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BIO-BASED UV-CURABLE FILMS AND THE EFFECT OF BIO-CONTENT ON THE PROPERTIES
OF THE FILMS

An Abstract of the Thesis by
Sahilkumar Ashvinkumar Chaudhary

The use of renewable resources in film formation has become a new focal point
for industry because it is abundantly available and has less carbon emission during
production than traditional ones. This has drawn researchers to investigate the
functionality of bio-based raw materials and their end-usage. By modifying their chemical
structures, the properties of these films like thermal resistance, impact resistance, and
chemical resistance can be increased. In this research, limonene was used as a partial
replacement for petroleum-based chemicals in film formation. A two-step chemical
process was carried out to modify the limonene and the final product was used in film
formulations. Titration and Fourier transform infrared spectroscopy (FTIR) analysis were
used to confirm the structure of the modified limonene. The UV-cured films were also
analyzed by tensile, flexural, hardness, and thermal tests to examine their mechanical and
thermal properties.

Limonene oil was modified using a thiol-ene reaction to introduce hydroxyl
functionality to prepare a limonene diol (LD). Then, a methacrylation reaction was carried
out to synthesize methacrylated limonene diol (MalLD) with a byproduct of methacrylic
acid and this mixture is referred to as ML-Ma. To prepare a solution of bio-based modified

films (BMF), methacrylic acid (MA) was used as a reactive diluent, 2,2-dimethoxy-2-



phenylacetophenone (DMPA) as a photoinitiator, and tetra (ethylene glycol) diacrylate
(TEGDA) as a cross-linker. They were added to the ML-Ma before curing with UV radiation.
By examining the intensity of the C=C peak appearing at 1635 cm™ in the FTIR spectrum,
the approximate curing percentage was calculated. A methyl ethyl ketone (MEK) rub test
was also conducted to check the crosslinking of the UV-cured sample.

The BMF films were prepared with varying amounts of bio-based content ranging
from O wt. % to 55 wt. % (BMF-0 to BMF-55) to reduce the amount of commercial cross-
linker (TEGDA). The UV-cured films were investigated to study their mechanical and
thermal properties. Good results were obtained using 30 wt. % of ML-Ma (BMF-30). An
increase in tensile strength, hardness, and flexural characteristics was observed. The
variation in the amounts of TEGDA and ML-Ma showed the bio-content needed to
optimize the mechanical properties of the film. As a result of this study, it was found that
commercial products TEGDA cross-linker can be partially replaced by modified bio-based

content of ML-Ma with increasing the overall mechanical properties of the films.

Vi
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CHAPTER |

INTRODUCTION

Polymeric films have been important to society as they can improve product life
by protecting it through daily wear and tear. The primary function of a cured film is to
protect coated materials by reducing corrosion or decomposition. With the chemical
modification of the raw material, different functions like adhesion, chemical and heat-
resistance, and anti-corrosion can be obtained. Diverse classes of film formulations are
commercially available and developed by researchers that are used in unusual weather,
underwater, and space applications to protect material as needed. Petroleum-based raw
materials are used in film formation but due to their limited sources, researchers are

looking for alternative green materials and approaches to synthesize polymeric films.

1.1 Polymeric Films
Polymeric materials that are thicker than 200 um are known as a sheet [1]. Typical
uses of polymeric films span over the household, industrial, and high-tech applications

like packaging, bags, automotive, aerospace, construction, and landscaping. Based on the



properties of polymeric resin from which the polymeric films have been prepared can be
transparent, semi-transparent, opaque, colored, smooth, or rough, and used in different
applications depending upon their physio-chemical, thermal, and mechanical properties.
In general, plastic films are used to separate the area or volume, act as a barrier, hold the
materials, and offer printable surfaces. Other sectors where polymeric films are applied
include the manufacture of sensors, biomedical devices, and tuning of the surface’s
wettability, adhesion, friction, and wear [2].

Polymeric films can be thermoplastic, thermoset, or elastomeric which are
prepared using different methods such as blown film extrusion, calendaring, casting
through polymer solution or dispersion, and radiation curing. The most common
polymers used in the preparation of films are polyethylene (low, high, and ultra-high
density), polypropylene, polyurethane, polyester, nylon, poly (vinyl chloride), poly (vinyl
alcohol), cellulose acetate, and biodegradable synthetic polymers like poly(l-lactide),
polyglycolide, poly(e-caprolactone), and their co-polymers. Many of the natural and
synthetic bio-polymers are also used as an additive in film formulation to improve their
rate of biodegradation and physio-chemical properties [3][4]. In general, the biomass-
derived monomers may be oxygen-rich (lactic acid and succinic acid), hydrocarbon (bio-
olefins), non-hydrocarbon (carbon dioxide), and hydrocarbon-rich (vegetable oils, fatty
acids, and terpenes) can be used in the synthesis of bio-film [5]. In this research, limonene
is used as bio-based material which is extracted from the abundantly available citrus fruit.

The presence of an electron-donating group on the double bonds through hyper-



conjugation in the limonene opens the pathways for easily accessible chemical reactions
to synthesize the polymers and other useful chemical compounds [6]. Free radical
copolymerization of limonene is also possible with other monomers or polymers which
are reported in many research [7].

The worldwide biopolymer films market is predicted to grow at a compound
annual growth rate (CAGR) of 8.4% from 2022 to 2028, with a value of USD 4 billion in
2021 [8].

1.1.1. Types of polymeric films

Films are made up of long-chain molecules composed of many repeating units
known as monomers. They are mainly divided into three groups: Thermoplastics,

Thermosets, and Elastomers.

1.1.1.1. Thermoplastics

Thermoplastic films are based on materials that soften to a liquid when heated
and solidify when cooled. The presence of monomers or polymers and additives in the
film causes the above properties. The manufacturing of these plastic resins is useful for
commercial and industrial purposes such as in automobile parts, making sports
equipment, and toys. A wide range of thermoplastic films can be synthesized including
polycarbonate, polyurethanes, and acrylic resins to obtain various properties like
flexibility, impact resistivity, and transparency [9]. These films can be found in consumer
items such as packaging and storage materials and as an insulator in electronic

equipment.



1.1.1.2. Thermosets

Thermoset films are prepared by curing different types of resin, such as epoxy,
polyesters, polyurethane, vinyl esters, and acrylic-based resins. Curing is initiated by the
use of heat or other suitable radiation to generate crosslinked polymers. Hardeners,
fillers, curing agents, and isocyanates are some of the materials used with these resins to
increase their mechanical and thermal properties [10]. Thermoset polymers are
commonly used in construction equipment, kitchen appliances, and motor components.
1.1.1.3. Elastomers

Elastomer-based films exhibit elasticity and revert to their original form after
distortion. These types of films can be composed of epoxy, polyurethane, acrylic, and
silica-based resins [11]. Due to their flexibility, insolubility, and elasticity, elastomers are

used in different types of industries like construction, food processing, and automotive.

1.2. Compositions in film formulation

Resins, cross-linkers, photoinitiators, reactive diluents, and many more
components are used in the film formulation [12]. Resins are used to create polymer
chains that can then be joined together to form a film. This process is called
polymerization. The resulting film has specific properties, such as strength and flexibility,
that depend on the type of monomers used and the conditions of the polymerization

reaction. In the synthesis of films, crosslinkers are added to the polymer solution to help



the polymer chains join together to form a continuous film. This process is called cross-
linking. Some examples of crosslinkers that are used in the synthesis of films include epoxy
resins and multifunctional acrylates. Most of the multifunctional acrylates are used to
create films that are clear and strong and they are often used in the production of
transparent packaging materials.

When the film formulation is exposed to light, the photoinitiator is used to absorb
the light energy and transforms it into chemical energy, and initiate the
photopolymerization reaction. they are commonly used in the production of films, as well
as in other applications such as 3D printing and inkjet printing. A reactive diluent is a
chemical compound that is added to the curing formulation during the synthesis of films.
These compounds can be added to this formulation to reduce its viscosity.

Each component plays a role in altering the specific characteristics in terms of the
chemical, rheological, thermal, mechanical, and physical properties. Another additive
including pigments can be used in film formation. Pigments are used to colorize the film
and improve its reflectiveness.

1.2.1. Types of resins

A UV-curable resin can be a natural or synthetic material that used in curing
formulations. Many different types of resins, including epoxy, polyurethane,
polycarbonate, polyacrylic, phenolic, alkyd, polyamide, and silicone resins, are employed.
Different types of resin are used in film formulation and each resin has its own chemical

properties. Resin takes an important role in film formulation where functional groups



crosslink with another or the same monomer. With an increase in the degree of
crosslinking, the strength of the film also increases. Resins are frequently utilized in
engineering as adhesives and coatings when adhesion is required to the surface. For
usage of film for coating purposes, acrylic resins are mostly used for weather resistance
[13], alkyd resins for moisture resistance [14], epoxy for resistance to heavy-duty
corrosion [15], phenolic for high-temperature applications [16], polyesters as a protective
layer and good chemical resistance [17], and silicate-based resins as a binding agent in a
film to improve coating surface adhesion [18].
1.2.1.1. Polyacrylic resin

Acrylic resin is a kind of thermosetting material commonly made from the
monomers of acrylic acid, methacrylic acid, or acrylate-based compounds. An acryl group
is shown in Figure 1.1.

(0

CH

Figure 1.1. Chemical structure of acryl group.

The esters of acrylic and methacrylic acid are known as acrylic monomers. Methyl,
ethyl, isobutyl, 2-ethylhexyl, and n-butyl are a few examples of typical esters. Functional
groups like amide groups (acrylamide) [19], amino groups (dimethylamino ethyl
methacrylate) [20], and hydroxyl groups (hydroxyl ethyl methacrylate) [21] can be found

in the esters. Different types of functionalities give different types of improvement in

6



mechanical and thermal properties. Figure 1.2. shows two polymer structures that have
only functionality differences of the methane group. Figure 1.2. also shows different

mechanical properties [22].

CH; O (|:H3 ﬁ
[ -
~[7CH2—CH - %CHz—T -
CH;
Poly Methacrylate Poly Methyl Methacrylate
[ Soft ] [ Hard ]

Figure 1.2. Structure of poly MA and poly MMA.

Acrylic resins can be polymerized by bulk, solution, suspension, and emulsion
polymerization. Acrylic resin-based polymers are commercially available and have
multiple coating properties like stain and water resistance, adhesion, toughness, scratch
resistance, and resistance to solvent [23]. Polyacrylates can be used for coating,
adhesives, and films among many other applications due to their transparency, shiny
appearance, and strong cohesiveness [24].

In an experiment by researcher Guo et.al, a micelle solution of POSS-based
fluorinated acrylate polymer was mixed with ethyl-a-cyanoacrylate to form the film. This

film shows super hydrophobic properties with good durability [25].



1.2.2. Crosslinkers

As the name describes, a crosslinker is used for crosslinking the polymer chains in
curing formulation which increases physical properties like strength and rigidity of the
polymer material. Homofunctional cross-linking reagents create a framework in which
two or more pendant groups make a bond by interacting with each other [26]. On the
other hand, heterobifunctional cross-links are produced by using two or more different
functional groups to make a crosslinked structure in a polymer [27].

The vulcanization of natural rubber with sulfur, two polymer chains cross-linked
in a polymeric matrix, as seen in Figure 1.3, is a typical example of cross-linking. To cross-
link a polymer effectively, it is reported to utilize either dynamic (reversible) covalent
bonds or irreversible covalent bonds. In the presence of a dynamic crosslinker, the
polymer matrix has the flexibility to modify its structural configuration due to the
reversibility of dynamic covalent bonds that can be repaired or broken [28]. In irreversible

covalent bonding, linkages remain the same under different chemical conditions.

S—S

/N
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/
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S
S< \s
? ¢
s CH, CH, \

Figure 1.7. Vulcanized natural rubber.
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Many mechanisms, including click chemistry, coupling of amides,
photopolymerization, alkene cyclization, and others have been used to create this type of
cross-linking [29]. Songqi et. al. utilize a bio-based tetra functional gallic acid-based
crosslinker in the photopolymerization synthesis to see any changes in the properties of
the polymer. The UV-curing method was used to crosslink the acrylated epoxidized
soybean oil (AESO) with this bio-based crosslinker. Crosslinked AESO networks showed
higher crosslink density, gel content, and tensile strength. Thus, a bio-based crosslinker
can be used in place of a petroleum-based crosslinker [30][31].

1.2.3. Photoinitiator

Photoinitiators are molecules that absorb photons and activate molecules to an
excited state upon radiation of light, which aid in starting subsequent processes of
photopolymerization. In the photolysis process, extra energy from the excited state
breaks the bond of the molecule into two pieces and promotes further reaction. However,
in an excited state, molecules can isomerize with nearby molecules and release energy
through relaxation or emission. Multiple reactions can be observed including an excited

state (*) [32], which is shown in Table 1.1.



Table 1.1. Types of photochemical reactions.
Name of the reaction Function Possible route

Bond breakage and generate
Photolysis A-B-C* - A-Be + Ce
free radicals

Every form of energy is
Photosensitization A-B-C* + D - A-B-C+D*
transfer

Photosensitization Electron transfer A-B-C*+D > A-B-C*+ D"

For example, 2, 2-dimethoxy-2-phenylacetophenone (DMPA) is used as an
initiator to begin the photochemical reaction. As shown in Figure 1.4, the initiator will
create radicals when exposed to light and these radicals will then start the process of
radical polymerization. This initiator is mostly employed in the preparation of acrylate-

based polymers [33].

OCH;

0
hv |
T [:::T/J'CHs i °=T/£::]

Figure 1.4. Radical generation of DMPA.

1.2.4. Reactive diluent
To facilitate film formulations, reactive diluents (thinners) are typically used to
make resins less viscous. Reactive diluents assist the formulation by enabling the inclusion

of additional fillers and enhancing substrate-wetting behavior. Reactive diluents are

10



divided into monofunctional and polyfunctional categories. When compared to di-
functional and multi-functional reactive diluents, monofunctional reactive diluents often
demonstrate better ductility and a reduction in the modulus of the cured film [34]. A lot
of reactive diluents are based on acrylates and styrene. Commercially, the reactive diluent
of Epodil® 750 is often used to reduce the viscosity of epoxy-based resins and to take part

in the resulting cured crosslinked polymer [35].

1.3. Curing method

Mainly two methods are used to cure the films: Thermal and UV-curing.
1.3.1. Thermal curing

The most widely used method of curing polymer composites is thermal curing.
Many different thermal heating systems are used for thermal curing, including molten,
microwave, laser, flame, oven, induction, ultrasonic, and more. Radiation heating
(microwave and laser) works by converting electromagnetic radiation into heat as a result
of molecules' resonance vibrations at a certain radiation wavelength. The principle of
combustion heating (molten, flame, and oven) is the flow of gases or liquids between
surfaces to transfer heat. In the electromagnetic induction method (induction thermal
curing), heat is transferred through an induction coil. This produces an electromagnetic
field inside the coil and cures the solution on the material. Autoclaves are the most
common thermal curing method and are widely used in the manufacturing of thermoset

composites. This curing method has two drawbacks including lengthy curing processes

11



with higher consumption of energy, and, uncured or degradation in curing by failure to
maintain a constant temperature.
1.3.2. UV curing

This curing is performed by ultraviolet radiation. This is cost-effective, user-
friendly, and requires low energy. With radiation curing, photo-initiators activate the
chemical reaction under the influence of UV light. Radical photo-polymerization takes
place to cure the formulation after it is applied on the substrate. During this process,
radiation crosslinks the monomer or polymer, causing it to change phases from a liquid
to a solid. This method happens very quickly and helps to reduce production time. No
solvents are typically needed to complete this process which makes it eco-friendly and
attracts researchers as well as manufacturers. UV curing has more advantages compared
to thermal curing because it does not require an oven, takes less time to cure, and is easy
to use as a portable device. UV curing is often applied to photo lithography, coating, and

printing.

1.4. Bio-based films

Bio-based films are made up to varying degrees of monomers extracted from
natural sources like plants, vegetables, or fruits. Examples are monomers such as
limonene, lignin, eugenol, and various types of carbohydrates. They have potential uses
in formulations for films. Low-cost plant essential oils have many reactive groups

including phenolic, hydroxyl, allyl, and aromatic rings. In order to achieve the desirable
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properties, the chemical modification takes place via forming and breaking these bonds,
and a solution can be formulated and prepared for end-use applications. The bio-based
resins can be epoxy, acrylate, polyester-based, and many more.
1.4.1. Synthesis of bio-based UV-curable films and coatings

For example, bio-based eugenol acrylate film was successfully synthesized by
Zheng et al. [36] for film coating and 3D printing. Eugenol is extracted from clove which is
also known as clove oil [37]. In their research, new environmentally friendly, solvent-free
bio-based acrylates were synthesized. Siloxane groups were introduced to eugenol via a
hydrosilylation reaction. In hydrosilylation, Si-H addition happens by breaking the double
bond of eugenol. Furthermore, an acrylation reaction takes place to make a UV-curable
solution which is used in coating and printing with the addition of a photoinitiator. Cured
bio-based film gives a good result with increased hydrophobicity and higher thermal
stability by using surface analysis and thermogravimetric analysis, respectively. Film also

showed good crosslinking by performing gel contents.

1.5. Research objective

The objective of this research was to increase the bio-based content in film
formulations to make bio-based films by using UV light. Limonene is extracted from the
peels of citrus fruits [38]. In the thiol-ene reaction, limonene (L) reacts under UV radiation
to produce a high yield of limonene diol. Subsequently, a methacrylation reaction was

used to formulate methacrylated limonene diol for film formation. With the increased
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amount of bio-based content, a liquid BMF formulation was cured under UV radiation.
The bio-based modified film (BMF) was tested for thermal, and mechanical properties.

They were also characterized by studying crosslinking and chemical resistivity.
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CHAPTER Il

EXPERIMENTAL DETAILS

2.1. Materials

In this research, the listed below materials used in synthesis and their chemical
structure are shown in Figures 2.1 to 2.9.
Limonene

The chemical structure of limonene (CioH1s) is shown in Figure 2.1. Limonene is a
cyclic monoterpene class of aliphatic hydrocarbon that is in liquid form. D-limonene, in
particular, is extracted from citrus peels to make edible oils [38]. This compound has a
molecular weight of 136.24 g/mol. Limonene was used as a bio-material for coating.

CH,

H,C~ CH,

Figure 2.1. Chemical structure of limonene.
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2- Mercaptoethanol
The chemical structure of 2- mercaptoethanol (C;HeOS) is shown in Figure 2.2.
This compound has a molecular weight of 78.13 g/mol. It was used as a reactant in thiol-

ene reaction.

OH
HSJ_

Figure 2.2. Chemical structure of 2- mercaptoethanol.

1-Methacrylic anhydride
The chemical structure of 1-methacrylic anhydride (CgH1003) is shown in Figure
2.3. This compound has a molecular weight of 154.165 g/mol. It was used as a reactant

in @ methacrylation reaction.

H,C CH;
Figure 2.3. Chemical structure of 1-methacrylic anhydride.

2-Hydroxy-2-Methylpropiophenone
The chemical structure of 2-hydroxy-2-methylpropiophenone (Ci0H1202) is shown
in Figure 2.4 This compound has a molecular weight of 164.20 g/mol. It was used as a

photoinitiator in thiol-ene reaction.
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Figure 2.4. Chemical structure of 2-hydroxy-2-methylpropiophenone.

Dimethoxy-2-phenylacetophenone
The chemical structure of dimethoxy-2-phenylacetophenone (CisH1603) is shown
in Figure 2.5. This compound has a molecular weight of 256.301 g/mol. It was used as a

photoinitiator in curing formulation.

H;COOCH;

Figure 2.5. Chemical structure of dimethoxy-2-phenylacetophenone.

1-Methylimidazole
The chemical structure of 1-methylimidazole (CsHsN2) is shown in Figure 2.6. This
compound has a molecular weight of 82.10 g/mol. It was used as a catalyst in a

methacrylation reaction.
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Figure 2.6. Chemical structure of 1-methylimidazole.

Tetra (ethylene glycol) diacrylate
The chemical structure of tetra (ethylene glycol) diacrylate (C14H2207) is shown in
Figure 2.7. This compound has a molecular weight of 302.32 g/mol. It was used as a

crosslinking monomer in curing formulation.

HZC/\[(O\/\O/\/O\/\O/\/O\H/\CHZ
o) o

Figure 2.7. Chemical structure of tetra (ethylene glycol) diacrylate.

Methacrylic acid
The chemical structure of methacrylic acid (C4HeO2) is shown in Figure 2.8. This
compound has a molecular weight of 86.09 g/mol. It was used as a reactive diluent in

curing formulation.

H,C OH
H3Cj ;o‘

Figure 2.8. Chemical structure of methacrylic acid.
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Tetrahydrofuran
The chemical structure of tetrahydrofuran (CsHgO) is shown in Figure 2.9. This
compound has a molecular weight of 72.107 g/mol. It was used as a solvent in a

methacrylation reaction.

O

Figure 2.9. Chemical structure of tetrahydrofuran.

UV source

Two types of UV sources were used in this research: UV-1 and UV-2 in Figure 2.10.
UV-1 is equipped with 20 watts of mercury lamp from Analytik Jena (Upland, CA, USA).
UV-2 is equipped with 400 watts of UVA-enhanced metal halide lamp from Uvitron

international (West Springfield, MA, USA).
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Figure 2.10. UV instruments.

2.2 Synthesis
2.2.1. Synthesis of limonene diol

By thiol-ene reaction, limonene and 2-mercaptoethanol were reacted to produce
limonene diol in the presence of a photoinitiator and UV-1 radiation. In this reaction, 2-
mercaptoethanol (2 mol) was added to limonene (1 mol) in a 500 ml flask. A photoinitiator
of 2-hydroxy-2-methylpropiophenone (0.012 mol) was added to above solution to begin
the reaction and placed under UV light (365 nm) for 5 hours at ambient temperature. The
yield of this reaction is limonene diol (LD) and it is a yellowish liquid. FTIR analysis, titration
methods and gel permeation chromatography technique were used to characterize the

synthesized LD.
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2.2.2. Synthesis of methacrylated limonene diol

limonene diol (0.5 mol) was dissolved in (400 ml) in THF. The solution was
thoroughly stirred for 15 minutes in three-neck round bottom flask equipped with a
condenser, thermometer, and a mechanical stirrer, under a nitrogen atmosphere. Next,
1-methylimidazole (0.11 mol) was added into 1-methacrylic anhydride (1 mol) and then
added dropwise into the above solution for 30 minutes. The temperature was then
increased to 50 °C and the reaction was stirred for 3 hours. Finally, THF was removed
using rotary evaporation. The vyield of this reaction is methacrylated limonene diol
(MaLD). FTIR analysis and titration methods were used to characterize the synthesized
MalD.
2.2.3. Curing process

To prepare for curing, a photo-initiator of DMPA, a cross-linking agent of TEGDA,
and a reactive diluent of MA were added to ML-Ma. ML-Ma is a mixture of MalLD and a
byproduct of methacrylic acid from methacrylation reaction. The amount of DMPA and
the excess amount of MA is constant in formulation. Excess amounts of MA reduce
viscosity from 1.7 to 0.11 Pa.s. The weight percentage of the crosslinker is decreased in
samples in order to increase the bio content, to evaluate the effectiveness of a bio-based
compound (Table 2.1). The mixture of curing formulation refers to a BMF whereas BMF-
0 means 0 wt.% of ML-Ma.

In this curing formulation, a reactive diluent was used to reduce the viscosity of

this solution. During the curing, added photoinitiator DMPA absorbs the photon energy

21



from UV light. Radical polymerization takes place in this formulation. By this process bio-
content MalLD gets cross-linked with TEGDA. This polymerization generates a cross-linked
structure in the polymer matrix and cured the film.

Table 2.1. Formulas for bio-based films.

Total
Sample ML-Ma TEGDA DMPA MA

(wt.%)
BMF-0 0 57 5 38 100
BMF-10 10 47 5 38 100
BMF-20 20 37 5 38 100
BMF-30 30 27 5 38 100
BMEF-35 35 22 5 38 100
BMF-40 40 17 5 38 100
BMF-45 45 12 5 38 100
BMF-55 55 2 5 38 100

2.3 Characterizations

Various wet chemistry and spectroscopic methods were used to characterize the
starting and synthesized materials. The American Society for Testing and Materials
(ASTM) and the International Organization for Standardization (ISO) methods were used
for the characterization of synthesized materials. Figures 2.11 to 2.20 display the

instruments used for characterizations.
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2.3.1. Titration
2.3.1.1. lodine value (1.V.)

lodine reacts effectively with a double bond or triple bond present in an
unsaturated compound. By identifying the iodine number, changes in the concentration
of double bonds or triple bonds can be observed. The Hanus titration method (IUPAC
2.205) was used to determine the iodine number for limonene and synthesized product.
2.3.1.2. Hydroxyl value

The hydroxyl number (OH-value) is used to determine the amount of the hydroxyl
groups, which is contained by compound or diol. To obtain the OH-value for the limonene
diol and methacrylated limonene diol, the phthalic anhydride pyridine (PAP) method was
used in accordance with IUPAC 2.241.
2.3.2. Fourier transforms infrared spectroscopy

By using the fast and effective technique of Fourier transforms infrared
spectroscopy (FTIR), a variety of functional groups can be detected. This analysis uses
infrared light to scan the samples of organic, inorganic, and polymeric compounds to
identify various bond absorptions intrinsic to certain functional groups. Changes in the
final product can be detected by studying the intensity of the absorbance peaks. By
calculating the differences in intensity of C=C around 1635 cm™ [39], the cure percentage
can be determined. A PerkinElmer Spectrum Two Spectrophotometer was used to collect

FT-IR spectra at room temperature with a range of 4000-400 cm™ (Figure 2.11).
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Figure 2.11. Fourier transforms infrared spectrometer.

2.3.2.1. Cure percentage

To calculate the cure percentage, the FTIR peak, and the equations below are
used. By knowing the percent transmittance, absorbance can be determined by equation
(1) and then used in equation (2) to find the cure percentage (C%).

A=2-1log(%T) .. (1)

c%=@x100% ............ 2)

0

Where, A= Absorbance, %T= percent transmittance, C %= Cure percentage, Ao=
Absorbance before curing, and A= Absorbance after curing.
2.3.3. Thermogravimetric analysis

In thermogravimetric analysis, the thermal stability is observed for BMF films. TA
instrument (TGA Q500 Discovery, Trios, USA) was used for thermogravimetric analysis
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(Figure 2.12.). Under a nitrogen atmosphere, samples were heated from 25 to 700 °C at

a ramping temperature of 10 °C per minute.

1 79 I @
LY

Figure 2.12. TGA instrument.

2.3.4. Viscosity measurement

Viscosity is a key factor in any fluid dynamic measurements. Due to ease of
application, lower viscosity liquid is preferred for end-use applications. Using a TA
Instruments rheometer (Figure 2.13.), the viscosity of the samples was investigated at
room temperature. A cone plate with a 2° angle and a 25 mm cone diameter was attached

to the dynamic rheometer at 25 °C. Viscosity was monitored with a linearly

increasing shear stress from 1 to 2000 Pa.
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Figure 2.13. TA Instrument rheometer

2.3.5. Gel permeation chromatography

Gel permeation chromatography is used to analyze compounds a mixture by
separating them based on molecular size which is also known as size exclusion
chromatography. The water GPC instrument was used (Figure 2.14) with 4 phenogel 5u
columns (300 x 7.8 mm) containing various pore sizes of 50, 102, 103, and 104. THF was

used as the eluent solvent, and the flow rate was 1 ml/min at 30 °C.
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Thanks

Figure 2.14. GPC instrument

2.3.6. MEK rub test

The MEK rub test is a solvent resistance test. After UV curing, samples were left at
room temperature for 24 hours prior to performing the test. It was used to verify
crosslinking by visualizing the film's surface. After performing the rub test, a scrape or
dissolved surface of the cured film was observed. A cotton swab was dipped in the MEK
solvent and immediately rubbed 10 times back and forth on the cured film.
2.3.7. Mechanical properties
2.3.7.1. Tensile strength

Tensile strength is defined as the maximum stress that a material can handle

before breaking when pulled or stretched. An instrument grasps a piece of material at
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both ends and slowly pulls it vertically until it breaks. The breaking point is considered the
sample's maximum tensile strength. An Instron Model 3367 (Instron, USA) with a
crosshead speed of 50 mm/min was used to measure the tensile strength (Figure 2.15).
The provided results for the tensile strength under maximum load are the average value

obtained from tests made on three different samples.

Figure 2.15. Tensile instrument

2.3.7.2. Flexural strength

A flexural test is performed to analyze mechanical properties where the 3-point
banding technique (Figure 2.16.) is used to determine the modulus of elasticity while
bending for the cured film. The provided results for the banding modulus are the average
values obtained from tests made on three different specimens. To calculate the modulus

of bending, the equation below is used according to ASTM D-790.
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L3m

Flexural strength Eg = yrvre]

Where, Eg= modulus of elasticity in bending (Flexural strength), L= length of the
support span, m= slope of the tangent, b= width of the sample, and d= thickness of the

sample.

Figure 2.16. Flexural instrument

2.3.7.3. Hardness

Hardness is one of the more important factors in film properties which is used in
the study of impact-resistance. Hardness testing was performed by applying the
appropriate load to penetrate the film. The Type D Durometer (PTC instruments) was

used to determine hardness according to ASTM D2240 (Figure 2.17). This instrument has
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a sharp point at the bottom and is used to puncture the cured film by applying force.

Hardness can be observed on the dial.

Figure 2.17. Type D Durometer for hardness test

2.3.8. Chemical resistivity

To examine the chemical resistance on the cured film, acid, water, and base
medium are generally used. The cured film is dipped in the solution of those three
mediums for 24 hours to see if any decomposition or deformation takes place. The weight
of the sample was recorded before and after testing to notice any weight changes. The
performance of a cured film was examined using three different aqueous solutions which
are categorized by pH; 1N HCI (pH=1, acid), water (pH=7, neutral), and 1N NaOH (pH=14,

base). All samples were submerged in those mediums for 24 hrs.
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CHAPTER IlI
RESULTS AND DISCUSSION

3.1. Synthesis
3.1.1. Synthesis of limonene diol

By thiol-ene reaction, limonene diol was synthesized where limonene reacted with
2-mercaptoethanol (2-ME) in presence of 2-hydroxy-2-methylpropiophenone
photoinitiator under UV radiation. This photoinitiator-catalyzed reaction promotes S-H
bond cleavage resulting in the formation of sulfur (Se) radical. By radical addition of sulfur
(-S) to the double bond of limonene, a carbon-sulfur (C-S) bond formed (Figure 3.1). This
reaction is also known as alkene hydrothiolation where thiol (R-SH) and alkene (R'C=CR’)
form thioether (R-S-R’) [40].

——OH
CH,

OH
%
+ HSI g —OH
Hy e SCH,

2-mercaptoethanol

Limonene Limonene diol

Figure 3.1. Synthesis of limonene diol.
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3.1.1.1. Gel permeation chromatography
According to the GPC curves of limonene and limonene diol, the majority of the
limonene was transformed into diol. This can be seen in Figure 3.2. The limonene diol

peak at 26.6 minutes has a higher molecular weight than the limonene peak at 29.6

minutes due to the decrease in retention time.

= Limonene
= |_imonene diol

Count (a.u)

D amans g

0 10 20 30
Retention time (min)

Figure 3.2. GPC curves of limonene diol and limonene.

3.1.1.2. lodine value

Aniodine value of 355.09 g 1,/100g was recorded for the limonene which changed
to 3.1 g 12/100g for the diol. This confirmed the consumption of the double bond in order

to introduce the -OH functionality contained by 2-mercaptoethanol.
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3.1.1.3. Hydroxyl value

The hydroxyl value of LD is also determined by titration. The observed OH value
at 275.16 mg KOH/g confirms that the -OH groups are present in LD, which were not
present in the raw material (limonene).
3.1.1.4. Fourier transforms infrared spectroscopy

Figure 3.3 shows the FTIR spectra of the bio-based raw material limonene and the
resulting product of LD. In the spectrum of limonene, the C=C peak was observed at 1635
cm which indicates the presence of a double bond whereas, for 2-ME, the S-H bond is
represented by the vibration band at 2560 cm™ [41]. The resulting product of LD was
analyzed by absorbance peaks whereas the peak around ~3340 cm™ show the -OH stretch
in diol due to the forming of -OH groups in the thiol-ene reaction [42]. For LD, the C=C
and S-H peaks disappeared and the OH group appeared, which is consistent with the

synthesis of LD.
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Figure 3.3. FTIR for limonene and limonene diol.

3.1.2. Synthesis of methacrylated limonene diol

A methacrylation reaction was used to synthesize MalLD via the esterification of
limonene diol with methacrylic anhydride. The OH group is transformed into an ester
along with cleavage of the anhydride (Figure 3.4.). The cleavage of the anhydride is seen
in many reactions [43]. The advantage of the 1-methylimidazole catalyst over acid
catalysts is that it is both more active and selective. One of the LD's terminal alcohol
groups attacks the methacrylic anhydride's carbonyl and generates a methacrylic acid
byproduct. In this synthesis, methacrylic anhydride was used instead of methacryloyl
chloride, which is more frequently utilized. Methacrylic acid is the byproduct created

when LD reacts with methacrylic anhydride as opposed to the triethylamine/HCl salt that
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is produced when LD reacts with methacrylic chloride [44]. Methacrylic anhydride was
preferred in these processes because the byproduct of methacrylic acid can be used as a

reactive diluent to reduce viscosity instead of removing the salt byproduct.

Gy — G 5

Limonene diol 1-methacrylic anhydride Methacrylated limonene diol Methacrylic acid

(MaLD)
Figure 3.4. Synthesis of methacrylated limonene diol.

3.1.2.1. Hydroxyl value

During the reaction, the hydroxyl group was transferred into an acrylic group. The
OH value was decreased from 275.16 mg KOH/g (from LD) to 4.7 mg KOH/g for MalLD,
which confirms that the hydroxyl group was reduced in the reaction.
3.1.2.2. Fourier transforms infrared spectroscopy

According to FTIR analysis, (Figure 3.5), the absorbance peak at 1635 cm™ shows
the acrylic double bond on limonene diol whereas the OH group disappears at 3340 cm™
[42]. In this reaction, a byproduct of methacrylic acid also shows one broad peak in the
FTIR spectrum for the carboxyl functional groups (-COOH) [45]. The presence of acrylic

double bonds confirmed the synthesis of MalLD.
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Figure 3.5. FTIR for LD and MalLD.

3.1.3. Curing formulation
3.1.3.1. Components in curing formulation

The composition for each curing formulation is shown in Table 2.1. In this
formulation, bio-based modified MaLD was added up to 55 wt.% to see its effects on the
properties of the cured film. A commercial cross-linker TEGDA was used in decreasing
amounts with an increasing amount of MalLD. For characterization, 0 wt.% of MalLD (BMF-
0) solution was cured under UV radiation and the cured film was tested and evaluated
with an increased amount of MalLD (BMF-10 to BMF-55) film. For ease of application, a
reactive diluent of methacrylic acid was used to reduce the viscosity of the formulation

from 1.7 to 0.11 Pa.s. The amount of the photoinitiator DMPA used was 5 wt.% to initiate
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a curing reaction under UV radiation. The radicalization of DMPA is shown in Figure 1.4.
MA and DMPA were both used in a constant amount for each formulation.

FT-IR analysis, TGA, and MEK rub, tensile, flexural, hardness, and also chemical
resistivity (effect) tests were conducted on 0.8 mm thick cured film. The mechanical test
required thicker films for testing. In this research, they were cast in a Petri dish due to
ease of removal and used for testing. The 0.8 mm thickness of the films was maintained
by adding 10g of product into a Petri dish and curing for 8 seconds using the UV-2.
3.1.3.2. Possible cross-linked structure of BMF

After UV-curing, acrylic double in MaLD takes part in cross-linking and cures the

BMF film. A possible cross-linked structure of BMF is shown in Figure 3.6.
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Figure 3.6. Possible cross-linked structure of BMF.
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3.2. Characterizations
3.2.1. Digital photos of bio-based modified film
Cured BMF film was used in this research to characterize the properties like

thermal, mechanicals, and chemical resistivity (Figure 3.7).

T —

Figure 3.7. BMF cured film.

3.2.2. Fourier transforms infrared spectroscopy

FTIR spectra were taken to analyze the curing process and determine the cure
percentage for UV-cured solid film (BMF). Curing involves the creation of linear C-C bonds
by opening the C=C bonds. In Figure 3.8, after curing, the absorbance peak of acrylic C=C
shows a reduction at 1635 cm™ [39]. The difference between the intensity of C=C before
and after curing presents the cure percentage. Results are shown in Table 3.1. The cure
percentage can be determined by comparing the before and after cured spectra of the

BMF. The cure rates for all BMF films were found to be remarkably high above 90%.
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Figure 3.8. The intensity of C=C before and after UV curing for each BMF.



Table 3.1. Cure percentages of BMF.

SAMPLE CURE PERCENTAGE [%]
BMF-0 92.44

BMF-10 90.77

BMF-20 92.30

BMF-30 92.30

BMF-35 92.00

BMF-40 92.16

BMF-45 92.30

BMEF-55 90.90

3.2.3. MEK rub test

After performing the MEK (solvent) rub test, if a scrape or dissolved surface is
observed it means the film has lower crosslinking and still needs further UV radiation.
Curing time can be determined by this test. All cured films from BMF-0 to BMF-55 were
tested and no scrape or dissolved surface was observed (Figure 3.9.), indicating that all

films were cross-linked properly and the cure time was sufficient.

Figure 3.9. MEK rub test on BMF film.
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3.2.4. Thermogravimetric analysis

The influence of the modified bio-based content on the thermal stability of the
films as examined.

Based on the TGA graph (Figure 3.7), two stages of decomposition were observed.
2 % weight loss of the material can be observed around 183-192 °C . The initial (Table
3.2.) or first decomposition stage (Tig) is around 160-250 °C. This can be attributed to the
breakdown of the glycol content in the TEGDA cross-linker. This stage of decomposition
shows the degradation of glycol [46].

The second stage of decomposition (Tsq) occurs around 415-453 °C. This is
indicative of the breakdown of the acrylic backbone, typically recorded at temperature
below 460 °C via a depolymerization process [47].

The same thermal stability of the material can be observed in the Derivative of
TGA (DTGA curve). The decomposition of the material occurred in first and second stage,

which is ascribed to glycol and acrylate degradation, respectively.
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Table 3.2. TGA data for each cured BMF.

Initial decomposition Second decomposition
Sample
temperature (°C) temperature (°C)

BMF-0 187.34 425.6
BMF-10 192.4 419.47
BMF-20 187.4 416.94
BMF-30 183.55 415.03
BMEF-35 191.94 416.86
BMF-40 191.55 421.15
BMF-45 188.24 453.95
BMEF-55 184.95 425.71

All samples of BMF exhibit similar thermal stability in terms of 2% weight loss.
Therefore, bio-content exhibit similar effect in crosslinking process. This indicates
comparable behavior of bio-content as a cross-linker aside to the commercial cross-linker,
TEGDA. Thus, it is shown that bio-based MalLD may be used as a cross-linker in the

formulation of the film.
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Figure 3.10. Curves of (a)TGA (b) DTGA of BMFs.

3.2.5. Mechanical properties

Cured films of BMF-0 to BMF-55 were analyzed by mechanical testing. The data
from tensile, flexural, and hardness testing follow a similar pattern with increasing bio-
based MaLD. The summary of the result is shown in Table 3.3.

Table 3.3. Test results of tensile, flexural, and hardness testing.

Sample Tensi(l:n;t;';ength FIexur(aG!:;;ength Hardness (D)
BMF-0 64.37 16.80 84
BMF-10 68.69 25.10 85
BMF-20 75.17 27.46 86
BMF-30 79.43 38.10 88
BMF-35 47.32 32.61 85
BMF-40 21.00 25.70 84
BMF-45 1.86 21.14 75
BMF-55 0.64 16.95 34
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3.2.5.1. Tensile strength

During the tensile test, the displacement is transformed into a strain value, and
the load is transformed into a stress value. This data is used to determine the tensile
strength. For each BMF film, three (3) specimens were used in testing and an average
value was reported. The respective tensile strengths of BMF-0 to BMF-55 are shown

below in Figure 3.11.
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Figure 3.11. Tensile strength for BMFs.

3.2.5.2. Flexural strength

To determine the flexural strength via bending, the ratio of stress to strain in
flexural deformation is used. The material with 30 wt.% of bio-based content (BMF-30)
shows the highest flexural strength but when the amount of MaLD exceeds 30 wt.%, the
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resulting films became brittle. The flexural strength increased up to 30 wt. % and then

started decreasing in the range from 30 to 55 wt. %. This is shown below in Figure 3.12.
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Figure 3.12. Flexural strength for BMFs.

3.2.5.3. Hardness

A hardness test measures a material's penetration by another material. Similar to
the flexural testing the hardness of the material increased from BMF-0 to BMF-30 but

then decreased from BMF-30 to BMF-55. This is shown in Figure 3.13.
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Figure 3.13. Hardness for BMFs.

Increased bio-based content from 0 wt.% to 30 wt.% shows improvement in
tensile strength but further decreases for 35 wt.% to 55 wt.%. The same trends follow in
the flexural strength as well as in the hardness, which is shown in Figure 3.14. Mechanical
strength was reduced because the cured film became more brittle after the addition of
35% bio-content. The bulky group is a reason that brittleness increases with increasing
bio-based content. MalLD contains a bulky group which restricts the rotational motion,

reducing the flexibility of the chain and causing brittleness [48][49].
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Figure 3.14. Comparisons of tensile, flexural, and hardness for BMFs.

Another factor might be affecting brittleness is the stiffening group like carbonyl
[50]. MaLD and TEGDA also carry a carbonyl group which stiffens the polymer by reducing
the flexibility of the polymer chain. The combined effect of the bulky group and carbonyl
group in film increase the brittleness. This effect is also shown in the results of tensile

strength, flexural strength, and hardness (Table 3.3).
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3.2.6. Chemical resistivity

Chemical resistivity is an important factor in film performance. The effect of a
cured film for all BMF samples was examined under three different acidities; 1N HCI,
water, and 1N NaOH. All samples were socked under those mediums for 24 hr. The before
and after weights of the samples were collected in terms of loss of weight (%) and shown
in Table 3.4. During the test, the deformation of cured film was observed in a base

solution and a picture of the sample under these three mediums is shown in Figure 3.15.

Figure 3.15. Image of BMF films after 24 hours in acid, water, and base solutions (left to
right).
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Table 3.4. Loss of weight (%) in acid, water, and base solution.

Sample ACID WATER BASE

BMF-0 1.21% 2.79% 25.39%
BMF-10 1.19% 2.31% 27.62%
BMF-20 1.19% 2.25% 31.47%
BMF-30 1.17% 1.85% 37.98%
BMF-35 1.09% 1.41% 43.55%
BMF-40 1.02% 1.19% 49.91%
BMF-45 0.76% 0.83% 56.38%
BMF-55 0.64% 0.58% 63.95%

As per the result, bio-based modified films show excellent acid-resistance
properties. The reason is that before curing, the curing solution shows 4 pH which is acidic
in nature because bio-content contains acid content. As more acid content increases in
the film, it tries to neutralize in the base solution and react with NaOH. In the base
solution, acid content from the film chemically reacts with NaOH and makes sodium
acetate. Generally, a reaction between carboxylic acid and sodium hydroxide produces
sodium acetate and water. In this case, might be this reaction takes place and
deformation observed in Figure 3.15. This leads to higher weight loss in the base medium.

Under acid, the lowest weight loss was observed whereas, in water, slightly more loss of

weight was shown in Table 3.4.
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CHAPTER IV

CONCLUSION

Limonene was successfully modified using thiol-ene and methacrylation reactions.
The synthesized methacrylated limonene diol was characterized and evaluated for its
performance in films. Under UV radiation, the BMF films were successfully cured, which
were composed of varying amounts of bio-based content ranging from 0 wt. % to 55 wt.
%. By investigating the intensity of C=C peak in the FTIR spectrum, more than 90% of
curing was observed in all BMF films whereas cross-linking is also confirmed by the MEK
rub test. The film consisting of 30 wt.% bio-based content displayed higher mechanical
performance. With the increase in bio content from 35 wt.% to 55 wt.%, bulky groups
generate the brittleness in the films, respectively. The brittle structure of the films further
reduces their mechanical properties as stress is applied to them. The thermal stability was
not compromised with the increase in bio content as observed in the TGA results. This
suggests that MalLD could be a potential alternative for the commercial crosslinker of

TEGDA.
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FUTURE WORK

The primary goal of this research was to replace commercial petroleum products
by increasing the quantity of bio-based substances in film formulations. Another aspect
of this research is that it might be used for 3D printing to print resin layer by layer. This
study could be expanded in the future to make the changes and improvements listed
below.

1) Try different modified bio-based compounds to see their performance in the film (like
in this research acrylic double bonds were introduced to the bio-based compound).

2) To make a more flexible and less brittle film, less bulky and stiffing groups contained
compounds could be used like soybean oil (which is used in the synthesis of flexible

polyurethane film).
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