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Abstract

In a continuously evolving world, the invention of plastics can be considered
one of the greatest revolutions. From their first discovery, it was clear that polymers
can replace different natural materials like wood, stones, and metals since they are
lightweight, strong, and flexible and can be shaped in many ways. Over time,
polymers have progressively changed how we live, playing, nowadays, a
fundamental role in our life. For those reasons, plastic production has exponentially
increased over the years and it is expected to overcome 400 million metric tons in
2022. Unfortunately, their production is causing increasing environmental concern
due to the high greenhouse emission and toxic products released into the water, soil,
and air giving rise to potential threats to human health. Therefore, many scientists
are currently working to find greener and more sustainable replacements for fossil-
fuel-based polymers. Among the available substituted, biobased polymers stand out
since they are based on renewable resources and their production can have lower
CO; impact. Currently, the biobased market is dominated by thermoplastic while

there remains a huge need for the development of green thermosets.

In this context, this thesis presents the development of new biobased

thermosetting polymers by means of the UV-curing process.

Chapter 1 presents a brief introduction to biobased polymers and the most
common photopolymerization techniques, while the experimental part, which

represents the main body of the thesis, is divided into three major topics: UV-



curable starch-based hydrogels and organo/hydrogels (Chapter 2), Biobased UV-
curable coatings (Chapter 3) and Biobased UV-curable composites (Chapter 3).

The first experimental work focuses on the modification of maize starch with
methacrylic groups to make it light processable. The obtained methacrylated starch
(MA-Starch) was initially used to produce photocrosslinkable hydrogels that can be
3D-printed via a digital light processing (DLP) printer and have good cell
cytocompatibility, therefore they possess promising applicability in tissue
engineering and as cell carriers (Chapter 2.1). Subsequently, the MA-Starch was
mixed with acrylated cyclodextrin to produce a new class of UV-curable bio-

sorbents for the removal of methylene blue from wastewater (Chapter 2.2).

The second experimental work is based on the development of UV-curable
biobased coatings. This work is divided into two sections; the first one is focused
on the investigation of cationically photocurable epoxy-based coatings, while the

second one is based on radical photocurable methacrylate-based coatings.

In the initial part of the chapter, the reactivity and the mechanical properties of
three different biobased epoxy monomers deriving from phloroglucinol, vanillin,
and castor oil are investigated (3.1.2). Then the possibility to successfully UV-cure
three different epoxy cardanols derivatives is presented. The mechanical properties
of the obtained thermosets were analyzed considering the chemical structures of the
monomer (3.1.3). Subsequently, 12 epoxidized vegetable oils (EVOs), derived from
different resources and differing according to their glycidyl index, were selected
and crosslinked. The scope of this investigation was to demonstrate the existence
of a correlation between the number of epoxy rings and the final thermo-mechanical
properties of the thermosets (3.1.4). Further developments of this study are then
presented. Moreover, the influence of the starting glycidyl index on the metal
adhesion and corrosion protection effectiveness of three EVO- based coatings is

analyzed in section 3.1.5.



The second part of Chapter 3 is dedicated to the study of UV-curable MA-starch
films. The obtained films possess a high adhesion to glass and are biodegradable.
Their biodegradability was assessed by studying the enzymatic degradation of the

coatings by a-amylase from Bacillus licheniformis (3.2.1).

Chapter 4 presents the last experimental work that was conducted, which was
based on the study of two different classes of fully biobased composites. The first
class consists of the DLP 3D-printing of acrylated soybean oil composites,
reinforced with a lignocellulose waste derived from the macadamia nut industry.
The cytotoxicity, adhesion and cell proliferation with human fibroblast cells of the
3D-printed objects were investigated to demonstrate their suitability as scaffolds
for bioengineering purposes (4.2). The second part of Chapter 4 instead concerns
the radical induced cationic frontal photopolymerization (RICFP) of
diglycidylether of vanillyl alcohol, reinforced with two types of fabric mats:
unidirectional non-woven cellulose fibers and flax woven fibers. The RICFP
reaction considerably reduced the curing time and thus improved the efficiency of
composite fabrication. Moreover, the mechanical properties of these fully bio-based
composites were compared with the one obtained by other epoxy composites that
were RICFP cured with a petroleum-based resin and reinforced with the same

biobased fabrics (4.3).

Altogether the results presented in this manuscript show new possible strategies

to produce and expand the biobased thermosetting polymer field.
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First Chapter

1 General Introduction

1.1 What are biobased materials and why do we need
them?

The term bio is a Greek word whose translation means /ife. Thus, the term refers to
materials composed or derived from biomass, which include forest, agricultural
waste and aquatic plants [1].

Among biobased materials, biobased polymers are attracting widespread interest as
an alternative to petroleum-based resins due to increasing environmental concern
and the depletion of crude oil. In fact, polymer production is dramatically increasing
over the years (Fig. 1.1,a) and by 2050, it is expected to account the 20% of
worldwide fossil fuel consumption [2]. Therefore, the use of biobased polymers can
represent a green alternative since they are based on renewable resources and can
possess low CO» emissions. However, it is important to stress that the term biobased
does not include biodegradability in its definition, therefore not every biobased
polymer are biodegradable (Fig.1.1,b). Many studies in recent years have focused
on bipolymers as confirmed by the increasing amount of publication recorded on
the Web of Science and by the high numbers of legislation favouring biobased
products [3].
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Figure 1.1: a) worldwide annual production of plastics from 1950 to 2020 [4]; b)
worldwide production of bioplastics by material type.

However, as can be observed in Fig.1.2, the current biobased polymer market
is dominated by thermoplastics which are made of polymer chains non-covalently
bounded. While, the market of thermosetting polymers, consisting of covalently
bonded chains, is still limited. Therefore, the development of biobased thermosets
still represents a great challenge for both industry and academics.

Worldwide production of bioplastics in 2021

- = PE
PET Biobased
- PA ~ Non biodegradable
mPP
L PTT
- M PBAT
12%
M PBS
PLA Biobased
19% PHA - Biodegradable
Starch blends
M Other biodegradable
L W Other non biodegradable

Figure 1.2: The worldwide production of bioplastics by material type [5].

Thermosets are usually formed by liquid monomers or comonomers containing at
least two reactive units which can crosslink among themselves after the addition of
an external energy source such as heat or light. Among the conventional curing
processes, the photocrosslinking one can be considered the greenest since it
possesses high curing speed, absence of VOC (Volatile Organic Compound)
emission and low energy consumption [6—8].

In this context, this thesis work will focus on the development of different
ultraviolet (UV) curable biobased thermosetting polymers and composites deriving
from different biorenewable resources.



1.2 Photo-crosslinking processes

In recent decades photopolymerization processes have gained increasing interest as
a useful industrial technology due to its remarkable benefits like high productivity,
low energy consumption with no heating requirements and high surface quality.
Moreover, this technique allows the use of solvent-free resins. At the beginning of
the 21 century, several governments applied rigid regulation control on the VOC
emission, since those substances can cause air pollution and health problems.
Therefore, the photocrosslinking processes, with no hazardous substance emission,
started to become very attractive in different fields like paper, coatings, dentistry,
resists and printing. In order to start the photopolymerization reaction a photoactive
compound called photoinitiator (PhI) has to be added into the formulation. The Phls
are substances able to absorb the light and subsequently generate reactive species.
The wavelength range usually used in the photopolymerization processes covers
the UV or visible range (Fig.1.3,a) but also other energy sources have been reported
like infrared light, X-ray and electron beam [9-11]. The choice of the light
wavelength depends on the selected application, for example, UV light is often used
in the coatings industry, while visible light is preferred in dental applications. In
order to be efficient, a Phl must have a high extinction coefficient which represents
its probability to absorb the light in the wavelength of interest [12]. The initiation
rate and the light penetration depth depends on the type of Phl. As soon as the Phl
absorb the photon, it enters an excited state which can lead to the initiation step.
However, while the Phl is in the excited state some quenching mechanisms can take
place due to the presence of other components in the formulation or to the oxygen
present in the atmosphere as described in the modified Jablonski diagram
(Fig.1.3,b). Therefore, an efficient Phl must have an excited state with a short
lifetime and a high quantum yield (defined as the ratio of the number of converted
photoinitiators to the number of photons absorbed by the initiator) [13].

The photopolymerization processes can be classified into two main categories:
radical and cationic depending on the type of active propagating centre. Those
processes will be presented in detail in the following sections.
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Figure 1.3: a) Wavelength spectrum and most common photoinitiators with thei their
major absorption peaks, b) Types of deactivation mechanism of the excited state of the Phl.

1.2.1 Radical UV-curing

Nowadays, the majority of commercially available photocurable resins are
based radical photopolymerization which was also the first photopolymerization
technique developed. In fact, the first photo-induced reaction leading to the
formation of a polymer was reported by Hoffmann, who described the radical
photopolymerization of the vinyl bromide in 1860. Subsequently, different Phls
were evaluated to enhance the initiation efficiency of the reaction, like ketones,
aldehydes and halogen compounds [14]. The radical photopolymerization proceeds
via a chain-growth mechanism mainly involving acrylates and methacrylates,
except for the thiol-ene radical reaction which instead proceeds through a step-grow
mechanism. The main reason for the use of (meth)acrylates is their extremely fast
reactivity. Nevertheless, the methacrylates are usually less reactive than the



acrylates but they are considered less hazardous [15]. The chain-grow mechanism
is reported in Fig.1.4., in which M represents the monomer and R- the radical. As
can be observed in Fig.1.4, as Phl absorbs the light energy (Av) it will pass into an
excited state and generate the initial radical by decomposing. Those radicals will
subsequently react with the monomers to initiate the polymerization. Subsequently,
the addition of different monomers to the growing macroradical induce the
formation of the polymer chains (propagation step). Finally, the reaction terminates
with either a mono or bimolecular addition [15]. Interestingly, it is also possible to
have unterminated chains trapped into the crosslinked network that can react with
other reactive species able to diffuse into the polymer like oxygen.

h
PI _V’ R- Initial stimulus
R-+M — RM- Initiation
RM: + nM RMun+1 Propagation
Termination
R(M)n. + R(M)m. -_— R(M)n-(M)mR (recombination)

Termination

R(M)n + R(M)m. - R(M)n—H + R(M)m—lM-H (disproportion)
Figure 1.4: Main reactions steps of the radical photopolymerization.

The main drawback of the radical photopolymerization is oxygen inhibition
especially for coatings that possess a high surface area. Oxygen can react with the
propagating radical forming peroxy radical that terminate the chain growth since it
has low reactivity with other monomers. Different methods exist to minimize this
problem; 1) an inert atmosphere can be used to avoid the presence of oxygen during
the UV-curing, 2) increasing the amount of photoinitiator or the lamp intensity in
order to reduce the oxygen diffusion (minimize the light exposure), 3) perform the
reaction in water or using an oxygen barrier like wax [16].

1.2.1.1 Radical photoinitiators

In Phls used in radical (also called free-radical) photopolymerization can be
classified into two main categories: Norrish type I and Norrish type II. The light
irradiation causes a unimolecular direct bond cleavage in the Norrish type I Phls,
while a bimolecular hydrogen abstraction in the Norrish type II Phls, in both cases
inducing the generation of radicals.

Norrish type I photoinitiators

Norrish type I photoinitiators are unimolecular chromophores that undergo a
homolytic bond photocleavage generating free radicals. The first commercialized
Norrish type I class of photoinitiators were the benzoin ethers which cleave into
benzyl ether radical and benzoyl radical after absorbing the UV-light (Fig.1.5,a).
However, formulations containing those Phls possess a low life pot since the
hydrogen of the benzyl ether carbon can be easily abstracted. Therefore, other
chromophore compounds were taken into consideration like the ketals. For
example, the 2,2-dimethoxy-2-phenylacetophenone possess two advantages over



the benzoin ethers, in fact, it possesses high package stability and after the initial
photocleavage leading to the formation of two radicals it undergoes another
cleavage leading to the formation of methyl radicals (Fig.1.5,b).

¢
/ig\ <E
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Figure 1.5: a) benzoin ether photocleavage, b) 2,2-dimethoxy-2-phenylacetophenone
photocleavage.

Norrish type Il photoinitiators

Norrish type II photoinitiators are bimolecular chromophores that can extract
hydrogen or electron from a donor after light absorption. Common examples of
Phls belonging to this category are benzophenones, camphorquinone,
thioxanthones or dialkyl keynotes (Fig.1.6); while aliphatic amines are common
hydrogen donors. This class of Phl is less affected by oxygen inhibition,
nevertheless, the excited state of those compounds has a longer life than the Type I
Phl, and therefore can be more easily quenched.

Excited state

OHO=0+-0f==
OO >

Figure 1.6: Benzophenone photocleavage.



1.2.1.2 Radical UV-curable monomers

As already anticipated before, the radical photopolymerization maily involves
(meth)acrylated monomers. The most common are the acrylated polyesters,
acrylated polyethers, acrylated polyurethanes, acrylated silicones (Fig.1.7).

a) Acrylated polyether
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Figure 1.7: Examples of typical acrylated monomers used in free-radical
photopolymerization.

Finally, also the thiol-ene system is often used, which is based on an addition
stoichiometric reaction between multifunctional thiols and olefins (ene). Those
systems are less sensitive to oxygen inhibition but possess an unpleasant smell
which hinders their applicability [16].

1.2.2 Cationic UV-curing

This section is based on the review article titled "Cationic UV-Curing of
Epoxidized Biobased Resins". This article was published in Polymers journal in
2021 (doi.org/10.3390/polym13010089).

Crivello developed the cationic photopolymerization in 1977. Crivello
discovered that diaryliodonium salts (Ar2I'MtXn") could generate high acidic
solutions when irradiated by UV light. The photolysis of those salts produced
Bronsted acid that could initiate the cationic chain-growth polymerization [17]. The



mechanism of the cationic ring-opening polymerization of epoxides is reported in

Fig.1.8.
[>o + HMtXn — > DJ_H MtXni

O -
I>O+_H MtXn —+ [>O —_— I>o+/%\/ é\/\oH MtXn
n

Figure 1.8: mechanism of the cationic ring-opening polymerization of an epoxide.

The cationic UV curing technique has many advantages over the free-radical
photopolymerizations, such as:

e It does not require an inert atmosphere during the curing process since it is
not affected by oxygen inhibition.

e [t can continue after the light source has been removed. This phenomenon,
noted as a “dark reaction”, can lead to enhanced monomer conversion either
in ambient temperature or with a thermal treatment.

e The cationic photocurable monomers are generally not toxic and not
irritating.

e The obtained materials are less affected by volume shrinkage upon curing
and possess higher thermal resistance [6,8].

1.2.2.1 Cationic photoinitiators

The most used cationic photoinitiators (Phls) are the onium salts. The onium
salts are ionic compounds composed of an organic cation and an inorganic anion.
The cationic component absorbs light, so its structure determines the
photosensitivity, quantum yield, and the ultimate thermal stability of the salt. The
anionic component defines the strength of the generated acid, the initiator
efficiency, and the reactivity of the propagating ions pair in the polymerization
reaction.

The UV irradiation produces the photoexcitation and, subsequently, the excited
singlet state’s decay inducing both homolytic and heterolytic cleavages. The most
used photoinitiators for photoinduced cationic ring-opening polymerization are
diaryliodonium, triarylsulfonium, and dialkyphenacylsulfonium. Their structures
are reported in Fig.1.9 where MtXn- represents a weak nucleophilic counterion,
such as BF4-, PF6- or SbF6-.



Figure 1.9: Structures of most common cationic photoinitiators.

The simplified photodecomposition of general diaryliodonium salts is shown
in Fig.1.10 [18]. The cleavage of the Ar-I bond produces reactive cations, radical-
cations, and radicals. Cations and radical-cations react further with proton donor
species (solvents or monomers) to form Bronsted-acids, which are the real initiating
species [19]. The photolysis of those salts is an irreversible process. The acids
photogenerated are called “superacids” since their acidity values in the Hammet
scale (HO values) range from -14 to -30. Higher anionic dimension leads to lower
nucleophilicity, and photogeneration of stronger acids. Therefore, even if the anions
have no direct role in the photochemistry, their structural dimensions strongly
influence the polymerization kinetics [18,20].

+
hv Arl*MtXy + Ar*
Ar I MtX; — [ArI*MiX; |t — — HMtX,
Arl + Ar MtXy

Figure 1.10: Simplified photodecomposition of a general diaryliodonium salt.

Generally, the UV activation wavelength region of these photoinitiators ranges
from 230 to 300 nm. In order to enhance the performances of the onium salts,
different methodologies can be applied:

 Shifting the activation region by introduction of chromophoric groups in the
aromatic rings [21].

* Indirect activation of the photoinitiator by free radical oxidation [10,22],
electron transfer from a photoexcited molecule and onium salts [23-25], or by the
excitation of charge transfer complexes of the salts [26,27].

Another class of photoinitiators is constituted by dialkylphenacylsulfonium
salts, that are able to withstand reversible photolysis processes. When irradiated,
they form reversible yields and strong Bronsted acids. The drawback of this
reversible system is the short dark polymerization, since in the absence of UV light,
the termination reaction rapidly takes place [28,29].

Alkoxypyridinium salts have excellent thermal stability and high solubility
[30]. New carbazole scaffold visible light photoinitiator/photosensitizers were
recently developed by Lalevée et al. These systems consist of a carbazole unit



connected at two 4,4'-dimethoxydiphenylamine groups in positions 3 and 6 [31].
Other types of onium salts photosensitizers are naphthalene-based compounds. For
example, 1-Amino-4-methyl-naphthalene-2-carbonitrile derivatives have been
studied by Ortyl as versatile UV and visible light sensitizers [32].

Versace et al. have studied the use of anthraquinone functional phthalocyanine
in combination with suitable co-initiators as visible light photoinitiator systems for
cationic and free-radical polymerization [33]. The progress in cationic
photoinitiators has been in detail analyzed in recent reviews [6,8,34—-36].

1.2.2.2 Cationic UV-Curable Monomers

The use of photolatent acids can be exploited to polymerize unsaturated
monomers such as vinyl ethers, styrene and N-vinyl carbazole as well as the ring-
opening polymerizations of epoxy monomers, cyclic ethers, lactones and cyclic
acetals (Fig.1.11). These monomers can polymerize by a cationic chain-growth
polymerization mechanism.

Trioxane Epoxy
o
r ﬁ :o: R Thioether
s
o\/o /N

Oxitane \ / Vinyl Ether

R Cationic
o <« photocurable — 5 Nor
R monomers

Caprolactone / \ Oxazoline
o
A O
Q‘ @ ;

Tetrahydrofuran
Figure 1.11: Common monomers used in cationic photopolymerization.

Vinyl ether monomers [37,38] were first investigated as a good alternative to
the chain growth radical photopolymerization of acrylates because vinyl ethers
possess high reactivity, low toxicity and low odour. Nevertheless, under certain
conditions, hydrolysis may compete with the polymerization of vinyl ether
monomers. The hydrolysis reaction of vinyl ethers with water is catalyzed by the
same acid species that catalyze the polymerization reactions.

The commercially most important class of cationically photocurable monomers
is nowadays epoxides [39-49] they can undergo cation-induced ring-opening
polymerization reaction through an oxiranium ion intermediate. When difunctional
epoxides or epoxy-substituted polymers are used as the starting materials,
crosslinking readily occurs to generate a three-dimensional polymer network.
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Among the different available epoxy monomers, only cycloaliphatic epoxides
have reached substantial commercial significance due to their higher reactivity in
cationic photopolymerization and also due to excellent adhesion, chemical
resistance and mechanical properties of the resulting thermosets.

1.3 Biobased UV-curable building blocks

Among biobased resins, the most used are vegetable oils (VOs) since they are
largely available and cheap. Their structure is mainly constituted by triglycerides
(90-95%) with different amounts of unsaturation depending on their origin. These
unsaturated sites can be easily modified with different types of photocurable
functional groups [50] such as epoxy [51] or (meth)acrylated groups [52]
(Fig.1.12). However, thermosets deriving from VOs usually possess low
mechanical properties due to the presence of flexible aliphatic chains in their
structures which limits their usage to non-structural applications. Up to now, VOs
have been proposed as matrixes for composites reinforced with cellulose [53], as
tougheners in blends with fossil-fuel-based resins [54] and for coatings with good
adhesion on steel, glass and alluminium [51]. Interestingly, VOs thermosets are
potentially biodegradable since the glycerol ester bonds can be biologically cleaved
[55].

Figure 1.12: Soybean oil structure with two possible modifications.

Another interesting class of biobased feedstock consists of molecules
containing rigid backbones like polysaccharides [56] and lignin [57]. The
thermosets obtained from those monomers usually show high mechanical
properties due to their more rigid structure.

Polysaccharides can derive from different sources like potato, maize (starch,
carboxymethylstarch, hydroxypropyl starch), cellulose (carboxymethylcellulose,
methylcellulose, etc.), seaweed extracts (alginate, agar, etc.), exoskeleton of
crustaceans and insects (chitin, chitosan, etc.), and different types of microbial
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gums (xanthan, pullulan, etc.). Different strategies can be used to modify those
monomers in order to obtain UV-curable thermosets, which usually possessed
superior chemical resistance, mechanical, and thermal properties with respect to the
pristine uncured polysaccharides [58]. For example, glycidyl methacrylate,
methacrylic anhydride and other vinyl monomers can be used to modify starch,
cellulose and chitosan chains to produce UV-curable hydrogels [59-62]. Or
glycidyl methacrylate can be grafted on the polysaccharide chains to obtain
cationically photocurable coatings (Fig.1.13,a) [63].

Interestingly, not only polysaccharides themselves have been photocured, but
also other molecules deriving from them. For example, furanic compounds derived
from hemicellulose and cellulose biomass have been successfully epoxidized and
cationically photocured to obtain adhesives and coatings (Fig. 1.13,b) [64,65].
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Figure 1.13: examples of a) starch grafted gfycidilmethacrylate, b) epoxidized furanic
compounds.

Another compound that is recently gaining high interest is lignin which
represents around 15 to 30% of wood. The main constituents of lignin are cinnamic
alcohols which can be devided in three different main structures: syringyl, p-
hydroxyphenyl and guaiacyl, which are formed and conjugated by radical
biosynthesis (Fig.1.14,a). However, the specific chemical structure of lignin is still
unknown since it does not possess a uniform structure (Fig. 1.14,b) [66]. Lignin
have been modified with epoxy and (meth)acrylated groups to make it light
processable and subsequently mixed with other photocurable resins to produce
coatings with improved mechanical properties [67,68].

a) b)

p-Coumaryl alcohol  Coniferyl alcohol Synapyl alcohol
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p-hydroxyphenyl

Figure 1.14: a) generic lignin structure, b) three major lignin components.
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Lignin can be depolymerized using different strategies to obtain various
aromatic monomers, among them only a few are commercially produced on large
scale like vanillin and dimethyl sulfoxide [69]. Vanillin is a phenol moiety [70],
that can be considered a very promising monomer since it is industrially derived
from biomass and vanillin-based thermosets can be re-processed or degraded under
acid conditions [71], can be biodegraded in soil [66,72] and possess antimicrobial
properties [73]. Vanillin can be modified with (meth)acrylated or epoxy groups
(Fig.1.15) to make it photocurable for the production of coatings or for 3D-printable
applications [71].

a) b) j@/\< /@7 ]
Vanillin dimethacrylate Vanillin diacrylate Diglycidylether of vanillyl alcohol

Figure 1.15: a) vanillin dimethacrylate, b) vanillin diacrylate, ¢) diglycidylether of
vanillyl alcohol.

Other biobased molecules largely available are monoterpenes that are volatile
by-products of plants processing. Among them, y-terpinene, a-terpinene, limonene
and a-pinene have been epoxidized and cationically photocured [74-77].

A further biobased resin source is the cashew nut shell liquid (CNSL). This
liquid can be extracted from the Anacardium occidentalis mesocarp. From the
distillation of this liquid, different molecules can be obtained named cardanols,
anacardium acid, cardol and methylcardol (Fig.1.16). Cardanols are constituted by
a phenol moiety meta substituted by up to four different Cis alkyl chains having
different unsaturation amounts: 8.4% saturated chains, 48.5% mono-olefinic
chains, 16.8% diolefinic chains and 29.33% triolefinic chains. Interestingly,
cardanols possess both an aliphatic and aromatic structure, so this peculiar
characteristic makes them an interesting starting material for the production of high-
value products. Cardanols can be easily modified by grafting glycidyl groups or
polyols. Currently, the cardanol market is led by Cardolite® corporation which
distributes many cardanol-based resins, modifiers and reactive diluents for the
production of coatings or adhesives [78,79].
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Second Chapter

2 UV-curable starch-based
hydrogels and organo/hydrogels

Hydrogels (HG) are three-dimensional hydrophilic polymeric networks able to
adsorb a large quantity of water without dissolving. These networks can be
generated by either physical or chemical processes. HGs have applications in
various sectors like medical, pharmaceutical, agro-industry, and water treatment
[80—84]. HGs based on biopolymers such as polysaccharides and proteins are
gaining increasing attention since they are renewable and bacteriologically
degradable [85-87]. Among them, starch is an abundant polysaccharide made of
two types of D-glucose polymers: one linear called amylose and the other highly
branched called amylopectin. The high availability of hydroxyl groups present in
the starch chains make it possible to chemically preparing a high number of starch
derivatives.

Starch-based hydrogels can partially mimic the extracellular matrix (ECM) of
mammals, which is mainly composed of polysaccharides, water, and soluble
proteins [88]. This means this type of material is applicable in the field of tissue
engineering. Paragraph 2.2 describes how the chemical modification and the UV-
curing of maize starch was carried out, followed by the mechanical characterization
of the hydrogels and the evaluation of their cytocompatibility with human fibroblast
cells. Furthermore, the processability of modified starch by digital light processing
(DLP) 3D printing directly from aqueous solution was successfully demonstrated,
envisaging a new frontier for tissue engineer and drug delivery.

Starch can also be used as a low-cost adsorbent for waste-water treatment.
Paragraph 2.3 describes how a UV-curable starch-based sorbent was obtained from
methacrylated starch (MS) and acrylated y-cyclodextrin (ACy). Cyclodextrins are
cyclic oligoamyloses deriving from starch. In this work, y-cyclodextrin was chosen
since it is one of the most interesting absorbents among the starch derivatives. In
fact, this macromer possesses a torus structure that can trap different pollutants via
the formation of the host-guest inclusion complexes. Paragraph 2.3 also describes
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how the photoreactivity and the mechanical properties of MS-ACy
organo/hydrogels (OHGs) were evaluated. Subsequently, the sorption capacity and
the sorption kinetics of the MS-ACY systems were analyzed using Methylene blue
(MB) as dye target. The DLP-printability of the OHGs was successfully proved,
suggesting the possibility to obtain application-tailored geometries with enhanced
surface area.

2.1 Experimental section
Nuclear Magnetic Resonance (NMR)

Starch and MS were analyzed by Bruker Advance 400 Fourier Transform NMR
spectrometer (FT NMR, Bruker, Billerica, MA, USA) operating at 400 MHz. The
"H-NMR was conducted at room temperature. Approximately 7 mg of each sample
were dissolved in 1 mL of DMSO-d6. The '*C-NMR was conducted at T=60 °C
with 20 mg/mL starch concentration in DMSO-d6 to improve the spectra resolution.

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

The FTIR spectra of starch, MS, and the crosslinked hydrogels were recorded by
Perkin Elmer Spectrum 2000 FTIR spectrometer (Perkin Elmer, Norwalk, CT,
USA) equipped with a single reflection attenuated total reflectance (ATR)
accessory (golden gate). All samples were analyzed from 4000 to 500 cm™ with 4
cm! resolutions.

Photorheology and Rheology

The photorheology test was performed by Anton PAAR Modular compact
rheometer (Physica MCR 302,Graz, Austria) with a parallel plate configuration
(plate diameter = 15 mm) and a quartz bottom plate. All the formulations were
tested at T=25°C with a gap value of 300 um. Different tests were performed in
time, stress, and frequency sweep to investigate the reaction kinetics and to evaluate
the properties of the obtained thermosets. The time sweep experiment allows
monitoring the thermoset formation by following the enhancement of the storage
modulus (G’) over time. This experiment was conducted at a strain amplitude (y)
of 0.5%, corresponding to a linear viscoelastic region with a constant frequency ()
of 6 rad/s. After 30 s, a Hamamatsu LC8 lamp (28 mW*cm™) was switched on.
Subsequently, an amplitude sweep experiment was conducted on the crosslinked
hydrogels from y=0.01 to 100% at a constant o= 6 rad/s. After that, a frequency
sweep experiment was performed on the freshly cured samples with y=1% and ®
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from 0.1 to 100 rad/s. From the data obtained in the last experiment, it was possible
to calculate the thermosets’ structure parameters. In fact, the value of G’ in the
plateau region (G’p), so in the interval in which the G’ value is independent of the
o, represents the region in which the energy applied is stored elastically. In this
region, the polymer chains behave like entropic springs, not able to slide by one
another since the applied stress velocity is higher than the segment relaxation
capability. The network parameters that can be calculated are ve, & and M’
representing the number of crosslinks, the distance between two entanglements
points, and the molar mass between two entanglements points, respectively. The
parameters were calculated by following Eq. 2.1,2.2, 2.3

GHN
vp = - 2.1)
1
§=1= (2.2)
M; =57 2.3)
p

Where c is the concentration, R is the universal gas constant, T is the
temperature in Kelvin, G’p is the storage modulus in the frequency-independent
plateau region, and Na is the Avogadro’s number [89].

Compression Test

Compression uniaxial unconfined tests were performed with MTS QTestTM/10
Elite controller using TestWorks® 4 software. The cell load was set at 10N with a
cross-head displacement speed of 0.5 mm/min. The test was performed on
cylindrical specimens (¢ = 10 mm; h= 10 or 11 mm). The data acquisition rate was
20 Hz. The experiments were repeated five times. The compression elastic modulus
was calculated as the slope of the linear region of the stress-strain curves.

Swelling behavior

The swelling test was evaluated by a conventional gravimetric test. Air-dried
samples were immersed in deionized water at a T=25°C, subsequently taken out at
different time intervals and weighted (after removing the free water present on the
surface of the sample with a tissue paper). The swelling degree (Sw%), the
equilibrium swelling ratio percentage (SDeq%), and the equilibrium water content
percentage(EWC%) were estimated with the following formula:
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Swo = (wa‘l—s’d) % 100, (2.4)

We—=Wgq
d

SD% = (2.5)

EWC% = =24 % 100, (2.6)
where W is the weight at time t, Wy 1s the weight of the dry sample, and W, is
the weight of the sample at the equilibrium state.

Gel Content (G%)

The gel content percentage (G%) was calculated according to Eq. (2.7):
w
G% = 1,- * 100 (2.7)

whereW | is the weight of the dry gel after the treatment with deionized water,
and Wy is the weight of the dry sample before the measurement.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetric analyses were carried out using a Mettler Toledo
DSC instrument. The study was conducted in an inert atmosphere (N2 = 50 pl/min)
with a heating rate of 10 °C/min. Approximately 4-6 mg of each sample were sealed
in a 100 pL aluminum pan with pierced lids. The experiments were repeated in
triplicates.

Cell Viability

A cell viability test was conducted to evaluate the toxicity of the degradation
product of MS hydrogels. BJ human fibroblast cells (ATCC® CRL-2522™) were
cultured on three different 96-well plates at a cell density of 2 x 104 cells/well for
24 h to reach confluence using DMEM-Dulbecco’s Modified Eagle Medium
enriched with 10% fetal bovine serum and 1% penicillin/streptomycin (Carlo Erba,
Milan, Italy). Simultaneously, three hydrogels prepared with three different MS
concentrations (5, 10, and 15 wt%) were soaked for 24 h in 1 mL of DMEM. In
each case, 0.1 g of hydrogel was soaked in 1 mL of the medium. After 24 h, the
media were collected and filtered through 0.22 pm filters to guarantee sterility.
Then, the culture medium was removed from each well of confluent cells and
substituted with the supernatant collected from the hydrogels. Controls (CTRL)
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were obtained using the normal medium. After 24 h of incubation, the supernatant
was carefully removed, and the cell viability assay was performed using non-
fluorescent resazurin, which is converted into a highly red fluorescent dye
(resorufin) by cell metabolism. Briefly, a volume of 100 pL of 0.1 mg/mL resazurin
solution, obtained by diluting a resazurin working solution (1 mg/mL in phosphate-
buffered saline-PBS, Sigma Aldrich, Milan, Italy) into DMEM, was added in each
well, and the cultures were incubated for 1 h at 37 °C. Then, the fluorescent signal
was monitored at 530 nm excitation wavelength and 590 nm emission wavelength
using a plate reader (Victor X3, Perkin Elmer, Milan, Italy). Cell viability was
calculated as a percentage value compared to CTRL. Six samples for each condition
were used, and the experiments were performed three times. GraphPad Prism®
software was used for one or two analyses of variance (ANOVA). Values * p <
0.05, **p <0.01, ***p < 0.001 were considered statistically significant.

Field Emission Scanning Electron Microscopy (FESEM)

The morphological characterization of the hydrogels was performed by using a
FESEM Zeiss Supra 40 (Oberkochen, Germany). The samples were first
lyophilized and then immersed in liquid nitrogen to induce a fragile fracture.
Subsequently, the broken specimens were covered with a 5 nm thick film of
Platinum.

Adsorption study

The adsorption study of MB was conducted by adding 8 mL of MB solution (40
mg/L) to 8 mg of dried organo/hydrogel at T = 25 °C. Afterwards, the vials were
protected from light with an aluminium foil to avoid photocatalytic dye
degradation. Then, a fixed amount of supernatant was taken out at different time
intervals to monitor the dye adsorption. The MB concentration was determined by
UV-visible spectroscopy by following the peak centred at 665 nm. The adsorption
capacity at time t (qm [mg/g]) and the equilibrium adsorption capacity (qe [mg/g])
were calculated according to Eq. 2.8 and 2.8, respectively.

m = (CO_VCl;t)*V (28)
(Co=Ce)* V
, = Gty 2.9)

19



Where Co (mg/L) is the initial MB concentration, while Ce (mg/L) and C;
(mg/L) are the MB concentration at time t and at equilibrium, respectively. V (mL)
is the volume of MB solution and W (g) is the mass of the dried hydrogel.

Two different kinetic models were then used to evaluate the adsorption rate and
the potential rate-controlling step. The kinetic data were analysed using pseudo-
first-order and pseudo-second-order models [90], using the Lagergren Equations
(2.10 and 2.11).

aq

a k1(qe — qm) (2.10)
—In (16;") = kot @.11)

where k| is the rate constant of pseudo-first-order sorption [1/min]. According
to this approximation, a plot of —In((1-q)/qe) vs t gives a straight line with slope k.

Equations 2.12 and 2.13 report the second-order kinetic rate equation and its
integrated formula respectively [91].

d
1 =ky(qe — 9)? (2.12)

t 1 t
r_ - 2.1
q  kaq? + de (2.13)

where k» is the rate constant of the pseudo-second-order sorption [g/(mg*min)].
According to this approximation, a plot of t/q vs t gives a linear relationship with
slope 1/qe and intercept 1/kaqe>.

2.2 Starch-based hydrogels for biomedical applications

This section is based on the original research article titled " Light Processable Starch
Hydrogels". This article was published in Polymers journal in 2020
(doi:10.3390/polym12061359) [92].

Maize starch was successfully methacrylated with a simple reaction with
methacrylic anhydride to make it UV-curable. Subsequently, the photoreactivity of
three different formulations containing 5, 10, and 15 wt% of starch in water and
lithtum phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP) as photoinitiator was
characterized with a photorheology test. Then, the swelling abilities, the rheological
and mechanical properties of the obtained hydrogels were evaluated. The obtained
Young’s modulus values cover the stiffens of different body tissues, suggesting the
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possible applicability of those HG in tissue engineering. To exploit this possibility,
a cell viability test was performed on the HG with human fibroblast cells. Finally,
the printability of the methacrylated starch-water solution was established.

2.2.1 Materials and Methods

Materials

High-amylose Hylon VII maize starch (70% amylose) was obtained from
Ingredion, Goole, UK. Methacrylic anhydride (MA), triethylamine (TEA) (>99%),
dimethyl sulfoxide (DMSO) (ACS reagent P99.9%), ethanol absolute, and
bis(acyl)phosphaneoxi lithium phenyl-2,4,6-trimethylbenzoyl phosphinate (LAP)
were purchased from Sigma Aldrich (Milan, Italy). Acrylated cyclodextrin (ACy)
was synthesised and kindly provided by a colleague (Andrea Cosola).

Synthesis of Methacrylated Starch

Typically methacrylated starch was synthetized as followed: approximately 6g of
high amylose maize starch (S) were solubilised in 200 mL of DMSO at T=70°C.
After the gelatinization of starch (which took approximately 30 minutes), the
solution was cooled down at room temperature. Subsequently, methacrylic
anhydride was added dropwise at a molar ration of Anidrous Glucose Unit (AGU)
:MA=1:2. Triethylamine was used to catalyse the reaction (AGU:TEA=1:0.04).
Then the solution was left to react at room temperature for 18h in stirring condition.
The final product was three times precipitated in ethanol and solubilized in
deionised water to be purified. The final starch-water solution was lyophilized.

Photocuring of Methacrylated Starch hydrogels

Different methacrylated starch (MS) content (5, 10, 15%wt) were solubilized in
water (Tab.2.1). It was impossible to further increase the MS concentration because,
with 15wt%, its solubility limit was reached. Subsequently, in all the solutions 1phr
(weight per hundred resin) of LAP photoinitiator was added. Then the solutions
were placed in silicon mould and UV-cured under the UV-DYMAX lamp (115
mW/cm?) for 1 minute.

Table 2.1: Hydrogels pristine formulations.

Sample name MS content in water LAP (phr)
(wt%)
MA-Starch5 5
MA-Starch10 10 1
MA-Starchl15 15
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3D-Printing of Methacrylated Starch hydrogels

The MA-Starch10 formulation was 3D printed with stereolithography based
ASIGA UV-MAX DLP printer (A=385 nm, XY resolution of 62 um). The layer
thickness was set to 50pum, the light intensity at 10 mW/cm? and the exposure time
at5s.

2.2.2 Results and discussion

In Scheme 2.1 is reported the starch methacrylation reaction followed by it
photocrosslinking that lead to the formation of the hydrogels.

Methacr yl ated Starch

: MA-Starch
Maize Starch (S) ethacrylic
( hnllllhl:dndl MS) e hydrogel I
3 QMQ e QM{{M = 11
( D DMSO Phl “'---:y, NS {I 4
1%wt LAP
i a¥4%%, T=25°C, t=18h "" Howt

Scheme 2.1: Illustration of the maize starch methacrylation followed by the UV-curing
reaction. In this scheme, the MA-Starch shows only the substitution of the secondary
alcohol; however, there could also be substitution of the primary alcohols.

The success of the methacrylation reaction was assessed by 'H-NMR, !*C-
NMR, and ATR-FTIR spectroscopy. In Fig.2.1 is reported the '"H-NMR of the
maize starch (black) and of the methacrylated starch (red). In the black spectrum,
there can be observed the typical starch peaks. The peaks at 6=4.57, 5.40, 5.49 ppm
are assigned to the O-H protons in 2, 3, 6 positions, respectively; the peaks at 6=
3.59, 3.66 ppm represent the C-H protons in 2, 3, 4, 5 positions, while the peak at
0=5.11 ppm is assigned to a-carbon C-H of the anhydroglucose carbon in 1 position.
The spectrum also presents a huge peak at 6=3.35 ppm, which is assigned to the
adsorbed water on the starch chains [93]. In the red spectrum (MS), new peaks can
be seen at 6=1.9 ppm, 6=5.66-6.07 ppm, which represent the methyl group and
methacrylic double bond, respectively. Those additional peaks confirm the
successful modification of the starch structure. The MS spectrum shows broader
peaks with respect to the starch one. This outcome can be ascribed to the formation
of different starch-chains structures during the methacrylation reaction. From the
integrals of the '"H-NMR peaks, it is possible to calculate the degree of substitution
(DOS) of the -OH groups using Eq.2.7.

I1 9

DOS = (:2)/3 (2.7)

511
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Where 119 and Is.11 are the integrals of the peaks of the methyl protons and the
proton in the anhydrous glucose unit (AGU) in 1 position, since, in every AGU,
there are three hydroxyl groups, the formula is divided by 3. The final DOS is 0.08,
which can also be seen as one methacrylated group every fourth glucose ring. This
result is like one previously reported of a starch methacrylation with glycidyl
methacrylate [94].
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Figure 2.1: 'H-NMR of Starch (S) and Methacrylated starch (MS) with peaks
assignment.

The '*C-NMR spectra of S and MS are shown in Fig.2.2. In the starch spectrum,
the carbon atoms of the starch AGU can be clearly observed. The signals at 6=61.09,
72.12,72.55,73.74,79.37 and 100.54 ppm are attributed to the C6, C5, C2, C3, C4
and C1 of the AGU starch. While in the modified starch spectrum it can be notice
the presence of new peaks at 6=18.45 ppm, at 6=136.61-127.75 ppm, and 6=170.38
ppm representing the CHs, C=C and C=0, respectively. This result further confirms
the success of the methacrylation reaction.
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Figure 2.2: *C-NMR of Starch (S) and Methacrylated starch (MS) with peaks
assignment.

FTIR analysis was also used to prove the successful starch modification. In
Fig.2.3 are reported the spectra of starch and MS. All the typical starch signals could
be observed and analyzed. In the starch-spectrum are displayed the typical starch
functional groups. At 3320 cm™! it can be found a broad peak which represents the
-OH groups vibrations. At 2925 cm™ it can be observed the -CHa- stretching
vibration peak. While the band at 1638 cm™ is assigned to the hydroxyl groups of
the absorbed water in the amorphous region of starch. The peaks at 1148 and 1076
cm’! represent the C-O-C symmetric stretching of cyclic ether group and C-H
bending vibration, respectively. While the peaks at 994 and 927 cm™ are attributed
to the C-O-C stretching and skeletal vibration of the a-1,4 glycosidic linkage,
respectively. The peak at 855 cm™! represents the C(1)-H and CH> deformation
vibrations. Finally, the peak at 762 cm™! is assigned to the C-C stretching vibration
[95,96]. Four new peaks can be observed in the MS spectrum. The peaks at 1640
and 1709 cm™ can be assigned to the C-O and C=O stretching vibration, while the
peaks at 1300 and 815 cm™! represents the C=CH, out of plane bending vibrations
[97-99].
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Figure 2.3: FTIR spectra of Starch (Black) and Methacrylated Starch (Red).

Three MS formulations were prepared as described in the materials and
methods section and subsequently tested with an amplitude sweep experiment to
identify the linear viscoelastic region (LVR). The photocrosslinking kinetics of
those formulations was subsequently studied using a photorheology test. In this test,
the reaction is followed by the changes in the rheological properties of the material,
especially the enhancement of the storage modulus (G’). The crosslinking reaction
can be considered completed when G’ reaches a plateau. As it can be observed from
Fig.2.4, both the MA-Starch10 and MA-Starch15 formulations started to react as
soon as the lamp was switched on and their G’ reached a plateau after 90 s. On the
contrary, the MA-Starch5 formulation shows a delay in the curing process
(induction time), and its G’ reached a plateau after 120s. This result can be possibly
due to the low concentration of starch in water, which, combined with the achieved
low DOS, can have partially reduced the kinetics of the radical reaction.
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Figure 2.4: Storage modulus G' as a function of time. The lamp was switched on after
30 seconds.

Subsequently, the mechanical, rheological, and swelling properties of the
obtained hydrogels were carefully evaluated. In Fig.2.5,a are reported the
compressive stress-strain curves of MA-Starch10 and MA-Starch15 hydrogels. As
can be noticed, by simply increasing the MS content in water, the compressive
stiffness of the hydrogels almost duplicated (Tab.2.2). Interestingly, the obtained
compressive young’s modulus (E¢) values (13 and 20 kPa) are very similar to those
previously reported of silk fibroin and hemicellulose hydrogels used in tissue
engineering. Moreover, these values cover the range of different body tissues,
which suggests using these HGs for tissue engineering [100].

The rheological properties were instigated on freshly polymerized hydrogels
directly prepared on the parallel plate. Initially, an amplitude sweep experiment was
performed to determine the linear viscoelastic region (LVR). Subsequently, it was
performed a frequency sweep experiment with a strain amplitude fixed at y=1%.

The results of the frequency sweep experiment are reported in Fig.2.5,b while
the obtained values are summarized in Tab.2.2.

It can be observed that in all HGs, the complex viscosities showed a negative
slope of -0.9, meaning that all the HGs showed pseudo-plastic behavior [89]. The
G’ and loss modulus (G’”) curves show a linear trend, but the G’” values are lower
than the G’ one meaning that the elastic components of the HGs are dominant over
the viscous ones. This G’-G’’ behaviour is typical for gel structures [101]. The G’
and G’ values are very similar to those previously reported for carboxymethylated
starch hydrogels [102,103]. From the rheology investigation, it was also possible to
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estimate the values of the networks parameters as described in the experimental
section. The distance between two entanglements points () and the increased
numbers of crosslinks (ve) were calculated using the storage modulus plateau (G’p)
value at o= 10 rad/s. As it can be observed from the values reported in Tab.2.2,

increasing the MS in water, lead to an enhancement of the v. and to a decreased of
the &.

Fig.2.5,c shows the swelling curves of the HGs in water. The swelling
capability of MA-Starch5 and MA-Starch10 were quite similar, although the MA-
Starch5 swelling at equilibrium does not correspond to the maximum value but only
to the maximum before breaking. Instead, the MA-Starch15 showed lower swelling
capability. These results agree with the rheological experiments since higher
crosslinked networks have lower swelling ability.

A gel content evaluation was also performed on the HGs in hot water to
evaluate the curing efficiency. The obtained values are reported in Tab.2.2. All the
HG showed 100% of G%.

The thermal properties of the HGs were also analysed by DSC measurements
and compared with the pristine starch and un-crosslinked starch. However, no
significant changes can be noticed from the glass transition temperature (Tg) values
reported in Tab.2.2.
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Figure 2.5: a) Compression curves of MA-Starch10 and MA-Starch15; b) Rheology
measurements of the HGs; ¢) Swelling capability of the HGs.
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Table 2.2: Mechanical, rheological, G%, and thermal properties of the S, MS, and

HGs.
MA- MA- MA-
§ MS Starch5 Starch10 Starch15
E. [kPa] - - - 12.7+0.4 203+1.7
G’p [Pa] - - 105 159 178
ve [m3] - - 2.55 * 10? 3.86*10% 4.32%10%
& [m] - - 3.40*%108 2.96*10% 2.85*%10°%
SDeq% - - 360 360 270
EWC [%] - - 78 78 73
G% - - 100 100 100
T, [°C] 105+2 115+1 106 +2 106 +9 101 +8

Since different scaffolds and hydrogels made of starch have already been used in
biomedical fields, a preliminary cell viability study was performed on the obtained
UV-cured HGs to assess their cytocompatibility.

BJ human fibroblast cells were cultured in the HGs supernatant. Interestingly,
no negative effects were observed on the cell viability (Fig. 2.6) and all the HGs
results were very close to the control one. This outcome
methacrylation, photocrosslinking process, and LAP presence do not negatively
impact the cell vitality.

means that the

Those preliminary results further confirmed the potential applicability of those
hydrogels in the biomedical fields.

-
o
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Figure 2.6: Cell viability results of BJ human fibroblasts using the supernatant
obtained from the HGs compared with the control (ctrl).

The high photocuring reactivity of the MS formulations and the final
mechanical properties of the HGs suggests the possibility to use those formulations
as photo-curable resins for DLP-printing technology. The printability of the MA-
Starch10 was therefore assessed. MA-Starch10 was selected among the others
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because its photocrosslinked network showed a compressive Young’s modulus of
13 kPa, so very close to the muscle tissue elasticity (12 kPa). Initially, simply CAD
geometries were selected to evaluate the 3D-printability of this resin and to
investigate the achievable resolution. The preliminary tests proved the possibility
to obtain good resolution in the x-y plane. Fig.2.7,a shows the smallest 3D-printed
object, which can be printed with sharp edges and reduced over-polymerization (1.5
x 0.5 x 2 mm). Different strategies can be applyed to increase the resolution of the
3D-printed objects, among them, the addition of a dye to decrease the light diffusion
in the vat is one of the most used [104]. Therefore, methyl red dye (0.2 phr) was
added in the formulation, and the printing parameters were adjusted accordingly.
The obtained printed objects are reported in Fig. 2.7,b-c (5§ x 5 x 1 mm). Although,
since the cytocompatibility of methyl red was not assessed, other alternatives
should be looked for. The fibroblasts viability test revealed that the DMEM solution
in contact with the MA-Starch hydrogels possesses a neutral pH and a pink colour.
So, the possibility to substitute the MS-water solution with the MS-DMEM solution
was evaluated. The honeycomb structure with millimetric thick wall reported in
Fig.2.7,d was 3D-printed using MA-Starch10-DMEM solution (24 x 24 x 4 mm).
However, in this structure some degree of over polymerization can still be seen
ascribing to the light colour of the solution. All the printed HGs were post-cured to
obtain complete curing according to the data obtained from the photo-rheology test.

UV LED
Figure 2.7: 3D-DLP printed hydrogels: a) smallest hydrogel printed without dye; b,c)
simple geometries printed using methyl red as a dye; and d) complex flower geometry.

2.2.3 Conclusions

Maize starch hydrogels were successfully UV-cured either by a UV lamp or by a
DLP printer. Initially, starch was chemically modified with a methacrylation
reaction which was assessed by 'H-NMR, '*C-NMR and FTIR spectroscopy. Three
different aqueous formulations were prepared by dispersing the modified starch at
different concentrations in the presence of LAP as the photoinitiator. The high
reactivity of the formulation was confirmed by the photorheology test. The HG
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network parameters were calculated from the rheology test. Higher MA-Starch
content in the hydrogels higher the crosslinking density and the compressive elastic
modulus, while lower is the swelling capability. The supernatant of the crosslinked
HGs does not show any cytotoxicity against human BJ fibroblast cells. Finally, the
printability of the MA-Starch10 was successfully assessed. The obtained results are
really promising for future applications of UV-curable starch in tissue engineering
and cell carriers.

2.3 Starch-cyclodextrin organo/hydrogels for water
treatment

This section is based on the original research article titled " From polysaccharides
to UV-curable biorenewable organo/hydrogels for methylene blue removal ". This
article was published in Polymer journal in 2021
(doi.org/10.1016/j.polymer.2021.124257) [105].

All starch-derived organo/hydrogels were light processed and tested as bio-
sorbent to remove methylene blue (MB) from water (Figure 2.8). The DLP-
printability of the OHG was also investigated to allow the production of sorption
materials with tailored geometry, possibly leading to a new frontier for waste-water
treatment.

Methylene blue

Lo !
P eede
. or

Figure 2.8: Scheme of MS-ACy hydrogel preparation for the sorption of methylene
blue.

2.3.1 Materials and Methods

Materials

High-amylose Hylon VII maize starch (70% amylose) was obtained from
Ingredion, Goole, UK. Methacrylic anhydride (MA), triethylamine (TEA) (>99%),
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dimethyl sulfoxide (DMSO) (ACS reagent P99.9%), ethanol absolute, methylene
blue (MB), methyl red and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) was purchased from Sigma Aldrich (Milan, Italy). Methacrylated starch
was synthesized as previously reported in Chapter 2.3.1. Acrylated cyclodextrin
(ACy) was synthesized and kindly provided by Andrea Cosola [106].

Photocuring of Methacrylated-Starch and Acrylated Cyclodextrin organo/hydrogel

Formulations containing different MS-ACy weight ratios were obtained by
dissolving the modified polysaccharide in an H>O/DMSO (20/80) mixture
(Tab.2.3). The total monomer concentration was kept at 10 wt%. In all the solution
was added 1phr of BAPO as a photoinitiator. The formulation was then poured in a
silicon mould and UV-cured under a Hamamatsu LC8 lamp equipped with an 8 mm
light guide (100 mW/cm?).

Table 2.3: organo/hydrogels pristine formulations
Sample name MS (wt%) ACy (wt%) BAPO (phr)
MS 100 0
MS-ACy 3-1 75 25
MS-ACy 2-1 66 34 |
MS-ACy 1-1 50 50
MS-ACy 1-2 34 66
ACy 0 100

3D printing of Methacrylated-Starch and Acrylated Cyclodextrin organo/hydrogel

The printability of the polysaccharide formulations was investigated using DLP
3D—Printing with an Asiga UV-MAX DLP printer (nominal XY pixel resolution of
27 um, light emission at A=385nm). Different CAD models were converted into
STL files, and 3D printed. The layer thickness and the light intensity were fixed at
50 um and 30 mW/cm?, while the exposure time was set at 3 s. The printed objects
were post-cured for 3 min using a mercury lamp provided by Robot Factory (UV-
light, 12 mW/cm?).

2.3.2 Results and discussion

Biobased “all-starch” derived organo/hydrogels (OHGs) were photocured and
tested as bio-sorbents to remove MB from water. The OHGs were prepared by
mixing methacrylated starch MS (see Section 2.1.1) and acrylated cyclodextrin
(ACy) in an HO/DMSO (20/80) mixture.

To evaluate the photoreactivity of the formulations, real-time photorheology
tests were performed. The reaction kinetics were monitored by following the
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storage modulus (G’) overtime under light irradiation. Fig. 2.9 shows the
photorheology curves of the OHGs pristine formulations. All the formulations
showed high reactivity, less than 2 seconds of induction time and reached a G’
plateau in less than 60 seconds. Although, even if the reactivity of the formulations
seems equals, if we compare the reaction kinetics (AG’/At) reported in Tab.2.4, it
is possible to observe that the addition of the ACy enhances almost three times the
kinetics of the formulations. This result can be attributed to the higher reactivity of
the acrylate groups with respect to the methacrylate ones and the higher degree of
functionalization of ACy with regard to MS. Moreover, the ACy addition also
increases the final G’ value meaning that the improved crosslinking efficiency of
ACy leads to the formation of stiffer OHGs [106].
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Figure 2.9: Photorheology curves of the OHGs precursor formulations.

The rheological properties of the obtained OHGs were subsequently tested with
a frequency sweep experiment performed on the linear viscoelastic region. As can
be observed in Fig.2.9,a the dynamic viscosities of the OHGs showed a linear trend
with a slope of -0.9, meaning that the OHGs possess a pseudo-plastic behaviour
[89]. The network parameters (Tab.2.4) were calculated according to the equations
reported in the experimental section by using the storage modulus value (G’p) at ®
= 1 rad/s. The numbers of crosslinks (v.) increased by increasing the ACy content,
while the distance (§) and the molar mass (M*.) between two entanglements point
decreased by at least one order of magnitude. These results can be ascribed to the
high crosslinking efficiency of ACy.
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The addition of the ACy also leads to an enhancement of the Tg (Tab.2.4) as
observed in the DSC measurements, which is consistent with the previous results
since an increase in crosslinking density of a polymer reflects into its glass
transition [107].

Moreover, a compression test was also conducted on the UV-cured OHGs to
evaluate their mechanical properties. Fig.2.b reports the OHGs average stress-strain
curves, and in Tab.2.4 are reported the values of compressive Young’s modulus
(Ec), ultimate compression strength (UCS), and the compression at the break. The
achieved E. values are generally higher than those reported in the literature for other
polysaccharides-based hydrogels [62,108]. As can be noticed, the addition of ACy
improves the mechanical properties of the OHGs. In fact, OHGs containing higher
ACy content showed higher Ec and UCS while slightly lower compression at the
break. These results are in good agreement with the previous findings, and further
confirm the overall general performances improvement of the OHGs with the ACy
addition.

After that, the swelling capability of these OGHs was investigated. Before the
test, the DMSO present in the OHGs was removed via solvent extraction in aqueous
media. Subsequently, the samples were air-dried and yet again immersed in water
to start the test. The obtained swelling curves are reported in Fig.2.10,d, while the
swelling at equilibrium (SDeq%) and the equilibrium water content (EWC %) are
presented in Tab.2.4. As can be observed from the graph, the SDeq% is reached after
15 h for all the OHGs. The influence of the ACy addition on the swelling capability
can be clearly seen; in fact, the SDeq% and the EWC% decreased in the presence of
ACy from 395 (MS) to 54 (MS-ACy 1-2) and from 80 (MS) to 35 (MS-ACy 1-2),
respectively.
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Figure 2.10: a) frequency sweep plots; b) compression stress-strain curves; and c)
swelling kinetic of the UV-cured OHGs.

Table 2.4: Photo-/rheological, mechanical, thermal and swelling data of the MS-ACy
OHGs.

MS-ACy | MS-ACy | MS-ACy | MS-ACy
Ms 3-1 2-1 1-1 1-2 Acy
Reaction rate [Pa/s] 134 201 266 300 335 1800
G, [kPa] 18 12 15.4 221 34.1 131.2
Me*[g/Mol] 156.5 22.9 17.9 125 8.1 21
*
ve[1/m?] ‘;‘S’B 2.9%10% | 3.7%10% | 5.4*10% | 8.3 * 10% | 3.2%10%
13*10 s . 1o 108 109 109
€ [m] ) 70*%10° | 6.4*10° | 5.7*10° | 49*10° | 3.1*10
Te [°C) 95 98 100 102 109 N.A.
0.36+ 0.78 + 1.04 + 210+ 393+
Ec [MPa] 0.15 0.01 0.08 0.28 0.11 N.A.
Compression at 64+23 | 56+4 | 52+01 | 49+2.8 | 56+35 N.A.
break [%]
0.59 + 0.89 + 0.90 + 162 + 348+
UGS [MPa] 0.19 0.10 0.13 0.15 0.23 N.A.
SDeq% 395+ 15 178+ 4 147 +7 120+3 54+6 N.A.
EWC [%] 80+0.7 | 64+09 | 60+1.4 | 55+1.0 | 35+2.7 NA.

FESEM images of the freeze-dried OHGs were collected to investigate the
microstructures of the samples. As can be noticed from Fig. 2.11,a and 2.12,a the
MS OHG surface presents a high degree of porosity, with a medium pore size higher
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than 20 pm. On the contrary, the ACy surface shows no porosity in the micrometric
scale (Fig.2.11, Fig. 2.12). The other OHGs compositions exhibit a decrease in the
pore amount and size progressively more pronounced when the ACy amount
increases (Fig. 2.11, Fig. 2.12). Those results are consistent with the previous
analysis, confirming that the ACy additions lead to the formation of highly
crosslinked networks.

e ; (

Figure 2.11: FESEM images of different samples prepared from a) MS, b) MS-ACy
3-1, ¢) MS-ACy 2-1,d) MS-ACy 1-1, ¢) MS-ACy 1-2, f) ACy.

7. L4 Ea SRR

Figure 2.12: High maniﬁcation FESEMimages of different samples preare from
a) MS, b) MS-ACy 3-1, ¢) MS-ACy 2-1,d) MS-ACy 1-1, ¢) MS-ACy 1-2, f) ACy.

The sorption capability of the photocrosslinked OHGs was subsequently tested.
In fact, these OHGs are really promising candidates for the sorption of organic dyes
since the molecular structure of MS has a large availability of hydroxyl groups that
possess chelating properties, and the ACy cavity can form host-guest inclusion
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complexes. The selected target molecule was methylene blue (MB), a cationic dye
that can fit the ACy cavity dimension. Fig. 2.13 reports the MB sorption kinetics of
the different OHGs. The OHGs adsorption process was fast, reaching the
equilibrium adsorption capacity (qe) after 600 min. The obtained q. values are
comparable with the ones previously reported for other polysaccharide-based
hydrogels like: regenerated cellulose/GO [109], carboxymethyl cellulose/graphene
oxide (GO) (59 mg/g) [110], carbonized lignosulfonate/gelatin (38 mg/g) [111] and
corn stalk/organic montmorillonite composite (49 mg/g) [112].

Other than the OHG composition, the sorption properties also depend on the
network’s porosity and the free volume of the adsorbent, which is expected to
decrease as the crosslinking density increases [113]. Although, in the present case,
the ge increases with increasing ve reaching a maximum in the MS-ACy 1-1 OHG.
Further addition of ACy, negatively affected the q.. Therefore, this composition can
be seen as a threshold concentration beyond which the molecular diffusion into the
network is hindered by v. enhancement, possibly reducing the accessibility of the
ACly sites to the MB molecules. So, the OHGs sorption mechanism is probably the
result of two different sorption mechanisms; one can be ascribed to the hydrogen
bonding interaction and the other to the host-guest inclusion complexes formed by
ACy and MB.

It was possible to estimate the sorption rate ka (Tab. 2.5) from the graph qm vs
t, reported in Fig.2.13 [113]. Enhancing the ACy content led to an increase in the
ka value from 0.49 to 0.81 [mg/(g*s)]. All the OHGs showed high ka suggesting
that the sorption mechanism is mainly occurring at the OHGs surfaces. This result
is in good agreement with the sorption scaling time since the swelling equilibrium
is reached after 15h, while the sorption equilibrium is reached faster (after 10 h).

The kinetics data were subsequently fitted using the linear pseudo-first-order
and pseudo-second-order kinetic models and reported in Fig. 2.13 ¢, d respectively.
It can be clearly observed that the data fitted the pseudo-first-order model (Fig.
2.13,c) did not show a linear trend meaning that this model is not valid to describe
the sorption process [90]. Instead, the data plotted using the pseudo-second-order
kinetic model displayed a linear trend. So, this model was suitable to describe the
sorption in the OHGs, as proved by the similarity between the estimated adsorption
capacity qecar With the experimental geexp and by the obtained high correlation
coefficient R*>0.99823 (Tab. 2.5). The excellent data fitting with this model
suggests that chemisorption is the rate-determining step of the OHGs sorption
[114].
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Figure 2.13: sorption kinetics study a) qm vs t; b) data fitted with the pseudo-first-order
kinetics model; c) data fitted with the pseudo-second-order kinetics model.

Table 2.5: Pseudo-second-order fitting parameters for MB adsorption.

ka (e,calc qe,exp kz 122
[mg/(g*s)] [mg/g] [mg/g] [g/(mg*min)]
MS 0.49 41.52 4230 452%10-4 | 0999525
MS-ACy 0.58 45.83 46.49 5.82 * 10-4 0.999771
31
MS-ACy 0.60 49.17 50.40 2.75 *10-4 0.998231
21
MS-ACy 0.80 60.53 59.88 3.08 * 10-4 0.997972
1-1
MSI'_‘;CY 0.81 58.55 61.24 495 % 10 0.996524

Additionally, the DLP-printability of the OHGs having the best sorption capability,
so the MS-ACy 1-1 and the MS-ACy 1-2, was assessed. Initially, the formulations
were tested without any dyes, but the 3D-printed OHGs showed low resolution due
to the over-polymerization (Fig. 2.14, a-top). Therefore, 0.2 phr of methyl red (MR)
was added to the formulations. Further photorheological tests were conducted on
the photocurable formulations containing 0.2 phr of MR to investigate its possible
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negative effect on the UV- curing reaction. However, its effect was negligible while
the achieved printing resolution was definitely improved (Fig. 2.14, a-bottom).
Nevertheless, the 3D-printed MS-ACy 1-1 OGHs showed poor self-standing
capability, so further investigations were conducted only on the MS-ACy 1-2
formulation. Different MS-ACy 1-2 OHGs were successfully obtained with
excellent fidelity with the CAD model and improved mechanical stability (Fig.
2.14, b-c). The achieved good printability is a really interesting result since it will
allow the fabrication of objects with high surface area, enhancing the sorption
capability of the materials.

i

4
Figure 2.14: 3D-DLP-printed OHGs of a) MS-ACy 1-1 and b-¢c) MS-ACy 1-2.

2.3.3 Conclusions

In this section, a new all-starch-derived polysaccharide was successfully
photocured and tested as bio-sorbents for waste-water treatment. The reactivity of
the formulations containing methacrylated starch (MS) and acrylated cyclodextrin
(ACy) was evaluated via a photorheology test. This investigation revealed that
enhancing the ACy content fastens the polymerization kinetics, which can be
ascribed to the high reactivity of the ACy multifunctional macromer. Moreover,
increasing the ACy content leads to higher crosslinking density, smaller porosity
and stiffer networks, as proved from the rheological, morphological and thermo-
mechanical analysis. The presence of the ACy into the networks also strongly
influences the methylene blue sorption (MB). In fact, even if the addition of ACy
lower the swelling at equilibrium, the sorption of MB increase, probably due to the

38



combination of the chelating properties of the -OH groups present in the MS chains
and the ability of ACy torus structure to form inclusion complexes with MB. All
the experimental sorption data perfectly fit the pseudo-second-order kinetic model,
implying that the primary adsorption mechanism is chemisorption. In the end, the
printability of these OHGs with a DLP printer was successfully demonstrated,
opening a new frontier for wastewater treatment.
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Third Chapter

3 Biobased UV-curable coatings

Increasing environmental pollution and depletion of fossil-fuel research have
become central issues in recent years. As a result, many researchers have focused
their attention on exploring new thermosets deriving from renewable resources, as
already discussed in the first chapter [115,116].

This chapter aims to present different renewable monomers that can be
modified and subsequently UV-cured to obtain coatings.

There are two main sections; the first (3.1) concerns the development of
cationically photocurable solvent-free epoxy coatings deriving from vanillin,
phloroglucinol, cardanols and vegetable oils. The second (3.2) concerns the radical
photopolymerization of starch-based coatings.

3.1 Cationically UV-cured coatings

Most of the thermoset polymers are based on epoxy resins, and 60% of epoxy
production is intended for the coatings industry [116]. However, the epoxy market
is led by diglycidyl ether of bisphenol-A monomer, a reprotoxic substance
considered to be toxic. This is one of the reasons why the research interest has been
driven to develop green alternatives.

Nevertheless, the majority of biorenewable epoxy monomers have been
crosslinked using a conventional thermo-curing process. Only, few data have been
reported on biobased cationic UV-curable coatings, which is particularly interesting
for coatings production since it does not require an inert atmosphere, and the
reaction can continue after the UV source is removed.

With the aim of filling this gap, this first part of Chapter 3 will describe different
cationically UV-curable systems. Section 3.1.2 reportes the investigation on
coatings obtained from vanillin, phloroglucinol and castor oil epoxy derivatives. In
section 3.1.3 epoxy cardanol-based coatings are investigated. In section 3.1.4
coatings obtained from twelve epoxidized vegetable oils are analysed. In the section
3.1.5, the corrosion protection effectiveness of three epoxidized vegetable oils
coatings is studied.
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3.1.1 Experimental Section
Fourier transform infrared spectroscopy (FTIR)

A Nicolet iS 50 Spectrometer was used to collect the FTIR spectra. The samples
were analysed in transmission mode in the air. The photocurable formulations were
coated on a silicon wafer (average film thickness 12-20 um). The wavelength range
of collected spectra was 5004000 cm!, with a collection rate of 1 scan for 1.2 s
and a spectral resolution of 4 cm™'. Two spectra before and after the irradiation were
recorded on the same formulation. The UV lamp used was a DIMAX lamp.

The software used to record and analyse the spectra was Thermo Scientific™
OMNIC™ Spectra. All measurements were recorded in triplicates.

Gel content

The gel content of the UV-cured films was determined by weighting the sample
before and after 24h of extraction with chloroform at room temperature, according
to the standard test method ASTM D2765-84. Using the following formula:

G% = % %100, (3.1)

Differential scanning calorimetric analysis (DSC)

Differential scanning calorimetric analyses were carried out on a Mettler Toledo
DSC instrument at a heating rate of 10°C/min using a nitrogen atmosphere. Samples
(10-12 mg) were sealed in a 100 pl aluminium pan with pierced lids.

Dynamic thermal mechanical analysis (DMTA)

Dynamic thermal-mechanical analyses were performed with Triton Technology.
Samples with dimensions 1 x mm x 7 mm x 0.2 mm were tested with uniaxial
stretching performed with a heating rate of 3°C/min, frequency of 1Hz and strain
of 0.02%. The storage modulus (E’) and the loss factor (Tand) were recorded as a
function of temperature. The tand is the ratio loss modulus/storage modulus =
E”’/E’, the maximum of the Tand can be taken as the Tg of the films. To estimate
the apparent cross-linking density (v¢), also known as strand density, the storage
modulus values in the rubbery plateau region (E’r) were extracted from the graph
at generally 50°C above the glass transition temperature. Equation 3.2. was used to
calculate the vc. This equation was derived from the statistical theory of rubber
elasticity, which is just an approximation to model the system and therefore was
used only to qualitatively compare the level of crosslinking among the obtained
networks [53,117].

_ Eg
€ 3RT

(3.2)
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where v, is the number of moles of network chains per unit volume of the cured
network, R is the gas constant, T is the absolute temperature (i.e. at Tg+50°C).

Contact angle

Contact angle measurements were performed with a Kruss DSA10 instrument,
equipped with a video camera and an image analyzer. Analyses were made at room
temperature using the sessile drop technique. Three to five measurements were
performed on each sample, and the values averaged. The measuring liquids were
doubly distilled water (y=72.1 mNm'). Additionally, the surface free energy (y)
was determined based on Owens-Wendt-Rabel-Kaelble (WORK) method [118].
The measuring liquids were double distilled water (y = 72.8 mN/m) and hexadecane
(y =27.6 nN/m).

Viscosity measurements

Viscosity measurements were conducted using an Anton Paar MCR302 rheometer.
The analyses were performed at 20°C with a cone-plate set-up (CP50-1) and a gap
of 0.05 mm. The cone had a diameter (@) of 25 mm, and a cone-angle (a) of 1°.
The viscosity of the samples was recorded by varying the shear rate (y) from y=100
s to y=0.1 s'. To describe the rheological behaviour of the oils, the Power Law
model (two terms model, Eq.3.3) and the Sisko model (three-term model, Eq. 3.4)
[119] were used:

n=Ky"! (3.3)
N =1ew+ Ky (3.4)

where 1) is the viscosity, y is the shear rate, K is the consistency index, n the
flow behaviour index and 7., is the viscosity at infinite shear rate.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed with a Mettler Toledo TGA/SDTA
851e to investigate the thermal stability of the obtained coatings. Samples (10-
12mg) were inserted in alumina crucibles and heated at 10°C/min from 30°C to
700°C under N> flux.

Pencil hardness

The pencil hardness test was performed using pencils of different grades starting
from the 6H and continuing down the scale testing with softer and softer pencils
according to ASTM D3363-74 [120]. The pencils were maintained at 45° and
pushed for at least 6 mm with uniform pressure and speed onto the coating surface.
The hardness of the coating was taken as that of the hardest pencil, which caused a
cut less than 3mm long out of the 6 mm test push on the surface of the coating.

Adhesion measurement

The coating adhesion measurement was analysed according to the ASTM D3359-
B [121]. The surface of each coating was scratched both vertically and horizontally
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with a blade holding 6 teeth, separated from each other by a 2 mm distance. A strip
of adhesive tape was then applied and subsequently pulled away at a 180° angle.
The percentage of squares where the coating is still intact is reported.

Solvent rub resistance test

The coating chemical resistance was evaluated by methyl ethyl ketone double rub
test according to the ASTM D5402 [122]. Double rubs were performed until the
substrate was exposed or for a maximum of 200.

Electrochemical characterizations

Electrochemical measurements were used to characterize the corrosion behaviour
of the different coatings. All measurements, performed using an Ivium-n-Stat
potentiostat, were carried out in a 3-electrode electrochemical cell, using an
Ag/AgCl electrode as the reference electrode (RE), a Ni-Cr wire as the counter
electrode (CE) and the coated steel sample as the working electrode (WE), as
commonly done for corrosion experiment [123]. Tests were performed in a 0.1 M
NacCl (sodium chloride) acrated solution at T = 20°C. This solution was chosen to
simulate a moderately aggressive environment containing chlorides, as the
investigated coatings are not specifically designed for seawater applications. The
exposed sample surface was 0.78 cm?; all presented results are scaled to the
equivalent area of 1 cm?.

Two techniques were used to investigate the corrosion protection effectiveness
of the coatings: Potentiodynamic Polarization and Electrochemical Impedance
Spectroscopy (EIS). Measurements were performed after monitoring the Open
Circuit Potential (OCP) of the sample for one hour to reach a steady state of the
system under study. Polarization curves were acquired in the range between — 0.3
V vs OCP and + 2.7 V vs OCP, using a scan rate of 0.166 mV/s and a step size of 1
mV,; three samples were tested for each coating formulation. To characterise the
corrosion kinetics, results from potentiodynamic polarization measurements were
analysed using Tafel extrapolation.

Morphological characterization

A Field Emission Scanning Electron Microscope (FESEM Supra 40, ZEISS) was
used to characterize the surface of the coatings after 2-week immersion tests in
NaCl solution. The acceleration voltage was set at 5 kV with an aperture size of 30
pm.

3.1.2 Cationic photopolymerization of bio-renewable epoxidized
monomers

This section is based on the original research article titled "Cationic
photopolymerization of bio-renewable epoxidized monomers". The paper was
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published in Progress in Organic Coatings in 2019.
https://doi.org/10.1016/j.porgcoat.2019.03.054 [124].

This section reports the cationic photopolymerization of wvanillin,
phloroglucinol and castor oil epoxy derivatives. The reactivity of those monomers
and the thermo-mechanical properties of the obtained thermosets are discussed in
relationship with the monomer structures.

3.1.2.1 Materials and Methods
Materials

Epoxidized castor oil (ECO, SP-35-30-005), Phloroglucinol trisepoxy (PHTE, SP-
9S-5-003) and Diglycidylether of vanillyl alcohol (DGEVA, SP-9S-5-005) were
synthesized and provided by SPECIFIC POLYMERS (Fig. 3.1). The specification
of the biobased epoxidized monomers is reported in Tab. 3.1. Triarylsulfonium
hexafluoroantimonate used as photoinitiator was purchased from Aldrich.

Photocuring of epoxidized monomers

The epoxy monomers were mixed with 4%wt of photoinitiator, then coated on a
polypropylene (PP) substrate and covered with another PP foil to protect the
specimen from the atmosphere and ensure a homogeneous thickness of 100pm. The
films were irradiated with a Fusion Lamp with a 6 m/min conveyor belt speed and
224 mW/cm? light intensity.
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Figure 3.1: Chemical structures of ECO, PHTE and DGEVA.
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Table 3.1: Chemical specifications of ECO, PHTE and DGEVA.

. Hydroxyl content Glycidil index”
n
[meq/g] [meq/g]
ECO / / 2.89
PHTE 0.03 0.323 7.28
DGEVA 0.15 0.109 6.78

aAverage number of monomer units determined by '"H-NMR, *Values obtained by 'H-
NMR titration evaluated by Specific Polymers.

3.1.2.2 Results and discussion

The reactivity of the three epoxidized biobased monomers was evaluated by FTIR
spectroscopy by following the decrease of the peak at 760 cm™, as described in the
experimental section. Fig. 3.2 reports the FTIR spectra before and after the
irradiation, while the calculated epoxy group conversions are reported in Tab. 3.2.
All the formulations led to free-standing, fully cured films.

The ECO formulation reached the highest epoxy conversion (85%). This result
can be explained by looking at the ECO Tg, which is lower than room temperature.
Hence, the flexible network gives the polymeric chains high mobility allowing them
to reach a high epoxy conversion.

On the contrary, the DGEVA rigid aromatic structure led to early vitrification,
hindering the mobility of the chains and reducing the propagation rate of the macro-
carbocationic, which led to a low epoxy conversion (60%).

However, even if the PHTE monomer is trifunctional and possesses an aromatic
structure, its epoxy groups conversion reached 80%. At the same time, its Tg was
only 42° C, which is lower than the DGEV A one. This can be explained considering
the high amount of -OH groups in the PHTE structure, which may be involved in
an activated monomer mechanism (AM), leading to the formation of flexible ether
structures. In fact, the AM mechanism may occur when the hydroxyl group
nucleophilically attacks the growing ionic chain-end during the cationic reaction,
leading to the formation of a pronated ether. Subsequently, the proton transfers to
another epoxy monomer, starting a new chain, terminating the previous one. These
flexible ether structures can have increased the final epoxy conversion delaying the
vitrification.
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Figure 3.2: FTIR spectra pre and post UV- irradiation of a) ECO, b) PHTE, and c)
DGEVA.

The thermal and thermo-mechanical properties of the UV-cured films were
characterized using DSC and DMTA analysis (Tab.3.2). In Fig.3.3, a are reported
the Tand curves of the biobased crosslinked networks; the maximum of the Tand is
assumed to be the Tg of the material.

As can be noticed, the Tg values obtained from the DSC are lower than the ones
registered by DMTA. This outcome was already observed in previous research and
can be attributed to the frequency effect [125]. The obtained Tg values are in good
agreement with the epoxy group conversion previously discussed. The presence of
rigid aromatic structures of DGEVA and PHTE leads to higher Tg concerning the
ECO, which instead possess an aliphatic structure. The lower Tg of PHTE with
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respect to DGEVA can be explained again considering the formation of flexible
ether structures via the AM mechanism.

Other considerations can be made considering the shape of the Tand curves
from Fig.3.3. The ECO Tand have a sharp peak compatible with the formation of a
homogeneous network, while the PHTE Tand is broader and shorter, which
indicates the formation of a highly cross-linked network but with a certain degree
of inhomogeneities. The Tand of DGEVA shows a main peak at 82°C and a
shoulder at 120°C. This behaviour is consistent with the formation of a
heterogeneous network [126].

The hydrophobicity of the thermosets surfaces was evaluated by water contact
angle measurements (Fig.3.3.,b). The values are reported in Tab.3.2. The ECO film
surface possesses the highest hydrophobicity as expected from its long aliphatic
chains, while the PHTE and DGEVA surfaces are more hydrophilic with very
similar contact angles of about 73 and 75°, respectively.
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Figure 3.3: a) Tand curves and b) contact angle measurements of ECO, PHTE and
DGEVA thermosets.

Table 3.2: Properties of the photocrosslinked thermosets.

ity | Temerel | emre | s

ECO 85 10 20 04+ 4
PHTE 80 42 75 73 +2
DGEVA 60 82 83 (120) 75+3
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3.1.2.3 Conclusions

This work exploits the cationic photocuring of three different biobased epoxy
monomers. In all cases, fully crosslinked films were obtained with a wide range of
thermal and mechanical properties, which were discussed according to their
molecular structures. The long aliphatic chains of ECO give the polymer chains
enough mobility to reach a high epoxy group conversion leading to the formation
of hydrophobic flexible films. While the rigid aromatic structure of DGEVA
induces early vitrification and, consequently, a lower epoxy conversion. Unlike the
previous ones, even if the PHTE possesses an aromatic structure, possess a high
epoxy group conversion but a low Tg. This can be attributed to its high amount of
-OH groups which may have activated the AM mechanism leading to the formation
of flexible ether groups enhancing the chain mobility.

Therefore, in this section, new biobased monomers have been successfully used
to create cationically UV-curable films.

3.1.3 Cationic UV-curing of epoxidized cardanol derivatives

This section is based on the original research article titled " Cationic UV-curing of
epoxidized cardanol derivatives". The paper was published in Polymer
International in 2020. https://doi.org/10.1002/pi.6031 [127].

This section reports the cationic photopolymerization of cardanol-based epoxy
monomers. Cardanols are cheap and abundant by-products of the cashew industry.
They are constituted by a phenol moiety meta substituted by a Cis alkyl chain. The
alkyl chain can have four different types of unsaturations: 8.4% saturated chains,
48.5% mono-olefinic chains, 16.8% diolefinic chains and 29.33% triolefinic chains
[128].

The reactivity of those monomers toward the cationic photopolymerization has
been investigated, and the thermo-mechanical properties of the obtained thermosets
are discussed in relationship with the monomer structures.
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Figure 3.4: Graphical representation of the cardanol oils epoxidation and UV-curing.

3.1.3.1 Materials and Methods
Materials

Epoxidized Cardolite NC-513 (SP-ECO-84), epoxidized Cardolite LITE 2513HP
(SP-ECO- 85) and epoxidized Cardolite NC-547 (SP-ECO-86) were synthesized as
provided by Specific Polymers (Montpellier, France). Their chemical structures are
reported in Fig.3.5, and their properties are summarized in Tab.3.3. The cationic
photoinitiator triarylsulfonium hexafluoroantimonate salts mixed to 50 wt% in
propylene carbonate was purchased from Sigma Aldrich.
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SP-ECO-86

(o] OH
H H R
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Figure 3.5: Chemical structures of the epoxidized cardanols oils.
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Table 3.3: Specifications of the epoxidized cardanols derivatives.

Glycidyl index [meg/g]* Epoxy index [meg/g|"
SP-ECO-84 1.74 -2.35 3.88
SP-ECO-85 2.22-2.6 3.89
SP-ECO-86* 1.18-1.82 2.82

*Value obtained from Cardolite Corporation; *Value obtained from 'H-NMR titration
evaluated by Specific Polymers; *n value in the SP-ECO-86 was not determined.

Photocuring of epoxidized cardanol derivatives

The epoxy cardanol derivatives were mixed with 4%wt of photoinitiator, then
coated on a PP substrate (100pum). The films were irradiated for 1.52 s with a Fusion
Lamp having a conveyor belt speed of 6 m/min and 235 mW/cm? light intensity.

3.1.3.2 Results and discussion

The reactivity of the SP-ECO cardanols was investigated by FTIR measurements
by following the decrease of the double peaks ranging from 829 to 818 cm™! which
can be attributed to the epoxy rings (Fig.3.6). The epoxy ring-opening reaction was
further confirmed by the increase of the C-O-C peaks centred at 1118 and 1050 cm™
! In all cases was possible to obtain tack-free films with an epoxy conversion
ranging from 64 to 72%, as reported in Tab.3.4.
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Figure 3.6: FTIR spectra of a) ECO 84, b) ECO 85 and c) ECO 86 recorded before and
after the irradiation.

The thermal and viscoelastic properties of the obtained thermosets were
analysed by DSC and DMTA analysis. The Tg values are reported in Tab.3.4, while
the Tand and the E’ curves are reported in Fig.3.7. As observed, the SP-ECO-85
has a higher Tg value with respect to SP-ECO-84, despite a similar chemical
structure (Fig.3.5). This can be explained considering that the SP-ECO-85 possess
a slightly higher glycidyl content with respect to SP-ECO-84 (Tab.3.3), which led
to the formation of higher numbers of crosslinks and thus higher Tg. The high Tg
of SP-ECO-85 can also induce vitrification hindering the chain mobility and
therefore causing a lower epoxy groups conversion. On the contrary, the SP-ECO-
86 possesses the highest Tg value even if it has the lowest epoxy content with
respect to the others. This can be attributed to its polyaromatic structure. Moreover,
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the ECO 86 Tand reported in Fig.3.7 presents a broad and relatively low peak
ascribing to a highly crosslinked network. From Fig.3.7, it can also be observed that
the Tand broadens from ECO 84 to ECO 85, so with the epoxy groups, enhancement
results in broader branching modes and structures distribution.

In Tab.3.4 are also reported the values of the crosslinking density v. obtained
from the E’r value as described in the experimental section. The low v of ECO 86
is consistent with its low epoxy group conversion.
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Figure 3.7: a) Tand and b) Storage modulus of the ECO 84, ECO 85 and ECO 86.

Table 3.4: Properties of the UV-cured cardanols thermosets.

Thermoset ECO-84 ECO-85 ECO-86
Starting monomer | SP-ECO-84 SP-ECO-85 SP-ECO-85
Epoxy group 72 64 66
conversion [%]

Ty psc [°C] 25 36 53

Ty pmra [°C] 38 53 65

E’ [MPa] 1810.63 323.37 648.59

Er’ [MPa] 5.14 0.61 53.48

ve [mol/dm?) 0.601 0.065 5.527

3.1.3.3 Conclusions

In this section, epoxy cardanol derivatives have been successfully UV-cured. Their
reactivity ranges from 64 to 72 %, as evidenced by FTIR analysis. The thermal and
thermo-mechanical properties of the crosslinked thermosets were investigated by
DSC and DMTA analyses. The Tg value can be enhanced by either increasing the
epoxy rings in the monomer structure or by selecting polyaromatic structures.
Therefore, this section successfully demonstrated the possibility to obtain fully
crosslinked thermosets from biobased by-products of the cashew industry.
Moreover, by carefully selecting the starting monomer, different final
thermomechanical properties can be achieved.

53



3.1.4 Cationic photopolymerization of epoxidized vegetable oils

This section is based on the original research article titled " Sustainable access to
fully biobased epoxidized vegetable oil thermoset materials prepared by thermal or
UV-cationic processes". The paper was published in RSC Advances in 2020. DOI:
10.1039/d0ra07682a [129].

In this section, a detailed investigation of the photopolymerization of 12
different epoxidized vegetable oils (EVOs) is reported (Fig.3.8). The thermal and
mechanical properties of the UV-cured epoxidized vegetable oils thermosets are
discussed. This section points out the possibility to obtain tuneable
thermomechanical properties by a simple careful selection of the starting EVO.
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Figure 3.8: List of the twelve vegetable oils epoxidized with a green synthesis
procedure by Specific Polymers used in this work.

3.1.4.1 Materials and Methods
Materials

Epoxidized vegetable oils were synthetized and provided by Specific Polymers.
Their names and composition are reported in Tab.3.5, while in Fig.3.9, the most
common fatty acids are shown. The cationic photoinitiator triarylsulfonium
hexafluoroantimonate salt, mixed 50 wt% in propylene carbonate were purchased
from Sigma Aldrich (Milan, Italy).
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Table 3.5: Composition of the EVOs.

Initial composition Final
Mono- Di- Tri-
Origin Edible fS i:urat.(:id unsaturated | unsaturated | unsaturated ?Il:gxz
a [):) /a]c 1as fatty acids fatty acids fatty acids ‘;
° 1%] 1%] ) | Imel
BYO ! Karanja | no 22 56 21 1 2.77
Evo StJohn’s |\ 21 63 16 / 2.97
wort
YO | Peanut | Yes 20 53 27 / 3.33
EZO Rapeseed No 7 62 25 7 3.96
EYO | soybean | Yes 16 26 49 8 4.54
EYO | Rosehip | No 17 20 57 5 4.7
BYO | safflower |/ 12 8 70 / 5.0
EYO | camelia / 10 30 28 32 5.7
EYO | Hemp / 10 12 65 13 5.6
EYP? | Rosehip | No 5 16 46 36 6.3
EYO | Linseed | Yes 10 19 13 58 6.6
EYO | Perilla / 3 21 18 58 6.77
‘\/\/\/\(/“
\\,/\\,/\U/\G/\ r”*
\Av/\v/\/\>‘ \ﬂ/”’
. Saturated fatty acids
Glycerol unit \/\/\/\/\/\/\/\f““
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Figure 3.9: General triglyceride structure with the most common fatty acids.
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Photocuring of epoxidized vegetable oils

The EVOs were mixed with 2%wt of photoinitiator, then coated on a PP substrate
(100um). The films were irradiated for 1.52 s with a Fusion Lamp having a
conveyor belt speed of 6 m/min and 225 mW/cm? of light intensity.

3.1.4.2 Results and discussion

The reactivity of the epoxidized vegetable oils was evaluated by FTIR
measurements; the collected spectra before and after the UV-irradiation are
reported in Fig.3.10. The epoxy groups conversions were evaluated by following
the decrease of the peaks centred at 822 and 833 cm™! and are reported in Tab.3.6.
All the EVOs achieved high epoxy conversions >90% except for the EVO 1, which
instead did not polymerize. One possible explanation for the EVO 1 behaviour is
the presence of natural flavonoids like karanjin and pongamol having a UV-
shielding effect [130].
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Figure 3.10: FTIR pre and post of the EVOs formulations.

The thermal and thermo-mechanical properties of the EVOs UV-cured films were
subsequently evaluated by means of DSC and DMTA analyses. All the results are
reported in Tab.3.6. As can be observed, the Tg value increases with enhancing the
epoxy index (EI) in the EVO structure. Considering that all the EVOs possess
similar epoxy conversion, the EI can be regarded as the major parameter influencing
the Tg of the thermosets. So, it is clear that by simply changing the starting EVO,
it is possible to modulate the final Tg in a broad range of temperatures (Fig.3.11).
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Figure 3.11: Correlation between a) Tg DSC and b) Tg DMTA with the epoxy index.

In Fig. 3.12 are reported the Tand and the E’ of the EVOs. As can be noticed,
the Tand peaks lower and broaden as the epoxy content increases, indicating an
enhancement in network heterogeneity and variety of chain segment mobility
[131,132]. Furthermore, the E’ and the v, values of the biobased thermosets increase
with increasing EI.
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Figure 3.12: a) Tand and b) Storage modulus plots of the EVO thermosets.

Table 3.6: Properties of photocured EVO thermosets

collf\?:lf‘s)ilon Tg psc Tg pmta E’ glass state Ve
(%] [°C] [°C] [MPa] [mmol/cm?]

EVO 1 / / / / /
EVO 2 97 -34 -18 3.71 0.49
EVO 3 91 -33 -15 7.67 1.00
EVO 4 91 -27 -5 7.13 0.90
EVO 5 91 -25 0 9.34 1.16
EVO 6 96 -8 3 11.70 1.44
EVO 7 93 -20 6 10.90 1.33
EVO 8 99 -25 23 43.08 4.99
EVO9 92 0 25 23.75 2.74
EVO 10 92 8 25 26.63 3.07
EVO 11 90 13 42 35.30 3.88
EVO 12 94 36 50 16.72 1.80

In Section 3.1.2, the thermal properties of epoxidized castor oil were
reported. This EVO possesses 2.85 meq/g, and its Tg reached 10 and 20°C with DSC
and DMTA, respectively. However, in this section, closer Tg values are reached by
EVO 10, which has a much higher EI (6.3 meq/g). This result can be explained
considering the ECO composition, which is mainly constituted by ricinoleic acid
baring hydroxyl groups alongside. Therefore, the presence of -OH groups strongly
influences the final properties of the thermoset, deriving either by the formation of
hydrogen bonds (supramolecular effect) or by interacting with the cationic species
during the polymerization.

3.1.4.3 Conclusions

In this section, twelve different epoxidized vegetable oils (EVOs) have been
investigated. The EVOs possess different epoxy indexes based on their initial fatty
acid composition. All the EVOs showed high reactivity towards cationic
photopolymerization, always reaching more than 90% of final epoxy group
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conversion. This section demonstrated that the main parameter influencing the final
thermal and themo-mechanical properties of the thermosets was the EI. Linear Tg
enhancement was observed as the EI increased. So, it is clear that by carefully
choosing the starting epoxidized vegetable oil, it is possible to modulate the final
properties of the crosslinked network (e.g. Tg ranging from -19 to 50°C).

3.1.5 Anticorrosion resistance coatings from vegetable oils

This section is based on the original research article titled " New UV-Curable
Anticorrosion Coatings from Vegetable Oils". The paper was published in
Macromolecular Materials and Engineering in 2021.
https://doi.org/10.1002/mame.202100029 [133].

This section reports a detailed investigation of three biobased thermoset
coatings obtained from epoxidized rosehip and grapeseed oils with potential
applicability in the field of anticorrosion coatings (Fig.3.13). Initially, the viscosity
of the oils was investigated with a rheology test. Then, the formulations were UV-
cured via the cationic process. Subsequently, the thermal and mechanical properties
of the thermosets were evaluated by DSC and DMTA analyses. Then, the thermal
stability and surface properties of the bio-based coatings, such as pencil hardness,
adhesion, solvent resistance, and contact angle, were analysed. Furthermore, to
evaluate the possible applicability of the coatings for corrosion protection, the
formulations were crosslinked on mild steel substrates, and electrochemical
characterizations were performed.
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Figure 3.13: Schematic representation of the EVOs UV-curing.
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3.1.5.1 Materials and Methods
Materials

Epoxidized vegetable oils (EVOs) were synthesized and provided by Specific
Polymers. Their names and composition are reported in Tab.3.7. The
triarylsulfonium hexafluoroantimonate salt, mixed 50 wt% in propylene carbonate
were purchased from Sigma Aldrich (Milan, Italy).

Table 3.7: Composition of the starting EVOs.

EVO Origin Epoxy index [m.q/g]
ERHO-4.5 Rosehip seed 4.7
EGRP-5 Grapeseed 5.5
ERHO-6 Rose hip seed 6.3

Photocuring of epoxidized vegetable oils

The EVOs were mixed with 2%wt of photoinitiator, then coated on a PP
substrate (100pum). The films were irradiated for 15 s under a Dymax ECE 5000
Flood lamp for 15 with a light intensity of 95 mW/cm?. All the polymerization
reactions were performed at room temperature at constant humidity (RH = 25—
30%).

3.1.5.2 Results and discussion

Initially, the viscosity of the liquid formulations was evaluated since it has a
significant impact on the coating applicability and performance. In Fig. 3.14 are
reported the oils viscosities as a function of the shear rate. As can be observed, the
epoxidized rosehip seed oils showed a Newtonian behaviour since their viscosity
has a constant value in the range of y tested. Instead, the grapeseed oil showed a
shear-thinning behaviour since when the y increases its 1 decreases until its value
remains constant in a certain y interval called “second Newtonian region”. Two
models are used to describe the n behaviour as reported in the experimental section.
The Power Low model correctly describes the rosehip seed oil viscosity behaviour,
while the grapeseed fits with the Sisko model (Tab. 3.8).

The viscosity values reported in the Tab.3.8 are higher than those reported in
the literature for other vegetable oils available in the market. This viscosity
enhancement may be attributed to the molecular weight enhancement ascribing to
the epoxidation reaction. In fact, it has already been reported that for saturated fatty
acids, the viscosity increases with the increase of the molecular weight [134].
Moreover, the achieved n values are consistent with the one obtained for epoxidized
soybean oil [135]. It is also possible to observe 1 increase with increasing epoxy
content, probably due to the formation of hydrogen bonds [136,137].
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Figure 3.14: Viscosity of the EVOs as a function of the shear rate; ERHO-4.5 and
ERHO-6 fitted with the Power Law model while EGRP-5 fitted with the Sisko one.

Table 3.8: Power low and Sisko model parameters.

P -

EVO fr‘lt;(‘l‘f K n n.[mPaxs) | M ImPats]
ERHO-4.5 Power law 0.55 0.99 519
EGRP-5 Sisko 0.22 0.14 610 6102
ERHO-6 Power Law 0.86 1 845

value was taken in the second Newtonian plateau.

The reactivity of the formulations towards cationic photopolymerization was
subsequently evaluated by FTIR measurements. Fig.3.15 reports the FTIR spectra
of the EVOs, from which it is possible to identify their typical functional groups.
The peaks at 2926 and 2854 cm™! can be assigned to the -CH»- asymmetrical and
symmetrical stretching. The peak at 1745 cm™ represents -C=0 ester stretching
vibration. The peaks at 1465 and 1378 cm™ are attributed to -C-H (CHz, CH3)
scissoring and -C-H (CHz) rocking vibration. The peaks at 1162 cm™! and 1116
cm! correspond to the -C-O bending and -C-O stretching vibrations. While the
double peak at 840 cm™! is attributed to the C-O-C vibration of the epoxy ring.

The success of the UV-curing was confirmed by the reduction of the peak at
840 cm ! ascribing to the epoxy ring-opening reaction. Moreover, in the spectra
collected after the irradiation it is also possible to observe the appearance of two
new peaks centred at 1090 and 3485 cm™! representing the C-O-C ether and the -
OH stretching vibrations, respectively. In all cases was possible to achieve a high
epoxy group conversion (>94%).

61



The high curing efficiency was further confirmed by the obtained high gel
fraction (G%) (Tab.3.9).
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Figure 3.15: FTIR spectra of EVOs recorded before and after the UV-irradiation under
DYMAX lamp.

The thermal and viscoelastic properties of the biobased thermosets were
analysed with DMTA analysis. The Tand curves are reported in Fig.3.16,a. As
observed in the previous sections, the Tg increases with the increase of the epoxy
index of the starting monomer. It is also possible to notice that the Tand of the
ERHO-6 is flatter and broader with respect to the others, indicating the formation
of a more heterogeneous network with broader distribution of chains relaxations.
From the value of the E’ in the rubbery plateau, it was possible to evaluate the
crosslinking density (v¢) of the obtained thermoset (see Tab.3.9) by using the theory
of rubber elasticity as described in the experimental section. As expected, high EI
in the starting EVO leads to higher final v..

The thermal analysis performed on the crosslinked networks confirmed the Tg
trend obtained with the DMTA.

The thermal stability of the thermosets was subsequently investigated by TGA
analysis. In Fig. 3.16,b are reported the obtained curves. Interestingly, the initial
decomposition temperature (Tse;,) values are similar to those obtained by diglycidyl
ether bisphenol A, one of the most used petroleum-based epoxy resin and possess
similar char residue [138].
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Figure 3.16: a) DMTA and b) TGA curves of the EVOs.

Table 3.9: Properties of the UV-cured films.

- E" at E’ at _—r
FTIR Gel i | Crosslinking i Char
EVOs conversion | comtent ¢0) gs]:: rse‘ ;l::tb:;l; density TgﬁE}SC }'058-;3 ‘I(Eﬁg)‘h residue
(%) (%) (MPa) | (MPa) | (mmoliemd) (%)
EEHO-4.5 93 94 g 47 03 0.03 -10 304 400 6
EGRP-5 o9 98 16 633 1 0.38 -5 340 399 7
ERHO-6 93 95 37 1191 23 5.38 23 333 400 8

The solvent resistance of the crosslinked coatings was evaluated via a MEK-
resistance test. Thermosets with higher v showed improved chemical resistance
(high MEK resistance), as can be observed in Tab. 3.10. The enhancement of the
surface properties with higher v. was further confirmed by both the hardness and
the adhesion test. In fact, as the v. increases from 0.03 to 5.38 mmol/cm? the film
hardness increases from 3B to F and its adhesion from 92 to 96 % (Tab.3.10).

The surface properties of the crosslinked films were subsequently evaluated by
contact angle measurements. As observed from Tab.3.10, all the surfaces are
hydrophobic with a water contact angle >74°, as expected for the presence of long
aliphatic chains in the starting monomers. The obtained values are slightly higher
than those reported in the literature for UV-cured 3,4-epoxycyclohexylmethyl-3,4-
epoxycyclohexane carboxylate (70°), which is petroleum-based epoxy resin [139].
Additionally, the contact angle with dilodomethane was also measured to estimate
the surface energy using the WORK method described in the experimental section.
All the coatings show very similar surface tension with a value close to 42 mN/m,
similar to the value reported for other epoxy petroleum-based resins [140].
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Table 3.10: Surface properties of the obtained biobased coatings.

Solvent Film Ad:leesstlon Water Diiodomethane | Surface

EVO resistance | hardness | On metal contact Contact angle tension

(%] angle [°] [ [mN/m]
ERHO-4.5 50 3B 92 75.4+2 38.4+5 41.7
EGRP-5 100 F 93 74.9+2 36.9+3 424
ERHO-6 >200 F 96 80.7+3 37.1£2 414

The corrosion protection performances of the coating were evaluated by two
different electrochemical measurements. The experiments and the data
interpretation were conducted by Leonardo Iannucci, so in this section are only
reported the highlight of these investigations. A detailed description of the
mathematical formula used to extrapolate the Tafel parameters and on the Brode
diagrams are reported in the published article [133].

Initially, the coatings were coated on a mild steel substrate (20um thickness)
and subsequently UV-cured. The electrochemical measurements were conducted
with a three-electrodes cell set up using 0.1 M NaCl aerated solution. The
potentiodynamic polarization results demonstrate that the biobased coatings
successfully provide good protection for the metal, reducing the current in both the
anodic and the cathodic parts of the curve (Fig.3.17). In particular, the ERHO-6
coating showed the lowest corrosion current, the highest Ecor and no pitting
evidence for the entire scanned anodic overpotential. On the contrary, the ERHO-
4.5 showed low lcorr and different peaks in the anodic part of the potentiodynamic
polarization curve, which may be attributed to local coating breakdowns thus to
pitting events. These results are in good agreement with the previous analyses. In
fact, higher crosslinked networks showed higher corrosion resistance. Nevertheless,
it is clear that in all cases, the presence of the coatings successfully protected the
metal substrate.
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Figure 3.17: Potentiodynamic polarization curves.

To further characterize the corrosion protection effectiveness of the coatings,
electrochemical impedance spectroscopy (EIS) was performed. This test is not
destructive. Therefore, it helps to determine the stability of the coatings as a
function of immersion time by taking different measurements on the same sample
at different interval times. In this test, the samples were immersed in the NaCl
solution for two weeks. The frequency range tested was from 10 Hz to 10* Hz with
10 mV of alternating voltage. Higher crosslinked networks showed more stable
behaviour, probably ascribing to a lower corrosion medium diffusion into the
network leading to improved barrier effect. Interestingly after 72h of immersion
time, the EGRP-5 presented a significant impedance modulus reduction above 10°
Ohm*cm?, then remained constant for the rest of the test. Unfortunately, it is
important to stress that if the impedance modulus reaches a value lower than 10°
Ohm*cm?, the coating cannot be considered protective [141], therefore the EGRP-
5 cannot be considered suitable to protect the metal. On the contrary, ERHO-4.5
and ERHO-6 showed higher impedance moduli: 10 Ohm*cm? and 107 Ohm*cm?,
respectively.

After the impedance test, the morphology of coatings surfaces was investigated
with FESEM microscopy. As can be observed in Fig.3.18, the morphology of the
ERHO-4.5 presents some localized defects. At higher magnification, those defects
can be recognized as corrosion products generated in correspondence with local
irregularities. While the ERHO-6 shows no significant signs of deterioration and no
corrosion products. Instead, the EGRP-5 surface presents extensive damages and
corrosion products as expected from the impedance result.

The superior corrosion protection effectiveness showed by ERHO-6 can be
attributed to both its higher Tg and its crosslinking density. It was previously
demonstrated that networks with higher Tg possess poor swelling capability and
water permeability. Furthermore, it is important to notice that all the tests were
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performed at 20°C, so the only coatings tested in its glassy state was ERHO-6. The
glassy state of the ERHO-6 may have hindered the water solution diffusion into the
network, therefore, enhancing the barrier effect of the material.

; Ll 2 ym
Figure 3.18: FESEM images of the biobased coatings after the impedance
measurements.

3.1.5.3 Conclusions

This section reports the successful cationic photocuring of three different vegetable
oils. All the formulations reached high epoxy conversion which states their high
reactivity. The final thermosets possess a wide range of thermal and
thermomechanical properties combined with good thermal stability. The coatings
showed similar hydrophobicity and adhesion resistance. However, their corrosion
protection effectiveness was very different. Among them, the ERHO-6 showed the
best performances in terms of solvent resistance, hardness and corrosion resistance.
These results can be attributed to its higher Tg and crosslinking density, which can
have delayed the NaCl 0.1M solution diffusion into the network, improving its
barrier effect. Thus, in this section, the potential applicability of vegetable oils as
anti-corrosion coatings has been presented.

3.2 Radical UV-cured coatings

Other than epoxy resins, another interesting class of biobased materials is
carbohydrates which are less explored due to their generally poor mechanical
properties and short shelf life. Moreover, while the availability of carbohydrates-
based thermoplastic is large, the thermosetting field is quite limited. To fill this gap
in this section, the possibility to obtain a UV-curable starch-based thermosetting
coating is exploited.
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3.2.1 UV-cured biodegradable methacrylated starch based-
coatings

This section is based on the original research article titled " UV-Cured
Biodegradable Methacrylated Starch-Based Coatings". The paper was published in
Coatings in 2021. https://doi.org/10.3390/coatings11020127.

In this section the possibility to obtain a photocurable starch-based thermosets
coating is evaluated. Methacrylated starch, synthesized as reported in second
chapter, was solubilized in water with the photoinitiator. Subsequently, the coatings
were cast on the substrate and, after the water evaporation, UV-cured. The
mechanical and surface properties of the obtained coatings were fully characterized.
Moreover, the biodegradability of those coatings was investigated using the a-
amylase enzyme. In particular, the degradation was evaluated by comparing the
cured with the uncured MS and was monitored by following the amount of glucose
and maltose released by the degradation of the materials in the natant medium.

3.2.1.1 Experimental section
Gel content (G%)

The gel content of the UV-cured films was determined by weighting the sample
before and after 24h of extraction with water at 60°C according to the standard test
method ASTM D2765-84. Using the 3.1 formula reported in the previous section.

Differential scanning calorimetric analysis (DSC)

Differential scanning calorimetric analyses were carried out on a Mettler Toledo
DSC instrument at a heating rate of 10°C/min using a nitrogen atmosphere. Samples
(10-12 mg) were sealed in a 100 pl aluminium pan with pierced lids.

Tensile Test

Tensile tests were performed on dry rectangular specimens (1x10cm?) with 600 pm
thickness using MTS QTest™ /10 Elite controller using TestWorks® 4 software.
The traction force was applied along the length of the samples at a constant cross-
head displacement rate of 2mm/min. The Young’s modulus (E) was calculated from
the slope of the initial linear portion of the stress-strain curve. The ultimate tensile
strength (UTS) and elongation at break were calculated as the maximum stress
value in the stress-strain curve. Five samples for each film were tested and the value
obtained averaged.

Pencil hardness

The pencil hardness test was performed using pencils of different grades starting
from the 6H and continuing down the scale testing with softer and softer pencils
according to ASTM D 3363-74. The pencils were maintained at 45° and pushed for
at least 6 mm with uniform pressure and speed onto the coating surface. The
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hardness of the coating was taken as that of the hardest pencil, which caused a cut
less than 3mm long out of the 6 mm test push on the surface of the coating.

Adhesion measurement

The coating adhesion measurement was analysed according to the ASTM D3359-
B. The surface of each coating was scratched both vertically and horizontally with
a blade holding 6 teeth, separated from each other by a 2 mm distance. A strip of
adhesive tape was then applied and subsequently pulled away at a 180° angle. The
percentage of squares where the coating is still intact is reported.

Solvent rub resistance test

The coating chemical resistance was evaluated by methyl ethyl ketone double rub
test according to the ASTM D5402. Double rubs were performed until the substrate
was exposed or for a maximum of 200.

Enzymatic degradation

The enzymatic degradation test was carried out by using a-amylase from bacillus
licheniformis. Pre-weighted samples were incubated in phosphate buffer saline
(PBS) solution containing 0.6 mg/mL of the enzyme at 37°C for 2 weeks. At
different time points (2,5,7, 14 days), supernatants were collected. The enzymatic
degradation of MS and MSC was quantified by measuring the amount of maltose
and glucose using The Maltose and Glucose Assay kit provided by Sigma Aldrich.
Briefly, 50 pl of supernatants were mixed with 50ul of master reaction mix
containing a glucose probe, which quantifies the amount of glucose generating a
colorimetric product (570 nm). To measure the amount of maltose, an additional 50
ul of supernatants were mixed with 50 pl of master reaction mix containing a
glucose probe and a-D-Glucosidase enzyme able to degrade maltose in two glucose
units. The absorbance at 570 nm was detected using a multimode plate reader
(SYNERGY, BioTeK). Tests were performed in triplicate. To monitor the a-
amylase activity over time, a control solution containing only the enzyme in PBS
was prepared and stored ad 37°C.

3.2.1.2 Materials and Methods
Materials

Methacrylated starch (MS) was synthesized as previously reported in second
chapter. Bis(acyl)phosphane oxi lithium phenyl-2,4,6trimethylbenzoylphosphinate
(LAP) used as photoinitiator was purchased from Sigma Aldrich (Milan, Italy).

Casting and Photocuring of Methacrylated Starch Coating

Initially, the MS was solubilized in water (10 wt%) with 1wt% with respect to the
starch weight of LAP. Subsequently, the solution was cast on a glass substrate and
left to dry in the air. Then, the casted films (MSU) (100 um) were irradiated with a
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UV-DYMAX lamp (125 mW/cm?) in an inert atmosphere (Fig.3.19). The obtained
methacrylated crosslinked films (MSC) were fully transparent and tack-free.

Figure 3.19: Schematic representation of the photocrosslinking reaction.

3.2.1.3 Results and discussion

Methacrylated starch-water solution containing the Phl was cast on glass and
irradiated under the DYMAX lamp. Since from the FTIR analysis it was impossible
to estimate the double bond conversion due to the adsorbed water peak (see second
chapter), the efficiency of the photocrosslinking reaction was determined by
evaluating the insoluble G% fraction at different irradiation times. As shown from
Fig.3.20,a, increasing the irradiation time leads to higher G%, thus confirming the
crosslinking reaction. The G% after 10 min of irradiation was already at 78% and
reached the G% equilibrium (85%) after 15 min. The G% value is comparable with
the one reported in the literature for starch-based films crosslinked with sodium
benzoate (85%) [142]. It is important to stress that previous work had used DMSO
as extracting agent for measuring the gel fraction, however since this solvent is
challenging to eliminate and requires several passages; in this investigation, it was
used hot water in which the MS was initially soluble.

The thermal and mechanical properties of the cast (MSU) and crosslinked
(MSC) films were investigated using DSC and tensile tests. The results are
summarized in Tab.3.11. As can be noticed, the UV-curing reaction leads to an
enhancement of the Tg of the MSC concerning the MSU, probably ascribing to the
hindering effect of the crosslinked network on chain mobility. The Tg obtained are
consistent with the one reported in the literature for other crosslinked starch [143].

Fig.3.20,b reports the stress-strain tensile curve of the MSU and MSC. It can
be clearly seen that crosslinking reaction leads to an enhancement of the mechanical
properties. The Young’s modulus (E) and the ultimate tensile strength (UTS) of
MSC enhanced by 420% with respect to MSU while the elongation at break remains
almost unaffected. The achieved tensile properties are similar to those obtained by
gellan/gelatine composites films [30] and higher than those obtained from cassava
and wheat starch [142,144].
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Table 3.11: Thermal and tensile properties of the MSU and MSC films.

J——MSC

——MSU

LI S B B L B L B L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Strain (%)

. . Ultimate
Young’s Elongation at .
Tg tensile
o modulus break

[°C] [MPa] [%] strength

[MPa]

MSU 112 9.35+£0.9 49412 4.3£1.2
MSC 121 39.2945.7 48+15 18.1+2.9

The surface properties of the obtained MSC films were subsequently
characterized. Fig.3.21,a reports a picture of MSC fully transparent film. The MSC
film shows high pensile hardness (7H), which can be attributed to the presence of
rigid glucose structure in the starch chains and to the crosslinking reaction [145].
The high pencil hardness value is consistent with the values reported in the literature
for biobased coatings [146,147].

The MSC adhesion on the glass substrate was evaluated by a scratch test. The
result is reported in Tab.3.12. MSC showed excellent surface adhesion, which can
be attributed to the high amount of hydroxyl groups present in the starch chains able
to form hydrogen bonds with the glass substrate [140].

The chemical resistance of the MSC was investigated with the MEK analysis,
which is a solvent rub resistance test and gives a qualitative correlation between the
resistance of the coating to MEK solvent and the degree of curing. This test is
commonly used in industries where crosslinking cannot be investigated by
conventional laboratory instruments, like FTIR. The MSC shows high MEK
resistance suggesting a high cured network. This result agrees with the G% outcome
and with the Tg enhancement registered by the DSC measurement.
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Subsequently, the surface tension of the MSC films was evaluated. As seen in
Fig.3.21,b the surface was found to be hydrophobic (85° with water) as a result of
the crosslinking reaction. The overall surface energy (y), calculated with the OWRK
method was 29.8 mN/m which is a low value. A low y value indicates a surface
with poor wettability, which may give the coating enhanced antifouling properties
[148].

Table 3.12: Surface properties of the MSC film.

Pencil Adhesion MEK Water | Hexadecane v
hardness [%] resistance contact contact [mN/m]
angle [°] angle [°]
MSC TH 99 >200 85+5 24 .8+4 29.8
a’ Y
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Figure 3.21: a) picture of the fully transparent MSC film coated on a glass substrate;
b) Contact angle measurements with water and hexadecane.

Finally, an enzymatic degradation test was performed on MSU and MSC to
evaluate their possible biodegradability. It is important to stress that the term
biodegradability is defined as the “gradual breakdown of a material mediated by a
specific biological activity” [149]. The enzymatic degradability of the MSU and
MSC by a-amylase (from Bacillus Licheniformis) enzyme was investigated.
Bacillus Licheniformis is a thermophilic Gram-positive bacterium frequently
present in soil [150] and was selected to lay the foundation for further composting
tests. Since the a-amylase enzyme breaks the a-1,4 glycosidic linkage of
polysaccharides leading to the formation of glucose, maltose and maltotriose [151].
To evaluate the film degradation was quantified the amount of glucose and maltose
in the supernatant at different time points. Noticeably, already after 4 days, the film
started to fragment. Fig.3.22 reports the results of this investigation. As can be
observed, the maltose and glucose amount of MSU and MSC were quite similar,
except for the maltose value after 7 days of incubation (*p<0.05). Therefore, it can
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be concluded that the crosslinking reaction does not affect significantly the
degradation kinetics. Additionally, it can be observed that the maltose amount
decreases with the times while the glucose one shows an enhancing trend with
significant differences (*p>0.05) among different time steps. This can be probably
explained considering that the enzyme is ultimately able to degrade maltose to
glucose. The degradation experiment was concluded for 14 days which correspond
to the time at which no solid films remained.

a)

3.0+ - MSU 0.35 w
Evsc, ] [ vsc

N
2

)
o

Glucose (nmol/uL)
5 &
! | 1
Maltose (nmol/ul}

<
o
L

=}
e
=3

o
3]
1
e
1=
o

00

=5
=3
=1

2 4 7 14 2 4 7 14
Time (days) Time (days)

Figure 3.22: a) glucose and b) maltose amount present in the supernatant of MSU and
MSC at different time intervals.

3.2.1.4 Conclusions

In this section, the possibility to obtain UV-cured starch-based film has been
presented. The curing was monitored with G% investigation. After only 10 minutes,
the crosslinking efficiency was above 78%. The success of the crosslinking reaction
was further confirmed by the Tg enhancement (up to 10°C) and by the 420%
increase of E and UTS of the MSC with respect to the uncrosslinked film (MSU).
Moreover, the obtained coatings show high pencil hardness of 7H, excellent
adhesion (99%) and solvent resistance (>200). Finally, the biodegradation using a-
amylase (from Bacillus licheniformis) of the MSU and MSC films were evaluated.
No significant differences were noticed by comparing the glucose and maltose
formation upon enzymatic degradation of the MSU and MSC. Therefore, it can be
concluded that the photocuring reaction does not negatively influence the
degradability of the film. These promising results suggest the possibility to use
polysaccharides-based thermosets as biodegradable coatings.
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Fourth Chapter

4 Biobased UV-curable composites

Nowadays, the substitution of petroleum-based materials represents a great
challenge also in the field of composites. The first attempts to develop greener
composites was made using biobased fillers like vegetal fibers deriving from hemp,
jute, and kenaf embedded in fossil-fuel-based resins [152—154]. One of the main
advantages of adding biobased fibers is their high specific strength, which is
comparable with glass fibers [155]. Furthermore, green fillers are generally low-
cost and easy to process [156].

Even if some progress has been made to reduce greenhouse gas emissions, there
still remains a need to develop biobased matrixes to manufacture fully biobased
composites.

This chapter reports a study of two different biobased composites obtained
using two different curing strategies. Section 4.2 presents 3D-printable soybean oil
composites (ASO) with macadamia nutshell powder (MAC) as reinforcement.
Section 4.3 exploits the feasibility of using the radical-induced cationic frontal
polymerization (RICFP) to obtain green composites using vanillin derivatives, and
both cellulose and hemp flax fibres as reinforcement is evaluated.

4.1 Experimental Section
Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of ASO and ASO composites were recorded by Nicolet iS 50
Spectrometer FTIR spectrometer (Perkin Elmer, Norwalk, CT, USA) in
transmission mode. For each sample, 16 scans were recorded with 4 cm’
resolutions. Data were processed using the software Omnic from Thermo Fisher
Scientific.

In section 4.2, it was calculated the double bond conversion by following the
decrease of the double peaks centred at 1636-1618 cm™'. The double peak at 1740-
1727 em™! representing the C=0 bond stretching vibration of the triglycerides was
utilized as internal standard since it is not affected by the reaction. The calculation
was done according to Eq. 4.1.

AC=C,post

Conversion (%) = | 1 — 252 | 4 100 4.1)

Aref,post
Aref,pre
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Where Ac=cpre and Ac=c post represents the area of the double bond peak before
and after the photopolymerization reaction, respectively and Arefpre and Aref,post
represent are the area of the reference peak before and after the photopolymerization
reaction.

While in section 4.3, it was calculated the epoxy conversion by following the
decrease of the peak centred at 910 cm™. To quantify this variation, the peak at 1511
cm! representing the C=C bond stretching vibration of the aromatic ring was taken
as internal standards, since it is not affected by the reaction. The calculation was
done following Eq. 4.2.

Aepoxy_post

Conversion(%) = | 1 — Zzexrre |, 100 (4.2)

Aref_post
Aref_pre

Where Acpoxy pre and Acpoxy-post are the area of the epoxy peak before and after
the frontal polymerization respectively. While Aret.pre and Avef.post are the area of the
reference signal before and after the fontal polymerization respectively.

Photorheology

The photorheology tests were performed with an Anton PAAR Modular Compact
Rheometer (Physica MCR 302, Graz, Austria) using a parallel plate configuration
(6= 15 mm) with a quartz bottom glass. The gap value was set as 300 pum. All
experiments were carried out at T = 25°C. Oscillatory rheometer operating in time
and stress sweep modes was used to monitor the viscoelastic properties associated
with the crosslinking kinetics. The time sweep experiment was performed in the
linear viscoelastic region (LVR) at a constant strain amplitude (A) of 0.5% and a
constant angular frequency () of 6 rad/s to monitor the crosslinking reaction by
following the evolution of elastic storage modulus G’ with time. After 30 s, the UV
Hamamatsu LC8 lamp (Hamamatsu City, Japan) with a light intensity of 28
mW/cm! was turned on. The samples were irradiated from the bottom.

Radical induced cationic frontal polymerization (RICFP) evaluation

The RICFP front was evaluated by using a silicone mold for the polymerization of
the composites (10 mm x 50 mm, thickness 3 mm), an optic fiber UV-light
irradiation for the reaction initiation (Hamamatsu LC8 lamp, 100 mW/cm?), and a
thermo-camera for the evaluation of the front characteristics (FLIR ES, with a
thermal sensibility of 0.1 °C and an IR resolution of 10,800 pixels).

Optical microscopy

The surfaces of the 3D-printed ASO composites were monitored with an
Olympus BX53 M optical microscope. The ocular lenses and the objective lenses
were equipped with 10x magnification.

Gel content percentage (G%)
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The gel content percentage (G%) of the cured composites was determined by
measuring the weight loss after 24 h extraction with chloroform. G% was calculated
according to Eq. (4.3):

G% = % x 100% (4.3)

where Wi is the weight of the dry sample after the treatment with chloroform
and Wy is the weight of the dry sample before the treatment.

Dynamic thermal-mechanical analysis (DMTA)

DMTA analysis was performed with a Triton Technology-Tritec 2000 DMA.
Samples were cooled with liquid nitrogen and measurements were run with a
heating rate of 3 °C min ™! in tensile mode.

Differential scanning calorimetry (DSC)

DSC analyses were performed by using a Mettler Toledo DSC instrument.
Approximately 10 mg of each sample were inserted in 100 pl aluminium pans with
pierced lids in an inert atmosphere (N2, 50 ml min™'). The thermal behaviour of the
samples was investigated by using two repeated heating-cooling cycles. The applied

heating rate was 10 °C min™.

The temperature program sets for the ASO composites (Section 4.2) was: first
ramp from -60 °C to 150 °C, followed by a cooling cycle from 150 °C to -60 °C.
After an isotherm at -60 for 10 min, a second heating cycle was performed from -
60 to 150°C. Glass transition temperature (Tg) was determined from the second
heating curve.

The temperature program sets for the DGEVA and CE composites (Section 4.3)
was: first ramp from 25 °C to 250 °C, followed by a cooling cycle from 250 °C to
25 °C. After an isotherm at 25 for 10 min, a second heating cycle was performed
from 25 to 250°C.

Tensile Testing

Tensile tests were performed on rectangular specimens (w x 1 x t =10 x 50 x 2 mm)
according to ASTM D1708-18 [157] using MTS QTestTM/10 Elite controller
(MTS Systems Corporation, Edan Prairie, Minnesota, USA) using TestWorks® 4
software (Edan Prairie, Minnesota, USA). The tensile force was applied parallel to
the samples axis at a constant cross-head displacement rate of 2 mm/min. The strain
was measured as the ratio between cross-head displacement and the initial distance
between the grips. The tress was calculated as the ratio between the force and the
cross-section area. The Young’s modulus (E) of each sample was calculated from
the slope of the initial linear portion of the stress-strain curve. The toughness of the
materials was calculated by calculating the area underneath the stress-strain curves.
Three samples for each material composition were tested.

Field Emission Scanning Electron Microscopy (FESEM)
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The morphological characterization of the ASO composites was performed by
using a FESEM Zeiss Supra 40 (Oberkochen, Germany). Before the analysis, the
samples were covered with a 7nm thick film of Platinum.

Scanning Electron Microscopy (SEM)

The morphological characterization of the DGEVA and CE composites was
performed by using SEM (JCM-6000PLUS, JEOL). The tensile-fractured samples
were covered with a 5 nm thick film of platinum and observed with the microscope.

Profilometry

The surface roughness of the 3D-printed objects was measured by Taylor Hobson
Intra Touch 3D profilometry. Three surfaces were scanned for each specimen. The
mean routh square values were calculated using the ISO 25178 method with the
help of the TelyMap Gold 7.4.8703 software.

Cell Viability

Cytotoxicity tests were performed following the ISO10933-5 for indirect tests to
identify any cytotoxic events due to the release of compounds from the ASO and
ASO-MAC hydrogels. Conditioned media were prepared by soaking 0.1 g of ASO
and ASO-MAC samples into 1 mL of complete medium (Dulbecco’s Modified
Eagle’s Medium, 15% fetal bovine serum, 1% penicillin-streptomycin). Two
conditions were tested: samples were soaked for 24 hours (conditioned
medium_24h) and for 7 days (conditioned medium_7d). Human fibroblasts (HFF-
1 ATCC® cells) were cultured in a 96-plate multiwell (MW96) using a cell density
of 2x10* cells/well. After 24 h, the cells reached confluence and the culture medium
was removed from each well and substituted with conditioned medium (conditioned
medium_24h or conditioned medium_7d). Control samples (CTRL) were prepared
by substituting the medium with a not-conditioned fresh medium. After 24 h, the
medium was substituted in each well with 100 uL of 0.1 mg/mL non-fluorescent
resazurin solution in phosphate-buffered saline-PBS. Cell viability was measured
as non-fluorescent resazurin is converted to fluorescent resorufin by cell
metabolism and the fluorescent signal was monitored using a plate reader (Biotek)
at 530 nm excitation wavelength and 590 nm emission wavelength. Experiments
were performed using six samples for each condition and cell viability was
calculated as a percentage value compared to CTRL.

Cell Adhesion and Proliferation

Direct assays were performed to assess the adhesion and proliferation ability of
HFF-1 cells on ASO and ASO-MAC grid-shaped samples. ASO and ASO-MAC
grids 3D printed as previously described, after which they were blocked at the
bottom of MW48 plate to avoid floating and seeded with 2x10* cells/well. Briefly,
a drop of 50ul containing 2x10* cells was placed on the top of each grid and
incubated for 2 hours, after which 450 ul of fresh media were added. At different
time points (1, 3, and 7 days), cell viability was measured using resazurin as
previously described. To avoid an overestimation ascribed to cells adhered at the
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bottom of the plate, samples were placed in a new MW48 before adding the
resazurin solution. Furthermore, cell morphology was assessed through
immunostaining. Firstly, cells were fixed with 4% paraformaldehyde for 30
minutes, permeabilized with 0.5% TRITON-X in PBS for 10 minutes and blocked
with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 30 minutes.
Then, nuclei and actin filaments were stained incubating samples in a DAPI
solution (1:1000 in PBS, Thermofisher Scientific) and rhodamine-phalloidin
solution (1:60 in PBS, Thermofisher Scientific) for 10 and 40 minutes, respectively.

4.2 Acrylated soybean oil and macadamia nutshell 3D
printed composites

This section is based on the original research article titled " DLP-printable fully
biobased soybean oil composites". This article was submitted in Polymer journal
17/11/2021.

This section presents the possibility to obtain customized complex-shaped fully
biobased composited via vat polymerization (Fig.4.1). The selected matrix was
acrylated soybean oil while the reinforcing agent was a lignocellulose waste powder
derived from the macadamia nut industry.

UV LED

Figure 4.1: Schematic representation of DLP-printable soybean oil composites.
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4.2.1 Materials and methods
Materials

Acrylated soybean oil (ASO), dimethyl sulfoxide (DMSO) (ACS reagent P99.9%),
ethanol absolute, and bis-(2,4,6-trimethylbenzoyl) phenylphosphine oxide (BAPO)
were purchased by Sigma Aldrich (Milano, Italy). The macadamia nutshell (MAC)
was obtained from the 814 variety of macadamia and subsequently ground (the
average particle dimensions was 140 um as evaluated by FESEM images) [158].

Biobased composites formulations

The ASO photocurable formulations were prepared by mixing different amounts of
MAC into the ASO liquid resin. After stirring for 5 min the BAPO photoinitiator
was added into the formulation (Tab.4.1).

Table 4.1: ASO photocurable formulations.

Formulations ASO [Yowt] MAC [Yowt] BAPO [phr]
ASO 100 0 1
ASO-MAC1 99 1 1
ASO-MACS 95 5 1
ASO-MAC10 90 10 1

Digital light processing 3D printing

Different ASO composites were 3D-printed via DLP printer ASIGA (MAX X with
light emission of 385 nm and nominal XY -pixel resolution of 27 um). The UV light
intensity was set to 32 mW/cm? while the layer thickness was set and 50 pm. The
exposure time/layer was adjusted for each formulation according to the
photorheology results. The obtained printed objects were post-cured using a
medium-pressure mercury lamp provided by Robot Factory (2 min, 12 mW/cm?).

4.2.2 Results and discussion

Different ASO-MAC composites were obtained via radical photopolymerization
reaction. The UV-crosslinking reaction was evaluated by FTIR spectroscopy
following the decrease of the ASO double bond peaks at 1626 and 1618 cm™, as
described in the experimental section. Fig.4.2,a reports the FTIR spectra of the ASO
formulation before and after irradiation. As can be observed, the C=C peaks
noticeably decrease confirming the success of the reaction. A preliminary
investigation of the reaction kinetics was conducted by evaluating the
Conversion(%) of the formulations at different irradiation times, as reported in Fig.
4.2,b. Fig. 4.2,b shows that all the ASO formulations exhibited fast reactivity,
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reaching a Conversion(%) higher than 85% (Tab.4.2) in less than 30 seconds also
in the presence of the biobased filler.
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Figure 4.2: a) ASO FTIR spectra before and after the UV irradiation; b) Conversion(%o)
of ASO formulations at different irradiation times.

The reaction kinetics of the ASO formulations were further investigated using
a real-time photorheology test, from which it was possible to monitor the changes
in the viscoelastic properties of the materials during the reaction. Fig. 4.3 reports
the storage modulus G’ values at different time steps. The sharp enhancement of
the G* when the lamp is switched on indicates a high reactivity of the ASO
formulations, which is in good agreement with the previously obtained FTIR
results.

Interestingly, the pristine formulation, the ASO-MAC1 and ASO-MACS
reached a G’ plateau after 30 seconds which is in the same order of magnitude as
the one achieved by poly(lactide-co-glycolide) (PLGA) diacrylates formulations
used to create bioscaffolds in previous work [159]. In contrast, the G’ of ASO-
MACI10 reached a plateau after 90 seconds. The ASO-MACI10 formulation required
a higher irradiation time to complete the reaction with respect to the other
formulations. Nonetheless, it is possible to observe a slight decrease in the reaction
kinetics of ASO-MACS with respect to ASO-MACI by looking at the initial slope
of'the G’ curve (AG’/At) reported in Tab.4.2. In fact, with the enhancement of MAC
content there was a AG’/At decrease from 56 to 28 kPa*s™!, suggesting a slowdown
effect provoked by the presence of MAC. This effect can be attributed to the UV-
shielding effect of MAC, which has a brown color causing a reduction of the
formulation’s transparency and therefore hindering light penetration. The slight
reactivity reduction of the formulations with the increased addition of MAC is in
good agreement with the FTIR Conversion(%) outcome and with the slight
reduction of the insoluble fraction (G%) of the composites (Tab.4.2).

Additionally, it can also be observed that the G’ plateau value increased as the
MAC content increased from 4 MPa of ASO alone to 11 MPa of ASO-MACI10
composites, suggesting a reinforcing effect of the MAC particles towards the ASO
matrix.
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Figure 4.3: Photorheology curves of the ASO formulations.

Table 4.2: Crosslinking parameters of ASO formulations.

ASO | ASO-MAC1 ASO-MACS5 ASO-MAC10
FTIR
Conversion 89 89 87 85
[Yo]
AG’/At [kPa s7] 56 44 29 28
G [%] 90 87 86 85

Subsequently, the applicability of the ASO-MAC formulations as biobased ink
for DLP printing was evaluated. The printing parameters were adjusted according
to the photorheology results. The exposure time was varied from 1 to 2.5 seconds
based on the MAC amount present in the formulation. Different complex CAD
models were developed to evaluate the printability of the formulations. As can be
noted from Fig.4.4, high-resolution composites were successfully 3D-printed for all
the ASO formulations. Noticeably, the brown colour of the MAC enabled the
printability of complex geometries without the addition of dyes, typically required
to avoid over-polymerization defects caused by the light diffusion into the vat.
Fig.4.4,a shows an example of ASO and ASO composites 3D-printed objects
reproduced from the same CAD model. Fig.4.4,b reports a complex lattice structure
obtained using the ASO-MACI10 formulation. The high CAD fidelity of the printed
composites was assessed by optical microscopy as presented in Fig.4.4,c.
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Figure 4.4: a) ASO, ASO-MACI1, ASO-MACS5and ASO-MACI10 3D-printed
composites; b) complex lattice-shaped structure from ASO-MACI10; ¢) evaluation of the
printed objects fidelity with respect to the CAD model by means of optical microscopy.

The thermomechanical properties of the 3D-printed composites were investigated
by means of DMTA analysis. Fig.4.5,a shows the storage modulus and the Tano
curve of the ASO composites at different temperatures. As can be observed from
Tab.4.4, the Tg of the composites (measured as the peak of Tand) increased as the
MAC content increased, suggesting reinforcement of the ASO matrix by the MAC
powder. This trend was confirmed by the DSC analysis and is in good agreement
with the photorheology outcomes. Moreover, from the graph reported in Fig.4.3,a
further considerations can be made. In fact, the enhancement of the MAC content
also led to a decrease and to a broadening of the Tand peak which may indicate the
enhancement of network heterogeneities such as relaxation time and chain mobility
distribution [106,160]. Additionally, the E’ modulus in the rubbery plateau also
increased with the addition of MAC which may be attributed to a reduction of the
ASO chain mobility ascribing to the MAC particles acting as a physical barrier
[161].

A tensile test was subsequently carried out to further investigate the mechanical
properties of the composites. Tab.4.3 reports the ultimate tensile strength (UTS),
Young’s modulus (F), and toughness (Kic) values of the ASO composites, while
Fig.4.3,b shows their averaged stress-strain curves. Both £ and UTS noticeably
increase as the MAC content increased reaching 100 MPa and 3.8 MPa,
respectively, in the ASO-MAC10 composite. The E values of the ASO composites
range from 15 to 100 MPa which matches the typical values of the bone tissues and
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are comparable with other materials used for bone tissue engineering like 3D-
printed polycaprolactone (20MPa) and polylactic acid/multi-wall carbon
nanotubes/polyethylene glycol composites (26 MPa) [162,163]. This outcome may
imply the potential applicability of the 3D-printed ASO composites as bone
scaffolds in the field of tissue engineering.

Furthermore, embedding MAC powder into the ASO matrix led to an
enhancement of the toughness of the composites (Tab.4.3) which can be defined as
the ability of the material to adsorb energy before fracture while the elongation at
break (e») remains almost constant or even slightly higher with respect to the
unfilled matrix. The elongation at break can be influenced by many complex
phenomena including filler shape and/or distribution, filler/matrix interaction and
the viscoelastic properties of the matrix. Therefore, the observed &, behaviour can
be attributed to a good filler/matrix interaction.
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Figure 4.5: a) DMTA analysis and b) Tensile test of ASO and ASO composites.

Table 4.3: Thermal and mechanical properties of ASO and ASO composites.

Te DMTA | E_rubbery | Tg DSC E UTs Kic
Sample [°Cl [MPa] [°C] [MPa] npal | 20 | nigmy
ASO 25 12.0 10 15002 | 0.45+007 | 4.0+03 | 1.28+0.1
ASO- _
VACT 27 241 15 543£02 | 1.80£0.15 | 5.5404 | 6.57+12
ASO- _
MACS 38 313 22 685£05 | 198024 | 49+1.1 | 661+18
ASO- 46 33.0 30 100.2+1.7 | 3.80+0.40 | 45209 | 7.01=2
MAC10 : S B o )

Field-emission scanning electron microscopy (FESEM) images were recorded
on the MAC particles to analyse their average dimensions and on the tensile
fractured surfaces of the composites to investigate their morphology. As can be
observed from Fig.4.6, the MAC particles had an irregular shape and had an average
dimension of 140 um. Fig.4.6 b reports the ASO matrix alone, while Fig.4.6 c, d,
and e show the ASO-MACI1, ASO-MACS, and ASO-MACI10 samples. It is clear
that an excellent dispersion of the MAC particles in the ASO resin was achieved in
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the ASO-MACI1 composites, while in the other composites there were some
agglomerates, especially in the ASO-MACI10. Moreover, all the fracture surfaces
were rough indicating a high resistance to the crack propagation [163].

Figure 4.6: FESEM micrographs of MAC powder, ASO and ASO composites.

Subsequently, a profilometer was used to evaluate the surface topographies of
ASO composites surfaces (Fig.4.7). The average root mean square (RMS) values
obtained were: 3.01 um for ASO, Sqaso-maci= 3.73 um for ASO-MACI, 7.03 pm
for ASO-MACS, and 10.9 pm for ASO-MACI10. The slight enhancement of the
RMS with the MAC content increase is consistent with the FESEM images.
Noticeably the RMS was, in all cases, lower than the one previously reported for
other DLP printed objects (53.8 to 76 um) used for dental applications [164].

ASO = |ASO-MACL e

:
ASO-MACS 7% || ASO-MAC10 n s
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Figure 4.7: profilometry measurements of the 3D-printed objects.

Finally, indirect and direct tests were performed to evaluate the possibility to
use the ASO composites as a substrate for cell adhesion and proliferation. Initially,
it was performed a cell viability test, whose results are reported in Fig.4.7,A. All
the ASO composites showed no cytotoxicity effect which indicates that the objects
do not release toxic products like unreacted monomer, photoinitiator, or degraded
pieces after one day (conditioned medium 1d) and up to 7 days (conditioned
medium_7d). Subsequently, the adhesion and proliferation of HFF-1 cells onto the
ASO composites 3D-printed grids were investigated (Fig.4.7,B). Even if the MAC
addition does not hinder the HFF-1 adhesion and proliferation, a slight reduction of
the cell numbers compared to the control was noticed. This result may be explained
considering that the control has a simple 2D surface so it has an enhanced total
surface area with respect to the ASO grids (filament/pore ratio 2.5) which may have
increased the initial number of adhered HFF-1 cells and therefore led to a higher
proliferation rate. Additionally, the capability of the ASO composites to support the
cell colonization was assessed through immunostaining at 7 days (Fig.4.8).
Noticeably, the HFF-1 cells adhered on the grid showed uniform, distribution with
a spread morphology.
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Figure 4.8: HFF-1 cell viability: A) indirect tests at two conditions: samples were
soaked for 24 hours (conditioned medium_24h) and for 7 days (conditioned medium_7d)
and B) proliferation assay at 1, 3 and 7 days using printed grid-shaped samples.
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Figure 4.9: Nuclei and actin filaments staining of ASO and ASO-MAC grid-shaped
samples. Polystyrene plates were used as control (CTRL). A slightly blue autofluorescence
can be observed for ASO samples. Scale bar: 50 pm.
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4.2.3 Conclusions

This section presents the successful 3D printing of different fully biobased
composites obtained using acrylated soybean oil as a matrix and macadamia
nutshell powder as a reinforcing agent. The high reactivity of the ASO-MAC
formulations was confirmed with both FTIR and photorheology investigations.
Even if a slight UV-shielding effect of the MAC powder was noticed, the calculated
double bond conversion was always higher than 85%. The possibility to use DLP-
printing technology to obtain composites possessing high geometrical complexity
and fidelity with the CAD models was assessed. The high resolution achieved by
the printed objects was evaluated with optical microscopy. Subsequently, the
thermomechanical and thermal characterization of the composites showed that the
MAC addition leads to an increase in the Tg values (from 25 to 46°C). The MAC
enhancement into the matrix also enhances the stiffness of the composite (+ 660%)
as shown in Young’s modulus values calculated from the tensile test. The FESEM
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images assessed the good dispersion of the particles into the matrix, while the
profilometry characterization indicates the generally low RMS value successfully
obtained with the DLP printing.

4.3 Frontal-photopolymerization of fully biobased epoxy
composites

This section is based on the original research article titled " Frontal-
photopolymerization of fully biobased epoxy composites". This article was
published on Macromolecular Materials and Engineering in 2022, DOI:
10.1002/mame.202100864 [165].

In this section, the possibility to obtain fully biobased composited using a
radical-induced cationic frontal photopolymerization (RICFP) is presented. Two
different fabrics made of cellulose and flax were embedded into two epoxy
matrices, one biobased deriving from vanillin-diglycidylether of vanillyl alcohol-
DGEVA (already used in the third chapter) and the other one petroleum-based-3,4-
epoxycyclohexylmethyl 3,4  epoxycyclohexanecarboxylate-CE. The final
properties of the obtained composites were investigated and compared.

Cellulose fabric
e 3 g‘

Diglycidylether of vanillyl alcohol (DGEVA)

Linen fabri

Figure 4.10: Scheme of the DGEVA composites.

4.3.1 Materials and methods

Materials

The biobased epoxy resin: diglycidylether of vanillyl alcohol (DGEVA) was
synthetized and provided by Specific Polymers. The petroleum-based epoxy resin:
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3,4-Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (CE), the thermal
initiator: 1,1,2,2-tetraphenyl-1,2-ethanediol (TPED) were purchased from Sigma
Aldrich. The cationic photoinitiator:  (p-octyloxyphenyl)phenyliodonium
hexafluoroantimonate (PAG) was obtained from ABCR. The fabric mats: cellulose
unidirectional non-woven fibres and woven flax fibres (linen) were supplied by HP
Johannesson Trading AB, Sweden. All the chemicals were used as received without
further purification.

Biobased composites preparation

Different composites were prepared either using cellulose fabrics or linen fabrics
as fibre-reinforcement. The formulations were prepared by mixing neat DGEVA
with 1 phr (parts per hundred resin) of TPED and 1 phr of PhoI"'SbFs™ (PAG). To
ease the TPED dissolution it was dissolved in propylene carbonate (50:50 wt%).
Different composites (10x50 mm, thickness 2 mm) were prepared by impregnating
one cellulose (DGEVAICL), one linen (DGEVAILL), two cellulose
(DGEVA2CL), or two linen (DGEVA2CL) plies of fibers. The impregnation was
conducted in mild vacuum conditions for 30 minutes. Subsequently, the corner of
the mold was irradiated with an optical fiber UV lamp (Light-Ning Cure™ LCS,
Hamamatsu) to activate the thermal front. For comparison composites made using
a  petroleum-based epoxy  matrix:  3,4-epoxycyclohexylmethyl  3,4-
epoxycyclohexanecarboxylate (CE) with the same fibers content were also prepared
and UV cured under the same conditions. The composite compositions are reported
in Tab.4.4.

Table 4.4: Composite compositions.

PAG TPED N Cellulose N° linen layer
(phr) (phr) layers

DGEVA 1 1 / /
DGEVAICL 1 1 I /
DGEVA2CL 1 1 2 /
DGEVAILL 1 1 / 1
DGEVA2LL 1 1 / 2
CE 1 1 / /
CEICL 1 1 ! /
CE2CL 1 1 2 /

CEILL 1 1 / 1
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4.3.2 Results and discussion

Different composites were prepared using a radical-induced cationic frontal
photopolymerization technique (RICFP). The RICFP (Fig.4.11) reaction requires
an initial UV-irradiation step which provokes the highly exothermic epoxy rings
opening. Then, the heat released by bond dissociation activates the thermal initiator
which starts the front propagation. The generated carbon-centered radicals are
subsequently oxidized to carbocations by the iodonium salt [166,167]. The
carbocations further induce the cationic ring-opening polymerization through the
sample until the front heat is dissipated.

Super Acid Cation

Figure 4.11: RICFP reaction scheme: a) UV-induced diphenyl iodonium salt (PAG)
decomposition followed by the photoacid generation; b) exothermic epoxy ring-opening
and reaction propagation with the formation of radicals from the dissociation of the C-C
labile bond of TPED (thermal initiator).

Considering that the thermal front requires a constant heat generation to
continue propagating, the fibers heat dissipation has to be taken into account.
Initially, the optimum photoinitiator-thermal initiator ratio was optimized in the
pristine DGEVA formulation to guarantee a self-sustaining heat front maximizing
the epoxy-groups conversion. The optimum formulation was found to be the one
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containing 1 wt% /1wt% TPED/PAG, which was further investigated with the
fibers. The thermal front was monitored using a thermo-camera as described in the
experimental section. Fig.4.12,a reports a scheme of the thermal front propagation
process, while Fig.4.12,b reports the real UV-initiated thermal front of the DGEVA
formulation recorded with the thermo-camera.

Tab.4.5 reports the front parameters of DGEVA and DGEVA composites such
as the font starting time (to), the front velocity (Vy), and the maximum front
temperature (Tmax). The Vrwas extrapolated from the temperature profile registered
at three different points: 10, 20, and 50 mm of the samples recording the time in
which the Tmax 1s reached (see Fig.412,c; and Fig.4.13) [168]. As can be observed,
the ts and the V¢ are higher in the composites compared to the pristine DGEVA
resin, possibly attributed to a good thermal conductivity of the fibers as previously
observed in the literature [169]. Noticeably, the Vr reached by the DGEVA
formulation is higher than the previously obtained RICFP of petroleum-based resins
[170-172]. The registered thermal front for all the DGEVA showed a constant
propagation rate with a linear behavior (Fig.4.12,d) which highly supports the
hypothesis of an effective front propagation mechanism. The high Tmax (285°C)
value reached by DGEVA and DGEVA composites is consistent with the
previously reported Tmax for the RICFP of DGEBA with TPED and PAG (283°C)
[171].
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Figure 4.12: a) schematic presentation of the UV-initiated thermal front; b) thermo
camera frame sequence of the propagating DGEVA thermal front; ¢) temperature-time
evolution at three different DGEVA specimen position; d) DGEVA front position as a
function of time.
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Figure 4.13: temperature—time evolution at three positions along the composites from
the trigger point of a) DGEVAICL, b) DGEVA2CL, ¢) DGEVAILL and d) DGEVA2LL.

The UV-curing reaction of the DGEVA resin was followed by FTIR analysis.
The spectra were recorded before and after the RICFP in transmission mode
(Fig.4.14). Firstly, in the DGEVA spectrum, there can be clearly observed the
typical vanillyl peaks like the peaks at 1230 and 1260 cm™ corresponding to the -
CH: twisting and wagging vibrations, respectively. The peaks from 1261 to 1160
cm’! are identified as the vanillyl fingerprint region. The band at 1600 cm™ is
attributed to the C-O vibration. The peaks ranging from 1453 to 1592 c¢cm’
correspond to the C=C vibration of the substituted benzene [173]. The peaks at 2930
and 2970 cm™! are assigned to the sp® C-H bond vibration of the aliphatic chain
[174]. The low peaks at 3000 and 3060 cm™ may be assigned to the methyl groups
in proximity to epoxy rings [175].

The success of the curing reaction was assessed by the intensity reduction of
the peaks at 800, 850, and 910 cm™! attributed to the epoxy rings vibrations, and by
the appearance of the broad peak at 3460 cm™' representing the -OH groups
vibration formed as a consequence of the epoxy ring-opening. The epoxy ring
conversion was 82%, calculated as described in the experimental section.
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Figure 4.14: FTIR spectra of the DGEVA pre and post-cured. Film thickness 12 pum
coated on a silicon substrate.

To further characterize the curing of the DGEVA a DSC analysis was
performed as described in the experimental section. In fact, the epoxy group
conversion can be estimated by calculating the area under the exothermic peak. In
Fig.4.15,a is reported the DGEVA formulation thermograms. In the first cycle, an
exothermic peak at 120°C with a heat release of 129.44 J/g can be clearly observed.
The heat release value can be attributed to the total epoxy group conversion since
it entirely disappears in the second run. Interestingly, in the second run, a glass
transition temperature at around 75°C can be noticed. In fig.4.25,b, a RICFP cured
DGEVA sample is reported, in which a low exothermic response (3.18 J/g) is
observed in the first run. This exothermic signal may represent residual thermal
polymerization and it also disappears in the second scan. From the recorded
exothermicity values it can be estimated the value of the RICFP epoxy group
conversion of the DGEVA pristine formulation, which was found to be 90%.

The higher epoxy group conversion calculated from the DSC analysis with
respect to the FTIR one can be explained taking into consideration the non-
negligible heat losses to the surrounding occurring during the RICFP of the sample
in the FTIR analysis.
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Figure 4.15: DSC thermograms of a) DGEVA resin first and second run; b) DGEVA
after RICFP curing first and second run.

Nevertheless, a quantitative epoxy group conversion cannot be calculated from
the FTIR analysis since the thickness of the sample was too high for the
transmission of the FTIR signal and the ATR-FTIR mode allows evaluating only
qualitatively the degree of curing.

Thus, an estimation of the curing efficiency was conducted by evaluating the
gel or insoluble fraction (G%) of the composites. The obtained values are reported
in Tab.4.5. As can be observed, the G% values are always higher than 95% implying
an efficient reaction with a small amount of released unreacted product.

Table 4.5: Thermal-front parameters.

to [s] Vi [em min!] | Twa [°C] G%
DGEVA 2 48+2 280+4 96+2
DGEVAI1ICL 4 69+4 285+2 96=+1
DGEVA2CL 5 66+2 278+1 98+1
DGEVAILL 4 67+4 28542 9542
DGEVA2LL 4 62+3 27743 96+2

Subsequently, the thermo-mechanical and mechanical properties of the
DGEVA composites were investigated with DMTA and tensile tests. Additionally,
all those measurements were also conducted on CE composites cured with the same
RICFP system using the same fibers to have a direct comparison with a
commercially available fossil-fuel-based resin.

The viscoelastic properties of the composites like storage modulus (E’), the loss
modulus (E””), and the damping factor (Tand= E’’/E’) were obtained from the
DMTA analysis. The averaged E’ and the Tano plots are shown in Fig.4.16. It can
be observed that the E’ value increase as the number of fabrics increases suggesting
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an effective reinforcing effect of the matrix. This result was expected since the E’
of the composites increases when the polymer segments are hindered by fiber-fiber
and fiber-matrix interactions. Moreover, the Tand peak of the DGEVA composites
lowers its intensity with the addition of the fiber fabrics, further confirming the
reinforcement effect of the fiber which hinders the polymer chain mobility and
consequently leads to a decrease of the Tano [176]. Noticeably, this lowering Tand
trend is not observed on the CE composites which can be ascribed to a decrease of
the interfacial bonding between the filler and the matrix and to the formation of a
less homogeneous network [177]. It is also interesting to notice that the addition of
flax fibers leads to a more evident enhancement of Tg in the DGEVA composites
(91 —130°C) with respect to the CE ones (93 — 107°C). This result may be attributed
to a low interfacial interaction between the CE matrix and the flax fibers.

As can be observed in Fig.4.16, the E’ values always decrease as the
temperature increases due to a matrix softening effect. Noticeably, the E’ values of
the DGEVA composites are generally high (54 — 130 MPa) and very similar to the
CE.

a) )
10' 0.9 b 0.9
o1°c ——DGEvA ——DGEVA
——DGEVAICL| ;4 ——DGEVAILL | g5
[ DGEVA2CL DGEVA2LL
o L IRV
10 Lo7
© =
o 0 Los
5 100+ E
= > 05 ,
g : B 2
o @
= - = Los4
(] 107 4 @«
& &
S 3 A Fo.3
) 2
w (] \
\ 0.2
10°4 -
AN AN
S AR 0.1
10° T T T T T T T 0.0 T T T 0.0
25 50 75 100 125 150 175 200 225 175 200 225
C) Temperature (°C) d)
10° 0.9 10'° 0.9
08 Lo8
s £ LELUL|
10 o7 Fo7
© ©
o los L r06
ERlE E
.§ 0.5 © _§ Los e
= g = 3
H04 F o4 F
@ 408 ©
f=2) o
o ©
5 Los3 5 Los
173 &
10°4 Fo2 F02
0.1 0.1
10 T T T T T T T 0.0 10° T T T T T T T + 0.0
25 50 75 100 125 150 175 200 225 25 50 75 100 125 150 175 200 225
Temperature (°C) Temperature (°C)

Figure 4.16: Tand and storage modulus curves of epoxy—cellulose (right) and epoxy-
linen (left) composites. a) DGEV A-cellulose, b) DGEV A-linen, c) CE-cellulose and d) CE-
linen.

Fig4.17 shows the averaged tensile stress-strain curves of the DGEVA and CE
composites. The elongation at break slightly increases with the addition of the
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fibers, except for the DGEVAICL, suggesting a small ductility increase with
respect to the brittle resins. However, all the specimens possess a generally low
elongation at break values which nevertheless, can be expected for fiber-reinforced
composites. Generally, the addition of the fiber enhances the tensile strength (Gmax)
further confirming a strong fibers/matrix interaction which is in good agreement
with the mechanical reinforcement observed in the DMTA outcomes. The DGEVA
composites made of unidirectional non-woven cellulose (Fig.4.17,a) proved to be
more brittle and harder than the one made of woven flax (Fig.4.17,c) since they
showed lower elongation at break and higher tensile strength. This behavior can be
attributed to the interlocking effect of fill and warp yarn [178]. Interestingly, even
if the DGEVA crosslinked network possesses lower rigidity than the CE one, the
DGEVA composites achieved comparable or even enhanced tensile strength
compared to the CE ones. The Young’s modulus (£) values are reported in Fig.4.18.
The DGEVA composites reached 1.2 and 0.8 GPa as a maximum £ value when the
cellulose and linen fibres were added, respectively. Those values are comparable to
the ones obtained from the CE composites (0.8 and 0.6 GPa, respectively). The Gmax
reached for the DGEVA cellulose composites ranged from 10 to 18 MPa while the
DGEVA linen composites from 6 to 12 MPa (Fig.4.18,a). Instead, the omax obtained
for the petroleum-based CE composites ranged from 11 to 17 MPa when cellulose
was added and 6 to 7 MPa when the reinforcement was linen.  Moreover, the
obtained E and omax values of the DGEVA composites are comparable with the
values reported in the literature for other natural-fibres reinforced epoxy composite
as summarized in Tab.4.6. Noteworthy, the thermo-curing time used to obtain the
other natural fibres composites is markedly higher than the one here reported.
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Table 4.6: Mechanical tensile properties of natural fibre reinforced composites
reported in literature compared with the properties achieved by the composites prepared
with RICFP in the present work.

Type of Fibre Curing Tensile Young’s Reference
curing reinforcement | time strength Modulus
[MPa] [MPa]
Thermal Kenaf/glass / 40-110 6000-1200 | [79]
Thermal Kenaf / 25-40 3000-5000 | [80]
Thermal Jute/hemp/flax | 24 h 30-60 1000-1700 | [81]
Thermal Aloevera and 24 h 19-27 / [82]
sisal
Thermal Jute/pineapple | 24 h 40-70 500-900 [79]
and glass
Thermal Coir/glass 24 30-60 / [83]
fibre
Thermal Pineapple/flax | / 22-35 / [84]
RICFP Cellulose/linen | 1 min 6-18 600-1200 *Present
work
Type of Fibre Curing Tensile Young’s Reference
curing reinforcement | time strength Modulus
[MPa] [MPa]

Finally, scanning electron microscopy (SEM) images were recorded to evaluate
the morphologies of the fractured composites and the fibre-matrix adhesion
(Fig.4.19). As can be observed from the images, the DGEVA resin diffused inside
the yarn which suggests a good wettability of both fibre fabrics with the biobased
resin. The good wettability results in a strong adhesion between the fibres and
matrix, which is in good agreement with the data obtained from the DMTA and
tensile tests. Moreover, by looking at the fractured surfaces it can be observed that
the failure mechanism involved is a mixture of fibre debonding and fibre pull-out
which are key damaging mechanisms in fibre composites (Fig.4.19, b,c). In fact, in
the tensile test the failure process of a polymer-fibre composites usually took place
when a small crack forms into the matrix transferring the load by the matrix to the
fibre via shear forces. These shear forces gradually increase inducing the failure of
the matrix-fibre interface. This process led to the generation of a cylindrical crack
at the interface which propagates as the load increases. This failure mechanism is
named bedonding. However, since in the curing process the epoxy resin can have
slightly shrieked on the fibre, some load can be still transferred between the matrix
and the fibre by interfacial forces, inducing a friction between them. This friction
induces a non-uniform stress through the debonded fibre which can generate an
enhanced stress in a different part of the fibre with respect to the matrix-crack plane.
As a consequence, the fibre breaks at some distance from the broken interface [185].
This failure process, called pull-out, can be detected in the broken surface samples
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of both DGEVAICL (Fig.4.19,b) and DGEVAIL (Fig.4.19,c) which show
protruding fibres.

Fibre debondmg

" Fibre pulleut \ W-
byl

Flgure 4.19: SEM 1mages of the fracture surfaces of a) prlstme DGVA b)
DGEVAICL and ¢) DGEVAIL.

4.3.3 Conclusions

In this section, the possibility to use the RICFP to obtain fully biobased composites
using a biobased epoxy resin and natural fibres has been presented. The fibres
selected for this purpose were either made of cellulose or flax. The RICFP curing
possesses high front velocity and successfully led to high epoxy group conversion
(>96%). The obtained composites reached Tg in the range of 104 to 143°C in the
case of cellulose fabrics addition and 102 to 130°C for flax fabrics. Moreover, the
properties of the biobased composites were compared with the corresponding
petroleum-based ones. Noteworthy, the tensile mechanical properties of DGEVA
composites were comparable or even higher than the one obtained with CE. The
Young’s modulus obtained by the DGEVA composites ranged between 600 to 1200
MPa which is in the same order of magnitude as other composites reported in the
literature for petroleum-based natural fibre composites. Interestingly, the overall
thermal and mechanical properties increased as the fibre content increased,
suggesting a god fibre-matrix interaction, and subsequently verified by SEM
images. Therefore, this section presented the feasibility of using the fast and energy-
efficient RICFP technique to obtain fully biobased composites with good thermal
and mechanical properties.
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General conclusions

This thesis work exploits the possibility of obtaining different biobased thermosets
using various photopolymerization techniques. In this frame, numerous starting
materials were selected and functionalized with meth(acrylic) or epoxy groups to
make them light-processable. Their reactivity toward photopolymerization
processes was investigated and their thermo-mechanical properties were carefully
evaluated. It was proved that UV-light irradiation is a powerful tool that can be used
for the development of biorenewable thermosets.

In the first experimental work, maize starch was successfully modified with
methacrylic anhydride to produce photocrosslincable hydrogels, using either UV-
lamp or DLP 3D printing. The methacrylation reaction was confirmed by means of
'"H-NMR, 3C-NMR, and FTIR spectroscopy. By means of the 'H-NMR technique,
it was possible to estimate the DOS, which was around 0.08. Three different MS
water solutions were prepared and irradiated in the presence of LAP, which was
used as the photoinitiator. The high reactivity of the formulations was assessed by
means of a photorheology test. Subsequently, from the results of the compression
test, it emerged that the obtained hydrogels reached compressive Young’s modulus
values that cover different body tissues, and interestingly, the formulation
containing 10 wt% of MS was found to match the values of muscle tissue. The
cytocompatibility test on the hydrogels, which was performed using human
fibroblast cells, highlighted that none of the samples released toxic products after
the photocrosslinking reaction. Finally, the 3D printability of the MS10 solution
was assessed, and the results suggested that these hydrogels could be applied in the
tissue engineering field.

In the second experimental work, MS was mixed with acrylated cyclodextrin
(ACy) in a DMSO/water solution to obtain photocrosslikable OHGs. The
photorheology, mechanical and morphological characterizations highlighted that
the addition of ACy resulted in an enhancement of the reaction kinetics, and of the
cross-link density, which in turn led to the formation of stiffer structures with less
porosity. Moreover, the ACy influenced the sorption capabilities of the OHGs to a
great extent. Indeed, the addition of ACy decreased the maximum swelling
capability of the OHG, but, inversely, the MB adsorption capacity increased. This
result can be ascribed to the combination of the ability of ACy to form inclusion
complexes with MB and to the chelating properties of the -OH groups of MS. The
main OHG sorption mechanism resulted to be chemisorption, as indicated by the
good fitting of the sorption kinetics data with the pseudo-second-order kinetic
model. Additionally, the DLP printability of the OHGs was demonstrated, thereby
possibly opening a new frontier for water remediation.
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The third experimental work focused on the cationic UV-curing of three
biobased monomers: epoxidized castor oil (ECO), phloroglucinol trisepoxy
(PHTE) and the diglycidylether of vanillyl alcohol (DGEVA). These monomers
possess a high reactivity and, in all cases, it was possible to obtain tack-free films.
The ECO epoxy group conversion resulted to be the best among the monomers,
since its aliphatic structure allowed a high mobility of the polymeric growing chain
to be obtained. The presence of flexible aliphatic chains is also the reason for the
low glass transition temperature achieved by the final ECO thermosets. The
DGEVA monomer has a rigid aromatic structure, which leads to thermosets with a
high Tg, however this rigid structure causes early vitrification during
photopolymerization, thus reducing the final epoxy group conversion.
Notwithstanding such an aromatic structure, the PHTE films showed a lower Tg
than DGEVA, which can be ascribed by the presence of a higher number of
hydroxyl groups in its chain. In fact, these -OH groups may have started a chain
transfer reaction which led to the formation of flexible ether chains. Therefore, this
study successfully proved the applicability of epoxy bio-renewable monomers in
the cationic photopolymerization field.

In the fourth experimental work, three different epoxidized cardanol-based
monomers were selected with different numbers of epoxy groups. The monomers
possess a good reactivity toward the cationic photocrosslinking process, as can be
seen from the final epoxy group conversion (64 — 72%) obtained from the FTIR
analysis. The Tgs of the thermosets can be modulated by changing the initial
aromatic monomer structure or the epoxy ring content in the resin. This part of the
work demonstrated the possibility of applying cardanols for the production of UV-
curable coatings.

The possibility of tuning the final thermomechanical properties of the films, by
simply selecting the initial monomer structure and the number of epoxy groups
present in the moiety, was further investigated in the fifth part of the work. In this
investigation, 12 different epoxidized vegetable oils (EVOs), with different
numbers of oxirane rings, were cationically phothocrosslinked. All the EVOs
showed a high reactivity and their final epoxy group conversion was always above
90%. It was then demonstrated, through both DMTA and DSC analyses, that it was
possible to modulate the Tg of the thermosets over a wide range of temperature,
from -19 to 50°C, by choosing EVOs with different epoxy contents.

The sixth work investigated the applicability of UV-curable EVO formulations
to create anti-corrosion coatings. In this work, three different coatings, obtained
from rosehip seed and from grapeseed, were analyzed. Although the coatings show
similar water contact angles and adhesion, they have quite different corrosion
protection effectiveness. The EVO with the highest epoxy index leads to the
formation of the coating with the best performances, that is, a high degree of
hardness, solvent resistance, and corrosion resistance. These results can be
explained by considering the high crosslinking density and Tg reached by this
thermoset. Furthermore, the combination of such properties may have delayed the
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water and salt diffusion through the coating, thus enhancing the barrier effect of the
coatings against the corrosive medium. Therefore, this study offered a complete
understating of the potentiality of using vegetable oils to produce coatings with anti-
corrosion properties.

In the seventh experimental contribution, the possibility of obtaining UV-
curable fully transparent films from MS was illustrated. The efficiency of the
photocrosslinking process was evaluated by analyzing the insoluble fraction (G%),
at different irradiation times. The G% plateau, which corresponds to the formation
of 79% of the gel insoluble fraction, was reached after 10 minutes. The success of
the UV-curing reaction was also proved by the results of the mechanical
characterization, in which the MS starch film crosslinked (MSC) was compared
with the just cast but not crosslinked film (MSU).

The MSC film showed an enhancement of the Tg of 10°C, and a 420% increase
in Young’s modulus and in the ultimate tensile strength values with respect to the
MSU. Moreover, the MSC coating has a high pencil hardness (7H), excellent
adhesion (99%), and good solvent MEK resistance (>200). Subsequently, the
biodegradability of MSU and MSC was assessed, by means of enzymatic
degradation, using a-amylase enzymes derived from Bacillus licheniformis. The
outcomes show that the degradation kinetics was not influenced by the crosslinking
reaction.

Therefore, we demonstrated the possibility of using MS as a starting material
to achieve new types of photocurable coatings with encouraging levels of
biodegradability.

The eighth work involved the DLP-printing of biobased composites made of
acrylated soybean oil (ASO) and macadamia nutshell powder (MAC). The high
reactivity of the ASO-MACI formulation was confirmed by means of both FTIR
spectroscopy and photorheology, although a slight UV-shielding effect was
observed as the result of the addition of a larger amount of MAC. Nevertheless,
high curing kinetics and double bond conversion were always achieved for all the
formulations. Complex 3D-printed objects with high resolution and CAD fidelity
were successfully obtained using a DLP printer. The enhancement of the MAC
content in the composites allowed a higher Tg and stiffer thermosets to be reached
with a maximum +660% increase of Young’s modulus. The formation of
homogeneous composites was assessed from FESEM images. The promising
results of cell adhesion and proliferation tests with human fibroblast cells conducted
on all the composites would seem to point out their potential applicability in the
biomedical field.

In the ninth experimental work, the RICFP technique was used for the
preparation of DGEVA resin composites, reinforced with either cellulose or flax
fibers. The RICFP reaction showed a fast front velocity in all the composites, which
led to a striking reduction of the processing time, compared to the conventional
thermo-curing process. The composites showed good thermomechanical properties
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and reached up to 130 and 140°C when linen or cellulose were used, respectively.
The biorenewable composites proved to have similar or even higher mechanical
properties than the corresponding petroleum-based CE composites, as shown by
means of the tensile test. Furthermore, the achieved mechanical properties are
comparable with previously reported data obtained for other natural-fiber
reinforced composites but cured using petroleum-derived epoxy resins.
Interestingly, the thermal and mechanical properties of the vanillin-based
composites increased as the fiber fraction content increased. This result indicates a
good resin-fiber adhesion, which was also confirmed by means of SEM analysis.
Thus, this work shows the possibility of applying the RICFP technique to produce
high-performance composites in a fast and energy-efficient way.

To conclude, the results presented in this thesis manuscript successfully provide
a full understanding of the potentiality of applying biobased monomers as
innovative precursors for photopolymerization processes. Indeed, the encouraging
outcomes can represent a stimulus for future investigation possibly targeting more
specific industrial applications.
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Appendix A

Al List of Abbreviations
ACy = acrylated y-cyclodextrin
AGU = Anhydrous Glucose Unit

ATR-FTIR = Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy

BAPO = phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
DLP = digital light processing

DMSO = dimethyl sulfoxide

DMTA = Dynamic thermal-mechanical analysis

DSC = Differential Scanning Calorimetry

E’ = storage modulus

E’’ = loss modulus

E’r = storage modulus values in the rubbery plateau region
E¢ = compressive young’s modulus

ECM = extracellular matrix

EVOs = epoxidized vegetable oils

EWC = equilibrium water content

FESEM = Field Emission Scanning Electron Microscopy
FTIR = Fourier transform infrared spectroscopy

G% = Gel content

G’ = storage modulus

G’p = the value of G’ in the plateau region

HFF = Human fibroblasts

HG = Hydrogels

Kic =toughness

LAP = bis(acyl)phosphaneoxilithium phenyl-2,4,6-trimethylbenzoyl phosphinate

LVR = linear viscoelastic region
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M’. = molar mass between two entanglements points
MA = Methacrylic anhydride

MB = Methylene blue

MS = methacrylated starch

NMR = Nuclear Magnetic Resonance

OHGs = Organo/hydrogels

ge = equilibrium adsorption capacity

gm = adsorption capacity at time t

RICFP = radical-induced cationic frontal polymerization
S = high amylose maize starch

SD¢q% = equilibrium swelling ratio percentage

SD% = swelling degree

Tand = loss factor

e = elongation at break

Ve = number of crosslinks

& = distance between two entanglements points

Ve = apparent cross-linking density
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