portion and the weight of the well-dried initial sample, respectively. Atroom temperature,

41



the polymer was submerged in acetone, an excellent solvent for epoxy prepolymer and
phenalkamine. The non-dissolved components were filtered out after 24 hours and dried at
room temperature for 24 hours to eliminate residual solvent before being weighed. At 23°C,
epoxy polymers may be dried in three stages: dust-free drying (DF), touch-free drying (TF),
and harden drying (HD). At 23°C and 60% relative humidity, the drying time for each step
was measured using an automated drying time recorder (Paint Drying Time Recorder RC,
Taiyu Corporation, Osaka, Japan). The hardness of the pencil lead was assessed using a
designation consisting of letters and numbers in accordance with the current national
standard GB/T6739-1996. The hardness of the pencil lead was determined at 23°C using a
C-221 hardness tester (Yoshimitsu Seiki, Tokyo, Japan).

UV-vis analysis of epoxy films was carried out using a double-beam spectrophotometer V-
670 (Jasco Corporation, Tokyo, Japan) with a slit width of 2 nm. The color of the cured
epoxy polymers was detected using a spectro-guide (BYK Gardner GmbH, Germany) with
an irradiance/observer of D65/10° and a geometry of 45°/0°.

Thermogravimetric analysis (TGA) was carried out using a TG8120 (Rigaku Corporation,
Tokyo, Japan). Polymer samples were heated in platinum pans from 50 to 600°C at a

heating rate of 10°C/min under nitrogen at a flow rate of 60 ml/min.

Mechanical properties were measured using a universal tensile tester EZ-SX (Shimadzu
Corporation). The stress-strain (S-S) curve was measured. The test specimens were
prepared in the form of dumbbells with a width of 5 mm and a central thickness of 2 mm.
Dynamic mechanical analysis (DMA) was carried out using a Mettler Toledo DMA1. The
DMA samples were rectangular in shape (length: 15 mm, width: 8 mm, thickness: 0.2 mm).
The DMA samples were heated from 50°C to 100°C at a rate of 5°C/min while the

frequency was kept at 10 Hz (viscoelastic range).

Anti-microbial activity of epoxy film against E. coli as gram negative and S. Aureus as
gram positive bacteria was evaluated by international test (Japanese Industrial Standard,

JIS Z 2801). Polyethylene film was used as control.
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2.4 Results and discussion
2.4.1 Preparation of epoxy cardanol and epoxy cardanol prepolymer (ECP)

The chemical structures of cardanol, epoxy cardanol, and epoxy cardanol prepolymers
were determined by 'H-NMR spectroscopy according to our previous work [13]. The
properties of epoxy cardanol prepolymer are summarized in Table 2.2. The unsaturation
degree of cardanol was estimated to be 1.9 by 'H NMR spectrum. This value was
consistent with the literature values (1.98-2.61) [19]. While those of ECP prepared by
different heating time were 1.34 and 0.92, respectively, indicating that the molecular
weight of the epoxy cardanol prepolymer increased with decreasing unsaturation degree
due to the oxidative polymerization at the side chains. For this oxidation of EC, 1,4-diene
type structure is liable to occur during oxidation because of the ease of hydrogen loss in
the active methylene group. The formed radicals produce hydroxyl and carbonyl group
under the presence of oxygen and hydroxyl radical during the thermal polymerization.
Furthermore, the crosslink reaction also generated between formed radicals at oxygen
atmosphere in parallel [13]. We obtained the two types of different molecular weight of
the prepolymers, ECP-low and ECP-high by changing the heating time. There was no
chemical reaction in the epoxy groups during the oxidative polymerization, regardless of

the heating time according to the 'H NMR and FT-IR measurements.

Table 2.2 Properties of cardanol epoxy prepolymer (ECP)

Prepolymer Unsaturation M, My M/ M,
degree

ECP-low 1.34 2400 14400 6.0

ECP-high 0.92 5900 111000 18.8
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2.4.2 Preparation and structure analysis of epoxy cardanol polymers

Epoxy polymers were prepared by the ECP with phenalkamine at various ratios, and the
optimization of the epoxy: amine composition was investigated. Photographic image of the
epoxy polymer (P2-low) is shown in Figure 2.2. The presented epoxy polymer was
flexible, light yellow, and highly transparent. The time dependence of the gel content of
the epoxy polymers prepared with ECP-low is shown in Figure 2.3. The gel content
indicates the degree of progress of the crosslink reaction. Up to 5 days from initiation of
curing, the gel content increased significantly and then remained constant, indicating that
the curing was completed within 5 days. The gel content of P2-low was highest among
P1-P3 prepared with ECP-low. Table 2.3 summarizes the time until harden dry as drying
property and gel content of the epoxy polymers prepared from ECP-low. From the drying
time and gel content, P2-low was found to have a better composition since P2-low showed
the shortest drying time and the highest gel content among P1-P5. P4 and PS5 did not cure
completely which might be regarding the excess amount of phenalkamine. The theoretical
value of amine hydrogen equivalent weight (AHEW)/ epoxy equivalent weight (EEW) for
this curing system was estimated to be 0.41. Therefore, P2-low would be the suitable

composition from the structural properties and theoretical composition.

|

Figure 2.2 Photographs of cardanol-derived epoxy film.
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Figure 2.3 Gel content of cardanol-derived epoxy films (P1-P3) prepared with ECP-low.

Table 2.3 Properties of cardanol-derived epoxy polymers prepared with ECP-low

Gel content

Sample Composition® Drying time (h)” (W%)° Remark
Pl-low 1:0.33 14 79.8+0.8 cured
P2-low 1:0.5 12 91.3+0.8 cured
P3-low 1:1 12 86.1+0.9 cured
P4-low 1:2 >24 <50 uncured
P5-low 1:3 >24 <50 uncured
cardanol-based 8.0 98.3+0.6 cured

polymer

a) composition of epoxy cardanol prepolymer: phenalkamine
b) time until harden dry (HD)

c) cured for 5 days

d) commercially available cardanol-based polymer (No.53)

FT-IR spectra of P2 epoxy polymers prepared from ECP-low and ECP-high are presented

in Figure 2.4. The characteristic peaks of epoxy polymer appeared at 3500-3100 cm™! (OH

group), 3040 cm! C-H (aromatic), 3005 cm! N-H (secondary), 2922, 2852 ¢cm™' C-H
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(aliphatic), 1729 cm!, C=0 (ester), 1588, 1583, 1455 cm™! C=C (aromatic), 1258, 1045
cm’! C-O (aromatic), 1157 cm™ (C-N), 876 cm™! (epoxy), 871,773, and 693 cm’! C-H (m-
aromatic). The appearance of OH group and secondary amine peaks in the FT-IR spectra
was attributed to the reaction between epoxy and amine groups. There was no obvious
difference in the FT-IR spectra of the epoxy polymers prepared from ECP-low and
ECP-high. On the other hand, some peak changes in the FT-IR spectra after thermal
treatment were observed. The peaks of OH group (3500-3100 cm), C=0 (1729 cm),
aliphatic C-O (1120 cm™) increased, while epoxy group (876 cm™) and secondary amine
(3005 cm™) decreased. These results indicated that further crosslink reaction proceeded
between epoxy and secondary amines. The new peaks appeared at 1655 cm™ C=C,
which attributed to the dehydration of OH groups by thermal treatment [20]. These
structure analyses expect the possible crosslinked structure of the epoxy polymer as shown
in Figure 2.5. Further crosslink reaction proceeded by thermal treatment in P2-high (180),

resulting in highly crosslink structure.

P2-low

P2-high

P2-high
(180°C)

t
OH
C-H
(aromatic)
C=C (aromatic)
C-H _
(aliphatic) c-0 (aromatlc)klt/ve ox

x 1 C-O (aliphatic) ©POXY

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2.4 FT-IR spectra of cardanol-derived epoxy polymers prepared with different

molecular weight of the prepolymer (ECP-low and ECP-high)
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Figure 2.5 Plausible crosslink structure of epoxy polymer after thermal treatment.
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The influence of the molecular weight of the ECP and the post-heat treatment on
the physical, thermal and mechanical properties of epoxy polymers are summarized in
Table 2.4. The gel contents of P2-low and P2-high cured for 5 days were 91.3 and 93.2
wt%, respectively. The epoxy polymer prepared with ECP-high gave higher gel content,
indicating the highly crosslink density. The time to harden dry state of P2-high was
dramatically shorter than that of P2-low. The time of P2-high was 5.6 times shorter than
that of P2-low, suggesting that the higher molecular weight of prepolymer results in the
accelerated crosslinking reaction.  Effect of molecular weight and structures of
phenalkamine as curing agent on the various properties of epoxy coatings was investigated
[21]. The high molecular weight of phenalkamines resulted in faster drying time util HD
state compared with conventional cardanol-based polymer because of the rapid increase in
the molecular weight by crosslink reaction. Therefore, this result suggested that higher
molecular weight of epoxy prepolymer worked effectively in curing process as seen in
phenalkamine with different molecular weights. In the present work, the different
molecular weight of epoxy prepolymer can be easily prepared by changing the heating
time. In addition, the P2-high (180) increased the gel content to 96.7 wt% from 93.2 wt%,
suggesting that further crosslink reaction proceeded by thermal treatment as discussed in
the structure analysis. The pencil hardness of the cardanol-derived epoxy polymers showed
very flexible nature compared with conventional cardanol-based polymer or other
petroleum-based epoxy polymers, indicating that this flexible property of the cardanol-
derived epoxy polymers was attributed to the flexible crosslinked structure of the

prepolymer.
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Table 2.4 Properties of cardanol-derived epoxy polymers prepared with different
molecular weight of the prepolymer (ECP-low and ECP-high)

Drying Gel content Drying time (h) Pensile  Color indices

Sample condition (Wt%) a) DF TF HD hardness [ * a* b*
r.t. 91.3+0.4 30 45 14 <10B 81.3 -3.6 14.8
P2-low
180°C — — — — < 10B 782 -0.3 437
r.t. 93.2+0.6 1.0 15 25 <I10B 775 2.7 377
P2-high
180°C 96.7+0.5 — — — 10B 684 11.8 64.1
cardanol-
based r.t. 98.3+0.6 08 40 80 H 29.1 45.0 48.0
polymer®

a) cured after 5 days
b) commercially available cardanol-based polymer (No.53)

2.4.3 Optical property

The UV-vis spectra of the epoxy polymer films are presented in Figure 2.6. Visible light
absorption of the epoxy polymers increased by thermal treatment. The increase in the
absorption toward the longer wavelengths was due to the increase in OH, carbonyl groups,
and C=C bonds after thermal treatment. The color index (CIE-Lab color) of the epoxy
polymer is optical appearance property as presented in Table 4. The b* value in CIE-Lab
color which presents degree of yellow/blue index, increased with molecular weight of the
prepolymer and further increased by thermal treatment. The color of the cardanol-derived
epoxy prepolymer was changed from light yellow to dark brown with increasing molecular
weight, which reflected the degree of the oxidative polymerization. Therefore, the
molecular weight of the ECP affected the optical nature of the epoxy polymers. Even the
cardanol epoxy polymers after thermal treatment were lighter in color than conventional

cardanol-based polymers.
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Figure 2.6 UV-vis spectra of cardanol-derived epoxy films (P2).

2.4.4 Thermal property

The TGA curves of epoxy polymers are presented in Figure 2.7. The thermal properties of
epoxy polymers determined by TGA are also summarized in Table 2.5. TGA curves
provides the thermal stability and thermal degradation behavior of crosslinked structure.
As shown in Figure 2.7, the 2- step thermal decomposition was observed in the epoxy
polymers. The thermal decomposition at 300-500°C was assigned to the cleavage of the
ether bond and crosslinked alkyl chains of epoxy cardanol prepolymer [12,13]. The
temperature at weight loss in 5 wt%, 10 wt% and thermal decomposition temperatures of
P2-high were greater than that of P2-low, indicating that the crosslink structure among
alkyl side chains in oxidative polymerization affected the thermal stability of the whole
epoxy polymer. The pyrolysis temperature of all epoxy polymers was over 30°C higher

than the 75, suggesting degradation of free alkyl chains in phenalkamine or ECP prior to
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pyrolysis of the main chain backbone. The result showed that these cardanol-derived epoxy

polymers can be acceptable for general coatings as thermal resistance.
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Figure 2.7 TGA curves of cardanol-derived epoxy films (P2).

Table 2.5 Thermal properties of cardanol-derived epoxy films prepared with different
molecular weight of the prepolymer

Wre00

Sample ?orli](illil‘gon BEC)  Tw(O) TCOP (% L0
P2-low rt. 277 305 310 5 20.8
P e BB B
cardanol-based rt. 208 288 432 12 96.3

polymer®

a) Onset temperature
b) Determined by dynamic mechanical analyses (DMA)
c) commercially available cardanol-based polymer (No.53)
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2.4.5 Mechanical property

The mechanical property of epoxy polymers was investigated by the tensile test and
dynamic mechanical analysis (DMA) measurement. The stress-strain curves of the epoxy
polymers are presented in Figure 2.8. The mechanical properties are also summarized in
Table 2.6. The tensile strength of P2-high was 1.8 times greater than that of P2-low,
indicating that the epoxy polymer prepared with ECP-high had more highly crosslink
density. Tensile strength and Young’s modulus of previous ECP-diethylenetriamine
(DETA) system were 12.5 MPa and 1.2 MPa. Both values of P2 were higher than that of
the ECP-DETA, suggesting that phenalkamine as curing amine component improved their
mechanical property due to the presence of rigid aromatic structure. Furthermore, the
tensile strength and Young’s modulus of the epoxy polymers could be enhanced by thermal
treatment. Particularly, the Young’s modulus of P2-high (180) was nearly 8 times higher
than that of P2-high before thermal treatment.

The DMA curves of the epoxy polymers are presented in Figure 2.9. The temperature at
which the maximum tan J is obtained is defined as the glass transition temperature (Tg).
The Tg of the P2-low, P2-high and P2-high (180) were 20.8°C, 30.6°C, and 43.6°C,
respectively. It can be seen that the high molecular weight of ECP and thermal treatment
increased the Tg of the epoxy polymer. Therefore, the influence of thermal treatment on
Tg which presents the polymer stiffness was greater than that of molecular weight of
prepolymer. This result suggested that the further crosslink structure provided more rigid
structure by thermal treatment. The maximum tan ¢ value of the epoxy polymer decreased
after thermal treatment, indicating that the viscosity of the epoxy polymer decreased while

the elastic energy increased.
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Figure 2.8 DMA curves of cardanol-derived epoxy films (P2).

Table 2.6 Mechanical properties of cardanol-derived epoxy films prepared with different
molecular weight of the prepolymer

Drying o Tensile strength Young’s modulus
Sample condition L.(°C) (MPa) (MPa)
P2-low ri 20.8 16.8 = 1.6 3.9+ 02
rit. 30.6 298 + 2.4 85+ 05
P2-high
6 180°C 43.6 323+ 18 650 + 7.0
cardanol-based 96.3 N.A. N.A.

polymer®
a) commercially available cardanol-based polymer (No.53)
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Figure 2.9 Stress-Strain curves of cardanol-derived epoxy films (P2).

2.4.6 Anti-microbial property

The anti-microbial activity against E. coli. and S. aureus are summarized in Table 2.7.
Purifed CNSL and anacardic acid showed anti-microbial activity [22, 23]. As reported in
our previous works, ECP-DETA polymer showed the anti-microbial activity against E.
coli. and S. aureus [14]. The present cardanol derivative-based epoxy polymers also
showed anti-microbial activity against E. coli and S. aureus. One possible reason for this
anti-microbial property would be attributed to the unsaturated long alkyl chains [24] and/or
amine compound (phenalkamine) [25] which generally showed anti-microbial property.
Interestingly, the anti-microbial activity increased after thermal treatment, suggesting that
the further crosslinked structure and rearrangement of polymer segments by thermal
treatment were effective for the activity. Therefore, this cardanol-derived epoxy polymer

can be expected as a flexible anti-microbial polymer for coatings, films, and resins.
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Table 2.7 Anti-microbial activities for S. aureus and E. coli. of cardanol-derived epoxy
films prepared with ECP-high

Sample Drying condition S. aureus E. coli
initial ¥ after® initial ¥ after®
Control - 3.89 4.21 4.14 5.70
as cast 3.89 <0.20 4.14 1.93
P2-high 180°C 3.89 0.30 4.14 0.30

a) logarithm value of number of bacteria in area unit

2.5 Conclusion

Novel epoxy polymers were synthesized from cardanol derivatives, epoxy cardanol
prepolymer and phenalkamine. The effects of the molecular weight of the prepolymer used
for the epoxy polymer and the thermal treatment on the physical properties of the epoxy
polymers were investigated. The optimal composition of epoxy and amine compounds
determined from the drying time and the gel content of the epoxy polymers was close to
the theoretical ratio. The drying time to harden dry state of the epoxy polymers strongly
depended on the molecular weight of the prepolymer. This result indicates that the
molecular weight of the prepolymer could control the drying time of the epoxy polymer.
The epoxy polymer showed flexible nature and thermally stable up to 300°C. The glass
transition temperature of the epoxy polymer determined from dynamic viscoelasticity
measurements was nearly room temperature. The molecular weight of the prepolymer had
a significant influence on the drying properties of the epoxy polymer according to the
optical, thermal, and mechanical properties of epoxy polymer, suggesting that high
molecular weight of the prepolymer more likely to form the cross-linked structure.
Furthermore, the thermal treatment of epoxy polymers as post curing process significantly
enhanced the mechanical strength and glass transition temperature. The epoxy polymers
were found to exhibit anti-microbial activity against E. coli and S. aureus. Hence, this
novel cardanol-derived epoxy polymer has high potential as flexible, thermal resistance,

and anti-microbial coatings and resins.
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CHAPTER 3: Development of Cellulose Nanofiber-
reinforced Cardanol Epoxy Composites

3.1 Abstract

Novel bio-based epoxy nanocomposites reinforced with cellulose nanofiber (CNF) were
developed. The epoxy nanocomposites were prepared from cashew nut shell liquid
(CNSL)-derived epoxy prepolymer and phenalkamine using two types of CNFs. CNF were
immobilized with epoxy cardanol prepolymer (ECP) and phenalkamine before curing.
Fourier transform infrared spectroscopy (FTIR) analysis showed that new amide bonding
was formed between CNF and phenalkamine, while there was no chemical interaction
between CNF and ECP. The thermal stability and glass transition temperature of the epoxy
nanocomposites were higher than that of the base epoxy polymer. In addition, the tensile
strength and Young’s modulus of the epoxy nanocomposites were in the range of 47.3—
84.6 MPa and 254496 MPa, respectively, which are 59-185% and 378-837 % greater than
these of the epoxy resin (29.7 and 53 MPa). The epoxy nanocomposites prepared from
CNF-immobilized phenalkamine were more enhanced those properties, suggesting that the
new amide bonding between CNF and phenalkamine showed effective improvement of the
thermal and mechanical properties. Therefore CNSL-based epoxy nanocomposites

reinforced with CNFs possess high potential as bio-based epoxy coating, film and resin.

3.2 Introduction

One of the most significant industrial thermosetting polymers is epoxy resins [1]. They are
currently extensively used as high-performance thermosetting resins in a broad range of
industrial applications, including coating, adhesive, and electrical insulation. Industrial
epoxy resins have been created using petroleum resources in recent decades. However, in
response to increasing environmental concerns, epoxy products with environmentally
friendly production processes that result in a reduced carbon footprint [2] have gained great
attention from petroleum to biomass resources. Plant oils containing triglycerides, such as
soybean, linseed, and canola, for example, have been explored for use in the production of

bio-based epoxy composites [3]. Cashew nut shell liquid (CNSL), a phenolic plant oil
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derived from biomass waste in the cashew nut industry, is one of the potential precursors
utilized to make several kinds of epoxy bio-based resins [4]. We have created CNSL-based
polymers with flexibility, thermal stability, chemical resistance, and antimicrobial

properties [5-7].

Cellulose nanofibers (CNFs) have generated intense research interest as natural nanofibers
derived from cellulose, the most abundant natural resource on the planet. CNFs have a
cross-sectional diameter of a few nanometers and a length of hundreds of nanometers [8].
CNFs with highly ordered crystalline structures have been explored as additives to improve
mechanical, thermal, and gas/water vapor barrier qualities [9,10]. Epoxy composites based
on CNFs have been extensively researched to increase their performance in areas such as
thermal, mechanical, gas barrier, and water tolerance [11,12]. There have been a few
publications recently for CNSL-based composites using CNF, such as photopolymerization

of epoxy cardanol [13] and cardanol methacrylate [14].

In the present work, we have developed CNSL-derived epoxy nanocomposites composed
of epoxy cardanol prepolymer (ECP), phenalkamine, and CNF. The effect of immobilized-
CNF compound in the preparation of the epoxy nanocomposites as investigated in terms
of the structural, thermal, and mechanical properties of the reinforced epoxy

nanocomposites loaded with CNF.

3.3 Experiment
3.3.1 Materials

CNSL (industrial grade) and phenalkamine were obtained from Tohoku Chemical Industry
Co., Ltd., Japan and Kusumoto Chemical, Ltd., Japan, respectively. Cellulose nanofiber
(CNF) (RHEOCRYSTA, 2 wt% solid content in water suspension) was kindly supplied by
DKS Co. Ltd., Japan. Two types of CNF, CNF (S) (RHEOCRYSTA 1-2SX) which is
standard type and CNF (A) (RHEOCRYSTA I-2AX) which has better polar solvent
compatibility compared with CNF (S), were used in this work. Epichlorohydrin, dimethyl
sulfoxide (DMSO), potassium hydroxide and acetone were purchased from Tokyo

Chemical Industry Co., Ltd., Japan. All chemicals were used as received.
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3.3.2 Preparation of EC

The synthesis of epoxy cardanol (EC) and ECP was conducted based on our previous work
[5]. Forexample, 9.0 g (0.030 mol) of cardanol, potassium hydroxide and 30 mL of DMSO
were placed in a 200 mL flask and stirred by magnetic stirrer. 8.9 g (0.096 mol) of
epichlorohydrin was added slowly on an ice bath, then stirred at room temperature for 24
hours. The solution was extracted with diethyl ether, and the organic phase was washed
with saturated sodium chloride solution. The organic phase was dehydrated with
magnesium sulphate and evaporated to give EC. The product was purified by silica gel
column chromatography using a mixture of n-hexane and ethyl acetate (9:1) as an eluent.
The chemical structure of purified EC was confirmed by 'H NMR. ECP was synthesized
by thermal polymerization of EC. The 5.0 g (0.017 mol) of EC placed in a 100-mL flask
was stirred at 160 °C for 24 hours, yielding ECP as a high viscous liquid. In the present
work, ECP with a molecular weight (Mn) of 5900 g/mol were used to prepare the epoxy

polymers.

3.3.3 Preparation of CNF-immobilized ECP and phenalkamine

The immobilized ECP and phenalkamine wre prepared, respectively on the two types of
CNF, i.e., CNF(S) and CNF(A), obtaining the following four types of CNF-immobilized
compounds: CNF(S)-immobilized ECP (i-SE), CNF(A)-immobilized ECP (i-AE),
CNF(S)-immobilized phenalkamine (i-SP), and CNF(A)-immobilized phenalkamine (i-
AP). In this work, we used commercially available CNF water suspension (CNF-S and
CNF-A) which is well-dispersed in water. Immobilization of CNFs into epoxy or amine
compounds was performed by mixing methods. 3.0 g of CNF were gradually added into
1.0 g of ECP or 1.0 g of phenalkamine with stirred by magnetic stirring bar (1350 rpm,
Koike Precision Instruments Mfg.Co., Ltd, Japan, model HERALES20G) at 120°C for 3
hours according to modified method of previous work [15]. During stirring, the water
content was gradually evaporated. Then, the immobilized ECP and phenalkamine solution
were ultrasonicated for 15 minutes to get better dispersion state of CNF. The obtained

products were dried at vacuum to remove water completely. After drying, we prepared the
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immobilized ECP and phenalkamine solution. The immobilization of CNF into each

matrix were confirmed by FT-IR measurements.

3.3.4 Preparation of epoxy nanocomposites

The preparation protocol of the epoxy nanocomposites is presented in Figure 3.1. The
epoxy nanocomposites were prepared by crosslinking the CNF-immobilized compound
with an agent of ECP or phenalkamine added at weight ratios summarized in Table 3.1.
For P5(AP) preparation, well-dispersed 1.1 g of CNF-immobilized phenalkamine (i-AP)
and 2.0 g of ECP were physically mixed until the mixture became homogeneous. After
degassing, the mixture was coated onto a glass plate by 200 pm applicator (Yoshimitsu
Seiki, Tokyo, Japan) at 25°C. The epoxy nanocomposites were post-cured for 30 minutes
at 180°C to promote further crosslink reaction. The samples were peeled from the glass
plate after curing at room temperature to give the self-standing film. Eventually we
prepared several epoxy (P1) and epoxy nanocomposites prepared with CNF(S)- and
CNF(A)-immobilized ECP which are denoted as P2(SE) and P3(AE,) respectively.
Similarly, we obtained the epoxy nanocomposites prepared with CNF(S)- and CNF(A)-
immobilized phenalkamine which are denoted as P4(SP) and P5(AP), respectively. The

CNF content of the epoxy nanocomposites was about 2.0 wt% in this work.

Immobilization
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| phenalkamine | ECP
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Figure 3.1 Preparation protocols of epoxy nanocomposites with CNF.
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Table 3.1 Composition (weight ratio) of epoxy nanocomposites

Sample! i-SE?  i-AE¥ i-SPY i-APY ECP  phenalkamine
P1 (epoxy) 0 0 0 0 2 1
P2 (SE) 1 0 0 0 1 1
P3 (AE) 0 1 0 0 1 1
P4 (SP) 0 0 1 0 2 0
P5 (AP) 0 0 0 1 2 0

1) weight % ratio

2) i-SE: CNF(S)-immobilized ECP

3) i-AE: CNF(A)-immobilized ECP

4) i-SP: CNF(S)-immobilized phenalkamine
5) i-AP: CNF(A)-immobilized phenalkamine

3.3.5 Structure Analysis and characterization

The Fourier transform infrared (FT-IR) spectroscopy was performed on a FT/IR-4100
(JASCO Co., Tokyo, Japan). Each spectrum was averaged over 64 scans at a resolution of

2 cm.

The gel content of the epoxy nanocomposite was determined from the weight fraction of
the insoluble part after immersion in acetone for 24 h at room temperature. The gel content
was calculated based on the following equation; Gel content (%) = Winsot/Winitiat % 100,
where Winsol and Winitial are the weight of the insoluble part and the weight of the well-dried

initial sample, respectively.

Thermogravimetric analysis (TGA) was performed on a TG8120 (Rigaku Co., Tokyo,
Japan). The polymer sample was heated in a platinum pan from 50 to 600 °C at a heating

rate of 10°C/min under a nitrogen atmosphere at a flow rate of 60 mL/min.

The dynamic moduli of a film sample were measured at a frequency of 10 Hz using a
Mettler Toledo DMA instrument. The film with dimensions of 15 mm in length, 8 mm in
width, and 0.2 mm in thickness was heated from 50 to 100 °C at a rate of 5 °C/min. The

amplitude of the sinusoidal strain was 0.05.
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The tensile strength was measured using universal testing machine (UTM) Shimadzu EZ
Test EZ-SX (Shimadzu Corporation, Kyoto, Japan) with 500 N load cell. The samples
were prepared in films then cut into specimen, which was standard dumbbell shape, 38 mm
length x 15 mm width x 0.2 mm thickness with a 20 mm gauge length for tensile test. In
the process of measurement, the displacement was applied at a speed of 1 mm/min, and at
least 5 specimens were measured for each sample. The average results of tensile strength,
elongation at break and Young’s modulus of the epoxy nanocomposites were calculated

from the stress-strain curves.

3.4 Results and discussion
3.4.1 CNF-immobilized ECP and phenalkamine

In the present work, 4 types of CNF-immobilized compounds, i-SE, i-AE, i-SP, and i-AP
were prepared. FT-IR measurement for these samples was conducted to confirm the
immobilization of CNF into ECP and phenalkamine. Figure 3.2 presents FT-IR spectra of
CNF, ECP, phenalkamine, and CNF-immobilized ECP and phenalkamine. For CNF(S)
and CNF(A) showed a broad peak at 3600-3100 cm™ (OH stretching), sharp peaks at 1604
cm-1 (carboxylate COO~) and 1100-900 cm™! (C-O stretching). For the CNF-immobilized
ECP, characteristic peaks at 910 cm™ (epoxy) decreased while at 3500 cm™! (OH) and 1716
cm’! (C=0, ester) increased after the immobilization, indicating that epoxy groups reacted
with COO~ of CNF and formed ester bonding and OH group during the immobilization
process. Furthermore, the formation of new hydrogen bonding was expected between ECP
and CNF. On the other hand, for the CNF-immobilized phenalkamine, there were specific
peaks of phenalkamine at 3300 cm™ (N-H) and 713 ¢cm™ (C-N). In addition, a new peak
at 1640 cm™! (C=0, amide) was appeared after immobilization, indicating the formation of
amide linkage resulting from the chemical reaction between COO~ of CNF and amine
group of phenalkamine. Amine groups reacted with OH groups of CNFs to give amide
linkage which can be expected as self-healing property [16, 17]. Therefore, the FT-IR
measurement showed that new chemical bonding was formed in CNF-immobilized

phenalkamine, while the absence of any chemical interaction between CNF and ECP.
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Figure 3.2 FT-IR spectra of CNF-immobilized ECP and phenalkamine (a) i-SE, (b) i-AE,
(c) i-SP, and (d) i-AP.
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3.4.2 Epoxy nanocomposites

The photographic images of the base epoxy polymer and the epoxy nanocomposite films
are presented in Figure 3.3. The epoxy polymer film without CNF (before thermally post-

curing) was very flexible and soft, while the epoxy composite film was stiff and hard.

Figure 3.3 Photographs of base epoxy (left) and epoxy nanocomposite films (right).

The gel content of the polymer films was determined to evaluate the curing behavior of the
epoxy nanocomposites in terms of the presence of CNF. Figure 3.4 presents the gel content
of the epoxy nanocomposites. The gel content of P4(SP) and P5(AP) was greater than that
of P2(SE) and P3(AE). The epoxy nanocomposites prepared with CNF(S) (i.e., P2(SE) and
P4(SP)) showed lower gel contents compared with those prepared with CNF(A) (i.e.,
P3(AE) and P5(AP)), indicating that CNF(A) would be suitable in this epoxy polymer than
the hydrophilic CNF(S) to give highly crosslinked epoxy nanocomposites.
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Figure 3.4 Gel content of epoxy nanocomposites.
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The epoxy nanocomposites were analyzed by FT-IR measurement to investigate in more
detail the curing process of the epoxy nanocomposites. Figure 3.5 presents FT-IR spectra
of P1(epoxy) and P5(AP). For both Pl(epoxy) and P5(AP), the characteristic peaks at
3500-3100 cm™ (OH group), 2974 cm™ (N-H, secondary), 1718 cm™!' (C=0, ester), 1650
cm-1 (C=C), 1157 cm™! (C-N) were observed. The C=C was formed by dehydration of OH
groups under thermally post-curing process [18]. The FT-IR analysis showed that the
crosslink reaction in both P1(epoxy) and P5(AP) between epoxy and amine progressed,
and the dehydration of OH group also occurred, suggesting that the epoxy nanocomposites

films became more rigid and hydrophobic nature.
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Figure 3.5 FT-IR spectra of epoxy nanocomposites.
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3.4.3 Thermal property

The thermal stability of the epoxy nanocomposites was analyzed by TGA. The TGA curves
and thermal properties of the epoxy nanocomposites are presented in Figure 3.6 and Table
3.2, respectively. The weight loss and thermal decomposition temperatures were denoted
as Ts, T1o, and Ty, respectively. Wreoo is the retained weight at 600°C. The thermal stability
of the epoxy nanocomposites was improved by addition of CNF. Generally, stiffness or
rigidity of polymer segments is related with thermal properties of polymers such as thermal
stability and glass transition temperature [19]. This result implies that the addition of CNF
into epoxy polymers enhanced the rigidity or stiffness of the polymer segments. To clarify
this result, it was investigated in terms of the mechanical property. In addition, new linkage
between CNF and ECP or phenalkamine by chemical reaction could reduce strong
hydrogen bonding formation among CNFs. This can lead to the less aggregation of CNFs
in the composites [20]. The epoxy nanocomposites prepared with CNF(A) (i.e., P3(AE)
and P5(AP)) showed better thermal stability than the epoxy nanocomposites prepared with
CNF(S) (i.e., P2(SE) and P4(SP)), suggesting that CNF(A) could be well-embedded in the
epoxy matrix than CNF(S) because of the better compatible property of CNF(A) in the
epoxy nanocomposite. TGA measurement exhibited that the improvement of the thermal

stability of the epoxy nanocomposites can be attributed to the covalent bonding with CNF.
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Figure 3.6 TGA curves of epoxy nanocomposites.
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Table 3.2 Thermal properties of epoxy nanocomposites

Sample Ts(°C) T10 (°C) T4(°C) Wre0o
P1 (epoxy) 284 313 364 5.5
P2 (SE) 295 318 371 59
P3 (AE) 295 319 375 7.7
P4 (SP) 297 321 378 7.9
P5 (AP) 300 324 380 7.5

3.4.4 Mechanical property

The mechanical properties of the epoxy nanocomposites were evaluated by DMA and
tensile strength. DMA curve of epoxy nanocomposites is presented in Figure 3.7. The
glass transition temperature (Tg) of the epoxy nanocomposites was determined from
maximum tand in DMA curve and is summarized in Table 3.3. The order of the Tg of the
polymer films was P2(SE) < P1(epoxy) < P3(AE) < P4(SP) < P5(AP). Tg also represents
the rigidity of polymer segments [19]. For example, Tg of P5(AP) was 56°C which was
12°C higher than of the P1(epoxy) base epoxy polymer, whereas Tg of P2(SE) was 5°C
lower than of the P1(epoxy). Storage modulus (£’) values of P1(epoxy) and P5(AP) at
rubbery state were about 600 and 4000 MPa. The difference of £’ values between P1 and
PS5 can was about 3400 MPa which was affected by the chemical bonding between CNF

and phenalkamine.
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Figure 3.7 DMA curves of epoxy nanocomposites.
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Table 3.3 Mechanical properties of epoxy nanocomposites

Sample T, (°C) Z\ZII)SSG strength Z\Z;I;)g s modulus
P1 (epoxy) 43.6 29.743.1 53.0£12.9

P2 (SE) 40.9 47.3+4.8 253.5+40.3

P3 (AE) 49.0 56.9£7.5 266.8447.3

P4 (SP) 51.8 64.4+5.4 378.8+39.9

P5 (AP) 56.0 84.6£2.6 496.4+22.5

Figure 3.8 presents stress-strain curve of epoxy nanocomposites. The mechanical property
of epoxy nanocomposites is also presented in Figure 3.9 and Table 3.3. The tensile strength
and Young’s modules in the epoxy nanocomposites (i.e., P2-P5) were 59-185% and 378-
837% greater than those of the P1(epoxy). This result indicates that the presence of CNF
obviously associates the enhancement of the stiffness of the epoxy nanocomposites. In
addition, the P5(AP) showed highest values for tensile strength and Young’s modules. The
amide linkage between CNF and phenalkamine was more effective than the linkage
between CNF and epoxy to enhance the mechanical property. Furthermore, CNF(A) would
be preferable than CNF (S) because of the better compatible property of CNF(A) with this
epoxy nanocomposites. Previously, the mechanical property of epoxy composite using
modified graphene was improved by uniform dispersion of the modified graphene and
strong interfacial bonding between the graphene and epoxy resin [21]. Therefore, in the
present case, these results indicates that the improved mechanical properties of epoxy
nanocomposites were could be attributed to the better dispersion of CNF in the epoxy
matrix by the covalent bonding between CNF and epoxy polymer. Hence, it was found
that the CNSL-based epoxy nanocomposites reinforced with CNF-immobilized

phenalkamine was effective approach to improve the thermal and mechanical properties.

69



100

P5(AP)
90 r

80

60

Stress (MPa)
w
o

40 P1(epoxy)
30 |
20 |

10

0 L 1 1 L
0 5 10 15 20 25
Strain (%)
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Figure 3.9 Tensile strength and Young’s modulus of epoxy nanocomposites.
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3.5 Conclusion

The novel bio-based epoxy nanocomposites were successfully prepared by using CNF.

The immobilization of CNF was confirmed by FT-IR analysis, suggesting that the new

amide bonging between CNF and phenalkamine was formed, while there was no chemical

bonding between CNF and ECP. The epoxy nanocomposite prepared with CNF-

immobilized phenalkamine greatly improved the thermal and mechanical properties. This

enhancement could be attributed to the new amide bonding between CNF and

phenalkamine, leading to the reduction of the hydrogen bonding among CNFs, that is, less

aggregation of CNF in the epoxy nanocomposite. Therefore, the novel CNSL-derived

epoxy nanocomposite reinforced with CNF has high potential as bio-based coating, film

and resin.
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CHAPTER 4: Synthesis and Characterization of
Cardanol-derived Polymers via Thiol-ene Reaction

4.1 Abstract

Novel UV-curable bio-based polymers were prepared from cashew nut shell liquid
(CNSL), natural phenol compound, at room temperature via thiol-ene reaction. The
physical, thermal, optical, and mechanical properties of UV-cured polymers and the
structure-property relationship of these properties were investigated. The resultant UV-
cured polymers showed flexibility, transparency with high gloss, thermal resistance, and
long-term stability as compared with other CNSL-based polymers. This is because that
one step reaction of UV-click thiol-ene from transparent CNSL-derived monomer
proceeded effectively among S—H and C=C of allyl and alkyl sidechains, leading to much
higher flexible crosslinked structure. This UV-curable bio-based polymer can be very

advantageous in application of flexible coating and film.

4.2 Introduction

Recent global environmental problems such as global warming, depletion of petroleum
resources, and plastic pollution have to be solved to achieve sustainable economy.
Development of chemicals and polymers from renewable resources has received great
attention [1-3]. The utilization of biomass resources is highly significant for reducing
greenhouse gas emissions as well as saving fossil resources. Among agricultural biomass
resources, plant oil is one of the candidates for the feedstocks of bio-based materials, since
plant oils have various nature such as abundant renewable resources, cost effectiveness,
availability of chemical reaction, etc. Particularly, unutilized non-edible biomass resources

have received particular attention since these biomasses are not competitive as food.

Cashew nuts shell liquid (CNSL) is a natural plant oil that is obtained from non-edible
biomass waste produced in cashew nuts industry [4]. CNSL is a mixture of phenolic
compounds such as anacardic acid, cardanol, and cardol. Main component of purified
CNSL is cardanol. Recent researches for utilization of CNSL have been focused on the

polymers such as phenolic resins [5-7], epoxy [8,9], polyurethane [10,11], benzoxazine
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resins [12,13]. However, these polymers are prepared with formaldehyde or heavy metal
catalysts. Previously, some researches for formaldehyde-free polymers, cardanol-furfural
[14-16], acryl [17,18], epoxy [19-21], crosslinked resins with enzyme and oxidative
polymerizations have been reported. These polymers are generally yellow to brown in
color. Therefore, the transparent materials derived from CNSL is also interesting in film,

packaging, and coating applications.

Thiol-ene photo-click reaction has advantages such as simple reaction and high yields [22].
This thiol-ene reaction have been employed in the synthesis of bio-based polymers using

plant oils [23-27].

In the present work, it was investigated novel UV curable cardanol-derived polymer via
thiol-ene reaction to give novel transparent flexible polymer without formaldehyde, heavy
metal catalysts, and volatile organic solvents, which is advantageous in that it is
environmentally-friendly. The UV-cured polymer derived from cardanol was investigated
in terms of physical, optical and thermal properties through the comparison of previous our

epoxy polymer and commercial CNSL-based polymer.

4.3 Experiment
4.3.1 Materials

Purified cardanol (3-pentadecadienylphenol) was purchased from Tohoku Chemical
Industries, Ltd., Japan. The total unsaturation degree of cardanol was 2.1 determined by
'H NMR. Allyl bromide (>98%), methyl benzoylformate, and 2, 2-dimethoxy-2-
phenylacetophenone (DMPA) (>98%) were purchased from Tokyo Chemical Industry Co.,
Ltd., Japan. Irgacure2959 was purchased from Aldrich Inc. Trimethylolpropane tris(3-
mercaptopropionate) (TTMP) was purchased from Fujifilm Wako Pure Chemical
Corporation, Japan. Commercially available CNSL-based polymer for painting (No. 53,
Cashew Co., Ltd., Japan) was used as a comparison. Other chemicals were obtained

commercially available. All the chemicals were used as received.

74



4.3.2 Synthesis of allyl cardanol

Preparation of UV-curable CNSL-derived polymer via thiol-ene reaction is presented in
Scheme 4.1. Allylation of cardanol was performed according to similar manner of previous
work [19]. Into a 300-mL round-bottom flask, cardanol 48.12g (0.16 mol), potassium
hydroxide, 18.01 g (0.32 mol) and 42.0 mL DMF solution were mixed by magnetic stirrer.
The mixed solution was cooled in an ice bath to maintain the low temperature during allyl
bromide, 42.0 mL (0.50 mol) was slowly added drop by drop. Then, the mixture was stirred
for 24 hours at room temperature. After stirring, distilled water was added and the mixture
was stirred for 30 minutes, then extracted with ethyl acetate. The extracted organic layer
was washed with water, dried over magnesium sulfate, evaporated, separated by column
(hexane: ethyl acetate = 19:1), and dried in vacuum. After purification, a clear liquid was
obtained (41.32 g, 93.6% yield). The allyl cardanol was confirmed by '"H NMR as shown

in Scheme 4.1.

AN )
aIIyI bromide Q TTMP UV-crosslinked
@ _— - —>  Dbio-based
KOH DMSO DMPA ﬁ - polymer
R _ 4

R : Cy5Hos5.
157725-31 coating UV irradiation
cardanol allyl cardanol

'H-NMR [400 MHz , CDCI3, § (ppm)] 7.21-7.15 (¢, 1H, Ar-H), 6.78-6.72 (m, 3H, Ar-H), 6.11-
6.02 (m, 1H, O-CH2-CH=), 5.86-5.77 (m, CH2-CH=CH2), 5.45-5.30 (m, -CH2=CH2-, O-CH2-
CH=CH2), 5.08-4.96 (m, -CH=CH2), 4.54-4.51(m, 2H, Ar-O-CH2-)2.85-2.76(m, =CH-CH2-
CH=), 2.59-2.54(t, 2H, Ar-CH2-CH2-), 2.07-1.98(m, CH2-CH2-CH=), 1.62-1.55(m, Ar-CH2-
CH2-), 1.39-1.25(m, -CH2-), 0.93-0.86(m, -CH3)

Scheme 4.1 Preparation of UV-curable CNSL-derived polymer via thiol-ene reaction.

4.3.3 Preparation of crosslink film

The 1.00 g (2.94 mmol) of allyl cardanol (unsaturation degree: 2.80) and 1.09 g (2.75
mmol) of TTMP were mixed, then given amount of photo-initiator was mixed physically
and treated under ultrasonication until completely dissolved. The well-mixed solution was
uniformly coated onto a glass plate by applicator (75 and 750 um, Yoshimitsu Seiki,
Tokyo, Japan). UV irradiation (250W, 365 nm, ML-251D/B, Ushio lighting, Inc., Japan)
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was performed at room temperature under atmosphere for given time until the solution was

cured.

4.3.4 Structure Analysis

'"H NMR spectroscopies were conducted on a JNM-ECZR300 and JNM-ECZR500
spectrometer (JEOL Ltd., Tokyo, Japan). Samples were dissolved in deuterated chloroform
solution with chemical shifts referenced from tetramethylsilane (TMS). The fluid of epoxy
cardanol and epoxy cardanol prepolymer were analyzed to confirm the structure.

The soluble part of the UV-cured polymers was measured to investigate the curing state.

Fourier transform infrared (FT-IR) spectroscopy was performed on a FT/IR-4100 (JASCO

Co., Tokyo, Japan). Each spectrum was averaged over 64 scans at a resolution of 2 cm™!.

Raman spectra of UV-cured polymers were conducted using the film coated on a glass
plate on a Nicolet Almega XR (Thermo Scientific, USA) instrument with a 532 nm laser

as the excitation source.

4.3.5 Characterization

The gel content of the UV-cured polymers was determined. The polymer film was
immersed in acetone which is good solvent of UV-cured polymers, at room temperature.
After 24 h, the non-soluble parts were filtered and dried under vacuum for 24 h to remove
residual solvent before weighing. The gel content was calculated using the following
equation: Gel content (%) = Winsot/Winitiat * 100, where Winsor and Winiiar are the weight of

the insoluble portion and the weight of the well-dried initial sample, respectively.

At The UV-vis analysis of UV-cured films was conducted with a double beam
spectrophotometer V-670 (JASCO Co., Tokyo, Japan), using a slit width of 2 nm.

Thermogravimetric analysis (TGA) was performed on a TG8120 (Rigaku Co., Tokyo,
Japan). The polymer sample was heated in a platinum pan from 50 to 600°C at a heating

rate of 10°C/min under a nitrogen atmosphere at a flow rate of 60 mL/min.
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Dynamic mechanical analyses (DMA) were carried out on a Mettler Toledo DMAI.
The DMA samples had a rectangular geometry (length: 15 mm, width: 8 mm, thickness:
0.2 mm). The samples were performed while heating at a rate of 5 °C/min from 50 to

100 °C, keeping frequency at 10 Hz (viscoelastic region) and strain at 0.05 %.

4.4 Results and discussion
4.4.1 Allyl cardanol

Allyl cardanol was confirmed by 'H-NMR and FT-IR, as shown in Scheme 4.1.
The 'H NMR spectra of the allyl cardanol, the signals of the unsaturated parts (C=C)
observed at 4.9-5.1, 5.3-5.5, and 5.7-5.9, and 6.0-6.1 ppm. The unsaturation degree
calculated based on this NMR spectrum was estimated to be about 3.1. Throughout the
allylation of cardanol, the unsaturated side chains were stable because that the value of

cardanol was 3.1.

4.4.2 UV-cured polymer

The gel content of the UV-cured polymers obtained using various photo-initiators is
summarized in Table 4.1. The highest gel content was observed in the UV-cured polymer
obtained using DMPA. In addition, the transparent film was obtained only when DMPA
was used (Figure 4.1). Therefore, further characterization of the UV-cured polymer
prepared with DMPA was performed. Regardless of the film thickness, a self-standing
colorless film with transparency and flexibility was obtained. The optimized condition for
the thiol-ene reaction was determined based on the gel content of the UV-cured film. Figure
4.2 and Table 4.2 presents the gel content of the UV-cured films (75 um) prepared using
different concentrations of the photo initiator. The gel content of the UV-cured film
increased with the increased concentration of the photo initiator until the concentration
reached 6 %. When 6% of the photo initiator was used, it took 3 minutes to give a UV-
cured film with a high gel content (96%). Based on this result, we tested for all
characterization using the UV-cured film prepared using 6 % of the photo initiator with
UV irradiation for 3 minutes. We also measured the gel content of the UV-cured film with

a thicker film thickness (750 pm) that is prepared using 6 % of the photo initiator,
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summarized in Table 4.1. The thick film required 5 minutes to get high gel content,
indicating that 5 minutes UV irradiation was enough to complete the UV crosslink reaction

even in the thick sample.

Figure 4.1 Photographic images of UV-curable CNSL-derived polymer films prepared
with DMPA photo-initiator (left: 75 pum, right: 750 pum)

Table 4.1 Gel content of UV-cured polymers prepared with various photo-initiators

Photo-initiator Gel content (%)
Irgacure2959 73.9
Methylbenzoylformate 74.3
DMPA 94.2
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Figure 4.2 Gel content of UV-cured films (75 pm) with different amount of initiator
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Table 4.2 Gel content of UV-cured films (750 pm) with 6% of photo initiator

UV irradiation time (min) Gel content (%)
1 83
3 96
5 98
10 97
30 97

The chemical structure of UV-cured films and thiol-ene reaction were analysed by Raman
spectroscopy. The Raman spectra of UV-cured polymers were presented in Figure 4.3.
The peaks characteristic to the UV-cured film, such as 3062, 1610, 1275 cm™! (aromatic),
2576 cm™ (S-H), 1668 cm™! (C=C), were observed. The peaks corresponding to aromatic
ring and C=C were observed in allyl cardanol, while those of S—H, C—H, C-H;, were
observed in thiol monomer. The peak corresponding to C=C and S-H groups decreased in
UV-cured polymer after UV irradiation. The spectra also showed that residual unreacted
C=C and S-H groups were still present after UV irradiation. According to structure
analysis of UV-cured polymer by Raman spectroscopy, the plausible crosslink structure is
presented in Figure 4.4. The reactivity of alkene with allyl ether in ene-thiol reaction is
generally higher than the other C=C bonding [28]. In the present case, thiol groups reacted
with the allyl position of cardanol as well as the reaction with the double bond of the side
chain of cardanol, leading to the formation of three-dimensional cross-linked structure.
On the other hand, it seems that it is difficult to perfectly react all the double bonds and
thiol groups due to steric hindrance of C=C positions, and therefore the unreacted thiol
groups and C=C were present as shown in the Raman spectra of the UV-cured polymer.
This suggests that the UV-cured polymer with sufficient crosslink density was obtained to
form the self-standing film as evidenced by the quite high gel content after thiol-ene

reaction even some of the double bonds and the thiol groups remain unreacted.
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Figure 4.4 Plausible crosslink structure of UV-curable cardanol-derived polymer via
thiol-ene reaction
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The gel content and physical properties of the UV-cured polymer are summarized in Table
4.3, along with the physical properties of previous epoxy cardanol-amine polymer prepared
with epoxy cardanol prepolymer and diethylenetriamine [21,22] and CNSL-based polymer
[21,22] as comparison. For gel content, the value in the UV-cured polymer was over 95%,
which was higher than that in epoxy cardanol-amine polymer but lower than that in CNSL-
based polymer. The film density of the UV-cured polymer was greater than that of epoxy
cardanol-amine polymer, and similar with CNSL-based polymer. In addition, the UV-
cured polymer showed lowest value of the water uptake, indicating more hydrophobic and
water tolerant properties. These results indicates that thiol-ene reaction of allyl cardanol

provided more hydrophobic crosslink structure.

Table. 4.3 Gel content and physical properties of UV-cured polymer and other related
polymers

Polymer Gel content/% Density/ g cm™ Water uptake/wt%
UV-cured® 95.0 1.119 1.31
Epoxy-amine” 85.9 1.020 1.72
CNSL-based polymer® 98.5 1.111 1.56

a) this work
b) epoxy cardanol prepolymer-diethylenetriamine [21]
c) CNSL-based polymer for coating (No.53) [21]

Figure 4.5 presents UV-vis spectra of the UV-cured film along with UV-vis spectra of
epoxy-amine cardanol polymer and CNSL-based polymer as comparison. The optical
properties of the UV-cured polymer are also summarized in Table 4.4. The light absorption
edge in the UV-cured film was as short as 288 nm, which was significantly shorter than
the other polymers, indicating that the absorption in the visible light region (290-360 nm)
was greatly reduced. To evaluate specific color property of the polymer films, color indices
were measured. The color indices represent the optical nature of the samples. The
parameter, b represents blue/yellow nature, wherein negative b value corresponds to blue
and positive b value corresponds to yellow. Positive b value of other CNSL polymers was
obtained, indicating the yellowness of these polymers. On the other hand, the UV-cured
polymer film showed negative b value and was similar to that of glass substrate. The gloss

of the UV-cured polymer film was same as CNSL-based polymer for coating, indicating
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that the UV-cured polymer has a high potential for coating and film applications. These
results suggest that the UV-cured polymer possesses highly transparent property.
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Figure 4.5 UV-vis spectrum of UV-curable CNSL-derived polymer and other related
polymer films (75um).

Table 4.4 Optical properties of UV-cured polymer and other related polymers

Sampl Absorption Refractive index  Color indices

ample edge (nm) at 532 nm L* a* b*
UV-cured 288 1.548 89.6 -1.1 1.1
Epoxy-amine 360 1.537 74.3 —4.3 345
CNSL-based 54 1.578 29.1 45.0 48.0
polymer

Figure 4.6 presents wavelength dependence on the refractive index of CNSL-based
polymers. The wavelength dependence on the refractive index was estimated based on
Cauchy’s equation using 3 values of the refractive index at 532, 633, and 780 nm [29]. The
refractive indices of UV-cured polymer film are summarized in Table 4.4. The refractive
index at 532 nm was larger in the order of CNSL-based polymer > UV-cured polymer >
epoxy cardanol-amine polymer. The refractive index of general phenolic resins, which is

known as a high refractive index material, is 1.5 to 1.7. The refractive index of the CNSL-
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based polymer was as high as that of the general phenolic resins. meanwhile, the refractive
indices of the UV-cured polymers and epoxy cardanol-amine polymers were lower than
that of the CNSL-based polymer. In general, the introduction of aromatic groups and sulfur
elements increases the refractive index due to the enhancement of molar refraction [30].
The greater refractive index of the UV-cured polymer than those of epoxy-amine polymers
may be because the UV-cured polymer had sulfur elements in the crosslinked structure
formed by thiol-ene reaction. The refractive index of the UV-cured polymer was 1.490

which was greater than polymethyl acrylate (PMMA) [31].
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Figure 4.6 Wavelength-dependent refractive index of UV-curable CNSL-derived polymer

and other related polymer films

TGA curves of UV-cured polymer were presented in Figure 4.7. The thermal property of
UV-cured polymer is also summarized in Table 4.5. The UV-cured polymer and epoxy
cardanol-amine polymer showed 2 step thermal decomposition behavior, as shown by the
decomposition at around 300-350 °C, and at 400 °C, while CNSL product showed 1 step
decomposition. The thermal decomposition temperature of the UV-cured polymer was
higher than that of the epoxy-amine polymer, indicating that new C—S bonding formed
by thiol-ene reaction improved the thermal stability with flexible crosslink network.
The crosslink density of UV-cured polymer was greater than that of epoxy-amine polymer
as shown in Table 4.3. This dense structure of the UV-cured polymer could improve the
thermal stability. The possible expected crosslink structure of UV-cured and epoxy-amine
polymer are presented in Figure 4.8.
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Figure 4.7 TGA curves of UV-curable CNSL-derived polymer and other related polymer
films.

Table 4.5 Thermal properties of UV-cured polymer and other related polymers

Sample Ts (°C) T (°C) T4 (°C)
UV-cured 335 350 350
Epoxy-amine 323 339 332
CNSL-based polymer 281 329 432
Component Epoxy cardanol DETA Allyl cardanol TTMP
e, HaN o~~~ NH; el "ﬁh{\
~ v H ~ R
Structure -~ .° ?. e e .
(m — o O — P
Epoxy prepolymer Epoxy-amine UV- curable CNSL-

derived polymer

}RE%L\ ..,.\f:,‘;;

_{

Figure 4.8 Possible crosslink structure of UV-curable CNSL-derived polymer and epoxy-
amine polymer
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Figure 4.9 presents DMA curves of UV-cured polymer. Mechanical property of UV-cured
polymer is also summarized in Table 4.6. The glass transition temperature of UV-cured
polymer was negative which was lower than that of epoxy polymer, indicating that the
elastic modulus of the UV-cured polymer was greater than that of epoxy polymer at
rubbery state. Furthermore, UV-cured polymer has flexible C—S bonding leading to less
molecular interaction. C—S bonding as well as long alkyl side chains gives flexible nature,
therefore, relatively high elastic modulus at room temperature with highly crosslink

structure.
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Figure 4.9 DMA curves of UV-cured polymer

Table 4.6 Glass transition temperature and storage modulus of UV-cured polymer and
other related polymers

Storage modulus /MPa

t T, /°

Componen 2 /°C 20°C 30°C 40°C
UV-cured —11.8 6 6 7
Epoxy-amine 31.6 97 18 5
CNSL-based 96.3 770 676 572
polymer

85



4.4.3 Stability (Time dependence behavior)

The stability or time depensence behavior of UV-cured polymer was investgated by the gel
content and UV transmittance which it was compared with epoxy-amine and CNSL-based
polymer. The time dependence on gel content of UV-cured and epoxy polymers in Figure
4.10. The gel content of UV-cured polymers after UV irradiation was almost constant,
indicating that the crosslink structure was stable (i.e., no autoxidative reaction at
unsaturation part). Moreover, the time-dependence on the UV-vis spectrum of UV-cured
film is presented in Figure 4.11. The UV-vis spectrum of the UV-cured polymer was no
change for 2 months, while those of the epoxy cardanol-amine polymer and CNSL-based
polymer shifted to long-wavelength side with time due to the typical autoxidation at
residual unsaturation parts occurred [19]. This is because that the thiol groups effectively

reacted with C=C bonding in UV-cured polymer, leading to the suppression of the

autoxidation.
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Figure 4.10 Time dependence of gel content of UV-cured and epoxy polymers

86



100 UV-cured

I ___ 1day
90 ---------- 2 Weeks
ol 7 weeks
K70t _
Y 6o | Epoxy-amine
P __ _ 1day
gXr 0S| 2 weeks
g4 6 weeks
s 30 |
" 20 | CNSL-based polymer
___ 1lday
10 N R Y T 2 Weeks
0 6 weeks
200 300 400 500 600 700 800

Wavelength /nm

Figure 4.11 Time dependence of UV-vis spectra of UV-cured and epoxy polymers

4.5 Conclusion

Novel environmentally-friendly UV-curable polymer derived from CNSL via thiol-ene
photo-click reaction. By converting the phenolic hydroxyl group to an allyl group, the
thiol-ene reaction proceeded effectively among thiol, allyl groups and unsaturation parts in
the alkyl side chains. The obtained UV-cured polymer film was flexible transparent with
highly thermal stability. Furthermore, there was no change in UV-vis spectrum of this
polymer for 2 months, indicating that thiol-ene reaction proceeded among thiol compound
and allyl as well as unsaturation groups in the cardanol side chains. Therefore, this UV-

curable bio-based polymer can be very advantageous in application of flexible coating and
film.
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CHAPTER 5: Conclusions

Novel environmentally-friendly bio-based polymers derived from natural cardanol were

developed from phenolic oil which obtained from cashew nut shells.
The conclusions for each topic are as follow;

Synthesis and Characterization of Novel Bio-based Epoxy Polymers Derived from

Cardanol

Novel epoxy polymers were synthesized from cardanol derivatives, epoxy cardanol
prepolymer (ECP) and phenalkamine. The optimum ratio of ECP and phenalkamine was
2:1 by weight, which determined by drying time and epoxy polymer gel concentration that
close to the predicted ratio. The effects of the prepolymer's molecular weight and the heat
treatment on the physical characteristics of the epoxy polymers were examined. It was
found that, the drying time to harden dry state of the epoxy polymers was substantially
dependent on the prepolymer's molecular weight. This finding suggests that the
prepolymer's molecular weight may influence the drying time of the epoxy polymer. The
epoxy polymer demonstrated flexibility and heat stability up to 300°C. The glass transition
temperature of the epoxy polymer was almost ambient temperature, as revealed by dynamic
viscoelasticity experiments. According to the optical, thermal, and mechanical
characteristics of the epoxy polymer, the prepolymer's molecular weight had a substantial
impact on the drying properties of the epoxy polymer, indicating that a prepolymer with a
high molecular weight is more likely to form the cross-linked structure. Furthermore, as a
post-curing step, heat treatment of epoxy polymers considerably improved mechanical
strength and glass transition temperature. Antimicrobial activity of epoxy polymers against
E. coli and S. aureus was discovered. As a result, this unique cardanol-derived epoxy
polymer has a great potential for use in flexible, thermally resistant, and anti-microbial

coatings and resins.

90



Development of Cellulose Nanofiber-reinforced Cardanol Epoxy Composites

For advanced cellulose nanofiber composites, epoxy resins are preferred polymer matrices
for various applications. However, in order to generate high-performance composites, poor
dispersion and compatibility between cellulose fibers and polymer matrix become critical
concerns that must be addressed. In this study, to achieve environmental-friendly
bio materials, synthesized cardanol and cardanol derivative, phenalkamine were applied
for polymer matrices. The results show that the immobilization of CNF was confirmed by
FT-IR analysis, suggesting that the new amide bonging between CNF and phenalkamine
was formed, while there was no chemical bonding between CNF and ECP. The epoxy
nanocomposite prepared with CNF-immobilized phenalkamine greatly improved
the thermal and mechanical properties. This enhancement could be attributed to the new
amide bonding between CNF and phenalkamine, leading to the reduction of the hydrogen
bonding among CNFs, that is, less aggregation of CNF in the epoxy nanocomposite.
Therefore, the novel CNSL-derived epoxy nanocomposite reinforced with CNF has high
potential as bio-based coating, film and resin. In further work, the morphology of cellulose
nanofiber-reinforced cardanol epoxy composites will be analyzed to describe the

dispersion of CNF.

Synthesis and Characterization of Cardanol-derived Polymers via Thiol-ene Reaction

Novel UV-curable bio-based polymers were prepared from cashew nut shell liquid
(CNSL), natural phenol compound, at room temperature via thiol-ene reaction.
The physical, thermal, optical, and mechanical properties of UV-cured polymers and the
structure-property relationship of these properties were investigated. The resultant UV-
cured polymers showed flexibility, transparency with high gloss, thermal resistance, and

long-term stability as compared with other CNSL-based polymers. This is because that
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one step reaction of UV-click thiol-ene from transparent CNSL-derived monomer
proceeded effectively among S—H and C=C of allyl and alkyl sidechains, leading to much
higher flexible crosslinked structure. This UV-curable bio-based polymer can be very

advantageous in application of flexible coating and film by its significantly transparent

property.
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