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Abstract

Polymer science was born as an answer to the ngaduce and to understand materials such
as plastics, rubber, adhesives, fibers, and paitithas been recognize as an interdisciplinary
field, combining theoretical and experimental knedge from areas such as chemistry, physics,
biology, materials and chemical engineering, dthak also been an industry of high levels of
innovation, leading the major investments in resdeaand development programs. The
continued use of finite fossil fuel resources hh#ted thinking towards the future energy
scenario of the world, and the polymer sciencermsescaped to the impact of this trend. The
interest in renewable resources is constantly asing, backed up by new environmental
regulations and economic considerations. Biomasdisidant, and polymeric materials based
on renewable biomass feedstocks represent a \adtielmative to fossil resources. The present
work aims to synthesize new, potentially bio-baskdrmosetting materials from biomass-
derived compounds, use them to prepare bio-basmundsetting resins, and investigate the
structure-property relations of the resulting potym In the first Chapter, background
information is provided about the current statusndustrial biomass, emphasizing on numbers
as well as on new governmental regulations aimingnipulse the use and study of biomass as
an alternative chemical feedstock. In the nexaptér, the cationic copolymerization of tung
oil, employing limonene and myrcene as comonomass, presented and discussed.
Characterization revealed that the resulting maltetiehave as elastomeric materials, with the

glass-rubber transition occurring at room tempeeatand modulus values in the order of MPa.



Chapter Il investigates the chemical modificatafrtwo different functional groups of biomass
derived materials; the carbon-carbon double boridagbycerides, and the hydroxyl groups of
phenolic compounds. These chemical modificationseveeldressed to introduce more reactive
functional groups able to polymerize and to prodonaerials with a better thermo-mechanical
performance. Testing revealed the deep impactthigathemical modification brings up to the
thermo-mechanical performance of these materigseating resins with properties similar to

those shown by commercial resins.

Chapter IV considers the preparation of interpextiety polymer networks or IPNs, a particular
class of hybrid polymer consisting of two (or moreyosslinked polymers. These
multicomponent polymer systems seek to combinebdst properties of two or more different
polymer networks in order to achieve a materiahvietter properties compared to their not-

interpenetrated counterparts. Materials with hmghenability were produced and vastly study.

Finally, in certain thermo-mechanically demandimgplecations, aromatic raw materials are
needed to impart the required properties to thentbset. The most available source of
phenolics in nature lies in lignocellulosic. Molémuaromatics can be obtained on a large scale
by means of new and arising biorefinery technolegi€hapter V evaluates the viability of
synthesizing a high performance bio-based epoxynpet using fast pyrolysis bio-oll

(containing lignin fragments) as a source of phienol compound.
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CHAPTER |

Introduction
Plastics, or synthetic polymers, are one of th& farimary man-made materials and they have
been applied in a variety of applications. Plassies made of raw chemicals that mainly include
petroleum based products of its refinery processtural gas, carbon, and other natural
compounds. Their impact in the modern society aaftrdéiced to research-related developments,
the discovery of new and innovative materials abléulfill the needs of the industrial sectors,
and the gradual substitution of heavier and lessaige materials, such as metals, glass,
ceramics, etc. Starting in the 1950s with the Wgraent of the macromolecular theory
developed by scientists such as Herman Staudingék. Carothers, Paul Flory, etc., the
worldwide production of plastic has shown an imaottincrease. In the following section, an
overview of the global plastic industry is giverhelgoal of the figures and details is to help

clarify the real perspective about the currentestditthe plastic industry.

1. Overview of the global synthetic polymer industy.

For the year 2012, the worldwide plastic consunmmpti@s of the order of 270 million tons, with
a turnover of around $1,100 billion or more (Talbl&). Over the past years, the global plastic
consumption has grown consistently, showing anageeannual rate that is consistent with this
trend. For the next years, this growth is estimatetlave an annual increase of approximately

5.5%, reaching an estimate average value of 400iomiltons by the year 2020 [1].



Table 1.1. Global plastic consumption for the y2@it2

Million tons %
Thermoplastics 215 80
Thermosets 30 11
Composites 10 4
Others 15 5
Total 270 100

Source:Biron, M. Thermosets and Composjt2814

Consumptions and growth rates widely vary accordinthe considered area. China and other
Asian nations are leaders in commodity plastic aargion, while North America and Western

Europe are leaders for engineering and speciadistios (Figure 1.1).

&+,

$%

Figure 1.1. Global production and demand of pladbi geographical area by percentage, 2012.
Source: The European House-Ambrosetti re-elabomnatibPlasticsEurope data, 2013].



1.2. Thermosetting plastics and composite materials

Thermosetting materials are polymeric materialst thare irreversibly. They are generally
stronger than thermoplastic materials due to ttleee-dimensional network of bonds (cross-
linking), and are also better suited to high-terapge applications up to the decomposition
temperature, however, they are considerably hrifiece their shape is permanent, they tend not
to be recyclable as a source for newly made plagticcording to the review “Global
Thermosetting Plastics Market - Segmented by Typeustry and Geography - Trends and
Forecasts (2015-2020)" [3], the global thermosgtyastics production was estimated to be
33.74 million tons in 2014, and is expected to hed&.96 million tons by 2020; showing a
compound annual growth rate of 3.7%. Asia-Pacificrently dominates the market for
thermosetting plastics followed by North Americadakurope. This increase is primarily
supported by the growth in the use of unsaturatggupethanes, phenol-formaldehyde and
amino/epoxy resins, to supply the needs of an asing number of markets from construction,
adhesives & coatings, electrical & electronics,oauttive & transportation and a number of
other segments or fields (Table 1.2). Table 1.2mshtihe annual consumption of thermosetting
materials in the world market.

Table 1.2. Annual Consumption of Major Thermos&80(Q tons and percentage), 2012.

USA Europe Asia World
kt % kt % kt % kt %
Polyurethanes 2500 36 2000 31 7000 61 14000 47
Unsaturated Polyesters 1500 21 1500 23 1700 15 550019
Phenolic Resins 1000 14 800 12 800 i 3000 10
Amino Resins 1300 18 1500 23 130( 12 5300 18
Epoxies 400 6 400 6 400 4 1500 5
Others 300 5 300 5 100 1 700 1
Total for major thermosets 7000 100 6500 100 1130000 | 30000 100
Total plastic consumption 270000
Major thermoset share of the 11%
plastic total

Source:Biron, M. Thermosets and Compos;jt2814



The mentioned thermosets represent 11% of glolzatipl consumption. Likewise, interest in
composite materials has constantly grown in thé thecades, striving for obtaining new
composites with superior mechanical strength, bélttermal and electrical properties, and high
resistance to external factors while reducing thegiht [4]. In most of the structural and
engineering applications, composites generally ame@ bulk phase (known as the matrix) and
a reinforcing phase (the reinforcement). The mamigvides the composite with its shape,
surface appearance, environmental tolerance andbtity by integrally binding the
reinforcement; being the last one the componenyicay most of the structural loads [5]. In the
case of polymer composites, matrix materials careitiger a thermosets or thermoplastics.
Common thermosetting polymers employed in compasdterials include polyurethanes, epoxy
resins and polyesters. Generally, their mechamediormance requires them to have modulus
values in the range of 0.025 to 6.0 GPa [6]. Wug to this direct link between the composites
and the polymeric materials that the compositesketarare highly influenced by the changes
and innovations in the macromolecular science. @asethese figures and future projections, it
is clear that the polymer industry plays a promtrrefe and is essential to a variety of industries.
Nowadays, most commercially available polymeric enats are derived from non-renewable
resources and account for approximately 7% of dgloband gas use [7]. It is the combination
of environmental awareness, the depletion of fdssitistocks and fluctuations in their prices, as
well as financial drivers and global policies tlgtve catapulted the utilization of renewable
resources as raw materials for the production dyrperic materials; and the generation of
biomass-derived materials with properties similar those shown by their commercial

counterparts remains as a challenge in the acaderdindustrial sectors.



1.3. Challenges for the future and innovation of th polymeric materials.

The polymer industry traditionally has been an arfeligh level of innovation, leading to major
investment in research and development programespponse to modern day needs, such as low
cost, high performance, recycling, light weightddow environmental impact. In the future,
green composite materiadsd bioplastics will be two further important sestaBioplastic is a
term that has been coined as a term for descriflengfic derived completely, or partially, from
biological and renewable raw materials insteadogsil fuels (carbon, crude oil and natural gas)
[2]. The term bioplastic depicts a chemical procdssing which microorganisms that are
available in the environment convert materials intdural substances such as water, carbon
dioxide, and compost. The process of biodegradat®ondependent on factors such as
environmental conditions, material, and applicatido illustrate the distinction between these
two terms, Figure 1.2 shows the European Bioplasiim-axis model, that encompasses all

plastics types and combinations [8].
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Figure 1.2. Plastics classification

Source:http://www.european-bioplastics.org/bioplastics/




The horizontal axis shows the biodegradabilityhs plastics, whereas the vertical axis depicts
the source from which the plastics are producea plastics are therefore divided into four
different groups, which include plastics which amnet biodegradable and made from
petrochemical resources, biodegradable plasticen frenewable resources, biodegradable

plastics from fossil resources, and non-biodegriedallastics from renewable resources [9].

In 2011, the global production of bioplastics wa2 tillion tons, and it is expected to increase
up to 5.8 million tons in 2016. Asia (34.6%), Latkmerica (32.8%), and Europe (18.5%) are
the worldwide leaders of bioplastics. It is clelatt fossil sources are still required for the
production of major part of the polymers, as on¥y 6f chemicals are currently produced from
renewable feedstocks [10]. However, the applicabbmatural chemicals as feedstock for the
manufacture of polymers is steadily increasing. if@kinto account the great diversity of

biomass; consisting of polysaccharides, aromatmepmunds, triglycerides, proteins, etc., a great

number of alternative monomers and novel polymermatentially accessible [10].

1.4. Biomass as an alternative to produce “green rexials”

Biomass is considered the most abundant naturaures with an annual production of 1.3

billion dry tons in the U.S.A. [11]. Biomass is aoyganic matter that is renewable over time,
and in the context of energy it is often used tamplant-based materials such as agricultural
residues, forestry wastes, and energy crops [1Bf World energy crisis has led to the
development of programs that have provoked extengi®search programs on biomass
conversion. The U.S. Department of Energy (DOE) #ral U.S. Department of Agriculture

(USDA) have prioritized the development of bioeneagd bioproducts, and they have a goal to



produce 18% of the current U.S. chemical commalitiem biomass by 2020, and 25% by 2030
[11,13]. Increased research on the utilizationighdcellulosic biomass to produce bio-based
resins has also been the subject of industriaepreneurships. On 2012, the nova-Institute in
Germany released the results of a market study ddfdm-based polymers in the world -
production, capacities, and applications: status apd trends towards 2020” [14]. This market
report is continually updated, and it is considetesimost comprehensive study in this field ever
made. It is the first time that a study has lookeévery kind of bio-based polymer produced by
247 companies around the world. One of the mosbitapt sets of information is given in the
following Table (1.3), which gives an overview bktaverage biomass content of the bio-based
polymers currently developed by some industries glbbal level.

Table 1.3. Average biomass content of the bio-baségners currently developed.

Bio-based polymers Average biomass content Producing companies
of the polymer until 2020
Cellulose Acetate 50% 9
Polyamide Rising to 60% 14
Polybutylene Adipate Terephthalate Rising to 50% 3
Polybutylene Succinate Rising to 80% 11
Polyethylene 100% 3
Polyethylene Terephthalate 30 to 35% 4
Polyhydroxyl Alkanoates 100% 14
Polylactic Acid 100% 27
Polypropylene 100% 1
Polyvinyl Chloride 43% 2
Polyurethane 30% 10
Starch Blends 40% 19

Source: Bio-based polymers in the world - produtticapacities, and applications: status quo anchdi® towards

2020



The report shows that the production capacity ofdased polymers will triple from 3.5 million

tons in 2011 to nearly 12 million tons by 2020. Maylayers in bulk biopolymers production
include companies like Metabolix, Dow Chemicals,viimont, Cereplast, Teijin, Natureworks,
Hisun, Tianan, Plantic, Innovia, Proter & Gambleni€ka, and Arkema [15]. In the case of

bioplastics, some mayor companies include BASF,ddtiBnd Braskem [16].

According to this results, it is clear that theywelepment of green polymers is growing, and that
it is supported not only by the industrial sectdmst also by governmental entities and agencies.
In the case of the academic field, the worldwideenest in bio-based polymers has increased
progressively in the past years, as the advancéschmology have generated an accumulated
experience, allowing the development of new routesproduce bioplastics to reduce the
dependency on fossil fuels. As an example of th@udon of this field, a search of the Web of
Science database using the words “polymers frorewable resources” identified a total of
more than 1500 scientific articles currently avalgaon the subject. Figure 1.3 shows that there
has been an exponential growth in the last 20 yeatls approximately 86% of them published
in the last decade, clearly evidencing the increpsiterest in this promising field. Concerning
the countries, the USA leads the trend in publacetiin the bioplastic development, ranking first
with approx. 23 % of the more than 1500 papers nnagcthe online search, followed by

countries like Spain, Japan, and China.
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Figure 1.3. Trend of publications for polymers froemewable resources
Source: Thomson Reuters, May 2016

Within the academic field, it has been a general gmdevelop renewable polymers by replacing
and resembling the existing polymeric materialsveel from petroleum chemicals. Over the last
decade, extensive and comprehensive reviews hage peblished. Some of these studies
include the review of the catalytic reactions thalp to transform carbohydrates, vegetable oils,
animal fats, and terpenes into valuable or potiyptealuable chemicals [17,18]. Also, current

methods and future possibilities for obtaining sortation fuels from biomass are extensively
discussed by Huber, Iborra, and Corma [19]. lmpaortant to highlight that some efforts have
been developed to compare materials based on réfewesources and petrochemistry-based
materials with respect to their ecological potdr{8]. Likewise, scientific findings concerning

the recycling of bioplastics, their blends and theplastic biocomposites; have been reviewed
by Soroudi and Jakubowicz [21]. According to th&atural molecular biomass origins, some of
the monomers that have been studied as substi@itEssil-based materials can be classified
into four different categories based on hydrogembaon, and oxygen compositions, which are

detailed in Table 1.4.



Table 1.4. Classification of mayor molecular biomas

Natural Molecular Biomass

Hydrocarbon-rich Hydrocarbon Non-hydrocarbon
Oxygen-rich biomass
biomass biomass biomass

Carboxylic Acids Vegetable Oils Ethene Carbon Ddexi

Polyols Fatty Acids Propene Carbon Monoxide
Dianhydroalditols Terpenes Isoprene

Furans Terpenoids Butene

Resin Acids

Source: K. Yao, C. Tang, 46 (2013) 1689-17

As a general trend, there are three major pathw@ysoduce monomers (or their precursors)

from natural resources, which include and molecbiamass direct from nature, fermentation or

biological transformation, and chemical transforioratof natural polymers [22]. Figure 1.4

depicts a scheme of the three approaches to ob@micals for the polymer industry. In the

following section, the molecular biomass directnirmature and chemical transformations are

discussed more in depth than fermentation, whicbrisfly described, due to their significant

role in the production of the monomers and preasrstudied in this work.
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Figure 1.4. Major pathways to produce monomersh@ir precursors) from biomass

1.5. General pathways towards synthesis of renewabimonomers.

1.5.1. Molecular biomass direct from nature.

Different from the compounds obtained through psses such as fermentation or chemical /
thermal degradation, there is a considerable amotidhemicals or precursors that can be
directly obtained from nature. This pathway alreathnds as one of the cornerstones for using
renewable resources, both on large (pulp, paper sacth industry) and on small scale

(production of fine chemicals). Within this categoa rich pallet of monomers structures such as
terpenes, rosin, sugars, polycarboxylic acids anth@acids, furans, and vegetable oils can be
exploited as a source of materials for macromokuidustry. Since a considerable part of the
experimental work described in this manuscript sl@ath the use of vegetable oils as a platform

for polymeric materials, the next paragraphs reviasic information regarding the reasons why
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these compounds have awakened great interest @snalide and green materials. Also, other

types of chemical precursors obtained from bionaassonsidered and reviewed.

Oil based bio-products

In the year 2000, the production of oils and fateanted to 17.4 kg per year per capita and a
growth rate of 3.3 % per year was estimated. Thal taworldwide yearly production of
renewable materials was over 110 million tons i020(and vegetal oils constitutes the 80 % of
this production (the remaining 20 % being anim&)aOnly 15.6 million tons (around 15 per
cent) of these raw materials are used as precuistie synthesis of new chemical commodities
and materials [23]. Nowadays, their main applicaties in the field of biodiesel, which can be
used as an alternative engine fuel. However, censiddle work on polymers derived from plant
oils have been performed in the last few years2Z4,Vegetable oils are hydrocarbon rich
compounds that are liquid at room temperature andtlgn composed of triglycerides. These
chemical compounds have a three-armed star steugtuwhich three fatty acids are joined at a
glycerol junction (Figure 1.5), and these fattydsccontribute from 94 — 96% of the total weight
of one molecule of triglyceride [25]. The chaindém of these fatty acids can vary from 14 to 22
carbons and contain 0 — 5 double bonds situatetiffatent positions along the chain and in

conjugated or unconjugated sequences [23].

T

/&
R; O

Figure 1.5. Structure of a triglyceride. Wherg R,, and R are fatty acid chains.
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Table 1.5 collects the 16 most important oils wiibir specific chemical structures. All of the

mentioned oils do not include conjugated doubledsan their structures (polymers, monomers,

composites).
Table 1.5. Names and double bonds positions of comfiaity acids.
Chain length : number Systematic name Trivial name Double bond positjon
of double bonds
12:0 Dodecanoic Lauric -
14:0 Tetradecanoic Mystiric -
16:0 Hexadecanoic Palmitic -
18:0 Octadecanoic Stearic -
18:1 9-Octadecanoic Oleic 9
18:2 9,12-Octadecanoic Linoleic 9;:12
18:3 6,9,12-Octadecanoic 4 linolenic 6,9,12
18:3 9,12,15-Octadecatrienoic linolenic 9,12,15
20:0 Eicosanoic Arachidic -
20:1 Eicosanoeic - 9
20:4 Eicosatetraenoic Arachidonic 5,8,11,14
20:5 Eicosapentaenoic EPA 5,8,11,14,17
22:0 Docosanoic - -
22:1 Docosenoic Euric 13
225 Docopentanoic DPA 7,10,13,16,19
22:6 Docosahexanoic DHA 4,7,10,13,16,19

Source:A. Gandini, M.N. Belgacem, Monomers, Polymers aman@osites, Elsevier, UK, 2008

As shown, some fatty acids are saturated (havingdowble bonds). On the other hand,
unsaturated fatty acids can have one or more tmendouble bond in their structure. It is
important to mention that, additionally to the abalescribed oils, some naturally fatty acids
have different organic functional groups attachedthie hydrocarbon backbone, such as
hydroxyl, epoxy, and triple bonds. This structudalersity, as well as the number of double
bonds and their position within the aliphatic chatrongly affects the chemical and physical
properties of the oils [26]. When vegetable oile ased as a source of monomers to produce
polymeric materials, the double bonds, allylic piosis, ester groups and other functional groups

are the main targets of chemical reactions [27].
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During the last decade, a variety of oil-based mpasc systems have been developed and
studied, mainly address to replace or diminish tise of existing petroleum-based resins.
Unmodified plant oils have been used to preparewable polymers by thermal [28], and
cationic [29] polymerization methods. Copolymenaatis a common practice in polymer
science, and it is used to modify the propertiesiahufactured plastics to meet specific needs of
the market and final application. Plant oils haw# been an exception to this approach, and
several investigations have been published conogiie copolymerization of unmodified oils
with common crosslinking agents such as styrenejnylbenzene, norbornadiene, and
dicyclopentadiene [30,31]. Less common commeragahé such as 4-vinylphenyl boronic acid
and tris(4-vinylphenyl)boroxine have been also ®dd[32]. By varying the structure and
stoichiometry of the alkene comonomers and the tedige oils, polymers ranging from soft to
hard rubbers can be obtained. Howeveis approach generates partially bio-based resing,
for obtaining more rigid and crosslinked materialigher amounts of these expensive

commercial comonomers are required [33].

Due the richness of the hydrocarbon chemistry, re¢wal-based polymeric materials can be
synthesized by introducing new functional group®tigh reactions or chemical modifications.
Most of the natural unsaturated oils conteis-configured alkenes allowing, in principle, the
application of well-known reaction of petrochemicalkenes. Remarkably, only very few
reactions across the double bond of unsaturatedacd currently applied in chemical industry.
The key concept behind chemical modification isetach a higher level of molecular weight and
crosslinking density, factors that are known topdgempact stiffness in the polymer network

[34]. This can be accomplished by several pathwlg@n natural triglycerides, it is possible to
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attach maleates [35], epoxy [36], acrylate [37lyl@l double bonds [38], amine [39,40], and
hydroxyl [41] functionalities. Such transformatiomske the triglyceride capable of reaction via
ring opening, free radial or polycondensation neast which are common mechanisms to
polymerize commercial monomers. These approachedvim the modification of triglycerides.

A different method of chemical modification is tonvert the triglyceride into monoglycerides
through glycerolysis or amidation reactions. An emsion of this method implies the
functionalization of the unsaturated sites, andnttee reduction of the triglyceride into

monoglycerides. These derivatives have found apfpios as coatings [34].

Recently, relatively more advanced polymerizatioatinods such as ring opening metathesis
(ROMP) of modified oils containing norbornene mties have been employed to prepare
macromolecular materials out of vegetable oils [42kewise, in the composites field, glass
fiber bio-based composites have been prepared dysdme technique using a vegetable oil
derivative bearing an unsaturated bicyclic moiatd dicyclopentadiene [43]. A thorough and
vast review about possible reactions using oil fatsl as substrates is given by Biermann et al.
[44]. From the literature review, it was been vergar that all of the above mentioned
approaches lead to polymeric materials which atdully, but partially, derived from biomass.
Evidently, there is a need to provide materialshvitgher contributions of biomass derived

compounds per weight basis.
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Terpenes

In contrast to common petroleum derived monomergte plastic industry, such as ethylene
with a molecular weight of 28 g/mole; triglycerideistained from plant oils can be considered as
organic “macromonomers”, with molecular weights @gghing 880 g/mol. As previously
stated, triglycerides are composed of chains witluraber of carbon atoms ranging to 14 to 22
attached to a glycerol core, and these chainstatally mimic the behavior of olefins such as
ethylene, propylene, and isoprene. As one of thgormelasses of petroleum chemicals,
cycloaliphatic, and aromatic compounds such agsgrdivinyl benzene, etc. confer rigidity and
hydrophobicity to the polymers derived from thenb][4Besides from biomass refinery,
compounds structurally resembling cycloaliphatiad aaromatic compounds can be directly
obtained from biomass. Within this category, itak worth to mention the possibility of
exploring terpenes, terpenoids, and rosin as & @ésmportant bearing cyclic and aromatic
structures. A vast review about sources, strucincereactivity of rosin is given by Maiti, Ray,

and Kundu [46].

Terpenes are unsaturated aliphatic structuresppredntly derived from turpentine, the volatile
fraction of resins exuded from conifers. Turpedpreduction amounts to approx. 350 000
tons/year. Most terpenes have a cycloaliphaticctira with isoprene (§Hg) as a carbon
skeleton building unit, and they can be classifiedording to the number of isoprene units [23].
Terpenoids can be considered as modified terpeviesein methyl groups have been moved o
removed, or oxygen atoms added [45]. Terpenes good starting material for the synthesis of
fine chemicals due to their similar carbon skeletdonoterpenes such as Pinene and Limonene

(which represent more than 90 % of the orange @éelare abundant and inexpensive and have
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been extensively used as chemicals for fragrarilzegrs, pharmaceuticals, and solvents [47].
Concerning their use as starters of polymeric matgvery few of these compounds have been
the subject of studies. In Chapter II, cationic @gmerization of tung oil (a natural vegetable
oil) with three different terpenes; such as limamemyrcene and linalool as reactive
comonomers is studied and discussed. No other $tasliypeen reported on copolymerizing plant

oils with terpenes.

Sugars and starch bioproducts

As previously presented, the diversity and the @widle production capabilities for renewable
and sustainable biomass are enormous. These twaySaalong with governmental legislations
mandating increases in the gross domestic and &) chemical production from renewable
resources, are contributing to the intensified rege in the development of technology and
processes for biomass valorization. From long dge, chemical literature on this topic has
mostly focus on the use of biopolymers, primaritygroducts obtained from cellulose [48]. The
use of lignin, plant oils, terpenes, sugars, podymis and other biomass derived compounds as
chemical intermediate platforms to develop polymenaterials with potential structural and
composite applications stands up as a field in widonsiderable scientific research can be

developed.

Concerning sugar and starch bioproducts, novebbged high functionality epoxy resins have
been synthetized by the epoxidation of sucrosassésins of vegetable oils fatty acids [49].
The same research group extended their work uspentherythritol, and tripentaerythrytol as

core polyols that were also substituted with epi@ed soybean oil fatty acids [50]. Relatively
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recently, Chrysanthos, Galy and Pascault [51], ld@esl a bio-based epoxy network from

isosorbide diglycidyl ether via epichlorohydrin thaimics the structure of the well-known

diglycidyl ether of bisphenol A (DGEBA). An overwieof advances in sugar-based polymers is
given by Feng et al. [52]. Starch has also impathedpolymers technology. In starch-based
bioplastics starch is fully utilized with a yieldery close to 100 %, whereas in starch-derived
bioplastics (synthesized from monomers resultimgnfthe fermentation of glucose syrup). The
yield is generally less than 45 %. Polymers basestarch have a wide range of final properties,

being as flexible as polyethylene or as rigid dygigrene [53].

Cellulose derivatives, fibers, and plastics

In the case of cellulose, making pure celluloseplaistics from bio-sources is still highly
challenging due to the fact that it has a strorgy lghly structured network that cannot be melt
or dissolved by standard process such as thermofgrmor dissolution [54]. Due to this
limitation, cellulose has been used as filler favdegradable plastics and composites. Goffin et
al. [55] incorporated cellulose nanowhiskers intolyfactide based composites. Likewise,
recycled cellulose fibers have been combined wébtdrial polyester, PHBV, by melt mixing

technique [56].

1.5.2. Fermentation or Biological Transformation
In these processes biological agents take ovetalie of facilitating the synthesis of products.
This is the most-developed pathway to transformmigies into monomers via fermentation of

carbohydrates [22]. An extensive review considetiing use of carbohydrates as a source of
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compounds such as lactic acid, acids and alcohglsnieans of fermentations and

biotechnological conversions is given by Lichteteh$b7].

According to the biorefinery scheme described mliomass program of the US Department of
Energy [58], part of the biomass is converted telfwia thermal treatments (pyrolysis and
gasification), and the other is converted by ferraton or chemo-catalytic routes. Table 1.6
provides the 12 platform chemicals that have bdentified by the US Department of Energy as
starting materials to produce chemicals and polym@aterials via catalytic routes [58]. The

fermentation processes employed for the synthdsserae of these chemicals are pair with the
advances in genomics and bioprocess engineeringrewiew genetically modified bacteria or

yeasts continuously improve their production.

Table 1.6. Platform molecules identified by the tddiStates Department of Energy.

Aspartic acid 1,4-Diacids (succinic, fumaric, malic)
Glutamic acid 3-hydroxypropionic acid
Levulinic acid Glycerol
2-hydroxypropionic acid Sorbitol
2,5-Furan dicarboxylic acid Xylitol / arabitol
Glucaric acid 1,4-Diacids (succinic, fumaric, malic
Itaconic acid 3-hydroxypropionic acid

Source: P. Gallezot, Catal. Today. 121 (2007) 76-91

From Table 1.6, glycerol needs to be highlighte@ asluable carbon source for the production
of fuels and chemicals. It is a byproduct generateding both bioethanol and biodiesel
production processes, and the massive growth aketiwo industrial has led to a decrease in

crude glycerol prices [59]. By means of anaerobitnientation, the use of glycerol permits the
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co-production of ethanol and formic acid (or etHamand hydrogen), 1,3-propanediol, 1,2-

propanediol, succinic acid, propionic acid, ethaarad butanol [60].

1.5.3 Chemical transformation of natural polymers.

This pathway involves degradation and transfornrmatd natural materials by means of two
main approaches, the chemical treatments and tentthemical degradations, which are
shown in Figure 1.6. The main challenge for biorefy is the efficient, economic, and
sustainable design of pretreatment processes aljpwreaking and opening the complex
lignocellulosic structure to facilitate the obtemtiof chemicals and fuels [61]. These chemical
treatments have gained attention as promising mdsttio improve the biodegradability of
cellulose, by removing the lignin and hemicelluldsactions. Common chemical treatments
require agents such as oxidizing agents, alkalilsaorganic solvents, etc. able to break bonds,
and thus lowering the degree of polymerizationbyextracting certain compounds of interest,

such as oligomers, alcohols, glucose, xylose [€8;63].

In spite the progress in the chemical treatmeriig, thermo-chemical conversion remains
dominant because the technologies applied to thgersion of biomass into energy and fuels
are characterized by a highly efficient and susitali& operation with low environmental impact
[62]. Biomass can be thermally treated by gasificator pyrolysis. With these processes,
complex macromolecules found in biomass are brakém smaller molecules in gaseous or
liquid state (with remaining solid products suchaak and carbon), which can subsequently be

used as building blocks for further chemical sysis¢64].
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Figure 1.6. Chemical transformation of biomass

Source: Adapted from R. Garcia, C. Pizarro, A.GvibaJ.L. Bueno, Bioresour. Technol. 103 (2012)-2838.

Amongst all renewable sources, biomass is the madgurce that can be directly converted into
high value end products using thermochemical camwertechnology [65]. These technologies
rely on lignocellulosic biomass feedstocks (agtimal residue, forest residue) that do not
compete with food sources to form various fuels @hémicals [66]. The thermochemical
conversion of biomass to produce useful end pradinotn initial feedstock can be achieved by
six different conversion techniques: pyrolysis, ifyegation, combustion, co-firing, liquefaction
and carbonization [67]. Biomass pyrolysis, havingpag history of usage, has emerged as a
frontier research domain. It is generally definedtlae thermal decomposition of the biomass
organic matrix in non-oxidizing atmospheres resgltin liquid bio-oil, solid biochar, and non-

condensable gas products [68]. Depending on thinlgeate and solid residence time, biomass

21



pyrolysis can be divided into three main typesludmg slow pyrolysis, fast pyrolysis, and flash

pyrolysis [69].

Bio-oil is a product of fast pyrolysis process, @is a dark brown, free flowing organic liquid
mixture. Bio-oil generally comprises a great amowft water, and hundreds of organic
compounds, such as acids, alcohols, ketones, aldshphenols, ethers, esters, sugars, furans,
alkenes, nitrogen compounds and miscellaneous ogyge, as well as solid particles [70]. The
abundant output of reviews and research papersi@oilb in the last years is a glaring
indication of the vigorous growth of this area. Agaa search of the Web of Science database
using the words “pyrolysis bio-oil” identified at&d of more than 3000 scientific articles
currently available on the subject that were piigles in the last decade (Thomson Reuters
2016). Most of these investigations are concemdti the optimization of the pyrolysis
parameters [68], as well as the use of bio-oil iasfuels [71,72], as an alternative to heat and
power generation [73], hydrogen production [74]d asalued-added chemicals [75]. Due to the
complexity of bio-oil and the multitude of its cooments (which in turn depend on the source of
biomass, type of pyrolysis, temperature, residdime, etc.), analysis of bio-oil content often
employs instrumental techniques such as gas chogmagthy (GC), gas chromatography-mass
spectrometry (GC-MS), nuclear magnetic resonanddRN etc. The following Table (1.7)

depicts a model chemical group classification fordil derived from wheat-wood sawdust [76].
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Table 1.7. Chemical classification of bio-oil comeats

Chemical Classes Amount present in bio-oil (%)
Hydrocarbons 2.6
Low molecular weight fatty acids/esters 13.7
Hexadecanoic acid 23.6
Furanoids 3.2
Pyranoids 1.2
Benzenoid hydrocarbons 2.6
Oxygenated benzenoids 14.6
Low mol. wt. alcohols / aldehydes / ketones 1.7
High molecular weight alcohols 19.5
High molecular weight waxy compounds 21

Source: K. Jacobson, K.C. Maheria, A. Kumar DalR&new. Sustain. Energy Rev. 23 (2013) 91-106.

All these components are derived primarily from algmerization and fragmentation reactions
of the three building blocks of lignocellulosic hiass: cellulose, hemicellulose, and lignin. The
phenols, guaiacols, and syringols are formed frioenlignin fraction. Miscellaneous oxygenates,
sugars, and furans are produced from cellulosehamdicellulose. The esters, acids, alcohols,
ketones, and aldehydes probably form as bi-prodottshe decomposition of oxygenated
compounds, furans, and sugars [19]. As seen, thps®ysis technologies based on biomass
refinery appear as a good alternative to stand sigsstainable way for chemicals biosourcing.
However, in spite of the potential of the wood cheais and forest derivatives, the biomass
refinery still facing several challenges that hdiveited its spread and extensive exploitation.
These factors include the feedstock diversity, l@ssncollection and transportation logistics,
seasonal variation, lad usage, compatibility wéfinery infrastructure and facilities, market and

economic viability, sustainability and consiste@Rinvestments [77].
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Concerning the last factor, government, academraj adustry have made significant
contributions in developing feedstocks and techgiel® to impulse biorefinery. Nevertheless,
many of these technologies remain in early stafjeewelopment. This stands as the key reason
why only very few studies considering the use afrélinery products in the polymer synthesis
have been reported. On-going and consistent sypachteved through research and scientific
understanding, is essential to promote the deveboprof this field and to make biorefinery a
profitable industry. In traditional bio-refineryth@nol has provided opportunities to produce
hydrocarbon fuels and varieties of chemicals basitke application as fuel or fuels additive.
Ethanol can be converted into diethyl ether, etglehigher hydrocarbons or aromatics over
zeolites catalysts [78]. Likewise, efforts have rbedso focus on bio-butanols as a source of
chemicals and chemicals. At present, butanol hasla range of market potentials as precursor
of solvents like butyl acetate, dibutyl acetatetybglycol ethers and butyl propionate. The
isobutanol has also potential as feedstock forhstidt rubbers, plastics and polyesters; such as

butyl acrylate, butyl methacrylate and butyl vieyher [78].

In the case of lignin, only small amounts of thiaterial are presently used for commercial
purposes. Almost all lignin that is currently conmially used in non-energy applications is
ligno-sulfonate produced from spent sulfite pulpliggieurs in cement applications [79]. Issues
related to low reactivity associated to steric hamte have surrounded the lignin for a long time;
however efforts to use lignin for the production esfhanced composites, carbon fibers, and
nanomaterials are found in literature [80]. Regagdihe use of bio-oil as a source of chemicals
for macromolecular synthesis, very few studies hia@en published so far. Bio-oil chemistry

still in an early stage of development, and corrsiblie work needs to be performed in order to
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make it a profitable and fruitful source of chentsc#s it will be detailed later in Chapter V, this
fact opens up a huge opportunity to perform sdienesearch on this field; and the crude bio-oil
could serve as raw materials for the obtention @nediuction of specialty chemicals and resins,

such as epoxy, phenol-formaldehyde, polyuretharrglie, etc.

Presently, the use of bio-oil in the polymer sceerias been addressed to partially replace
commercial resins. Wei et al. (2014) studied the afsbio-oil derived from switchgrass to cure a
commercial epoxy EPON 828 resin. Liquefaction tiamel temperature, as well as the optimal
epoxy / bio-oil ratio were studied [81]. On the sawerge, Celikbag et al (2014) employed bio-
oil derived from loblolly pine to also crosslink BR 828 [82]. The effect of the liquefaction
temperature and time on the hydroxyl number, as agits impact of the thermo-mechanical

properties of the obtained materials were assessed.

Recently, vanillin and its derivatives have attegicattention as renewable building blocks for
high performance polymers, mainly because of itsmatic nature. Vanillin, and similar
aromatic compounds, has been identified in pyrslyso-oils [83]. Zhang et al. copolymerized
bio-monomer-methacrylated vanillin with acrylatedylsean oil at different ratios [84]. The

materials were studied by dynamic-mechanical amgl{fsermo-gravimetric and tensile tests.
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1.6. Research objective

According to what has been reviewed, it is cleat ttne development of green polymers is
growing, and that it is supported not only by thdustrial sectors, but also by governmental
entities and agencies. In order to approach tipdogation of natural resources as a source of
raw materials for the polymer industry, four ditat strategies can be defined [85], namely:

(1) The preparation of monomers which are alreadgely used, as obtained from fossil
resources.

(2) The synthesis of polymers which are intendedsitaulate the performance of existing
counterparts from non-renewable sources.

(3) Original materials with novel properties anglagations.

(4) The chemical or physical modification of natupalymers with the intent of improving or

radically modifying their pristine properties.

The second strategy constitutes the corner stottefesearch, and can be used meaningfully in
the construction and understanding of the work ithatesented in the following sections; which
deal with the synthesis of novel polymers, intendedimulate the performance of existing
counterparts from non-renewable sources. Theretheepbjective of this project is the use of
monomers or macromonomers derived from the biomaksih bear reactive sites that can be
exploited, as such, or after appropriate modifaradi to generate novel macro-molecular
architectures. Many studies have revolved arouadivelopment of biomass derived materials;
however, the obtention of polymers with good themm&chanical properties remains as a major
challenge, as well as the development of matewdls higher contributions of biomass-derived

compounds per weight basis. This research stands &ffort to contribute to overcome these
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difficulties, by producing biomass-derived thernttiag polymers with properties comparable to
their commercial counterparts. This document isdeie into five sections. The first one explains
the overall organization of the work. The resttioém present an introduction, which main
purpose is to provide an insight about the majeotétical and technical aspects of the contents

and experimental results that are subsequentlylekbta

The second section discusses the cationic copolgatien of tung oil, imonene and myrcene as
comonomers, initiated by boron trifluoride. Dynamm@chanical analysis (DMA) revealed that
all copolymers behave as thermosets. FTIR speotréddth copolymers, after extraction with
dichloromethane, suggested that the major compafehe insoluble fraction was reacted tung
oil (a cross-linked triglyceride network). Likewisgnreacted tung oil was found to be the main
component of the soluble phase. Also, all the cgpels showed only one tarpeak, indicating

no phase separation. Glass transition temperaligkeifcreased with the myrcene content and
decreased almost linearly as the limonene contem¢ased. Furthermore, the Fox and Loshaek
model showed a relatively good prediction of the viadues of the polymers. The Young's

modulus ranged from 33.8 to 4.7 MPa for all testetimosets.

The third one focuses on the chemical modificatbtwo different functional groups of biomass
derived materials; the carbon-carbon double boridagbycerides, and the hydroxyl groups of
phenolic compounds. These chemical modificationseveeldressed to introduce more reactive
functional groups able to polymerize and to prodonaerials with a better thermo-mechanical
performance. Efforts are centered on the epoxytiomal groups, and the feasibility of using

step-growth or chain-growth polymerizations foritlenversion into macromolecular materials
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is also assesseldinseed oil was epoxidized using a peracetic aenkgatedn situ from reaction
between acetic acid and hydrogen peroxide, meaawhikesorcylic acid was reacted with
epichlorohydrin in alkaline medium using benzylindammonium chloride as phase transfer
catalyst. The epoxy content of the modified mon@neas measured by means of a titration
using HBr in acetic acid solutiprand thegrafting of epoxy functions onto the monomer's
structure was studied by FTIR. The epoxidized @gives of -resorcylic acid and linseed oill
were cured in epoxy polymer with DMPA. Thermo-meathbal characterization showed that the
obtained materials behave as thermoset amorphdym@s, exhibiting moduli values in the
order of Giga Pascals at room temperature and glassition temperatures above 1@ SEM
images confirmed the glassy brittle nature of tlatemals and revealed possible thermodynamic
incompatibility of these two compounds. When compato samples of commercial origin,
testing showed the mechanical properties of tlydytidylated -RA based resins are similar to

those shown by EPON 828 epoxy resin.

The fourth focus on the synthesis of interpenetgapolymer networks (IPNs) using an epoxy
phase synthesized either from linseed oil @esorcylic acid, and an acrylate phase employing
acrylated soybean oil are the main focus of thiglyt Thermo-mechanical characterization
showed that the obtained materials behave as tlsetmaonorphous polymers, and that both the
modulus and glass transition are extremely depdratethe epoxy/acrylate weight ratio, as well

as on the chemical structure of the epoxy monomniarshe case of the systems epoxidized
linseed oil / acrylated soybean oil, the mechanpraperties of the IPNs were not superior to
those of the constituent polymers as a result @fpllasticizing effect of the triglyceride flexible

chains in the macromolecular assembly of the IFswvever, IPNs based on epoxidized
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resorcylic acid and acrylated soy bean oil providedsiderably better mechanical properties
than the system epoxidized linseed oil and acrglatey bean oil. For the-resorcylic acid and
soy bean oil system, modulus values ranged fromtd 3.3 GPa at 30C, and glass transition
temperatures ranging from around 58 °C to appr8g. °C. Both parameters were affected by
the epoxy/acrylate ratio, showing an increase as époxy proportion was enlarged.
Interpenetrating networks containing equivalentghieiproportions of the parent resins showed

the highest fracture toughness of the series, #iigla K value of around 2.1 MPafh

The final section discusses the use of fast pyioly®-oils as precursors of thermosetting epoxy
resins. In this context, with the objective to $wtize a high performance bio-based epoxy
polymer, fast pyrolysis bio-oil (containing lignifragments) was employed as a source of
phenolic compounds in the production of a bio-bapetymeric network. The bio-oil was
reacted with epichlorohydrin and an aqueous salutibsodium hydroxide in the presence of
benzyltriethylammonium chloride as a phase transfgalyst. The amount of free phenolic
hydroxyl groups before and after modification wasmntified through P-NMR spectroscopy;
and the epoxy content of the bio-oil upon chemigattionalization was measured by means of
a titration using HBr in acetic acid solution. Giad of epoxy functions onto the monomer's
structure was studied by FTIR. Likewisejresorcylic acid was also modified with reactive
epoxy moieties and used as a model to study théanemal behavior of phenolic-based epoxy
polymers The epoxidized derivatives of the bio-oil were acume epoxy polymer with DMPA.
Thermo-mechanical characterization showed thatottt@ined materials behave as thermoset
amorphous polymers, exhibiting moduli values in ¢tihéer of Giga Pascals at room temperature

and glass transition temperatures above 100 °C.
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CHAPTER II

Renewable Thermoset Copolymers from Tung Oil and Naral Terpenes

1. Introduction

The search for sustainable chemistry has led todtheelopment of new synthetic routes to
produce polymers from renewable resources. Latedyticular attention has been paid to
biomass as a source of a wide range of biomateAat®ngst many biomass derived materials,
it is important to highlight the potential use @&getable oils. The employment of these materials
as platform chemical for polymer synthesis has ist\advantages, which include availability,
inherent biodegradability, high purity and low toixy [1]. Vegetable oils or triglycerides are
fatty acid esters of the triol glycerol. Basically, fatty acid consists of a hydrophobic
hydrocarbon chain with a hydrophilic group at omel.eThe degree of unsaturation varies
according to the composition of fatty acids presgntiouble bonds. This value, one of the most
important parameters in the chemistry of fatty a@dd triglycerides, can be calculated through
the iodine value, a structural index which has bestated to various physical and chemical

properties and has served as a quality control mdeitin hydrogenation reactions [2].

Likewise, besides the carbon-carbon double borategglant oils exhibit fatty acids containing
other functional groups such as hydroxyls, cyctioups, epoxy groups, etc. which are amenable
for developing chemical reactions and structuratliincations. According to the literature, there

are three main routes for the synthesis of polynfessn plant oils. The first approach

41



corresponds to the direct polymerization through@=C bonds [3,4]. Their presence allows the
polymerization of the oils into solid polymeric redtls either through free radical or cationic
mechanisms [5-7]. The second route consists offthetionalization of the double bonds to

insert more reactive groups, usually epoxy, ammieydroxyl, etc. [8,9]. They can be considered
as an intermediate product for subsequent reactiongield bio-based polymers such as
polyurethane, polyester, etc. The third approaatuges on the chemical transformation of
vegetable oils to produce platform chemical whiem e used to produce monomers for the

polymer synthesis [10].

Regarding the direct polymerization of the C=C, ftee radical polymerization has received
little attention due to the presence of many sidactions. On the other hand, the cationic
polymerization has been studied by several reseescWith successful results [11,12]. The
cationic copolymerization reaction usually requiges initiator. Several Lewis acids, such as
AICl3, TiCls, SnCh and BR-OEt (BFE) amongst others, have been used as initidtors
copolymerize vinyl monomers cationically under tetay mild reaction conditions. As reported
by some researchers [13,14], BFE has proved to bhera efficient initiator in cationic
polymerization of vegetable oils. Usually, a traxdfewater or a diol, acting as a co-initiator is
needed to protonate the monomer. Triglycerides enegal are cationically polymerizable
monomers. The accepted mechanism for such polyatenis is similar to that proposed for
cationic polymerization of vinyl monomers [15]. Baansaturated fatty acid chain can
participate in the reaction, and the presence wérs¢ unsaturations leads to an extensive
crosslinking. Tung oil, containing a conjugateceme, is very reactive and highly susceptible to

polymerization via a cationic mechanism, becauedaritermediate carbocation can be stabilized
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by resonance [1]. Likewise, vegetable oils can blgmperized with reactive monomers in order
to vary the properties of the oil-based matrix [1Blie to the presence of multiple functional
sites per triglyceride molecule, which allow them drosslink, oils can be considered as

analogous to vinyl esters and unsaturated polyeEi&.

Terpenes, natural monomers having carbon skeledbrisoprene units, are found in many
essential oils and represent a versatile chemesaddtock [18]. Even though the use of terpenes
in chemical synthesis is vast and well supportedablarge number of publications, their
applications in polymer science are scarce andbé&ween, usually limited to attempts to
polymerize bicylic monoterpenes, such asand pinene by Lewis acid and Ziegler-Natta
catalysis [19,20]. As stated by Norstrom [21], &ares do not tend to polymerize, and their lack
of reactivity can be attributed to both steric mantte and low stabilization energy between the
monomer and the chemical species in the transiiiate. However, since terpenes exhibit
carbon-carbon double bonds amenable to reactiomgera works have been published
concerning the polymerization of terpenes with Vinponomers in order to develop

biodegradable polymeric materials [22—-24].

Envisioning the oil molecules as chains bearingtiplel vinyl monomers, the main purpose of
this part of the project is to cover the major aspeelated to the synthesis, characterization as
well as properties of new macromolecular bio-basedmoset polymers, produced through the
cationic copolymerization of tung (a natural oilittwthree different terpenes; such as limonene,
myrcene and linalool as reactive comonomers. Alsarder to compare the properties of the

resulting materials, tung oil was copolymerized hwigtyrene, a widely studied synthetic
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monomer. The chemical, physical and mechanical gotgs of these new polymeric materials
were investigated as a function of the proportiod &ype of reactive monomer included in the
mixture. No other study has reported the copolynagion of plant oils and terpenes. The latter
can be considered as structural analogs to comahetiaclyl monomers such as styrene, divinyl

benzene, etc.

2. Methods

2.1 Materials

Tung oil (TO), limonene (Lim), myrcene (Myr) andhdilool (Lin) were purchased from VWR
International (US) and used with no further pusdfion. Styrene (ST) was purchased from
Aldrich Chemical Company (US) and used as receiVettahydrofurane (THF) was used as an
initiator modifier and was supplied by VWR Intenoaal (US). Boron Trifluoride Etherate
(BFE) was employed as an initiator and 1,4-butasliedias used as co-initiator; both were

acquired from VWR International (US).

2.2 Polymer Preparation Via Cationic Polymerization

The polymeric materials were prepared by catiomlymerization initiated by modified BFE.
The desired amount of the comonomer was measuteahduadded to the tung oil. The mixture
was vigorously stirred followed by the additionpgdrby drop, of the appropriate amount of the
modified initiator. The modified catalyst was pregih by dissolving the boron trifluoride diethyl
etherate and 1,4-butanediol in the desired amoluiH®&. The reaction mixture was placed into
an aluminum mold and heated for a given time, lgua& hrs. at room temperature, followed by

12 hrs. at 60C and finally for 12 hrs. at 11@.
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2.3 Characterization

Soxhlet extraction was employed to characterizesthectures of the bulk copolymers [25]. An
appropriate amount of the bulk polymer was extdhdi® 24 h with 200 mL of refluxing
dichloromethane with a Soxhlet extractor. Upon aotion, the resulting solution was
concentrated by rotary evaporation and subsequeniwn drying. The soluble substances were
isolated for further characterization. The insotubblid was dried in a vacuum oven for several
hours before it was weighed. FTIR spectra of bbéhsoluble and insoluble fraction extracted by

Soxhlet were recorded. The densities of the copefgrwere determined by pycnometry [26].

Mechanical properties of the resulting polymersaenabtained by dynamic mechanical analysis
(DMA). To be able to explain the effects of thernonhomers on the mechanical properties, it is
useful to calculate the crosslinking density, (nol/m3). The crosslinking density can be
estimated from the experimental data using the eulglasticity theory. Thermosets behave as
rubbers above Tg. At small deformations, rubbesteddy predicts that the modulus storage (E’),
of an ideal elastomer with a network structure mepprtional to the crosslinking density
according to Equation 2.1 [27]:

(2.1)
whereE" is the rubbery storage modullis the gas constant (8.314 J/mol K)is the absolute
temperature (K), is the density of the sample (g/m3), avid is the molecular weight between
crosslinks (g/mol). The temperature and rubbery uhalwere determined for the calculation of
the equation at Tg + 30 °C. The temperature at hvhie peak of the tan delta presents a
maximum was considered the glass transition tenyreraf the material. In order to predict the

Tg based on the crosslinking density, the Fox andhbek model (which assumes specific
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volume of the polymer at the glass transition disear function of Tg) was employed to study
the tung oil based copolymers. The Fox and Loskeapkession is shown in Equation 2.2 [17]:
(2.2)
Where K is a material constantg' corresponds to the Tg predicted by the Fox equasindM.
corresponds to the molecular weight between crdgsly. The parametdd = 5.2 x 103 K g/mol

was used to fit the model to the experimental tegal7].

3. Results and Discussion

3.1. Cationic Polymerization of Vegetable Oils

Early in this research, several attempts to deveibpased materials by cationic polymerization;
employing different types of vegetable oils, sushliaseed oil, tung oil, soybean oil, corn oil,

etc. were carried out. Keeping in mind the prepamnabf completely bio-based polymers as the
major goal, the triglycerides were copolymerizedhwierpenes, natural monomers containing

alkenyl functional groups amenable to react.

Fruitful reactions leading to useful materials wexehieved when tung oil, whose major

component is a fatty acid containing three conjedainsaturations, was copolymerized with

limonene and myrcene as reactive comonomers (FRytje
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Figure 2.1. Cationic polymerization of tung oil tviimonene, myrcene and linalool

As pointed by Liu and Erham [11he polymerization of 1,2 disubstituted ethylenestaining
small side groups easily occurs. Nevertheless, wheky groups are attached to the double
bonds, the polymerization either does not occueads to low molecular weight products after
long reaction times. The steric hindrance playsep@nderant role during the propagation of the
growing chains. It introduces a high energy barbetween the monomer and the growing
species, allowing a very limited amount of polynierbe produced. Since fatty acids are 1,2
disubstituted ethylene monomers bearing bulky gspupeir polymerization is considered

energetically unfavourable.

Unlike the other tested oils, tung oil was foundot highly reactive towards cationic and free
radical polymerizations. Its particular reactividtgn be associated to its capacity to stabilize, by
resonance, the intermediate carbocation generatedh® propagation step of the cationic

mechanism. In regards to the use of terpenes asrammers, successful polymerizations were
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carried out when using limonene and myrcene. THgnperization of tung oil with linalool led

to highly porous materials. The gassing generataihg curing could be attributed to side
reactions between the linalool and the boron wiille ethereate. All the copolymers appeared as
dark-brown rubbery materials at room temperatue. &l the studied comonomers, suitable

materials for analysis were not obtained for tegoproportions above 60 wt%.

3.2. Characterization of the Polymer Networks

Once the reacting system has reached the gel gbatpolymeric matrix is composed of two

fractions, the insoluble gel fraction and the stdukol fraction. In order to characterize both
fractions, samples containing 80 wt% of tung 2D (vt% comonomer) were Soxhlet extracted
using dichloromethane as a refluxing solvent. Tiues of the two phases, as well as the pure
tung oil (to track any possible change in its durtes during curing) was developed through FTIR

spectroscopy.

The tung oil structure was characterized by thegmee of a conjugated triene, which showed IR
absorption bands at 3010, 990 and 960" cithe ester carbonyl exhibited two strong peaks at
1750 and 1150 cth Methylene and methyl groups showed absorptiori®at 2925 and 2854
cm?, as well as at 1465 and 1370 tnA\n inspection of the FTIR spectrum of the insdéub
fraction revealed that the major component in tpigase was reacted oil (a cross-linked
triglyceride network). The spectrum presented simalbsorption bands to those exhibited by the
tung oil. The most remarkable difference betweamthvas the disappearance of the weak peak
at 3010 crit (attributed to the presence of unsaturationsertting oil structure). The lack of this

absorption peak in the FTIR spectrum of the indeldtaction could be related to the fact that
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the majority of double bonds had been consumedguhe polymerization, either to react with
other fatty acid chains or with the comonomer, iegdo the disruption of the conjugated triene,
responsible for the high reactivity of this oil. &fpextraction, for copolymers 80 wt% tung oil-
20 wt% comonomer, around 81-84 wt% of insoluble enals were retained. For all the
remaining copolymers, the retained insoluble makenianged from 76 to 85 wt% after Soxhlet
extraction. FTIR analysis of the soluble fractiohtlee copolymer 80 wt% tung o0il-20 wt%

comonomer suggested that the main component pegsenthis phase was unreacted oil.

3.2.1 Thermo-Mechanical Behavior

Dynamic mechanical analysis (DMA) measurements iatensively used to investigate the
amorphous phase transitions of polymers as thegtegssed under periodic deformation. DMA
can be used to obtain the storage modulus ana$sentodulus as a function of temperature at a
given frequency. Figure 2.2.a shows the temperatependence of the storage modulus for the
copolymers tung oil-limonene. Results revealed that materials behaved as thermosets. As
seen in the curves, the storage modulus initiadlgnained approximately constant. As the
temperature increased, the storage modulus extilsitelrop over a wide temperature range
(glass transition), followed by a modulus plateauheh temperatures, where the material
behaved like a rubber. This region, called the euplplateau, evidences the presence of a stable
cross-linked network. The modulus drop is assodiatgh the beginning of segmental mobility
in the cross-linked polymer network; whereas thestant modulus at temperatures above 30°C
is the result of the cross-linked structure of tmpolymer [5].The same behavior has been

reported by Li and Larock [7].
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limonene copolymers.
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The curves of the loss factor (tapas a function of the temperature for the tungioibnene
copolymers are shown in Figure 2.2.b. The pealam tcorresponded to the main mechanical
relaxation of the matrix, which can be used asiteran to determine the Tg of the copolymer.
As can be seen, the transition between the glasthetrubbery state was wide and began below
room temperature for all the tested materials. Wike, all the copolymers showed only one tan
peak, indicating that there was no phase separafioe results showed that the peaks shifted
to lower temperatures (indicating a decrease inglhss transition temperature), increased in
height and become narrower when increasing the @aoemer weight proportion. The peak
width at half height is a criterion used to indedhe homogeneity of the amorphous phase. A
higher value implies higher inhomogeneity of theogomous phase. In this particular case, the
narrowing and increase in height of the loss faptaks could be associated to less cross-linked
and heterogeneous networks with narrower moleauéaght distribution of the chains between

crosslinking points [17].

Table 2.1 summarizes the properties of the tungjrodnene copolymers. As shown, the storage
modulus, the crosslinking density and the Youngsduatus decreased when the tung oll
concentration increased. On the other hand, Tgedsed almost linearly with the increase in the
limonene content. Pycnometry showed variations he density of the copolymers for

percentages of limonene higher than 30 wt%.
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Table 2.1.

Properties of the tung oil-limonene dgpmers

Limonene Storage Crosslinking . Young's
_ Tg _ Density,
Proportion Modulus Density,n Modulus
(C) (g/cmd)
(wt %) (MPa) (mol/m3) (MPa)
0 325 18.28 4118 1.0036 + 0.0027] 33.80 £ 2.92
10 17.8 13.89 2287 1.0097 + 0.0020 14.95 + 1.80
20 11.4 10.53 1480 1.0068 + 0.0132] 10.40 £ 0.26
30 4.5 5.58 594 1.0080 £ 0.0252] 6.34 +£1.62
40 2.7 4.33 357 0.9839 £ 0.0036 3.38+0.31
50 0.8 0.17 112 0.9764 + 0.0151] 3.26 + 0.07
60 0.5 -3.83 65 0.9414 + 0.0081 2.22+0.12

Fatty acid chains can contribute to two differeffieé@s, either plasticizing the network because
of the more flexible structure or increasing trggdity due to the large number of unsaturations
per molecule [5]. Both factors can contribute te groperties of the copolymers. In the case of
tung oil-limonene materials, a decrease in bothniln@ber of crosslinking points and the glass
transition temperature of the networks was obsen/sl demonstrated by Norstrom [21],
limonene does not tend to homopolymerize (under ekgerimental conditions reported in
Norstrom's work, polymerizing limonene units thrbuggationic polymerization mainly yielded
to oligomers that consisted of trimers and tetrandfowever, even though it is been clearly
stated that formation of large molecules (homope@sration) out of this terpene not likely to
occur, several works have proved that limonendis # react with vinyl monomers leading to
copolymers in which terpene units have been ingatpd into the vinyl resin. Due to the

inability of limonene to form long chains (evenhagh weight proportions), here it is suggested
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that the decrease in the number of crosslinkingtpoarises as a result of limonene units that
have been incorporated into the fatty acid chamsgring their ability to form an oil-based

cross-linked network. The decrease in the glamssition of the networks at high limonene
contents, in which crosslinking is very low, iswd@m by the glass transition of the limonene

oligomers (small linear segments) formed duringihgaof the polymeric matrices.

DMA of the tung oil-myrcene copolymers revealednailar behavior to that shown by the tung
oil-limonene copolymers. When the temperature iaseel, the storage modulus exhibited a drop
over a wide temperature range, followed by a magiplateau at high temperatures, evidencing
the presence of a stable cross-linked network. ,Alse modulus decreased as the myrcene
proportion in the mixtures increased. The transiti@tween the glassy to the rubbery state for
these copolymers was wide and began below room e@enpe. Likewise, for all the
copolymers, no phase separation was observed.eButs showed that the tarpeak increased

in height and become narrower as the myrcene cbméhe matrix increased. As in the case of
tung oil-imonene copolymers, this phenomenon cdodd attributed to the presence of less
heterogeneous networks. Unlike the tung oil-limaneraterials, the maximum in the loss factor
shifted to higher temperatures when increasingriipeene proportion above 10 wt%, indicating
that the glass transition temperature for theselyapers increased as the comonomer proportion
increased. Table 2.2 summarizes some of the grepeaf the tung oil-myrcene copolymers. As
shown, the glass transition temperature increaséd the content of myrcene for percentages
higher than 10 wt%. Likewise, the increase in tamenomer proportion decreased the amount

of crosslinking points in the copolymers. The sgeranodulus, along with the Young's modulus,
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decreased with the content of myrcene. The pycngrest did not show appreciable changes in

the density with the change in the monomer proporti

Table 2.2. Properties of the tung oil-myrcene cpmars

Myrcene Storage Tg Crosslinking Density, Young's
Proportion Modulus (O Density,n (g/cmd) Modulus
(wt %) (MPa) (mol/m3) (MPa)

0 325 18.28 4118 1.0136 =+ 0.0057| 33.80+2.92

10 22.5 12.38 2905 1.0097 £ 0.0028 9.59+1.72

20 14.6 15.31 1867 1.0098 £ 0.0082] 5.36 +£0.44

30 7.3 17.71 925 1.0102 £ 0.0152] 3.22+£0.15

40 3.4 22.32 420 1.0134 £ 0.0360, 1.31+0.06

50 1.3 25.44 156 1.0092 + 0.0101] 0.59+0.01

60 0.3 29.82 33 1.0109 £ 0.0181] 0.21+0.03

Myrcene is a natural conjugated diene that has bessvarched as a monomer for the preparation
of 100 wt% biosource elastomeric materials. Polysege has been prepared by several
methods, including anionic polymerization witlsecBuLi and more recently, was
homopolymerized by a free radical process in agsienadia [28]. Myrcene yields polymers
with different structures, due to the three posséectrophilic additions to the conjugated diene
placed in the molecule; being the 1,4 additiongrexlominant one (77-85%) and 3,4 addition in
lesser degree (15-23%) [29]. Unlike other commdidienes (such as butadiene or isoprene),
myrcene provides polymers with structural unitsrimegpan additional double bond in its alkyl

tail, which is very suitable for crosslinking.
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When polymerizing myrcene and tung oil in the pneseof BFE, the myrcene, contrarily to the
limonene, is not only able to react with the oilf t is also capable of homopolymerizing and
creating linear myrcene-myrcene sequences. Whaeadsing the amount of comonomer, the
diluting effect of the myrcene sequences immersed the resin becomes predominant, and
hence, the crosslinking density decreases, conatdygueading to a decrease in the storage
modulus. The increase in the glass transition ef rtletworks when increasing the myrcene
content is attributed to the presence of thesaltin@yrcene-myrcene sequences formed during
heating. As mentioned above, these linear polymmgcgequences contain structural repeating
units bearing very short dangling chains havingeaima double bond, which can be prompt to
react under the experimental conditions. At highraage concentrations, these additional
unsaturations can react and generate polymyrcarss-tinked networks. The bonding of these
polymyrcene linear segments (embedded in the mdtmough crosslinking, stiffs and strengths
the system and therefore; limits the segmental anatif the polymer chains, driving the glass

transition temperature to higher values whilst@asing the terpene content.

In order to compare the results obtained in theeaech with previous works dealing with
copolymerization of vegetable oils and syntheticy/imonomers, tung oil was copolymerized
with styrene in the presence of boron trifluorideaa initiator, at room temperature. Table 2.3
summarizes the properties of the tung oil-styresolymers. The glass transition temperatures
(Tg) increased almost linearly with the contentstyfrene for percentages higher than 10 wt%.
The increase in tung oil concentration increasesl d@imount of crosslinking points in the

copolymers. The storage modulus, along with thengosi modulus, decreased with the content
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of styrene. The pycnometry test also did not showappreciable change in the density with the

variation in the monomer proportion.

Table 2.3. Properties of the tung oil-styrene comp@rs

Styrene Storage Tg Crosslinking Density, Young's
Proportion Modulus (C) Density,n (g/cmd) Modulus
(wt %) (MPa) (mol/m3) (MPa)
0 325 18.28 4117 1.0136 + 0.0057, 33.80 +2.92
10 14.7 10.00 1913 1.0129 £ 0.0087, 17.10 + 2.07
20 10.7 12.04 1383 1.0158 + 0.0033 10.17 +£0.76
30 8.7 15.91 1109 1.0205 + 0.0121] 8.98 +0.35
40 6.8 20.15 858 1.0238 £ 0.0028 7.30 +£ 0.67
50 4.7 27.32 584 1.0292 + 0.0156| 6.29 +0.23
60 2.9 30.47 354 0.9653 + 0.0178 5.38+0.39

Just like in the cases of tung oil-limonene andgtoil-myrcene, the modulus was found to be
strongly dependent on the comonomer proportioexitibited a drop over a wide temperature
range, followed by a modulus plateau at high tempees, evidencing the presence of a stable
cross-linked network. All the copolymers showedyomhe tan peak denoting, like in the other
cases, the homogeneity of the materials. The hafkthe tan peak increased as the styrene
content in the matrix increased. The maximum inldss factor shifted to higher temperatures
when increasing the comonomer weight proportionotiag an increment in the glass transition
temperature. As myrcene, the styrene is not onlly tbreact with the oil, but also, it is capable

of homopolymerizing and generating linear styretyeesie sequences incorporated between the
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oil matrixes. As increasing the amount of comongntBe diluting effect of these linear
segments immersed into the resin became predomieaxing to a decrease in the crosslinking
density (consequently conducing to a reductiomenstorage modulus). The increase in the Tg is
also attributed to the presence of these stiff@tmahg linear Polystyrene segments embedded in

the resins.

3.3. Theoretical Prediction of Tg Based on the Fokeshaek Model.

In order to predict the Tg of the copolymers, tlexdEoshaek model (which assumes specific
volume of the polymer at the glass transition dm@ar function of Tg) was considered. The
model can be considered as the sum of two conioibsit the linear contributiofig”, predicted
by the Fox equation, where the system is assumbed formed by hypothetical linear molecules;
and the crosslinking contributidd / M., calculated through the Nielsen equation, whidtesa

into account the crosslinking of those hypotheticedar molecules [30].

To apply the model, the relation between the Tg #rel crosslinking density was studied.
Through a simple mathematical approach, the ewanutf the glass transition temperature of the
copolymers was found to be linearly dependent ef ¢fosslinking density. Thus, employing
both the Fox and Nielsen equations, the two comtiobs for different compositions were
calculated. Figure 2.3.a shows the experimentaleglof the Tg measured by DMA as a
function of the limonene content, the linear cdnition (Fox equation) and the Tg predicted by
the model. As seen, the model was able to predecgeneral trend in which the Tg decreased as
a function of the comonomer content. For the tuigpolymer (0% limonene) the model

overestimated the crosslinking density. For comogorontents above 40 wt%, the model
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underestimated the value of the crosslinking dgn#is previously mentioned, the decrease in
the Tg of the networks, at high limonene contemtsahich crosslinking lowers), is dictated by
the low glass transition of the limonene oligomérst proportions above 40 wt%, the effect of
these oligomers in the system becomes predomiaadtthe trend in the evolution of the glass

transition is driven towards low values.
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Figure 2.3.(2.3.a) Glass transition temperature of tungioibhene copolymers as a function of

the composition: () values measured with DMA, ) linear copolymer contribution, § glass

transition temperature of the copolymer. (2.3.ggSltransition temperature of tung oil-mycene
copolymers as a function of the composition:) (values measured with DMA, ) linear

copolymer contribution, () glass transition temperature of the copolymer.

The same approach was employed to study the ewplofithe Tg as a function of comonomer
content for the tung oil-myrcene copolymers. Asvehon Figure 2.3.b, the experimental data
closely fit the values predicted by the Fox equatieven though the model predicted the general
trend for the variation in the glass transition pemature, is it important to denote that at high
concentrations of myrcene, it is capable to fommedir molecules, and due to the presence of an
additional double bond, it is also able to generass-linked Polymyrcene molecules. Under

the experimental conditions, both structures &alito be formed (the linear molecules and the
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cross-linked structure) and the generation of téiulated Polymyrcene network is responsible
for the increase in the glass transition tempeeatbserved in the experimental results. The
divergence between the experimental data and theewgredicted by the model could be
associated to the fact that triglyceride-based mpelg are very complex materials, containing

cross-linker molecules with a range of functionedit
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3.4. Conclusions

Thermosets were prepared through copolymerizatioturg oil with limonene, myrcene and
styrene. The Tg was found to be a function of lbéhtype and comonomer weight content. The
Young's modulus and the experimental crosslinkiagsities decreased as comonomer weight
content increased. Based on the thermo-mechanicdluation, these materials behave as
elastomers at room temperature. The Fox and Loslmae#tel showed a relatively good
prediction of the Tg values for tung oil-limonengpolymers. For myrcene, Tg values matched
those predicted by the Fox equation. Even thougjlyteride-based polymers are complex
materials, some of the thermo-mechanical propestiese found to be predictable by simple

mathematical approaches and models developed fpripgl resins.
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CHAPTER llI
Triglycerides and Phenolic Compounds as Precursorsf Bio-based Thermosetting Epoxy

Resins

1. Introduction

In recent years, there has been an increasingesttéor the development and application of
biomass derived products to address issues rdiatéwe depletion of non-renewable resources.
Currently, the chemical industry is pursuing tostithte a growing part of fossil feedstocks with
renewable carbon. This trend is not only drivenebyironmental concerns, but it is also fueled
by the increase in the general demand for greetdugts from costumers; as well as efforts from
government agencies providing funding to increlsepresent-day knowledge and technology to
process and transforming biomass into high-valuesbals [1]. In order to fulfill the needs of
the current industry, the polymer industry also dads a renewable chemical platform; and the
main challenge lies in developing materials witbgarties matching or even improving those of
resins in current use. In the particular case efrttosetting materials, which have played an
important role in the modern civilization, theseoperties include high modulus, strength,
durability, as well as the thermal and chemicalstaaces provided by the high crosslinking

density assembling their macromolecular structte [

In non-food applications, the most widely appliethewable resources include plant oils (only

castor and linseed oil are exclusively used of stdal applications) [3], polysaccharides
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(mainly starch and cellulose), and proteins [2]n&® et al. [4] have considered three main
different approaches to convert oils and their\dgives into useful polymeric materials; the
direct polymerization of the double bonds, the civan modification and posterior
polymerization, and the polymerization of monomsysithesized using oil-derived platform
chemicals. It is clear however, that this schemelmextended not only to oils, but also to any
other type of biomass-derived compounds, leadingthieee different areas to generate

macromolecular materials, including direct use haical functionalization, and biorefinery.

As seen in Chapter I, direct polymerization ofsoleads to obtain materials with marked
elastomeric nature, showing lolwg and modulus. Thus, chemical modification standsaas
common strategy for obtaining high performance payic materials. Carbon-carbon double
bonds can be converted into epoxides through dyzathoxidation using peracids, process that
is commonly known as the Prisleschajew reactiore &poxidation takes place in a one-step,
concerted reaction that maintains the stereochgmo$tany substituent on the double bond [5].
The epoxidized products could be diversified, beeaaf the possibility of mono-, di-, or tri-
epoxides according to the origin of the oilseed [Bilkewise, chemo-enzymatic epoxidation has
been study, mainly because it avoids the ring-omerof epoxide and the formation of

bioproducts, which are the most common drawbackkeobxidation method [7].

Several studies have investigated the developnfeheomoset plastics and coatings from plant-
based oils. Zhu et al. [8] studied the developnuénhexpensive epoxy resins using soybean oil
derivatives cured with a commercial cycloaliphadmine. Likewise, Shah and Ahmad

developed waterborne vegetable epoxy coatings,caisng the oil-based epoxy monomers with
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anhydrides [9]. Also, epoxidized soybean oil conif@sshave been prepared by reinforcing the
oil matrix, cured with commercial amines, with flébers [10]. A complete comparison of
curing agents for epoxidized oils is given by Esge-Perez et al. [11]. It is important to
highlight that the above mentioned studies emplayedstep-growth process to formulate the
epoxy resin, in which a commercial crosslinking rdgesuch as amines, anhydrides, etc. are
required to crosslink the epoxy monomers. This epgn generates partially bio-based resins.
Scarce studies have dealt with chain-growth copehmation, approach that requires a small
amount of an initiator to generate the polymerdieg to final materials with lesser contribution
of commercial compounds per weight basiKim and Sharma [12] reported the
homopolymerization of oil-based epoxy resins by ngsi N-benzyl pyrazinium
hexafluorantimonate. It is also important to pomit that the inherit long chain aliphatic
structure of oil-based thermoset monomers limits fgolymer glass transition temperatures
compared to commercial, aromatic based monomech, &1 DGEBA [13]. This outcome stands
up as a key finding, because opens the possiliditythe study of the copolymerizing of oil-
based monomers with low molecular aromatic compsumdaluating whether or not these
compounds can improve the mechanical propertigbeil-based resins. Indeed, the thermal
and mechanical performance properties of organiynpers are generally linked to the presence

of rigid aromatic structures [14].

Hence, biomass is also a potential source of aioncampounds. Lignin is the second most
abundant naturally occurring macromolecule, and tludts phenolic nature, it has been
considered as a promising source of high value atisncompounds. Some novel technologies

based on biomass refinery appear as a good alternatproduce high valued chemical from the
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residues of pulping industries [15]. Likewise, cashnut shell, an agricultural by-product

abundantly available in tropical countries, is mighe major resources of naturally occurring
phenols [2]. It contains four major aromatic comg@ats, namely cardanol, cardol, anacardic acid
and 2-methylcarbol. The viability of using thesengpmunds as building blocks for epoxy resins
has been already a subject of scientific studidq.[Inh a lesser degree, polyphenols, more
specifically from condensed tannins extracted framastes produced by the wood and wine

industries can also be an alternative to produogyepesins [17].

In the previous chapter, the direct polymerizatidrthe double bonds present in the fatty acid
chains of the triglycerides was studied, and th@obomerization with terpenes, cyclic
compounds structurally resembling commercial monsmsach as styrene and divinyl benzene,
was also a subject of evaluation. The first parttlus chapter focuses on the chemical
modification of the double bonds of plant oils. $aechemical modifications were addressed to
introduce more reactive functional groups able atymerize and to produce materials with a
better thermo-mechanical performance. Three chénmuadifications (epoxy, hydroxyl and
acrylate) are preliminary evaluated. Efforts areteeed on the epoxy functional groups, and the
feasibility of usingstep-growth or chain-growth polymerizations for itheonversion into

macromolecular materials is also assessed.

The second part of this research covers the coplyation of oil-based epoxy monomers with
an aromatic low molecular weight comonomer, chehlyiaaodified with oxirane groups, to
evaluate whether or not the increase in the derdditgromatic structures in the crosslinked

network can improve the mechanical properties efrsulting materials. Thus, by employing
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linseed oil and -resorcylic acid as a model, functionalized witloxepgroups (via oxidation and
nucleophilic addition respectively); the main pusp®f this chapter is to cover the major aspects
related to the chemical synthesis, physical-chemot@racterization and study of thermo-
mechanical properties of a bio-based epoxy resifigesorcylic acid is a constituent of peanuts
(Arachis hypoger chickpeas Cicer arietinum), red sandalwoodPterocarpus santalingsand

hill raspberry Rubus niveys[18]. Likewise, -resorcylic acid derivatives have been found as a

secondary metabolite in cultures of the fun§psrotrichum laxurATCC 15155 [19].

2. Experimental Section

2.1 Materials

Linseed oil (LO) was purchased from VWR InternaibfUSA) and used with no further
purification. Glacial acetic acid (99.5 %), hydrogeeroxide (30 %), sodium carbonate, toluene,
petroleum ether, ethyl acetate, iodine monochlorfilgs’ solution, 33 % HBr in glacial acetic
acid, and Amberlite ion-exchange resin were all gRde and also acquired from VWR
International (USA). -Resorcylic acid (-RA) ( ( 98%), epichlorohydrin (99.0 %), sodium
hydroxide ( 98%), and dichloromethane were purchased from VWRS).
Benzyltriethylammonium chloride (98%), used as a phase transfer agent, was alsirextq
from VWR (US). 4-dimethylaminopyridine (DMAP, 99%), used as initiator for the chain
homopolymerization of epoxy monomers, and EPON @a& an epoxy equivalent weight =

185-192 eq/gr [20]) were purchased from VWR andisereceived.

70



2.2 Synthesis procedures

2.2.1 Synthesis of epoxidized triglycerides.

Linseed oil (LO) was epoxidized using a peracetid generatedh situ from reaction between
acetic acid and hydrogen peroxide, with ion-exclearggin catalyst, at 60 °C in toluene, during 8
h. [21,22] . A solution of linseed oil (20.1 g, 8/mmol) and acetic acid (1.0 mL, 26.2 mmol) in
toluene, using Amberite as an ion exchange catalyss stirred at 35 °C, and,®, 30% wi/v
was added dropwise. After,8, addition was complete, the temperature was rdasé0 °C and
the flask contents were stirred vigorously for 8ance the reaction time was completed the
mixture was first dissolved in ethyl acetate. Thabkrlite was filtered off, and the filtrate was
poured into a separation funnel, and washed witteluntil the pH was neutral. The oil phase
was further dried above anhydrous sodium sulfatk then filtered. Finally, the solvent was

removed using a rotary evaporator.

2.2.2 Synthesis of polyol.

Polyol was synthesized from epoxidized linseed with an oxirane oxygen content of 0.653
mol/100g, through a ring opening reaction with imgl methanol in the presence of
tetrafluoroboric acid as acid catalyst followingethrocedure described by Dai et al. [23]. The
molar ratio of epoxy groups to methanol was 1:1fd the concentration of the catalyst was 1
wt% of the total weight of oil and methanol. Metbaand catalyst were placed into the reactor
and heated to approx. 6G using an oil bath. Once the temperature was esh¢he epoxidized
linseed oil was added dropwise. The reaction mextuas kept for 1 hour. After cooling to room
temperature, the acid was neutralized with sodiucarbonate aqueous solution (approx. 30

wt%) and the remaining solvent was removed ona&taog evaporator under low vacuum.
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2.2.3 Functionalization of phenolic compounds withepoxy groups. Synthesis of
triglycidylated ether of -resorcylic acid.

The glycidylation of bio-oil was conducted follovgrthe method and conditions established by
[24,25]. The described process leads to the syistlodsepoxyalkylaryl ethers by the reaction
between compounds containing acid hydroxyl grougpklaaloepoxyalkanes in the presence of a
strong alkali.A reactor was loaded with the desired amount ofdiiqcontaining a certain
amount of moles of -OH / gram of oil) and epichloydrin (5 moles epichlorohydrin / mole -
OH). The mixture was heated at 100 and benzyltriethylammonium chloride (0.05 moles
BnE&NCI / mole -OH) was added. After 1 h, the resultsugpension was cooled down to 80
and an aqueous solution of NaOH 20 wt. % (2 mol@®MN / mole —OH and also containing 0.05
moles of BnESNCI / mole —OH) was added dropwise. Once the autdidf the alkaline aqueous
solution was completed, the mixture was vigorowglgred for 90 min at 30C, and then the
reaction was stopped. After that, the mixture wasred into an extraction funnel and the
organic layer was separated. Through numerousdhbiguiid extractions with deionized water,
the organic phase was abundantly washed until alepii was reached, and then vacuumed
concentrated. The crude resulting product was ipdriby silica gel chromatography using

petroleum ether/ethyl acetate solvent system.

2.2.4. Synthesis of bio-based epoxy resins.

In order to generate a polymeric material, epoxynomoers can undergo step-growth
polymerization, using a crosslinking agent (such amhydrides, amines, etc.) and chain
homopolymerization in the presence of both, Lewdgls and bases, such as tertiary amines

(known as anionic homopolymerization). As a firppeach, epoxidized linseed oylas cured
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with a commercial hardener (SC-15 part B by Appli€dleramic Inc. composed of
cycloaliphatic amine and polyoxyl-alkylamine) irffdrent weight ratios. The mixture was cured
for 6 hrs. at 60 °C, 6 hrs. at 80 °C, 2 hrs. at 120aA@ finally 1 hr. at 160 °C. In order to
minimize the use of commercial agents in the foatioh, epoxidized linseed oil and epoxidized
-resorcylic acid were mixed in different weight postions and cured by means of a chain
Homopolymerization. 4-dimethylaminopyridine or DMP@ Lewis base) was added to the
mixtures in a ratio of 0.08 mol/mol epoxy group$][2The mixtures were then poured in an

aluminum mold and cured at 120 °C for 12 hrs arst pored for 2 hrs at 160 °C.

2.2.5. Preparation of the linseed oil based polyutieane.

The PUR plastic sheets were prepared followingpteeedure described by Kong and Narine
[27] by reacting the resulting polyol with aromafi©A. As a first approach, a 1.0/1.1 molar
ratios of the -OH group to the isocyanate (NCOu@réM;.io), was chosen for the formulation.

The desired OH/NCO molar ratio satisfies the Equma8.1:

TS % & (3.2)
'() #$H!

Here Wpoiyol is the weight of the polyoEW,ayo is the equivalent weight of polydley is the
total weight of polyurethane to produce, aBMsocyanate IS the equivalent weight of the

isocyanate. The equivalent weights of polyol westednined using Equation 3.2:

. /001

MR %23 $ 45 (3.2)
The weight of the polyol and isocyanate were cal@d using the above calculated equivalent
weight. Suitable amounts of polyol and MDI were g¥ead in a plastic container and stirred

slowly for 2 min. The mixture was cast directlyard metallic mold previously greased with
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silicone release agent and placed in an oven &C8@r polymerization. The samples were

postcured at 12€C for 12 h.

2.3. Characterization of Starting and Modified Mateials

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

With the aim to study the functional groups preserthe product, FTIR was performed. Infrared
spectra of the starting materials and epoxidizestypects were measured by attenuated total
reflection (ATR) method using a Thermo Nicolet 6/8urier transform infrared spectrometer
connected to a PC with OMNIC software analysis. 3déctra were recorded between 400 and

4000 cnt over 64 scans with a resolutions of 16'tm

2.3.2 Epoxide equivalent weight determination.

Epoxide equivalent weight (EEW, g/eq.) of the epgxwyducts was determined by epoxy
titration according to Pan et al. [28]. Basicalysolution of 0.1 M HBr in glacial acetic acid was
used as a titrant, 1 wt. % crystal violet in gladaieetic acid was used as indicator, and toluene as

solvent for the sample. The EEW was calculatedguBinuation 3.3:

01116
769 33

WhereW s the sample weight (g\N is the molarity of HBr solution, and V is the voie of HBr
solution used for titration (mL).
For triglycerides, from the oxirane content valuign® relative fractional conversion to oxirane

can be calculated by means of the following expoess

. . . OO0
Relative conversion to 0xwane%’ 3.4&
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WhereOO.y, is the experimentally determined content of oxéraxygen in 100 grs of oil, and

OOthis the theoretical maximum oxirane oxygen in 16§ which is given by:
&
99: ;<=>&?@& ABCC %H @ 1JK @>KBCC (3.5)

Where A (126.9) and 4(16.0) are the atomic weights of iodine and oxygespectively, and

IV, is the initial iodine value of the samples.

2.3.3 lodine value determination

lodine value (1V, g 4g oil.) of linseed oil was determined by titratiaecording to the Wijs
method [29]. Around 0.5 grs of the sample were gdiamto the flask. 10 mL of toluene was
added to the sample. After that, 15 mL of the WGdine solution was added. Following a
similar procedure, a blank solution was prepardte Tixtures were stored in the dark for 30
minutes at room temperature and then 10 mL of 134vpotassium iodide solution, as well as
50 mL of distilled water, were added to the mixtur&he iodine content was determined by
titration using 0.1 N of sodium thiosulfate solutjaising starch aqueous solution as an indicator,
until the color of the solution disappeared. Thedine value was then calculated using Equation

3.6:

L%M6 7N OFO/P

<= —— &B.
WhereW is the sample weight (gN is the normality of Ng5,03 solution, B is the volume of
solution NaS,0O3 solution used for titration (mL) of the blank, aBdis the volume of solution

NaxS,03 solution used for titration (mL) of the samples.
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2.3.4 Hydroxyl number determination.

The hydroxyl number was evaluated following thegedture described by the ASTM D4274-11
[30]. Around 0.5 grs of the sample were placed iatpressure bottle, and then 20.0 mL of
acetylation solution (acetic anhydride in pyridivegs added. The bottle was swirled until the
sample was completely dissolved. The containerg wkaced in a water bath at €8and kept
for two hours. The excess of reagent is hydrolym#ld water and the acetic acid is titrated with
standard sodium hydroxyl solution 0.5 N using pheiihalein as indicator. The hydroxyl
content is calculated from the difference in titatof the blank and sample solutions. The

hydroxyl number, mg KOH/g, of sample was calculasdollows:

AW%X& Y & ./008&

Q-R K-, STUV >

(3.7)

Where A = NaOH required for titration of the samfielL), B = NaOH required for titration of

the blank (mL)N = normality of the NaOH, and W = sample used (g).

2.4 Characterization of the epoxy networks

2.4.1 Soxhlet extraction.

Soxhlet extraction was employed to characterizesthectures of the bulk copolymers following

the ASTM D5369-93 [31]. An appropriate amount of thulk polymer was extracted for 24 h

with 200 mL of refluxing dichloromethane with a $det extractor. Upon extraction, the

resulting solution was concentrated by rotary evafian and subsequent vacuum drying. The
soluble substances were isolated for further charzation. The insoluble solid was dried in a

vacuum oven for several hours before it was weighed
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2.4.2 Scanning Electron Microscopy (SEM)

SEM study was performed with the purpose of obtgra topological characterization of the
materials. The fractured surfaces of pre-chillech@as in liquid nitrogen were studied by
scanning electron microscope (SEM, Cambridge 3868nples were sputtered with gold prior to

SEM observations.

2.4.3 Thermal Properties

The thermal properties of the IPNs, as well agpdrent resins, were investigated by Differential
Scanning Calorimetry (DSC) on a TA DSC Q2000. Nj&o was used as the purge gas and the
samples were placed in aluminum pans. For eachri@asample, the thermal properties were

recorded at 5C/min. in a heat/cool/heat cycle from 3D to 300 C.

2.4.4 Thermo-mechanical properties of the networks.
Mechanical properties of the resulting polymersaemvabtained by dynamic mechanical analysis
(DMA), using a TA Instruments RSA3 DMA. To be alile explain the effects of the co-
monomers on the mechanical properties, it is usefutalculate the crosslinking density, (
mol/m3). The crosslinking density can be estimdteth the experimental data using the rubber
elasticity theory. Thermosets behave as rubberwveald@. At small deformations, rubber
elasticity predicts that the modulus storage (&)an ideal elastomer with a network structure is
proportional to the crosslinking density accordiadgquation 3.8 [32]:

(3.8)
whereE" is the rubbery storage modullis the gas constant (8.314 J/mol K)is the absolute

temperature (K), is the density of the sample (g/ms3), avd is the molecular weight between
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crosslinks (g/mol). The temperature and rubbery uhalwere determined for the calculation of
the equation at Tg + 30 °C. The temperature at lwhihe peak of the tan delta presents a
maximum was considered as the glass transition éestyre of the material. The Fox equation
was employed to fit the experimental Tg data reggbiin the results. It serves as a way to
describe Tg of the multicomponent networks as &tfan of relative epoxy monomer content.

The Fox expression is shown in Equation 3.9 [33]:

F
el (3.9)

o

N
In this expression); andW, represent weight fractions of components 1 andi2gorcylic and
linseed oil, respectively), antigy and Tg, are Tg values of polymer samples containing only

components 1 and 2.

3. Results and Discussion

3.1 Synthesis of epoxidized triglycerides

Previous investigations (Chapter Il) revealed #tabom temperature, all the polymers are in the
transition from the glassy state to the rubberyestawhen using direct polymerization as an
approach to obtained triglycerides-based polymenmaterials (without any chemical
modification of the starting materials). Since arfiehe main goals of this research is to develop
and synthetize polymeric materials from renewaldsources with high performance and
outstanding properties (such as high modulus, Isigangth, high glass transition, chemical
resistance, etc.); the driving force behind thisjgut is to explore and study the chemical
functionalization of plant oils. The modificatiorf the triglyceride double bonds to introduce
readily polymerizable functional groups has beesduss a common strategy for obtaining high

performance polymeric materialShe unsaturated fatty acid content of commerciallgilable
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vegetable oils varies depending on the fatty a@cthmosition. It determines the degree of
unsaturation of the vegetable oil, and consequgerntl/ reactivity. Also, the degree of

unsaturation defines the content of oxirane rimggn undertaking epoxidation reactions. Table
3.1 shows the degree of unsaturation, along wihntlaximum theoretical oxirane content after

epoxidation of some common oils [34].

Table 3.1. Properties of some common oails.

Oxirane Content
Oll Degree Unsaturation
(gr/100 gr sample)
Linseed 6.25 10.2
Soybean 4.61 7.95
Canola 3.91 6.59

SourceA. Zlatanic, C. Lava, W. Zhang, Z.S. PetroJi Polym. Sci. Part B Polym. Phys. 42 (2004) &19—

As seen in Table 3.1, linseed oil exhibits the bgjhldegree of unsaturation, and thus, maximum
theoretical oxirane contenThe linseed oil based epoxy resin (ELO) was symtkds by

epoxidation of the raw oil, using peracetic acideatedn situ (see Figure 3.1).

o

(o]
A )MW%

A CHy ? Y o
0 — >
- L
R_ _O >:0 T R Epoxidized linseed oil triglyceride
T R Linseed oil triglyceride o

Figure 3.1 Epoxidation of linseed oil triglycerides

It was found that the optimum molar ratio of C=CACIMOH/H,O, for obtaining the maximum
conversion of C=C into epoxy rings, minimizing sig&ctions, was 1/0.5/2 at 60 °C during 8
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hrs. The iodine value and the oxirane value areomapt characteristics in the epoxidation of
oils. The iodine value specifies the unsaturatiegrde of the oils, whereas the oxirane value
determines epoxy content of the modified oil. Otiee reaction was completed and the product
isolated and purified, both parameters were quadtithrough titrations. According to the
experimental results, the conversion of the dobbleds to epoxy groups during the epoxidation
reaction was found to be around 90%. From iodinaesbefore and after epoxidation, it was
found that around 98% of the total double bondsewemoved during reaction. This indicates
that approximately 8% of epoxy groups were lost ttuside reactions. Titration with HBr in
acetic acid revealed that this material has ana@eemolar epoxy content of (5.8 + 0.7) x°10
moles per gram of resin. FTIR analysis supporteddtafting process of epoxy functions onto
the fatty acids chains of the triglyceride (FiguB82). The FTIR spectrum of triglyceride is
characterized by the absorption band of -C=C- 803" and the carbonyl group at 1750 tm
After epoxidation, the peak at 3100 ¢ris removed due to the transformation of the double
bonds into oxirane groups; which is also evidentthy presence of the absorption peaks at

approximately 820 cih
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Figure 3.2FTIR spectrum of epoxidized linseed oil.

3.2 Synthesis of linseed oil based polyol
The linseed oil based polyol was synthesized byielption of the raw oil, and its subsequent

ring opening reaction with refluxing methanol ustegrafluoroboric acid as acid catalyst (Figure

3.3).
HyC _CH,
P O\/\\/\/\/\/QOM 0\ I I
/) d 3 /O NW\/S/\)\/\/\CHa
Ri{o{ CH,OH R*<O © OH OH
—_—
0 o
R>:O R>:O

Figure 3.3Methanolysis of epoxidized linseed oil.

During the methanolysis reaction, the acid medarates the oxirane ring opening in order to

generate a hydroxyl functional groups attachecheofatty acid chains. In the first part of the
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mechanism, the acid reacts with the epoxide to ymeda protonated epoxide, a highly
electrophilic intermediate susceptible to the noptelic attack of the methanol molecules. Once
the reaction is completed and the product isolated purified, the number of —OH groups
generated during reaction can be quantified throtigghtions. Table 3.2 summarizes the
properties of the obtained polyol.

Table 3.2. Properties of the resulting linseedaged polyol.

Theoretical
Hydroxyl Value HV | Conversion Functionality®
Parameters Molecular Weight
(mg KOH/g) (*) (%) *)
MW (g/mol)
Values 230 (307) 75.0 % 1072 4.2 (5.8)

a. Functionality = [(MW x HV)/56110] * Parenthesndicates theoretical values

Using the composition of the linseed oil, the tltioal molecular weight and the theoretical
hydroxyl number were calculated. Both parametengwased on the assumption that no dimers
or timers were formed, and that one hydroxyl graugs formed per double bond. As seen, the
conversion from epoxy groups to hydroxyl groupscheal approx. 75.0% of yield. Just like in
the case of the epoxidation reaction, there is detions involved in the ring opening reaction.
During the hydroxylation stage, the newly formedH-@roups, attached to the fatty acid chains,
might attack the protonated epoxy ring leadinghi® formation of dimers and trimmers, which
lowers the reaction yield. Another important partanef a polyol, obtained from the hydroxyl
value, is the functionality; which allows calculadi the correct stoichiometric ratios when
mixing polyols with multifunctional urethanes in der to produce polyurethanes. The

functionality of the resulting polyol is lower thahe number of double bonds per molecule of
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the starting oil, because a part of the functiagraups was lost in the side reactions during the

preparation of the polyol [35].

Besides analytical quantification, the chemicahsfarmation of carbon-carbon double bonds
into hydroxyl groups was also studied and traceduh FTIR. As seen in Figure 3.4, the
absorption bands of epoxidized triglycerides apgeavithin 1720-1700 cthfor C=0, at 825
and 845 cnt for epoxy groups, and the absence of the C=Cchirgg band at approximately
3070 cnt. The final polyol product showed a broad peak imi8600-3200 cn}, indicating the

presence of —OH groups and the disappearance epthe/ bands at 825 and 845tm
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Figure 3.4FTIR spectrum of hydroxylated linseed oil.
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3.3 Functionalization of phenolic compounds with epxy groups.

3.3.1 Synthesis of triglycidylated ether of -resorcylic acid

Regarding the coupling of epoxy groups to theesorcylic acid, it was found that the treatment
of this compound with epichlorohydrin in alkalingueeous medium (see Figure 3.5), in the
presence of benzyltriethylammonium chloride as asphtransfer catalyst, allowed the total
glycidylation of this phenolic acid to generate thglycidylated derivative of -resorcylic acid

or TRA (also referred to as ERA, a short versioemdxidized -resorcylic acid).

O,
(0] OH % S :O’
cl

-

o (o] o N7
HO OH A4 o

e}

- Resorcylic Acid Triglycidylated ether of -Resorcylic Acid (TRA)

Figure 3.5Glycidylation reaction of -resorcylic acid with epichlorohydrin.

The reaction yield, after purification through sdigel chromatography, was around 80 %. The
remaining 20 % probably correspond to mono andwidjlated products of -resorcylic acid,

as well as, unreacted material. Because phenolsnare acidic than alcohols, they can be
converted to phenolates through the use of a stiwasp. These intermediates are strong
nucleophiles and can react with primary alkyl hedido form ethers. According to the literature
[36], once the phenolate anions are formed, theyreact with epichlorohydrin following two
competitive mechanisms: one-step nucleophilic switsin (mechanism SN with cleavage of
the C Cl bond and a two-step mechanism based apejpening of epichlorohydrin followed by
intramolecular cyclization (through $hhechanism), with the release of chloride, to mafohe

epoxy ring. Titration with HBr showed that resugjimixture after modification has an average
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molar epoxy content of (9.0 + 0.5) x 46noles per gram of resin, which corresponds to an
epoxy equivalent weighb 111 gr/eq. The presence of epoxy groups was coefirby FTIR

(Figure 3.6).
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Figure 3.6 FTIR spectra of -resorcylic acid and epoxidizedresorcylic acid

The -resorcylic acid structure was characterized bypilesence of a strong IR absorption band
at 3200 crit. The carbonyl exhibited a strong peak at 1750.cfine spectrum of the epoxidized
-resorcylic acid presented similar absorption batwlshose exhibited by its non-modified
counterpart. The most remarkable difference betwhem was the disappearance of the weak
peak at 3200 crh (attributed to the presence of hydroxyl groupd)e Tack of this absorption
peak in the FTIR spectrum of the epoxidizetesorcylic acid is related to the removal of the
-OH functional groups due to the glycidylation reéa. It is also evident the presence of

absorption bands at 1227.5 ¢rand 1050 ci due to the presence of -C-O-C- groups, formed
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during the reaction, as well as the charactertssiods for oxirane rings at 847.5 ¢rand 910

cmt,

3.3.2. Synthesis of diglycidylated ether of-resorcinol

With the aim of correlating the mechanical propetof the resulting resins with the number of
functionalities of the epoxy monomers, resorcirmntaining two phenolic —OH groups) was
also modified with epichlorohydrin (see Figure 3.7he reaction yield, after purification
through silica gel chromatography, was around 85B& remaining 15% probably corresponded
to monoglycidylated products and unreacted resokcihitration with HBr showed that the
resulting mixture after chemical modification hasaverage molar epoxy content of (8.7 £ 0.5)
x 10° moles per gram of resin, resulting in an epoxyiajent weight = 115 g/eq. The presence
of epoxy groups was also confirmed by FTIR (FigBr@). The lack of the absorption peak at
around 3200 cih evidenced the transformation of phenolic hydrogybups into glycidyl
moieties. Bands for oxirane rings at 847.5'cand 910 cnt confirmed the presence of epoxy

groups.

Q \W MOQOM

Resorcinol Diglycidylated ether of resorcinol

Figure 3.7 Glycidylation reaction of resocinol with epichlongtrin.
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Figure 3.8FTIR spectra of resorcinol and epoxidized resoicino

3.4. Thermo-mechanical characterization of bio-baskepoxy thermosetting resin

3.4.1. Polymerization of epoxidized linseed oil tlmugh step-growth process

The first approach to study viability of chemicabdification of the vegetable oils, as well as its
effect on the resulting thermos-mechanical propsriincluded the introduction of epoxy groups
on the fatty acid chains of linseed oil. The ag@ modulus (E’) and the glass transition (tan

of thermally cured epoxidized thermosets were uasda guide to evaluate the thermo-
mechanical performanc&he epoxy/oxirane group is characterized by itstreidy toward both
nucleophilic and electrophilic species, and ithiss receptive to a wide range of reagents. Epoxy
monomers polymerize through step-growth and cheduvth processes. The most typical way to
polymerize epoxy monomers through step growth mashais the reaction with amines, which

are the most common curing agents to build up epetyorks [36].
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The epoxidized oil was mixed with a commercial learel SC-15 part B (by Applied Poleramic
Inc.), composed of cycloaliphatic amine and polyeaditylamine in different weight ratios.
Previous experiments performed by this researchpgrevealed that the best thermo-mechanical
properties were obtained when ustaG-15 part B as a hardener to cure the epoxidinsddd

oil. Other tested commercial hardeners includefadehe T-403 and Jeffamine D-2000. The
cure reaction proceeds following a condensatiomguare. The mixture was cured ®hrs. at

60 °C, 6 hrs. at 80 °C, 2 hrs. at 120 °C and finalhr. at 180 °C. Figure 3.9 shows the evolution

of the storage modulus and the taas a function of the epoxy/hardener ratio.
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Figure 3.9 Storage modulus and tarof epoxidized linseed oil as a function epoxy/aeniatio

Basically, within the testing range, the epoxididedeed oil thermosetting resin showed the
maximum glass transition temperature for epoxy/taed ratios above 10/5.5, and the highest

modulus when the ratio was 10/7. An optimized Td arodulus, trying to minimize the amount
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of hardener, is attained when using an epoxy/amatie of .10/6. Materials with low amine
proportions contain unreacted groups or even fremamers. These unreacted species are

trapped inside of the polymer network and act astgizers lowering both the modulus and Tg.

3.5. Preparation of the linseed oil based polyuretine.

The second approach comprised the modificationhef linseed oil structure by introducing
secondary —OH groups that can be polymerized bynmeé a reaction with isocyanates. The
linseed oil-based polyurethane was prepared bynmittie resulting polyol with aromatic TDA.
As a first approach to evaluate the thermo-meclahituehavior of this polyurethane, a 1.0/1.1
molar ratios of the -OH group to the isocyanateugravas chosen for the formulation. Using
Equation a polyol equivalent weight = 244 g/eq. whtained. Storage modulus (E°) and tan
were recorded as a function of the temperatureulBerevealed the presence of a crosslinked
network, with a glass transition temperature oluatb— 6.5C and a modulus with a magnitude
of approx. 3 MPa at ambient conditions. This iseacindication of the elastomeric nature of the

resulting materials, and its poor capacity to vidhsl deformation when stress is applied.

3.6 Polymerization of acrylated soybean oil througliree radical mechanism

The third approach covered the study of the aawglails. Acrylated soybean oil was employed
to explore the feasibility of using oils modifieditiv acrylate groups to generate suitable
materials for different polymer applications. Thgpglier states that the product has a molecular
weight of approximately 1800-7200 g/mol; and a sty at 25C of 18000-32000 cps. With the
aim of improving the solubility of the radical idtor (AIBN), the acrylate soybean oil was

diluted with methyl methacrylate, a low moleculagight comonomer. DMA was also used to
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evaluate the thermos-mechanical properties. Madgerasulting from the polymerization of
acrylated soybean oil with AIBN appeared as reddyivuransparent, yellowish brittle and rigid
polymers. Table 3.3 lists the properties of theltesy materials.

Table 3.3. Properties of acrylated soybean oil peiys

Acrylated Soybean Methyl Mc
E at 30% Tg n
Oil Methacrylate (g/mol)
(GPa) (%) | (mol/im?)
(wt%) (Wt%)
90 10 0.38 50 5246 206
85 15 0.48 55 4445 243
80 20 0.67 60 4290 251
75 25 0.75 59 3461 312

As seen in the table, was not deeply impacted bycttimonomer content and ranged from 50 to
60 C. On the other hand, storage modulus was almgdicdted when adding 25 wt% of methyl
methacrylate. Higher proportions of the comonomereanot tested to minimize the presence of
commercial synthetic agents. The 25 wt% methyl mxatiate proportion allowed to adequately
dissolve the initiator and to reduce the viscosigstly improving the manipulation of the resin
during formulation. The rubbery moduli of the systeranged from approximately 30 to 45
MPa, and crosslinking densities ranging from appE®46 to 3461 mol/fhwhen increasing the
methyl methacrylate proportion from 10 to 25 wt%eh value, as expected, decreased with the
increase in the methyl methacrylate content, duiéstohain extender effect (as reflected in the

increase in thé. values), by reducing the crosslinking density tigto the formation of linear
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chains embedded in the acrylated oil network. Riaysiensities were around 1.08 gfcrand

did not statically changed as a function of thehylethethacrylate proportion

As a summary of results, so far three chemical fiecadions (epoxy, hydroxyl and acrylate)
have been preliminary evaluatells seen, the step-growth process employed to fatauhe
epoxy resin implies the use of a commercial ammecrbsslink the epoxy monomers. This
generates a partially bio-based (around 60 wt%heftotal weight of the formulation) resin that
showed a considerably better thermo-mechanicabprence than the materials produced in
Chapter IlI, where non-modified tung oil was cataallly polymerized to yield elastomeric
materials. Clearly, this modification improves timechanical properties of oil-based materials,
yielding thermosets with modulus in the order ofaGidd glass transitions temperatures around

70 C.

Concerning the second approach, the inclusion dfdxyl groups to produce polyurethanes; it is
evident that the elastomeric nature of these resamot make them suitable candidates to
replace materials intended to structural or conmtpagpplications. Due to their flexibility, these
polyurethanes could be used as matrices for thamealation, packing or cushioning. However,
the resulting materials were extremely flexibled dacked of mechanical resistance; therefore,
no further investigations were carried out usingypethanes.Regarding acrylated oils
polymerized through free radical mechanism, it lbarconcluded that acrylated oils can be used
to make rigid thermosetting polymers and composit€eese materials exhibited high
crosslinking densities, resulting in higher Tg (app 60C) and improved storage modulu®.{

GPa) than their non-functionalized counterpart®niithese findings, the epoxy and acrylate
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moieties are promising approaches to more reactiweomers able to generate materials with
good mechanical properties than their non-modiftednterparts. Epoxy resins are the main
topic on the remaining sections of this chapteraméhile acrylated oils will be considered in

chapter IV as a source of monomers to generategagbrmance materials.

It is clear however, that all of the above mentobnaodifications lead to not fully, partially bio-

based resins; which still lacking of the desirepamdies to simulate the performance of existing
counterparts from non-renewable resourédghis point of the research, the efforts wereutoc

on improving the thermo-mechanical properties efépoxy resins by introducing aromatic, low
molecular weight comonomers able to increase thanchtiffness and thus, enhancing the
mechanical performance of the oil-based epoxy sesinsimulate and even to improve the
properties of commercial systems. It was also exttg important to increase the contribution of
renewable materials into the formulations, by mizing the use of commercial compounds.
Therefore, this chapter also studies the chain-tiroeopolymerization (which reduces the
amount of commercial agents in the formulation weight basis) of epoxy monomers. The
details of the copolymerization of epoxidized liedeoil and a low molecular weight aromatic

epoxy comonomer are summarized in the followingises.

3.7 Copolymerization of epoxidized linseed oil an@&poxidized & resorcylic acid through
chain-growth process

Another possible ways to polymerize epoxy mononeithrough the use of small amounts of
Lewis bases that act as initiators of the aniomtyrmperization. Commonly used initiators

include tertiary amines such as 4-dimethylaminapgeg (DMAP). The mechanism for the
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anionic polymerization of epoxy monomers initiateg tertiary amines is highly complex and
has not been fully described yet. Figure 3.10 dsp& simplified scheme of the anionic

polymerization of epoxy monomers.

e A DO
N N < n
A OO

DMAP Epoxy Monomer,
R =H or Alkyl Group R= O-Ar

Figure 3.10. Anionic polymerization of epoxy monase

In order to prepare the resins, epoxidized linggednd triglycidylated ether of-resorcylic acid
(TRA) or epoxidized -resorcylic acid, were mixed in different weighbportions. The idea of
using this aromatic trifunctional monomer lies upitve principle that the flexibility of the
polymer backbone may be markedly decreased witingetion of groups that stiffen the chain
by impeding rotation, since more thermal energ$hén required to set the chain in motion. The
presence of rigid aromatic structures confers ertfaterials the thermo-mechanical properties
required in their industrial and high performangegplacations. Dimethylamino pyridine or
DMPA was added to the mixtures in a ratio of 0.08 @MMAP/mol epoxy. After the curing
process, the polymeric materials appeared as dakkrbstiff materials at room temperatufFar

all the studied systems, suitable materials folyasmawere not obtained for epoxidized linseed

oil proportions above 30 wt%,; due to the lack osahility of the two compounds.
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3.8. Scanning Electron Microscopy

The fracture surfaces of the thermosets were stuojescanning electron microscopy (SEM).
The results of the morphological study are shownFigure 3.11. The 100 wt%-epoxy
resorcylic acid formulation possesses a fractuméase and an internal structure of a brittle
material, characterized by a highly glassy surfagleere crack marks, ridges, and planes are
dispersed all over the surface [37]. Regardinglid@ wt% epoxy linseed oil resin, it shows the
morphology of a ductile material, with a smooth &aaktureless surface denoting a highly plastic
deformation [38]. The 80-20 and 70-30 wt% copolysn@resent a very irregular surface,
characterized by randomly distributed cavities, sy denoting the presence of a non-
homogeneous structure, through the formation obemp domains as a result of micro-phase

separation of the components.

3.11.a
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Mag= 150KX EHT = 20.00 kW Signal & = SE{ Date :10 Oct 2014
WD =12.0mm Photo No. =7518  Time :9:33:36
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3.11.b

( : i -
30 pm Mag = 500 X EHT =20.00 kv Signal A = SE1 Date 110 Oct 2014
H WD = 11.0mm Photo No. = 7521 Time :9:50:02

3.11.c

00 pm Mag = 500X EHT = 20.00 kv Signal A = SE1 Date :10 Oct 2014

}—t WD =125mm Photo Mo. = 7523 Time :10:00:20

3.11.d

Mag= 150 KX  EHT=20.00 kv Signal A = SE1 Date :10 Oct 2014
WD =12.5 mm Photo MNo. = 7526  Time :10:10:24

Figure 3.11SEM micrographs of the fracture surface of 100RA (3.11.a), 80 % -RA — 20 %

ELO (3.11.b), 70 % -RA — 30 % ELO (3.11.c), and 100 % ELO (3.11.d).
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3.9. Thermo-mechanical characterization of theepoxidized linseed oil (ELO) and
epoxidized -resorcylic acid (ERA) copolymers.

Figure 3.12 shows the temperature dependence dcfttinege modulus (E’) and the tanThe
peak in tan corresponds to the main mechanical relaxatiomefratrix, which was used as a

criterion to determine the Tg of the polymer.
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Figure 3.12. Temperature dependence of the stonaglellus (3.12.a) and loss factor or tan

(3.12.b) as a function of the composition of tmsdéied oil — RA epoxy resins
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Results revealed that the materials behaved amdsets. As seen in the curves, the storage
modulus initially remained approximately constafds the temperature increased, the storage
modulus exhibited a drop over a wide temperaturggea(glass transition), followed by a
modulus plateau at high temperatures, where therrabbehaved like a rubber. This region,
called the rubbery plateau, evidences the presaeingestable cross-linked network. The modulus
drop is associated with the beginning of segmentalility in the cross-linked polymer network;
whereas the constant modulus at temperatures ab60e°C (for the systems containing
triglycidylated -RA) and above 50 °C (for 100 wt. % epoxidized deg oil) is the result of the
cross-linked structure of the polymer. As can benseéhe transition between the glassy to the
rubbery state was relatively sharp and began ainar@5 C for the tested materials containing
triglycidylated -RA; and started below room temperature for the W% epoxidized linseed

oil resin. Table 3.4 summarizes the main propedfdbe bio-based epoxy thermosets.

Table 3.4. Mechanical properties of the triglycatgdd -RA and epoxidized linseed oil epoxy

resins
Triglycidylated ether Epoxidized
E at 30% Tg Density of active
of -resorcylic acid linseed oll
(Pa) (%6) chains (mol/nT)
(Wt%) (Wt%)

100 0 3.78E+09 113.7 7176
90 10 3.09E+09 107.9 2701
80 20 2.22E+09 116.2 1808
70 30 1.40E+09 116.5 1520
0 100 1.64E+06 20.5 102
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As shown, the storage modulus (E’) at room tempeeatonsiderably decreased when the
triglycidylated -RA wt. % content was reduced. The decline in tleglntus values is directly
correlated to the decrease in the density of adinagns om; parameter that is often associated
to the crosslinking density of the material. Fag talculation oh, it was assumed that all of the
components in the systems entered into the netwanich is in reality impossible. However,
after the Soxhlet extraction of samples with acettor 6 hours, it was observed that the total
amount of monomers that did not polymerize rangemfl4 % to 19 % (from epoxidized
resorcylic acid 100 wt% to epoxidized linseed d01wt%). The glass transition temperature
was not highly influenced by the reduction in thdRA wt. % content and it showed its
maximum value for the 80 epoxidizeeRA wt. % - 20 wt. % epoxidized linseed oil systeAs
expected, the poorest mechanical properties whdribited by the 100 % wt. epoxidized LO
system. It is of worth to highlight that there &an® opposite mechanical behaviors present in the
two epoxy monomers. On the one hand, resins cangpinrresorcylic acid present the typical
behavior of glassy, brittle polymers, with modulnghe order of GPa at room temperature and
glass transition temperatures above T00n the other hand, the linseed oil proves to be
completely elastomeric and ductile material, havingrosslinking density even lower than a

common rubber band (typically= 190 mol/ni [39]).

As previously stated, suitable materials for analygere not obtained for epoxidized linseed oill
proportions above 30 wt%. As a result of this olg®on, concerns about the miscibility of the
two phases arose during the characterization ofrékalting materials. In order to study this
phenomenon, the correlation between the glassiti@ngemperature and the composition,

through the Fox model was employed to evaluatentiszibility of the phases. This model
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pertains to random miscible systems, with weakrmtdecular interactions, and it is commonly

used as a criterion to evaluate the homogeneitynaisdibility between the components [40].

Figure 3.13 shows the correlation between the drgpevalues and the experimental data,

denoting the regions where one or two phases wesibly evident. Fox model predicted a

decrease in the Tg when the triglyceride-based ¥pesin was mixed with the epoxidized

resorcylic acid. As seen in the plot, correlatiomsvgood when 10 wt% of linseed oil was added

to the -resorcylic acid. However, when the proportion vimseased to 20 and 30 wt%, the

model underestimated the values; and higher gtassitions were observed. It is evident that

even at relatively low proportions of linseed aileviations from the Fox equation were

observed, indicating that the miscibility of theagles was not accomplished.
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Figure 3.13. Relationship betwee @/and relative epox.-resorcylic acid weight fraction

As a second approach, the correlation betweendhbisty parameters () of the compounds

was evaluated. A criterion of good solubility fogaven binary system is achieved whan =,.
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It provides a useful practical guide for non-pagstems [41]. As an approximation, the reported
solubility parameters of a bisphenol A type epoggim and linseed oil have been considered
[42,43]. In the case of the epoxy resin, the inilee of the dipolar interactions, as well as
hydrogen bonding, can been neglected; thus reduleeglansen three component model to only
the dispersion contribution. Therefore, approximgtip . ¢ for non-polar compounds, the
reported value of the solubility parameter for aBienol A type resin is 20.0 MPa On the
other hand, the solubility parameter for linseedi®il6.4 MP&2 A difference of around 3.6
units in this parameter indicates that the linseéd sparingly soluble in the epoxy resin, which

structurally resembles the epoxidized derivative-oésorcylic acid.

It is also important to discuss aspects relatethéostructural characteristics of the monomers,
which highly influence the reaction. On the one diaepoxidized oils contain oxirane
functionalities that are located near the middlghaf 18-carbon length fatty acid chains. As a
consequence of this feature, these groups arecatgrihindered at both carbons; heavily
diminishing their reactivity. On the other handeg ttriglycidylated ether of -resorcylic acid
contains pending oxirane functionalities that ava-sterically hindered, facilitating the attack of
the anionic growing species generated during tbpagation stage of the reaction. Mechanistic
studies indicate that initiation of the reactiowalves SN displacement to form alkoxide ion,
and the propagation occurs via nucleophilic disptaent involving the new alkoxide ion [44]. It
is well known that the SNiransition state involves partial bond formatigriveeen the incoming
nucleophile and the substrate. It seems reasonaldensider that a hindered, bulky substrate
prevents the approach of the nucleophile, makingdbmrmation difficult. As a result of this

steric effect, during the polymerization stage, tbaction might have had more affinity for the
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epoxy monomers derived from the triglycidylatedegtbf -resorcylic acid; than for the epoxy
monomers obtained from the modification for theséiad oil. After the curing and subsequent
formation of a three-dimensional network, the lamgin rubbery molecules of the triglyceride
derived epoxy resin can either participate in thege separation (forming small rubbery
domains), or taking part in the epoxy matrix by raeal bonding [45]. This process might
happen randomly, fact that is reflected in the latkendency observed in the evolution of the

glass transition temperature as a function ofitieekd oil weight fraction.

Recalling from the discussion about the thermo-rapial properties and the resulting effect of
adding a low molecular weight aromatic comonomeers very clear that the presence of rigid
aromatic structures do confer to the materialsypeeal behavior of glassy, brittle polymers; by
providing a highly crosslinked structure, able tathatand deformation when stresses are
applied. Compared to the triglyceride-based epoxynamers, aromatic epoxy monomers
provide a considerably better option to formulatatenals with good thermo-mechanical

performance.

In order to compare the results obtained in theeaech, the triglycidylated ether ofresorcylic
acid was mixed in different weight proportions with thell-known commercial epoxy resin
EPON 828. This is an undiluted clear di-functiobaphenol A/epichlorohydrin derived liquid
epoxy resin. It is synthesized following a simildremical approach to the one used in this
research to attach epoxy groups to thesorcylic acid. The triglycidylated ether ofresorcylic
acid (TRA) and the EPON 828 were mixed in different virtigroportions, and were also cured

using DMAP as an initiator.
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Figure 3.14 shows the micrographs of the fracturéases. All the resins present homogeneous
morphology with no visible phase domains. The s@$aare characterized by smooth, glassy

microstructures, without any plastic deformation.

3.14.a

EHT = 20,00 kv Signal A = SE1 Date :10 Oct 2014
i WD =120 mm Phota Mo, = 7518 Time :9:39:42

3.14.b

Mag= 500X EHT =20.00 kV Signal A= SE1 Date :1

Oct 2014
WD = 8.5 mm Photo No.=7532  Time :10:4

0
0:40:20
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EHT = 20.00 KV Signal A = SE1 “Date 10 Oct 2014 NS
WD = 11.0 mm Photo No. = 7530  Time :10:33:42

3.14.d

EHT = 20.00 kV' Signal A = SE1 Date :10 Oct 2014
WD = 8.0 mm Photo No. = 7627  Time :10:27:04

Figure 3.14SEM micrographs of the fracture surface of 100 wtRA (3.14.a), 75 wt% -RA — 25
wt% EPON 828 (3.14.b), 50 wt%RA — 50 wt% EPON 828 (3.14.c), and 100 wt% EPOR 82

(3.14.d).
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Concerning their thermo-mechanical behavior, Tabtesummarizes the main properties these
epoxy thermosets.

Table 3.5. Mechanical properties of the triglycatgd -RA and EPON 828 epoxy resins

Triglycidylated ether of EPON 828 E" at 30% Tg Density of active
-resorcylic acid (wt%) (Wt%) (GPa) (%) chains (mol/nT)
100 0 3.78 114 7176
75 25 4.13 115 3854
50 50 2.43 124 2065
25 75 3.24 115 2531
0 100 2.40 140 2732

Results revealed that the properties of the mechhmpiroperties of the triglycidylated-RA
based resin are similar to those shown by theirseraial counterpart, exhibiting moduli values
in the order of Giga Pascal at room temperatureghasts transition temperatures above 100
This finding suggests that the density of activaics plays a key role in the final properties of
the materials, especially in the magnitude of thedutus, a physical measurement of their
stiffness. It is very clear that the modulus i®sgly dependent of the variation of this parameter.
Therefore, when synthesizing thermosetting materials of extreme importance to provide the
monomers with structural characteristics that emshe maximization of the number of active
polymer chains forming the crosslinked network. @héhe ways to achieve high crosslinking is
by means of increasing the number of functionaité the monomers. It is well known that as
the functionality increases, the network crosshigkidensity increases, thus increasing the

thermo-mechanical properties [46].
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In order to have a better understanding of thecefféthe functionality on the final properties of
the networks, the diglycidylated ether of resortiaad the triglycidylated ether of-resorcylic
acid (di and tri functional epoxy aromatic monomeespectively) were copolymerized through
chain growth polymerization employing DMPA as iatbr. As previously stated, from the point
of view of the polymer growth mechanism, two diffiet entirely processes, step and chain
polymerization, are distinguishable. For both mecas, if one of the reactants has
functionality higher than 2, branched molecules amd infinite structure can be formed,;
otherwise a linear thermoplastic material is ol#dif47]. Table 3.6 shows the obtained results,

regarding their response to an applied cyclicalsstr

Table 3.6. Thermo-mechanical properties of theydiglylated ether of resorcinol and

triglycidylated -resorcylic acid copolymers

Diglycidylated Triglycidylated ether E at Tg E atTg + Density of
ether of of -resorcylic acid 30% (@) 30% active chains
resorcinol (wt%o) (Wt%) (GPa) (GPa) (mol/m3)

100 0 3.15 132.49 0.125 11504

75 25 3.04 153.94 0.162 14210

50 50 3.41 168.86 0.149 12656

25 75 411 180.19 0.353 29281

0 100 2.90 212.51 0.433 33666

105



Figure 3.15 shows the temperature dependence dcfttinege modulus (E’) and the tanThe
peak in tan corresponds to the main mechanical relaxatiomefmatrix, which was used as a

criterion to determine the Tg of the polymer.
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Figure 3.15. Temperature dependence of the stonagelus (3.15.a) and loss factor or tan
(3.15.b) as a function of the composition of theoreinol weight content for the resorcinol-

resorcylic acid epoxy resins.
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Considering the modulus at room temperature, theegaare approximately constant3- 4
GPa), and are just a weak function of the weigtid 1af the two monomers. This behavior is not
surprising, since the modulus for glassy polymast pelow the glass transition temperature is
known for being approximately constant over a widage of polymers; having a value of
around 3 x 1dPa. In this state, molecular motions are resti¢ctevibrations and short-range
rotational motion. Classic explanations for thisepbmenon imply the use of Lennard-Jones
potentials, as well as carbon-carbon bonding féiatds [39]. Regarding the glass transition, it is
evident that is a strong function of the proportmfnthe monomers, as well as their chemical
functionality, producing a difference of approx. 80when switching from two to three epoxy
groups (di and tri glycidylated monomers). The dapoordinated molecular motion in this
region is governed by principles of reputation diftlision. This phenomenon can be suppressed
or retarded (in terms of energy), if the crossingkdensity is increased. As seen in the Table, the
higher the crosslinking density, the more cons@&dithe chain motion; and thus the stiffer and
more thermally resistant the molecular structurefast that is reflected by the values of the
rubbery modulus (oE™ at Tg + 30C). Clearly, increasing crosslinking density appréximes
led to an increase of around 80in the Tg. As the temperature is raised pastuhbery plateau
region for linear amorphous polymers, the rubbdowfregion is reached. It has to be
emphasized that this region does not occur forstirded polymers. This behavior was expected
for the 100 wt% diglycidylated ether of resorcinmbwever it was not clearly observed in the E’
vs temperature plots. After raising the temperapast the 25@, the modulus dropped and
remained unstable, probably due to thermos-oxidatdecomposition of the polymers.
Differential scanning calorimetry studies reveasighs of thermal decomposition for all of the

materials when approaching 3Q0
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4. Conclusions

This chapter focuses on the chemical modificatibtwo different functional groups of biomass
derived materials; the carbon-carbon double boridagbycerides, and the hydroxyl groups of
phenolic compounds. These chemical modificationeevaeldressed to introduce more reactive
functional groups able to polymerize and to prodonaerials with a better thermo-mechanical
performance. Three chemical modifications (epoxydroxyl and acrylate) were preliminary
evaluated.The step-growth process employed to formulate geexe resin implies the use of a
commercial amine to crosslink the epoxy monom#rsvas observed that the epoxidized oll,
when mixed inan epoxy/amine ratio o0f10/6, produced resins with acceptable thermo-
mechanical properties, showing a Tg of around_7&nd a modulus of around 1.4 GPa at room
conditions. Regarding acrylated oils polymerizedotigh free radical mechanism, it can be
concluded that acrylated oils can be used to migie thermosetting polymers and composites.
These materials exhibited high crosslinking deesjtresulting in higher Tg (approx. &) and
improved storage modulusO(7 GPa) than their non-functionalized counterpaftsese two
approaches produced materials with considerablietb&ermo-mechanical performance than

the thermosets produced in chapter Il.

This chapter also studied the chain-growth copohma&on (which reduces the amount of
commercial agents in the formulation per weightig)asf epoxy monomers. This approach
allowedincreasing the contribution of renewable materiais the formulations, by minimizing

the use of commercial crosslinking compournidkewise, efforts were focus on improving the
thermo-mechanical properties of the epoxy resinsinbgoducing triglycidylated ether of-

resorcylic acid, a low molecular weight comonomigledo increase the chain stiffness and thus,
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enhancing the mechanical performance of the oikdbapoxy resins.Testing showed that this
aromatic monomer is able to produce resins witl Aig and modulus (314 C and 3.8 GPa).
When combined with epoxidized oil, a decrease enstorage modulus when higher amounts of
epoxidized linseed oil were added to the mixtures wbserved. Tg appeared to be not strongly
dependent of the amounts of epoxidized linseedS#EM images confirmed the glassy brittle
nature of the materials and revealed possible théymamic incompatibility of these two
compounds. When compared to samples of commeraggihptesting showed the mechanical
properties of the triglycidylated-RA based resins are similar to those shown by ERBQ28I
epoxy resin. Studies about effect of the functiiypadn the final properties of the networks,
employing the diglycidylated ether of resorcinotlahe triglycidylated ether of-resorcylic acid

as models, revealed that the crosslinking densgigsras a functionality of the monomers

increases, thus increasing the thermo-mechaniogkpties.
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CHAPTER IV
Synthesis and Characterization of InterpenetratingPolymer Networks (IPNs) Using

Biomass Derived Materials.

1. Introduction

Thermosetting polymers are generally stronger tharmoplastic materials due to the presence
of a three-dimensional network of bonds (or craskhhg). This structural characteristic makes
them suitable for high-temperature applicationspwshg a number of advantages over
thermoplastics, such as elevated heat distortiompéeatures, good solvent resistance and high
modulus. These outstanding properties have resirtdteir use in a wide range of commodity,

engineering and specialty applications [1].

Nowadays, there is an increasing growing interesti¢velop novel bio-based products. The
synthesis of bioplastics, which are intended toutate the performance of existing counterparts
from non-renewable sources, also goes hand in hatid the improvement of the current
available materials; most of them traditionally gwoed from petroleum based monomers. To
expand the physical and chemical performance ofyrpelic materials, multicomponent
macromolecular systems have been proposed andsesBnused for several decades [2].
Amongst several type of systems, interpenetratiolgrper networks or IPNs are a particular
class of hybrid polymer consisting of two (or mor&psslinked polymers, in which the

macromolecular networks are held together by peemiaentanglements with only few covalent
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bonds between the polymers [3]. IPNs are an inBncaimbination of two or more polymers in
network form, where at least one of the polymergatymerized and/or crosslinked in the

immediate presence of the other [4].

Ideally, IPNs interlace or interpenetrate on a rool@ scale; however, the actual
interpenetration process may be limited by phaparsgion. When two polymers are mixed, the
most frequent result is a system that exhibit atmttal phase separation. From a
thermodynamical point of view, this phenomenonewigs a result of the reduction on the
combinatorial entropy of mixing, compared to thehaipic contribution of the mixing process,
of the two types of polymer chains [4]. Howevennixing is accomplished simultaneously with
crosslinking, phase separation may be kineticatytiolled by permanent interlocking of
entangled chains [3]. Also, in recent years, with &im of minimizing phase separations, there
has been an increasing interest in developing -tfP&fs, in which the two networks are
chemically cross-linked [5]. These multicomponentymer systems seek to combine the best
properties of two or more different polymer netwoik order to achieve a material with better
properties compared to their not-interpenetratathterparts. It has been found that the network
interlock has measurable influences on the curgttabiors and on the mechanical properties of

the resulting materials [6].

Over the years, IPNs have been categorized interdrit ways, mainly according to their
synthesis method and also by their structure. Aildet description is given by Sperling [7],
however, the description provided in this documeitit principally cover the synthesis method,

which is the main focus of this research. Accordmghe chemistry of preparation, IPNs can be
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classified into: (i) Simultaneous IPN, when thequmsors of both networks are mixed and the
two networks are synthesized at the same time Ogpe@ndent, non-interfering reactions. (ii)
Sequential IPNs, in which polymer network | is $g#ized first and then monomer Il, plus
crosslinking agents and catalyzers, are swollea mdtwork | and polymerized situ. If a
crosslinker is present, fully IPN results, whiletire absence of a crosslinker, a network having

linear polymer embedded within the first networlasmed (semi-IPN) [8].

In the last decades, few research groups have ddctseir work on the synthesis and
characterization of IPNs from natural products,ibeigg with the pioneering work of Sperling
and his coworkers, who developed IPNs from cagtdrased elastomers and styrene monomers
[9]. This fact stands up as a key finding, givimg topportunity to perform research on a field
lacking of recent developments. Also, other natyrinctionalized triglyceride oils and their
use in producing semi-IPNs is reviewed by the sgnoeip [10]. After this work, other groups
have used castor oil as a source of polyurethamgsepare oil-based IPNs [11,12]. Other oil-
based IPNs include the use of oligomerized soyloddi 3], tung oil [14], and canola-oil based
polyol with primary terminal functional groups (re¢mi and full IPN). It is of worth to highlight
that most of these oil-based IPNs structures atecompletely, but partially, derived from
biological raw materials and fossil fuels. IPNsvibetn commercial resins, such as epoxy, and
elastomeric materials of natural origin are knownliterature. Examples include acrylate and
methacrylate monomers derived from vernonia oil loim@d with bisphenol A-type resin [15],
flexible methacrylate network based on camelinand a rigid aliphatic glycidylether modified

bisphenol A based liquid epoxy resin [16].
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On the other hand, lignin, which annual producborearth has been estimated to be in the range
of 5 — 36 x 18 tons, is undoubtedly the most promising naturarse of aromatic monomers for
the chemical industry. For years, synthesis strasegddressed to modify lignins have struggle
with low reactivity associated to steric hindrafté]. However, some novel technologies based
on biomass refinery appear as a good alternativevéoscome this problem. Modern pyrolysis
techniques stand as a sustainable way for arombitbs®urcing, by providing low molecular
weight fragments of natural lignin, which can bedias platform chemical for organic synthesis.
A vast amount of lignin-based compounds, includoiggnol and more complex guaiacol and
syringol derivatives, has been identified in pysidy oils [18—-20]. Tannins have also been
explored as a source of aromatic macromonomersoupe thermosetting resins [21]. To the
best knowledge of the authors of this project, rpgaetrated polymer systems employing
monomers, or their precursors, that can be paténtobtain from biorefinery have not been

reported in literature.

In this Chapter, the formulation of interpenetrgtipolymer networks, comprising epoxy and
acrylate phases, is extensively studied; mainlys$oty on the thermo-mechanical properties of
the resulting materials (Figure 4.1). Two typesofmpounds were tested as the epoxy phase of
the system, epoxidized linseed oil (containingyfattid chains bearing epoxy moieties) and
glycidyl ether of -resorcylic acid (or epoxidized -resorcylic acid), crosslinked with
commercial multifunctional amines. The acrylate gghavas synthetized using acrylated soybean
oil, slightly diluted with methyl methacrylate. Asen in Chapter Ill, the copolymerization of
epoxidized vegetable oil with epoxidizedresorcylic acid vastly improved the thermo-

mechanical properties of the materials. Howeverasphseparation occurred for mixtures
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containing epoxidized triglycerides in weight caomte higher than 30 wt%. The idea of
developing an interpenetrated system containingpmxy phase derived fromresorcylic acid,

and an acrylate phase derived from vegetable mésiras an approach to not only improve the
properties by including an aromatic monomer in $ystem, but also to minimize the phase
separation phenomena by kinetically controllings tthermodynamical process by permanent

interlocking of entangled chains, avoiding phageasation.
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Figure 4.1. Generic scheme of tiRNs containing epoxy and acrylate networks.

The strategy to prepare the IPNs can be dividenl tiwb sections. The first one comprises the
chemical modification of the raw materials, as wasdl a quantitative analysis of the targeted
functional groups. In a second step, the modifieshomers are polymerized and the resulting
materials characterized, mainly focusing on thie@rino-mechanical behavior-resorcylic acid

(a phenolic acid with two hydroxyl and one carbaxycid functional groups) was modified
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with reactive epoxy moieties, and used as low maécweight comonomer to enhance the
density of aromatic structures in the crosslinketwork. From the literature review, it was
found that most of the current IPN are not fullyt Ipartially, prepared from biological raw
materials and fossil fuels. The novelty of the présstudy is not only derived from the selection
of the macromolecular components, which try to mteva response for the need of IPNs
prepared from formulations including a higher cimition of biological materials; but also from

the final properties that can be generated wheocagfng the phases in the IPN structure.

2. Experimental Section

2.1 Materials

Linseed oil (LO) was purchased from VWR InternaibUSA) and used with no further
purification. Glacial acetic acid (99.5 %), hydrogeeroxide (30 %), sodium carbonate, toluene,
petroleum ether, ethyl acetate, iodine monochlorilgs’ solution, 33 % HBr in glacial acetic
acid, methyl methacrylate, 22zobis(2-methylpropionitrile) (AIBN), and Amberét ion-
exchange resin were all AR grade and also acqumach VWR International (USA). -
Resorcylic acid (-RA, 98%), epichlorohydrin (99.0 %), sodium hydroxide 48%), and
dichloromethane were purchased from VWR (US). Binethylammonium chloride ( 98%),

used as a phase transfer agent, was also acqured/MWR (US).

Acrylated soybean oil (Figure 2) was purchased fi®igma Aldrich (USA). In Figure 4.2, R
represents the fatty acid chain modified with tleeylate group. The supplier states that the
product has a molecular weight of approximately 8200 g/mol. The average number of

acrylate groups per triglyceride has not been detexd by the supplier or Sigma. However, it
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has been established that it contains in averdgdauble bonds, that can be first converted into

epoxy groups, and then into acrylate moieties [22].

Figure 4.2. Chemicadtructure of the acrylated soybean oil.

2.2 Synthesis procedures
2.2.1 Synthesis of epoxidized triglycerides

Refer to Chapter 11l for the synthesis of epoxidizi@seed oil.

2.2.2General procedure for the glycidylation of&-resorcylic acid.

Refer to Chapter Il for the glycidylation ofresorcylic acid.

2.2.3 Synthesis of IPNs

As previously detailed, IPNs can be prepared aaegrit two different basic synthesis methods,

known as Simultaneous IPNs (SIN) and as SequdRiNg. During the simultaneous approach,

the monomers or polymer constituents, plus crossients and catalyzers are mixed together.
After mixing, the two polymerization reactions &aried out simultaneously as indicated by its
name. In terms of the chemical mechanism they iolio polymerize, there is no interference

whatsoever between reactions. In the case of saglenethod, polymer network | is
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synthesized first and then monomer Il plus cro&sig agents and catalyzers are swollen into
the network | and polymerize in situ. For this wotke simultaneous method was chosen to
prepare the IPNs. Two types of IPNs were synthdsarel studied, both of them composed of
two different phases, the epoxy phase and theaerylhase. The epoxy phase is polymerized
through a step-reaction polymerization, by curihg@ £poxy monomers with a commercial

amine. The acrylate phase, on the other hand, lgmeoized through a chain reaction that

requires an initiator to generate reacting speaia$ then propagate the reaction. The types of

IPNs are detailed as follows.

System A: Epoxidized linseed oil/acrylated soybeamil IPNs

The first type of IPN consisted of combining trighyride-derived materials, the epoxidized
linseed oil (polymerized through step-growing megthim) and the acrylated soybean oll
(polymerized through chain-growth mechanism). Fifs¢ epoxy phase was prepared by mixing
epoxidized linseed oil withthe commercial hardener SC-15 part B (Applied Rofec Inc.),
composed of cycloaliphatic amine and polyoxyl-adkgine,in a 10/6 weight ratio. Even though
technical information for this agent is very lindteprevious experiments performed by this
research group revealed that the best thermo-mmahagroperties were obtained when using

SC-15 part B as a hardener to cure the epoxidineddd oil (refer to Chapter IlI).

The components of the acrylated phase, acrylatgdesm oil, methyl methacrylate (added to
reduce the high viscosity of the acrylate oil iBGawt% of the total weight of acrylated oil) and
2,2-azobis(2-methylpropionitrile) or AIBN as initea (1 wt% of the total weight of the acrylate

phase) were mixed separately and then added tepihvey phase precursor solution in different
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weight percentages. After mixing these solutiotissamples were placed in glass moulds and
then cured in the oven following the next heatiaguence: 50°C for 1 hr., 60°C for 1 hr., 75°C

for 2 hours, 120°C for 12°C hours, and finally 18Gdr 1 hour.

System B: Epoxidized&-resorcylic acid/acrylated oil IPNs

The second type of IPN consisted of combiningplaenolic-based epoxy resin with the
triglyceride-based acrylate resiihe epoxy phase was prepared by mixing the tridijated
derivative of the -resorcylic acid (TRA) or epoxidized-resorcylic acid witithe commercial
hardener Jeffamine T-403, a well-known trifunctioanine, in a 10/7 weight ratio. The
acrylated phase is exactly as the one describeddfove for the type A IPN. After mixing these
solutions, all samples were also placed in glassldsoand then cured in the oven following the
next heating sequence: 50°C for 1 hr., 60°C for.1#5°C for 2 hours, 120°C for 12°C hours,

and finally 160°C for 1 hour.

2.3. Characterization of Materials and Networks

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

With the aim of studying the chemical functionatiaa of both, the linseed oil and the
resorcylic, FTIR was performed. Infrared spectratioé starting materials, as well as the
epoxidized products, were measured by attenuated teflection (ATR) method using a
Thermo Nicolet 6700 Fourier transform infrared $pmoeter connected to a PC with OMNIC
software analysis. All spectra were recorded betw&@0 and 4000 crhover 64 scans with a

resolutions of 16 ci
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2.3.2 Kinetics of Gelation

The characteristic peaks in the infrared regiortlieracrylic unsaturation (1638 cnand epoxy
ring (915 cn') respectively were used to calculate the conversibthe acrylic and epoxy
groups. The band at approx. 2960 crassigned to the C-H stretch absorption, was ased
reference because it does not suffer any chemiodifiation during the process. The progress

of curing reaction was evaluated using Equatioh)(4.
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Where, Ay = 915 cni' or 1638 crit peak areader = 2960 cril peak area, t = reaction time, and

0 = initial moment of reaction (uncured mixtureB]2

2.3.3 Determination and Measurement of the ExtentfReaction at the Gel Time.
Gel time was determined following the method ddésadiby the ASTM D2471-99 [24]. This test
method covers the determination of the time frora thitial mixing of the reactants of a
thermosetting plastic composition to the time wkehdification commenced-or each system,
at least three sets of experiments were perforriée. extent of the reaction at the gel point can
be calculated by means of two theories, and ispéeal interest. Two theories were compared.
According to Carothers [25}he critical extent of the reaction,, Rt the gel point is given by

P=2/ 1ty 4.2)
where, fyqrepresents the average functionality of the system is given by

fvg= ENifi / EN; 4.3)

and where, Nis the number of molecules of monomer | with fumaality f;.
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Flory and Stockmayer [26], developed another retethnip, correlating the extent of conversion
at the gel point for stoichiometric mixtures,

¢ PL/ [(fwepoxy-1) (fw,amine— 1) (.4
Where, §epoxy represents the weight average functionality ofépexy monomers, and, fmine

represents the weight average functionality ofaimne monomers.

2.3.4 Soxhlet extraction.

Soxhlet extraction was employed to characterizesthectures of the bulk copolymers following

the ASTM D5369-93 [27]. An appropriate amount of thulk polymer was extracted for 24 h

with 200 mL of refluxing dichloromethane with a $det extractor. Upon extraction, the

resulting solution was concentrated by rotary evafian and subsequent vacuum drying. The
soluble substances were isolated for further charzation. The insoluble solid was dried in a

vacuum oven for several hours before it was weighed

2.3.5 Scanning Electron Microscopy (SEM)

SEM study was performed with the purpose of obtgra topological characterization of the

materials. The fractured surfaces of pre-chillech@as in liquid nitrogen were studied by

scanning electron microscope (Zeiss EVO 50 varigbessure scanning electron microscope
with digital imaging and EDS). Samples were spetlewith gold prior to SEM observations

with an EMS 550X auto sputter coating device wahbon coating attachment.
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2.3.6 Thermal Properties

The thermal properties of the IPNs, as well agpdrent resins, were investigated by Differential
Scanning Calorimetry (DSC) on a TA DSC Q2000. Nj&o was used as the purge gas and the
samples were placed in aluminum pans. For eachri@asample, the thermal properties were

recorded at 2/min. in a heat/cool/heat cycle from 80to 300C.

2.3.7 Thermo-mechanical properties of the networks.

Dynamic mechanical analysis (DMA) on a TA InstrutseRSA 1l was carried out to assess the
thermo-mechanical properties by three-point bendling tests were performed at temperatures
ranging from 25 to 250°C with a heating rate of@@Ain. The frequency was fixed a 1Hz and a
sinusoidal strain-amplitude of 0.1 % was used & &nalysis. The dynamic storage modulus
(E) and tand curves were plotted as a function of temperaflioebe able to explain the effects
of the co-monomers on the mechanical propertiess miseful to calculate the crosslinking
density , mol/m3). The crosslinking density can be estimdtem the experimental data using
the rubber elasticity theory. Thermosets behaveubbers above Tg. At small deformations,
rubber elasticity predicts that the modulus storégj¢, of an ideal elastomer with a network
structure is proportional to the crosslinking dgnaccording to Equation (4.5) [28]:

Equation (4.5)
whereE" is the rubbery storage modullis the gas constant (8.314 J/mol K)is the absolute
temperature (K), is the density of the sample (g/ms3), avd is the molecular weight between
crosslinks (g/mol). The temperature and rubbery uhedwere determined for the calculation of
the equation at Tg + 30°C. The temperature at wiieh peak of the tan delta presents a

maximum was considered as the glass transitiondeamtyre of the material.
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2.3.8 Linear Elastic Fracture Mechanics

In order to characterize the fracture toughnesshefgraft-IPNs synthesized, in terms of the
critical stress intensity factoK,c, quasi-static fracture tests were performed folhgwthe
method described by the ASTM D5045-14 [2%he cured IPN sheets were machined into
rectangular coupons of dimensions 70 mm x 20 mmZa8dnm thickness. An edge notch of 3
mm in length was cut into the samples, and themticwas sharpened using a razor blade. An
Instron 4465 universal testing machine was useddading the specimen in tension and in
displacement control mode (crosshead speed = 1nmh/irhe load-deflection data was recorded
up to crack initiation and during stable crack gttowf any. The crack initiation toughness or
critical stress intensity factoK,c, was calculated using the lodg) (fecorded at crack initiation.
For each system, at least three sets of experimaars performed at laboratory conditions. The
mode-| stress intensity factor for a single edgeemed (SEN) tensile strip using linear elastic

fracture mechanics is given by Equation (4.6) [5],

Fvpa ., a
K.= f — Equation (4.6
Ic B W q (4.6)
where,
a a a’ a’ a’
f — =112- 0.23— + 10.6— - 21.7— + 30.4- Equation (4.7)
W w w W W

anda is the edge crack lengtw,is the specimen width is the specimen thickness afds the
peak load. All data are expressed as means * sthrtkviations. Statistical analysis was
performed by one-way analysis of variance (ANOVAYXDnjunction with Tukey's post hoc test

for multiple comparisons using Minitab 17 software.
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The critical energy release ratg,, can be related to the stress-intensity fadtqy;, in plane
strain conditions by Equation (4.8) [30]:

mi)&F

ki Bd"rF& Equatiehg)
where, v is the Poisson's coefficient artél the Young's modulus of the material. For all

formulation,v, was taken equal to 0.33 [31].

3. Results and Discussion
3.1 Chemical Functionalization of Raw Materials
3.1.1 Synthesis of Epoxidized Triglycerides

Refer to Chapter Il for details about the synthediepoxidized linseed oil.

3.1.2 Functionalization of phenolic compounds withepoxy groups. Synthesis of
triglycidylated ether of -resorcylic acid

Refer to Chapter Il for details about the glycitybn of -resorcylic acid.

3.2. Characterization of the IPNs.

3.2.1 System A: Epoxidized linseed oil/acrylated gbean oil IPNs

3.2.1.1 Scanning Electron Microscopy

Scanning electron microscopy was used to investitieg morphology of the systems. Figure 4.3
provides the obtained images of the fracture sedad the IPNs as well as the parent resins, pre-

chilled in liquid nitrogen.
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4.3.a

EHT = 20.00 kV Signal A=SE1  Date : 2014
WD = 8.0mm Photo No. =4938  Time :9:28:18

4.3.b

EHT =20.00kV Signal A = SE1 Date : 2014
WD = 8.0 mm Photo No. = 4941 Time :8:31:13

4.3.c

b |- MY
EHT = 20.00 kV Signal A = SE1 Date : 2014
WD =10.0mm Photo No. = 4843 Time :9:34:03
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4.3.d

4, 3.e

i

Upm Mag= 500 X EHT =20.00 kv Signal A= SE1 Date : 2014
l—' WD = 85mm Photo No. = 4950  Time :9:41:45

Figure 4.3. SEM micrographs of the fracture surfaic#00 % epoxidized linseed oil (4.3.a), IPN
80% epoxy - 20% acrylate (4.3.b), IPN 60% epox9@%4acrylate (4.3.c), IPN 40% epoxy - 60%

acrylate (4.3.d), IPN 20% epoxy-80% acrylate (4,3.60% acrylated soybean oil (4.3.f).
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As shown, the fracture surfaces of the parent seanme characterized by smooth, glassy and
homogeneous microstructures; without any sign afstpt deformation [32,33]. The parent
materials exhibited surfaces with brittle cracksdicating brittle fracture. IPN containing 80
wt% of epoxy and 20 wt% acrylate is characterizgdabvery smooth and ductile surface,
evidencing its elastomeric character (as explainedetail in the next section). The IPNs with
almost equivalent weight fractions of the two pareesins presented irregular and rough
surfaces, with a grooved, heterogeneous, and lyestvihted morphology distributed throughout
the structure. As the proportion of this low molecuveight co-monomer increased, the brittle
character of the materials also increased, whiatefiected in the highly glassy surface of the

100 wt% epoxidized-resorcylic acid sample.

3.2.1.2 Thermo-mechanical characterization of IPNs
As mentioned earliethe IPN system is composed of two different netwptke epoxy phase
and the acrylate phase. Table 4.1 shows the ewoluif the storage modulus (E’) and glass

transition temperature as a function of epoxy/ateylveight proportion.

Table 4.1. Evolution of the storage modulus (E)l ghass transition temperature as a function of

epoxy/acrylate weight proportion.

System Storage Modulus (MPa) at 306 Glass Transition @)
Epoxidized linseed oil 100% 1286.80 68.1
IPN E80 — A20 318.58 39.8
IPN E60 — A40 6.87 27.8
IPN E40 — A60 13.95 25.0
IPN E20 — A80 363.53 44.8
Acrylated soybean oil 100 % 716.09 58.3
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As seen in Table 4.1, compositional variations pbxg/acrylate ratio deeply affected the
thermo-mechanical properties of the IPNs; and gviglent that the performance of the parent
systems (epoxy and acrylate networks) is considlerdiminished when they are combined
forming IPNs. The storage modulus (E’) exhibitetlrea of about 1.3 GPa and 0.7 GPa, and the
Tg was measured to be approx.®&nd 58C for the epoxy and acrylate systems, respectively,
indicating that materials behave as glassy polyratanbient conditions. Since the parent resins
showed the highest thermo-mechanical performaresg; tan be easily visualized as the two
maximum reference points to correlated the thermeckranical properties of the IPNs. The
modulus of the IPNs varied as a function of thestahce (in terms of composition) from the two
parent resins (the reference points) with valuegly falling in between, reaching a minimum
for the IPN E60 — A40 and IPN E40 — A60. In the samanner, the Tg also considerably
decreased, reaching an average value of abo@ 8 the IPNs with almost equivalent weight
fractions of the two parent resins. From the tars temperature plots, it was observed that there
was no phase separation, fact that was expectgunkem mind that the parent resins are both

triglyceride-derived materials.

The decline in the modulus values is directly datesl to the decrease in the density of active
chains om; parameter that is often associated to the crdssly density of the material (Figure

4.4). Conceptually, the higher the crosslinking sign the more constrained the chain motion;
and thus the stiffer and more thermally resist&et nolecular structure is. Therefore, as the
crosslinking density increases, the hardness, msdumechanical strength, and chemical

resistance also increase [34].
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Figure 4.4 Crosslinking density as a function of the epoxygheifraction.

As seen in Figure 4.6, the valuerofor the cured epoxidized linseed 0il-SC 15 pagyBtem is
approx. 1700 mol/th(epoxy weight fraction = 1). When acrylated soybedris incorporated
into the epoxy phase in a low proportion (20 wt.#%g n value severely falls about 12.5 times;
reaching a value af = 137 mol/m, typical of an elastomeric material. Common rutiends,
for instance, hava = 190 mol/ni[4]. As the acrylate weight fraction increaség trosslinking
density also increases; which slightly improvedrttfeermo-mechanical properties, as evidenced
by the rise of thel'g and modulus. However, the numerical values ofrthmarameter for the
IPNs still denoting the presence of poorly retiteth network, exhibiting long-range rubber
elasticity. When the weight fraction becomes 1 (1@ acrylate), the highest crosslinking
density of the series is reached (approx. 3200miplhdicating the behavior a brittle material
for this parent resin. Common thermosetting materisuch as commercial diglycidyl ether of

bisphenol A (DGEBA) type epoxy resin (EEW = 186qgJaused in coating, adhesive, structural,
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and composite applications shows an approximateevafn = 5000 mol/mi when crosslinked

with a tetrafunctional amine [35].

Based on the thermo-mechanical characterizatias,avident that there is a plasticizing effect
of one system into the other as soon as they arbioed to form an interpenetrated network;
the chains are being separated from each othehemte making crosslinking harder. Therefore,
with the aim of studying how the presence of onstesy impacts the polymerization of the
other, differential scanning calorimetry (DSC) wamployed to evaluate the curing behavior of
the resins. When analyzing the behavior of the rgaresins (epoxy and acrylate) it can be
clearly seen that there is a big gap in temperatamd therefore energy, between the onsets of
the polymerizations. The calorimetry indicated thiite acrylated soybean oil-methyl
methacrylate system, containing highly reactiveylate functionalities that chemically behave

as vinyl groups, begins to react at aroundC70

This value coincides with the expected initial daposition temperature of the AIBN, which at
this stage, is able to generate a small numberadfcals that subsequently initiate the
polymerization by reacting with the acrylate fuona@l groups of the triglyceride monomer. The
reaction proceeds up to a temperature of aboutCl3fbint at which the reaction seems to stop
due to the complete consumption of the monomersh@mther hand, the ring opening reaction
between the epoxy groups of linseed oil and thengerial amine SC-15 part B begins at
around 150C, almost 90C higher than its acrylate counterpart. It was abeerved that the
offset of the curing peak, and therefore the compteof the reaction, was at a temperature of

approximately 275C.
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It is well known that the radical chain polymeripat consists of a sequence of three steps,
commonly referred to as initiation, propagationd aermination [25]. Once the acrylated
soybean oil-methyl methacrylate system reachesrgdemture of about 7GQ, the homolytic
dissociation of the AIBN (an azo compound) takeac@] generating resonance-stabilized
cyanopropyl radicals that initiate the polymerinati Subsequent additions of a large number of
monomers fuel the propagation reaction, and finatlaround 12@; the propagating polymer
network stops growing and terminates. The situateams to be quite different for the epoxy
system. During epoxy-amine curing process, the ig¢meaction occurs via a nucleophilic attack
of the amine nitrogen on the carbon of the epoxction. The mechanism proceeds through a

S\2 type reaction, and thus the reaction rate obegsrsl-order kinetics [36].

The direction in which an unsymmetrical epoxidegris opened (or which epoxide carbon is
attacked by the nucleophile) depends on its stracind on the reaction conditions. If a basic
nucleophile is used in a typicaj&Sreaction, such as an amine, the attack takeg plathe less
hindered epoxide carbon. Although an ether oxygenmormally a poor leaving group in @S
reaction, the reactivity of the three-membered imgufficient to allow epoxides to react with
nucleophiles at elevated temperatures (approx. Q0Q37]. However, the structural
characteristics of the monomers highly influence tbaction, and more aggressive conditions
might be needed to start the polymerization dependin the chemical environment of the
oxirane ring. Epoxidized oils (such as linseed oditain oxirane functionalities that are located
near the middle of the 18-carbon length fatty atidins. As a consequence of this feature, these
groups are sterically hindered at both carbons, @sd experience the effect of two electron-

injecting alkyl groups; decreasing their affinitgrfnucleophiles. Due to these two different
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chemical effects, these epoxides react sluggisihtly mucleophilic curing agents, such as amines
[38]; often requiring higher temperatures to oveneothe energy barrier imposed by structural
characteristics in order to obtain the desired pcadlt is important to highlight that the

temperature require to achieve the complexion efréaction needs to be counterbalanced with

the degradation temperature of the reactants atlpts.

Kowalski [39] studied the thermal-oxidative decamagion of oil and fats by performing DSC
scans of edible oils by heating the samples up6@®Q in an atmosphere of oxygen. Results
revealed that at around 16X the onset of the oxidative decomposition waseolesl. The final
stage of curing for the epoxidized linseed oil-#atgd soybean oil consisted of heating the resins
up to 180C. In spite that the results of the DSC study iariratmosphere suggested that
temperatures up to 2745 were needed to fully cure the resins, higher eaipres were not
tested, because after 1 hour at LZ8&igns of thermo-oxidative degradation were alyeavident

in the materials.

Based on these findings, it is suggested that eaetion begins first than the other, and that
there is a big gap between the onsets of the oemctinitially, for rich acrylate soybean oil
systems, the acrylate monomers begun to reactoahdr70C; leading to the formation of a
crosslinked network; whilst the epoxy monomers rieet swollen in it. As the temperature
increased, it was expected that the formation e&lemt bonds between the epoxy and amine
hardener took place. However, it seems to be thet to limited molecular diffusion required for
polymerization (which fuels condensation reactiofgp], as well as to the very high

temperatures required to polymerize the epoxy systiee epoxy monomers remain unreacted or
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partially reacted in the acrylic network, plastio it and therefore; leading to a decrease in the
thermo-mechanical properties of the IPNs. On theerohand, for rich epoxy systems, it is
evident that even in small proportiorieg acrylated system severely reduces the abifith®

epoxy system to react, and hence making the cné@sdj process very hard to accomplish.

From the obtained results, the acrylate soybeasysiiem seems to offer a good candidate to
formulate the interpenetrated networks, due taliiity to react at rather low temperatures and
the relatively good mechanical properties of tmalfiproduct. However, the epoxidized linseed
oil system, as a result of its low reactivity calid®y structural factors, does not stand as a
feasible option to develop IPNs systems. Sincegthad of this project is to produce polymeric
materials of high thermo-mechanical performancevas also decided to explore using highly
reactive phenolic-based epoxy resins to formulae PNs, keeping also in mind thtte
thermal and mechanical performance propertiesgdrac polymers has been generally linked to

the presence of rigid aromatic structures.

3.2.2 System B: epoxidized-resorcylic acid/acrylated oil IPNs

3.2.2.1 Scanning Electron Microscopy
The fracture surfaces of the thermosets were stuojescanning electron microscopy (SEM).

The results of the morphological study are showRigure 4.5.
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Figure 4.5. SEM micrographs of the fracture surfafc€00 wt% epoxidized-resorcylic acid
(4.5.a), IPN 75 wt% epoxy — 25 wt% acrylate (4.5IBN 50 wt% epoxy — 50 wt% acrylate

(4.5.c), IPN 25 wt% epoxy — 75 wt% acrylate (4.51)0 wt% acrylated soybean oil (4.5.e).

As shown, the fracture surfaces of the parent sesire characterized by smooth and
homogeneous microstructures; without any plastitordeation. Both the 100 wt% epoxy

resorcylic acid and the 100 wt% acrylated soybahfoonulations possess a fracture surface
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and an internal structure of a brittle materiaeading a highly glassy surface; where crack
marks, ridges, and planes are dispersed all oeesutface. The IPNs 75-25 wt% and 50-50 wt%
epoxy-acrylate are also characterized by a highlgssy surface. In the 25-75 wt%
epoxy/acrylate, the brittle character of the mateseemed to decrease, and the surface exhibits
some degree of ductility and plastic deformatios.iAwill be discussed in the mechanical and
fracture studies, this sample showed the highekievéor the critical energy release rate,
denoting its ability to dissipate energy due taomisre ductile character. It was also evident from
the thermo-mechanical evaluation that this IPN gmé=d the least brittle character of the series,
which was evident by its relatively high molecweeight between crosslinks. It is important to
highlight the morphology of the samples is consistevith the thermo-mechanical
characterization, which revealed a glass behatioo@n conditions. Even though the starting
materials seemed to be heterogeneous in their chémature, there is no indication of phase
separation and no clear boundary between the ph@kesindicated that the interpenetration
occurred at micro- or nano- size level [40], demgtihat phase separation was kinetically

controlled by permanent interlocking of entanglédins.

3.2.2.2 Kinetics of gelation

The reaction between epoxy and amine groups ispaggbwth reaction. The presence of three or
more epoxy groups leads to the formation of a rtrehisional network when reacted with a
multifunctional amine. As a first approach to stutig reactions, the gel times at 65were
measured (all measurement were performed three)ima order to study how the presence of
one system influences the crosslinking behaviothef other, a hypothetical epoxy system (in

which the acrylate phase has no initiator), angi@othetical acrylate system (in which the epoxy
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phase has no curing agent); were prepared and medaslong with the experimental system
(containing all the components to allow the polyireion of the monomers). The resulting gel

times, as a function of the weight fraction, arevsh in Figure 4.6.
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Figure 4.6. Gel timeat 65C for the studied IPN systems based on epoxidizezbsorcylic acid

and acrylated soybean oil.
As can be seen, all the systems reached the galipdess than approx. 60 minutes when tested
at 65C; and this parameter changed as a function okpluxy/acrylate ratio. It was observed
that the gel time of the hypothetical systems iaseel when increasing the content of the other
phase. In other words, the gel point of the aceyfdtase was delayed when the concentration of
the epoxy phase in the mixture was enlarged, and versa. Based on these finding, it is
suggested that there is a dilution of the reacthgtthe components of the other non-reacting
phase, decreasing the reaction rate and therefodecing the delay in the gelling time.
Regarding the real system, in which all the regctamponents were included, it is interesting
to observe that for the epoxy - acrylate ratio®fwt% -75 wt% and 50 wt% - 50 wt%, the gel

times were considerably reduced, when comparetidset shown by the hypothetical systems.
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The other ratios showed gelling times similar te blypothetical counterparts. The system Epoxy
75 wt% - Acrylate 25 wt% reached the gel paht similar time.(27.5 minutes), to that shown
by the hypothetical epoxy system (no initiatorhie &acrylate phase); denoting that the gelling of

this system is dominated by the epoxy phase.

As demonstrated by the DSC studies (detailed inftilewing section), the condensation
reaction of the epoxy monomers with the crossligkagent (amine in this case) is highly
exothermic. It is important to mention that thisars expected behavior, because the ring opening
reaction of the highly strained three-member rirgguos easily, and is thermodynamically
favorable. On the other hand, it has been cleatdyed by theory that the radical chain
polymerization rate is dependent on the initiateneentration [25]. Usually, thermal homolytic
dissociation of initiators is the most widely usetkthod of generating radicals to start the
polymerization. Taking these facts into accounts ilikely that the decrease in the gelling time
for the epoxy - acrylate ratios of 25 wt% - 75 wa#td 50 wt% - 50 wt% is due to a phenomenon
of auto-catalysis. The ring opening reaction of thghly strained three-member epoxy ring
releases extra energy in the system, favoring thsodiation of the initiator and therefore,
increasing the polymerization rate that leads ttatgen at some point of the reaction. This
behavior, combined with the gelling of the epoxagd, might have maximized the rate at which

the systems reached the gel point.

The theoretical extent of the reaction at the gahtpwas calculated by means of the Carothers
and Flory-Stockmayer approaches. According to ®Garst Equation (4.3) yields an average

functionality of 4.01 for an equimolar-resorcylic acid/Jeffamine T-403 mix. Equation {4.2
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then yields P= 0.499. According to Flory and Stockmayer, takifgyoxy = 3, and f,amine = 6,
equation (4.4) yields 2= 0.316. The extent of the reaction, at®5was followed by studying
the disappearance of the oxirane absorption bag@&tm' (the measurements were performed
three times). The observed Value for a stoichiometric mixture of epoxidizedesorcylic acid
and multifunctional amine was 0.430 * 0.05 (Figut&). Experimental values falling
approximately midway between the two calculate eallhave been observed in many other

similar systems [25]. The extent of the reactiothatgel point for the remaining IPNs is shown

in Table 4.2.
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Figure 4.7. Extent of conversion stbichiometric mixture of epoxidizedresorcylic acid and

multifunctional amine (Jeffamine T-403)
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Table 4.2 Extent of the reaction at the gel point for IPNsdxhon epoxidized-resorcylic acid

and acrylated soybean oil.

IPN Epoxy phase conversion Acrylate phase conveosi
Epoxy 100% 043 | s
Epoxy 75% - Acrylate 25% 0.40 0.47
Epoxy 50% - Acrylate 50% 0.55 0.43
Epoxy 25% - Acrylate 75% 0.50 0.20
Acrylate 100% | = —-ememmemeememmemeee- 0.21

As can be seen, the conversion of the epoxy phabe gel point was not deeply affected by the
presence of the acrylate phase, and it showed aumetbnversion, when tested at 65 This
parameter ranged from 40 % to 55 %, and there wadear trend in its behavior as a function
of the ratio epoxy/acrylate. On the other hand atwylate phase conversion was impacted by the
presence of the epoxy phase. Samples containingvi%0and 75 wt% of acrylate reached the
gel point at similar conversions (approx. 20 %}, &udifferent times, with the Acrylate 75 wt%
system reaching the gelation almost two times faditan the Acrylate 100 wit%. When
increasing the weight content of the epoxy phasiénlPNs, the conversion of the acrylate at
the gel point also increased, reaching its maxinfapprox. 96 %) for the system Epoxy 75 wt%
- Acrylate 25 wt%. The rise in the conversion valag the gel point for the IPNs Epoxy 50 wt%
- Acrylate 50 wt% and Epoxy 75 wt% - Acrylate 2534ytcould be attributed to an autocatalysis
phenomenon in the system; due to the energy reldade ring opening reaction of the epoxy
ring when combined with the amine curing agentpi@viously explained. As a general trend,

for large epoxy contents, the heat released dueagtion might have triggered the conversion of
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the acrylate phase; however, since its contenbws the gelling is dominated by the epoxy

counterpart.

3.2.2.3Curing behavior of IPNs

In order to assess the curing of the epoxy — aryRNs, about 5 mg of each mix was studied
by DSC (all measurements were performed three jinkélsewise, the samples were cured at
65 C for 1 hour and then also subjected to calorimednalysis to evaluate the extension of
curing after treatment at the above mentioned ¢mmdi. Table 4.3 shows the maximum values

of the curing peak temperatures for the IPNs, dsagethe onset of the peaks

Table 4.3. Onset and maximum of curing peak tentpess for the IPNased on epoxidized

resorcylic acid and acrylated soybean oil.

System Onset of | Maximum of | Maximum of Curing Peak (°C)
Curing Peak | Curing Peak After curing 1 hr. at 65 %
(%) (%)

Epoxy 100 wt% 65.82 102.66 89.89

Epoxy 75 wt% - Acrylate 25 wt% 68.80 103.65 103.53
Epoxy 50 wt% - Acrylate 50 wt% 73.98 100.43 97.79
Epoxy 25 wt% - Acrylate 75 wt% 74.99 93.40 115.14
Acrylate 100 wt% 76.62 86.42 116.61

The DSC of the IPNs, as well as the pure systerhewead only one exothermic peak,
corresponding to the curing of the resins. Froml@ 4L, it can be observed that the onset of the

curing is shifted to higher temperatures when iasiey the amount of acrylate resin in the
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mixture. When analyzing the behavior of the panesins (epoxy and acrylate) it can be
inferred that the polymerization of both systemgibg at close temperatures, with the epoxy
system starting to react at a temperature aroun@ iver than the acrylate resin. As a result,
there is only one peak observed in the IPNs, whminesponds to the superimposed curing of
both resins. From the calorimetry studies, it Wlas abserved that the offset of the curing peaks

was around 16C. The total heat of polymerization and the residuethof polymerization

(residual heat after curing 1 hour atG%are displayed in Figure 4.8.
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Figure 4.8. Heats of polymerization (4.8.a) andvessions (4.8.b) of the IPNmsed on

epoxidized -resorcylic acid and acrylated soybean oil.

When analyzing the behavior of the parent resins, ¢lear that th&H of curing of the epoxy-
amine resin is highly exothermic (approx. 67 Jiging about 2.5 times higher than that shown
by the acrylate phase (26 J/g). This means thatun@g richer in the epoxy phase are more
exothermic, behavior that is reflected in the ekpental results, where the overall or total heat
of polymerization associated with the curing peskshifted to higher values when increasing
the content of epoxy phase in the systems. Thd hmat of polymerization approximately
increases as a linear function of the epoxy contemivever this tendency is truncated by the
Epoxy 25 wt% - Acrylate 75 wt%, suggesting that tueing mechanism of each constituent is
affected by the presence of the other, probablytdweitocatalysis or even chemical interactions

between the components [1].
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Regarding the residual heat after curing 1 ho®5at, it seems to be not greatly affected by the
ratio epoxy-acrylate, and it ranged from around@.0/g to 8.500 J/g. This finding suggests that
most of the components are reacted after 1 ho@b &, fact that is reflected in the conversions
(Figure 8); which ranged from around 78 % to 91R%.happened with the curing heats, the
conversions shifted to higher values when incregpghe proportion of the epoxy system;

probably due to the high chemical reactivity of rederically hindered glycidyl ethers, such as

epoxidized -resorcylic acid, towards amines [41].

Concerning this reaction, the two amino hydrogengrimary amines, such as Jeffamine T-403,
have initially the same reactivity but once thestfione has reacted, the secondary amine formed
may be less reactive [34]. As previously describgaling epoxy-amine curing process, the
general reaction occurs via a nucleophilic attatkhe amine nitrogen on the carbon of the
epoxy function. The mechanism proceeds througlh2at#e reaction, which is in turn highly
dependent on the structure and on the reactionittmm&l Epoxidized -resorcylic acid contains
oxirane functionalities that are non-stericallydened, facilitating the nucleophilic attack of the
amino group. As a consequence of this feature,réletion occurs rapidly at relatively low
temperatures. (65 C). It is important to mention that etherificatipnoducts, arising from the
polymerization of epoxy groups and hydroxyl groupfsacrylated soybean oil at elevated
temperatures, might be also present in the finglrper matrix. However, since stoichiometric
amounts of epoxy groups and amine comonomers ak asd also due to the low reactivity of
the secondary hydroxyl groups [42]; the effectlo$ tside reaction on the final product can be

neglected.
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Based on the results of the conversion and caldrynstudies, it is suggested that the two non-
competing reactions (step and free radical polyma¢ions) occurred at very close temperatures,
with a very small gap of around IDbetween the onsets of the reactioAswever, it is clear

thateach constituent is affected by the presence obtiher, altering at rate and extent at which

each individual reaction takes place.

3.2.2.4 Thermo-mechanical characterization.

Figure 4.11 shows the dynamic mechanical respoh#eNs based on epoxidizedresorcylic
acid and acrylated soybean oil. The finding of dl-defined transition from the glassy state to
the rubbery state, follow by the rubbery plateawcamsistent with the dynamic mechanical

behavior of other thermosetting polymers, indiogtihe existence of a stable network structure
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Figure 4.9Dynamic mechanical response of IPNs based on epexid-resorcylic acid and
acrylated soybean oil. Storage modulus (4.9.a)@slfactor or tan (4.9.b) as a function of the

composition of the IPNs

In the glassy region, the systems showed a highutoed~ 0.7 — 3 GPalt is clearly seen that
with increasing the acrylated soybean oil conteéhg stiffness (E’) in the glassy state is
considerably decrease@®nce the glass transition was surpassed, all ofgbms exhibited a
rubbery plateau modulus that was insensitive totéheperature (~ 16 — 65 MPa). The plateau
moduli of the IPNs also decreased with increasigyacrylated oil content, which reduces the
crosslinking density on values, as established by the proportionality betwE™ and this
parameter (Table 4.4). From the plots, it is eviddrat the epoxy parent system is more
crosslinked that the acrylate parent system, aatl tthe crosslinking is also severely reduced
when the acrylate soybean oil content is increasélde systems. The crosslinking effect on Tg,
is an increasing function of the chain stiffneskjohl is under the dependence of molecular scale

factors, essentially aromaticity. The chain stifs@xpressed by the flex parameter F which, for
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a given chain of molar masseMs given by F = MNe where N is the number of elementary
(undeformable) segments. F is essentially an iseréanction of the content of aromatic nuclei
[43]. The -resorcylic acid based epoxy matrix is structurdibymed by aromatic units,
polyfunctional hard clusters that constitute adignd densely packed phase that largely reduces
the coordinated large scale motions in the netwibrik. therefore evident that mixtures richer in

the epoxy phase are stiffer, conferring suppothénetwork when stress is applied.

The reduction in the stiffness of the systems $® @ccompanied by a similar change in the Tg,
as evidenced by the shift in thetransition temperature peak from high to low terapaes.
The peaks of the parent resins were relatively narwwhilst the IPNs (due to the multitude of
components andhe great amount of possible relaxations modes@ati triglyceride-based
polymerg showed a wider transition [44]. Likewise, aléthystems showed only one tapeak,
indicating that there was no phase separation thackfore, good compatibility between the
epoxy and acrylate phase. It is important to mentlat there seems to be a decrease in the
intensity of the Tg peaks in the tan delta plotdh&f IPNs. This intensity reduction of thg
peak can be ascribed to some constraint effectsupnamolecular level which supports the
presence of interpenetrating of the two networld.[4ANote that a reduction in Tg is usually due
to less tight crosslinking (co-network) which coveaiso the formation of IPNVioreover, the
peak width at half height is a criterion used tigate the homogeneity of the amorphous phase.
A higher value implies higher inhomogeneity of Hraorphous phase. In this particular case, the
widening of the loss factor peak was observedtierlPNs, especially for the 50 wt% - 50 wt%

mixture. This behavior could be associated to ¢egss-linked and heterogeneous networks [46].
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The resulting thermo-mechanical properties of tlystesns are listed in Table.# The
crosslinking densityn) and molecular weight between crosslinkéc) were estimated from
experimental data using the rubber elasticity thg@quation 4.5) to be able to explain the

effects of the phases on the mechanical propestitse resulting IPNs.

Table 4.4 Mechanical Properties of the IPNs baseepoxidized -resorcylic acid and acrylated

soybean oll.
System Tg E" at 30°C n n Mc
(°C) (GPa) (g/cnt) (mol/m’) (g/mol)
Epoxy 100% | 129.10 3.28 1.1301 + 0.0315 6026 188
E75% - A25% | 10418 2.43 1.1293 + 0.0488 3431 329
E50% - A50% | g9 11 1.56 1.1169 + 0.0272 2935 500
E25% - A75% 56.41 0.55 1.0984 + 0.0019 1872 587
Acrylate 100% | &g o7 0.72 1.0815 + 0.0084 3185 340

For the calculation af, it was assumed that all of the components irsyiséems entered into the

network, which is in reality impossible. Howeveftea the Soxhlet extraction of samples with
acetone for 6 hours, it was observed that the sotadunt of monomers that did not polymerize
ranged from 3 % to 7% (from Epoxy 100% to Acryla@%). These results allowed assuming

that the influence of low incorporation of monomet® the networks can be neglected.

As seen in the table, all of the systems behavduritike glassy polymers at room conditions.
The value oh for the epoxidized -resorcylic acid cured with Jeffamine T-403 sysisrapprox.
6026 mol/ni, denoting a highly crosslinked network (similarstaliglycidyl ether of bisphenol A

(DGEBA) type epoxy resin, having = 5000 mol/m). When acrylated soybean oil is
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incorporated into the epoxy phase in a low propar{25 wt.%), then value fell about 2 times;
reaching a value af = 3431 mol/m, As the acrylate weight fraction increases, thesslinking
density still decreasing; lowering the thermo-mexba properties, as evidenced by the
numerical decrease of tiegg and modulus. For the 100 wt% acrylate soybearsystem, the
crosslinking density reached approx. 3185 malitris clear from these results that the acrylated
soybean oil phase is plasticizing the epoxy netwdrke dynamic mechanic behavior previously
described comprises a balance between two faatmrsslinking density and plasticization. As
the crosslinking density increases the more coingtathe chain motion; and thus the stiffer and
more thermally resistant the molecular structuréPlasticization is due to the molecular nature
of the triglyceride. The positional distribution tfe acrylate groups imply that dangling chain
ends remains after crosslinking of the acrylateaties. Also, the soybean oil contains fatty acids
that are completely saturated and cannot be fumaiied with acrylates. These inelastically
active fatty acid dangling chains do not suppaesst when a load is applied; therefore they act
as a plasticizing agent, introducing free volumed anabling the network to deform easily when
stress is applied to the material. This plasticedéct is inherent to all natural triglyceride-bds

materials; and it represents an issue for thegemg@l use in high performance applications [47].

Likewise, based on property modeling of triglycerioased thermosetting resins, La Scala and
coworkers [48] have also suggested that side mactluring crosslinking of fatty acids might
take place. Intramolecular cyclization of functibgeoups on the same triglyceride reduces the
number of effective attachment points of this fragride to the rest of the network. When a
triglyceride reacts with itself before reacting hwanother triglyceride, it forms a loop that is not

attached to the rest of the polymer network. Couneetly, this reduces the crosslink density of
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the resulting polymer. Every time two functionabgps react in this way, the effective number
of functional groups per triglyceride is reduced hyAs revealed by the results, the polymer
densities increased slightly with the increasehm époxy phase content, and ranged from about
1.08 to 1.13 g/cth Similar values for triglyceride based materiats/é been reported by La
Scala and Wool [49]. The rubbery moduli of the sys ranged from approx. 16 to 65 MPa,
yielding molecular weight between crosslinks raggirom approx. 188 to 588 g/mol. Tc,

as expected, increased with the increase in thdaéed soybean oil content, because the fatty
acid chains increase the free volume of the polymerix. Similar values have been obtained by

[44,50].

As a summary of the thermos-mechanical resultgsorcylic acid based eposystem provided

a considerable better option to formulate the pegaetrated networks, overcoming the
drawbacks given by its triglyceride-based epoxynterpart, due to its ability to react at rather
low temperatures and the very good mechanical ptiegeHowever, no synergistic effect on the
thermo-mechanical properties was observed, andargnio this a reduction in the mechanical
performance was observed in the IPN, when compardukeir parent resins; mainly attributable

to theplasticizer effect conferred by the triglyceridesbd acrylate matrix.

3.2.2.5 Linear Elastic Fracture Mechanics
In order to investigate the influence on the intrcttbn of the acrylate phase on the epoxy phase,
and vice versa, the fracture toughness of the I&Nksparent resins was evaluated through the

critical stress intensity factor, i Table 4.5 depicts the obtained results.
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Table 4.5. Experimental Kand G values

System Ke (MPa-m™?) Gic (kJ/m?)
Epoxy 100% 1.803 + 0.238 0.88
E75% - A25% 1.593 + 0.245 0.93
E50% - A50% 2.100 + 0.027 2.52
E25% - A75% 1.652 + 0.159 4.45
Acrylate 100% 0.842 + 0.086 0.88

According to the statistical analysis of the resuthere is significant variation in the fracture
toughness of the IPNs when compared to their paesis (P < 0.05). However, Tukey's test
indicated that the data can be classified intoetlyi®ups of observations, having means that are
significally different. There is statistical evidanto support that the epoxy 50 wt% - acrylate 50
wt% IPN showed the highest fracture toughness ef deries (first group of observations),
exhibiting a K. value of around 2.1 MPa*f The secong group of observations comprises the
100 wt% acrylate, which showed the poorest resigtaa fracture (around 0.84 MP&/fh The
third group emcompasses all of the remaining syst@mwhich there is no evidence to support
that there's a significant difference in the vabdighis property, meaning that the critical stress
intensity factor is not changing as a function loé tepoxy/acrylate ratio. The result clearly
showed that the inherent fracture toughness of IBds is only a weak function of the
epoxy/acrylate weight ratio. However, it is imparttédo highlight that the toughenability of the
systems depends on the crossliking density of thtixn The lower the crossliking density, the
greater the thoughenability. Recalling from Tableh® IPNs epoxy 50 wt% - acrylate 50 wt%
and the epoxy 25 wt% - 75 wt%, showed valuesnoéqual to 2225 and 1872 moffm
respectively. These systems showed the lowest lotkisg) density, and therefore exhibited

greater ductibility and correspondenly, greategtanability. The effect of reducing crossliking
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density has been proposed to be an increase madirechain mobility which results in increased
ductility [51]. It is well known that plastic deforation is localized at the crack tip during crack
propagation in highly crosslinked thermosettingngsand large plastic deformation occurs if
crossliking is light. Therefore, the increase ie fhacture toughness with the decrease in the
croslinking density is mainly attributed to plastieformation arising from easy chain flow [52].
For commercial diglycidyl ether of bisphenol A (DBE) type epoxy resin, crosslinked with
Jeffamine T-403, K was found to be approx. 0.80 MP3dhj53]. Regarding commercial
polymethylacrylate (PMMA), previous investigatioperformed by this group indicated a value

of around 1.1 MPa.-Hf [5].

The critical energy release ratg., can be related to the critical stress-intenstyof, K¢, in
plane strain conditions by the Equation (4.8). Sterage modulus is a measure of the energy
stored elastically during deformation, and ideadlyequivalent to Young's modulus. However,
this is not true in real conditions, and their \edumight not be equal, mainly because the tests
are very different. The Young's modulus is caladafrom a stress-strain test, in which the
material is constantly stretched; whereas for tioeage modulus, the material is oscillated in
dynamic test [4]. However, in spite this differencgtorage modulus was used as an
approximation to Young's modulus (EE) to establish some numerical values for thetdrac
energy. As previously stated, in glassy polymersinud the energy necessary to propagate a
crack is due to the plastic deformation near theclcrtip. This energy in macroscopically
measurable through the critical energy release aaig the actual failure of the material require
molecular events such as chain pullout or chaisssm within, or adjacent to, the plastic zone.

As seen in the table, the parent resins showed &aueture energies, having values@§ = 0.88
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kJ/nf. Unlike the fracture toughness; the fracture eypeshowed a dependence on the
epoxy/acrylate ratio, increasing as the acrylatgpertion is enlarged. The highest values were
exhibited by the IPNs epoxy 50 wt% - acrylate 5@oénd the epoxy 25 wt% - 75 wt%, wiBx

= 2.5 kJ/mi andG,c = 4.5 kJ/m, respectively. The variation @ as a function of this relation
reflects both the increase in the toughness, duéstdirect proportionality withK,., and the
decrease in the storage modulus. The introductfotihe acrylate phase into the epoxy phase
decreased the crosslinking density, favoring thairclilexibility as a consequence of having
higher M. values. It is accepted that thermosetting resimdergo plastic deformation via shear
yielding rather than crazing, and this is attriloute high crosslinking density and small chain
contour lengthJe. However, when crosslinking decreases the chaitoco length grows; the
materials become more ductile and tend to yielslsigating energy through chain deformations
and molecular motion [52]. According to Karger-Kiscand Gremmels (2000) [55], the fracture
toughness and energy toughness can be descriltbe bybber elasticity theory. It is established
that under plane strain conditions, land G; change as a function of the molecular weight
between crosslinks by linear and square root melatirespectively. Both relations were verified.
It was found that there is no a linear correlab@tween k andMc for the systems under study.
The results showed that the; Kalues did not increase B& increased, which seems to suggest
that a different mechanism is responsible for tiewaase in the fracture toughness displayed by
IPNs. It is clear however, that the high tougheligbivas correlated to high molecular weight

between crosslinks.

On the other hand, a similar analog was studiedhf@relation between the fracture energy and

M.. Figure 4.10 depicts the results.
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Figure 4.10G;. versusM:* for the studied IPNs

Literature suggests that@enerally increases wittl. [31], and some of the obtained results are
in agreement with the previous relation. As sekerd seems to be a linear relation between the
energy and the square root M for the IPNs. In this case, the introduction of flexible
acrylate soybean oil phase increases the moleoudgght between crosslinks, and therefore
increases the fracture energy. This behavior ectir linked to the influence of the flexibility of
the chains between crosslinks, which improves dligliness due to the fact that the longer the
chains the more flexible they become. However,sitimportant to mention that the linear
dependency does not hold for the entire set ofegllihere is no correlation between the IPNs

and the parent resins, whose fracture behavior séeive governed by a different mechanism.
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4. Conclusions

IPNs have been prepared using an epoxy phase sydbdrom linseed oil and/orresorcylic
acid and acrylate phase using acrylated soybeaMiod E.E.W. of the epoxy monomers after
chemical functionalization was found to be appr@Xxl and 112 g/eq. for the epoxidized
derivatives of -resorcylic acid and linseed oil, respectively. fBing of epoxy functions onto
the monomer's structure was confirmed by FTIR. D&@lysis revealed the presence of
exothermic peaks related to curing of the systeams] that the curing mechanism of each
constituent was affected by the presence of theerotfihe experimental ;Pvalue for a
stoichiometric mixture of epoxidized-resorcylic acid and multifunctional amine was @43
0.100; falling in between the predicted by the @@@os and Flory theories. The mechanical
properties of the IPNs were not superior to thdsthe constituent polymers as a result of the
plasticizing effect of the triglyceride flexible aims in the macromolecular assembly of the IPNs.
However, IPNs based on epoxidizegresorcylic acid and acrylated soy bean oil prodgide
considerably better mechanical properties thanstfstem epoxidized linseed oil and acrylated
soy bean oil. For the-resorcylic acid and soy bean oil system, moduhlses ranged from 0.7
to 3.3 GPa at 3C, and glass transition temperatures ranging froourad 58 °C to approx.
130°C. Both parameters were affected by the epaxylate ratio, showing an increase as the
epoxy proportion was enlarged. Interpenetratingwogts containing equivalent weight
proportions of the parent resins showed the highasture toughness of the series, exhibiting a
K value of around 2.1 MPa'ff Likewise, FTIR and Soxhlet extractions indicatégh degree

of conversion and incorporation of the monomers itite polymer networks. Based on the
results of this study, it is clear that the trigdyide-derived IPNs behave as elastomers at room

conditions; meanwhile the IPN in which modifiegtesorcylic acid was introduced as the epoxy
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phase correspond to glassy polymers at ambientitcmm&l The latter could be used as
thermosetting matrices for the development of cositpomaterials. Likewise, they have
potential as partial replacements in the formufatod commercial thermosetting resins where

higher toughenability than their parent epoxy aolate resins is requiered.
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CHAPTER V

Fast Pyrolysis Bio-oil as Precursor of Thermosettig Epoxy Resins

1. Introduction

The use of biomass-based resources is currentlgt dopic for both academic and industrial
research as an alternative to mitigate the strapgldence on fossil carbon in the chemical and
petrochemical industries. Lignocellulosic materiddsing abundant and renewable (with annual
production arising to more than 1 billion dry tomsthe U.S.A) [1], are the most favored
substrate for bioconversion. It is clear that tleeedlopment of green polymers and materials is
growing, carrying along a vast and promising a@astientific research; that is supported not

just by the industrial or academic sectors, bud ks governmental entities and agencies.

According to Effendi et al2], lignocellulosic biomass is made up of threeilmeomponents:

hemicellulose, cellulose and lignin, of which tignin fraction can account for up to 40% of its
dry weight. Lignin is an amorphous cross-linkedypoér with very complicated structure. It can
be described as a three-dimensional, highly brahcpelyphenolic substance consisting of an
irregular array of variously bonded “hydroxyl-“ ahmethoxy’-substituted phenyl propane units.
These monomeric phenylpropane units exhggoumaryl, coniferyl, and sinapsyl structures,

which are shown in Figure 5.1 [3].
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Figure 5.1. Monomeric phenylpropane unit structures

Source: D. Mohan, C.U. Pittman, P.H. Steele, En&diuels. 20 (2006)

Lignin based materials can be obtained in verydaggantities as by-products of the pulping
industry. These products are, as a matter of fic@ments of the natural polymer; resulting from
different chemical splicing mechanisms during pssoeg [4]. The exploitation of lignin as a

source of profitable chemicals or macromonomersherpolymer industry is not just backed up
by the huge amounts of this material availablerdfte traditional pulping processes; but also by
the high content of aromatic moieties, containifghatic and phenolic hydroxyl groups

(present in different frequencies and proportiomg)ich are of particular interest because they

serve as key monomers to synthesize high perforenpolymers [5].

The idea of using unmodified lignin for the prepema of epoxy resins was firstly reported in the
late 1990s; in which Kraft lignins were combinedttwdifferent epoxy monomers and then
crosslinked with commercial aromatic diamines [Bh the other hand, with the aim of obtaining
a modified lignin with enhanced reactivity (duepor results with unmodified lignins), Glasser
et al. [6,7] reported the synthesis of lignin baspdxy resins by reacting partially oxypropylated

lignins (previously obtained by treating lignin vitiethyl sulfate and then with propylene oxide
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to “bring out” the -OH groups, and thus make thenoren available to react) with
epichlorohydrin. After modification, the lignin bed material bearing epoxy moieties was also
reacted with an aromatic diamine. Even though stitlke this concerning the use of lignin as a
component for macromolecular materials have beported and published [8,9], often synthesis
strategies addressed to modify this material steuggth low reactivity associated to steric

hindrance; making difficult to insure good accesthe targeted functional groups [4].

Some novel technologies based on biomass refingrgaa as a good alternative to overcome
this problem, and stand as a sustainable way fomatics biosourcing, by providing low
molecular weight fragments of natural lignin, whdsectional groups are more exposed to the
reaction medium (due to their lesser steric crogiiand thus being readily reachable during
chemical synthesis. The thermochemical conversidigmmocellulosic biomass (i.e., combustion,
pyrolysis, or gasification) is now receiving anri@asing interest as a method for production of
renewable energy, fuels, and high added value adasiWhen heated, the lignin component
depolymerizes to form monomeric and oligomeric mhien compounds. It terminally
decomposes over a wide temperature range (appfix9a0C), and a possible free radical
mechanism for its decomposition has been proposeselveral authors. Amongst them, Evans
et al. [10] suggested that alkyl hydroxyl groupsthie -position are first eliminated from the
propane side chain, followed byether cleavage. Further details about the meciman@/e been

recently described by Shen and others [11,12].

Amongst several thermal degradation processespiastysis (also known as thermolysis) has

been developed relatively recent. Fast pyrolyse nsgh-temperature process in which biomass
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is rapidly heated in the absence of oxygen. BiontEs®mposes to generate vapors, aerosols,
and some charcoal-like char. After cooling and emsation of the vapors and aerosols, a dark
brown viscous liquid is formed. This process prau60-75 wt% of liquid bio-oil, 15- 25 wt%
of solid char, and 10-20 wt% of non-condensablegddepending on the feedstock used) [3].
Balat et al. [13] has recognized four essentialuies of a fast pyrolysis process: (a) very high
heating and heat transfer rates are used, uswailyirmg a finely ground biomass feed, (b)
careful control of the pyrolysis temperature, comigaanging from 700 to 770 K, (c) short
vapor residence times, typically less than 2 sesoadd (d) pyrolysis vapors and aerosols are
rapidly cooled to give bio-oil. These oils are dbualark brown colored multicomponent
mixtures comprised of hundreds of organic oxygemt&ioing components of different size
molecules, derived primarily from de-polymerizatiand fragmentation reactions of the main
biomass components [14]. Some of the major comgsrfennd in pyrolysis oil are shown in

Table 5.1.

Table 5.1. Major components found in pyrolysis oil

Major components Abundance (wt%)
Aldehydes 10-20
Alcohols 2-5
Carboxylic acids 4-15
Furans 1-4
Ketones 1-5
Phenolic Monomers 2-5
Phenolic Oligomers 15-30
Sugars 20-35
Water 20-30

Source: M. Sta$, D. Kulka, J. Chudoba, M. Pospisil, Energy and Fuels.ZZ8 4) 385-402.
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Due to the presence of this vast amount of diffeegrd multifunctional compounds, the crude
bio-oil could serve as raw materials for the oltemtand production (after further processing
and separation) of specialty chemicals and reg\ssa renewable liquid fuel, bio-oil can be
easily stored and transported; however, compareldety petroleum fuel oil, bio-oils have
certain properties limiting their application aglst Some of these include high water content,
high viscosity, high ash content, high corrosivenéacidity) and high oxygen content (low
heating value) [15]. Regarding this last featur@-dils contain up to 45% oxygen, and this
element is a component of most of the more thanct®pounds that have been identified in
pyrolysis oils. Phenolic compounds found in bicsalre composed of both simple phenols and
oligomeric polyphenols; having multiple phenol stural units and containing varying number
of acidic, phenolic and carboxylic acid hydroxybgps, as well as aldehyde, alcohol, and ether
functions [12]. The molecular weight of these ofiggrs (product of lignin decomposition)

ranges from several hundreds to 5000 g/mol, depgrah the pyrolysis process [2].

Many commercial epoxy monomers usually have an ationstructure, conferring thermo-
mechanical stability to the network. As seen in@&es 11l and 1V, the inclusion of-resorcylic
acid considerable improved the mechanical propedid¢he resulting resins. It is clear that there
is a great potential to develop high-performansge and the problem of finding a renewable
source of aromatic materials needs to be addreSdmds, in this context, bio-oil phenolic
derivatives are excellent candidates for the bur@ag of aromatic monomers that can be used
to synthesize epoxy resins and other resins. Tb@sgpound present potential as fully or partial
replacements in the formulation of commercial epegins used as coatings, adhesives or even

for the preparation of composite materials. Thewsfthe aim of this work was to synthetize a
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high performance bio-based epoxy polymer using fagblysis bio-oil (containing lignin
fragments) as a source of phenolic compounds. Tragegy to prepare bio-oil based polymers
can be divided into two sections. The first one poses the chemical characterization of bio-
oils using chromatographic and spectroscopic methémtusing on performing a qualitative
identification of the interest compounds, as well a quantitative analysis of the targeted
functional groups. In a second step, the modifieshomers are polymerized and the resulting
materials characterized, mainly focusing on thbermos-mechanical behavior. Likewise,
resorcylic acid (a phenolic acid with two hydroxamd one carboxylic acid functional groups)
was also modified with reactive epoxy moieties, asdd as low molecular weight comonomer

to enhance the density of aromatic structuresercthsslinked epoxy network.

2.Experimental section
2.1 Materials
Fast pyrolysis bio-oil, from hardwood (Oak), wagplied by the Department of Biosystems
Engineering, Auburn University, Alabama, United t8ta -resorcylic acid or 3,5-
dihydroxybenzoic acid (RA, 98%), epichlorohydrin (99.0 %), and sodium hyddax(NaOH,
98%), were purchased from VWR (US). Reagent gratioroform, pyridine, and
dichloromethane were also purchased from VWR (UEgnzyltriethylammonium chloride
(BNnEGNCI, 98%), used as a phase transfer catalyst, wasaatpaired from VWR (US). 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholaneTMDP, 95.0 %) was used as
phosphorylating agent. 4-dimethylaminopyridine (DRA99.0 %) was used as initiator for the
chain homopolymerization of epoxy monomers. Supgy $00/1000 epoxy resin/hardener, by

Entropy Resins, with a bio-based carbon conteB7d¥; and a mix of 2/1 wt% ratio [16].
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2.2 Synthesis procedures

2.2.1 General method for the glycidylation (functioalization with epoxy groups) of bio-oil

The glycidylation of bio-oil was conducted follovgrthe method and conditions established by
[17,18]. The described process leads to the syistlodsepoxyalkylaryl ethers by the reaction
between compounds containing acid hydroxyl groaps, haloepoxyalkanes in the presence of a
strong alkali.A reactor was loaded with the desired amount ofdiiqcontaining a certain
amount of moles of -OH / gram of oil) and epichloydrin (5 moles epichlorohydrin / mole -
OH). The mixture was heated at 100and benzyltriethylammonium chloride (0.05 moles
BnE&NCI / mole -OH) was added. After 1 h, the resultsugpension was cooled down to G0
and an aqueous solution of NaOH 20 wt% (2 molesia@ole —OH and also containing 0.05
moles of BnENCI / mole —OH) was added dropwise. Once the autdidf the alkaline aqueous
solution was completed, the mixture was vigorowgiyred for 90 min at 3@, and then the
reaction was stopped. As soon as the reaction aapleted, the crude product was filtered to
remove the insoluble matter. After that, the migtuvas poured into an extraction funnel, the
organic layer was separated; and through numerqusgdiliquid extractions with deionized
water, the organic phase was abundantly washed neuditral pH was reached. Finally, the
organic phase was vacuum concentrated and thearaetld was gravimetrically determined.
A similar procedure was carried out to functionalthe -resorcylic acid (or -RA) with epoxy

groups. Refer to Chapter IIl for more details aktbig synthesis.
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2.3. Characterization of Starting and Modified Mateials

2.3.1 Gas Chromatography - Mass Spectrometry (GC-MS

Chemical composition of bio-oil was analyzed with Agilent 7890 GC/5975MS using a DB-
1701 column (30 m; 0.25 mm i.d.; 0.25 mm film thmeks). A representative bio-oil sample
(; 150 mg) was weighed and mixed with 3 mL of methaaod diluted to 10 mL with
dichloromethane. The dilute sample was injected the column and each sample was injected
twice. The initial temperature of the column, @0 was maintained for 2 min, and the
temperature was subsequently increased to@&05C/ min, and the final temperature was held
for 8 min. Helium of ultra-high purity (99.99%) sulged from Airgas Inc. (Charlotte, NC) was
used as a carrier gas and flowed at 1.25 mL/mie iffector and the GC/MS interface were
kept at constant temperature of 280 and €50espectively. Compounds were ionized at 70 eV
electron impact conditions and analyzed over a masshange (m/z) range of 50-550. Bio-oil
compounds were identified by comparing the masstspevith the NIST (National Institute of

Standards and Technology) mass spectral library [19

2.3.2 Hydroxyl group analysis through®**P-NMR spectroscopy.

Since the aim of this work is to functionalize #mematic structures of the lignin fragments and
other phenolic compounds present in the bio-oihwaactive epoxy groups (by reaction with
epichlorohydrin), it is of great importance to gtignthe content of phenolic hydroxyl groups

(mmol of phenolic -OH / gram of bio-oil). This det@nation allows establishing the amount of
epichlorohydrin needed for the reaction. The type@H groups present in the bio-oil was

determined and quantitatively calculated usitiRyNMR. For lignin and lignin derived products,

the most common used phosphytylation reagent ishl@a4,4,5,5-tetramethyl-1,3,2-
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dioxaphospholane (TMDP), because it provides bediignal resolutions when collecting the
spectra; as well as higher stability of the phopaied products. This compound reacts with
hydroxyl groups arising from aliphatic, phenolieydacarboxylic groups in the presence of an
organic base (such as pyridine) to give phosphylpteducts, whose presence can be quantified
through **P-NMR spectroscopy [20]. Prior t3P-NMR analysis, bio-oils were phosphitylated
with 150 mL of TMDP and then the spectra were @eguwith a Bruker Avance Il 250 MHz
according to the method reported by David et al].[2n order to assess the extent of the
functionalization of the aromatic structures of thgnin fragments and other phenolic
compounds present in the bio-oil with reactive gpgroups,*'P-NMR was performed again to
the reaction product to verify the removal of phHenbydroxyl groups after chemical reaction

with epichlorohydrin in alkaline conditions.

2.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

With the aim to study the functional groups preserthe product, FTIR was performed. Infrared
spectra of the starting materials and glycidylgpedducts were measured by attenuated total
reflection (ATR) method using a Thermo Nicolet 6/8urier transform infrared spectrometer
connected to a PC with OMNIC software analysis. iéctra were recorded between 400 and

4000 cnt over 64 scans with a resolutions of 16'tm

2.3.4 Epoxide equivalent weight determination.

Epoxide equivalent weight (EEW, g/eq.) of the epgwpducts was determined by epoxy

titration according to Pan et al. [22]. Brieflysalution of 0.1 M HBr in glacial acetic acid was
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used as a titrant, 1 wt% crystal violet in gla@aktic acid was used as indicator, and toluene as

solvent for the sample. The EEW was calculatedguBiguation:

01116
768

oop (5.1)

whereW s the sample weight (gIN is the molarity of HBr solution, and V is the vole of HBr

solution used for titration (mL).

2.4 General procedure for the formulation of crosshked epoxy networks.

In order to generate a cross-linked polymeric neétwepoxy monomers can undergo a chain
homopolymerization in the presence of both Lewigls@nd bases such as tertiary amines
(process known as anionic homopolymerization). (@lgated bio-oil (or epox. bio-oil) and
triglycidylated ether of -resorcylic acid (or epox.-RA), used as a comonomer, were mixed in
different weight proportions. After that, 4-dimethginopyridine or DMPA (a Lewis base) was
added to the mixtures in a ratio of 0.08 mole DMARole epoxy [23]. The mixtures were then

poured in an aluminum mold and cured at 120°C fohrs and post cured for 2 hrs at 160°C.

2.5 Characterization of the epoxy networks

2.5.1 Soxhlet extraction.

Soxhlet extraction was employed to characterizesthectures of the bulk copolymers following

the ASTM D5369-93 [24]. An appropriate amount of thulk polymer was extracted for 24 h

with 200 mL of refluxing dichloromethane with a $det extractor. Upon extraction, the

resulting solution was concentrated by rotary evafian and subsequent vacuum drying. The
soluble substances were isolated for further charaation. The insoluble solid was dried in a

vacuum oven for several hours before it was weighed
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2.5.2 Scanning Electron Microscopy (SEM)

SEM study was performed with the purpose of obtgira topological characterization of the

materials. The fractured surfaces of pre-chillech@as in liquid nitrogen were studied by

scanning electron microscope (Zeiss EVO 50 varigbessure scanning electron microscope
with digital imaging and EDS). Samples were spetlewith gold prior to SEM observations

with an EMS 550X auto sputter coating device wahbon coating attachment.

2.5.3 Thermo-mechanical properties of the networks.
Dynamic mechanical analysis (DMA) on a TA InstrutseRSA 1l was carried out to assess the
thermo-mechanical properties by three-point bendling tests were performed at temperatures
ranging from 25 to 250°C with a heating rate of@@Ain. The frequency was fixed a 1Hz and a
sinusoidal strain-amplitude of 0.1 % was used & &nalysis. The dynamic storage modulus
(E) and tand curves were plotted as a function of temperaflioebe able to explain the effects
of the co-monomers on the mechanical propertiess miseful to calculate the crosslinking
density , mol/m3). The crosslinking density can be estimdtem the experimental data using
the rubber elasticity theory. Thermosets behaveubbers above Tg. At small deformations,
rubber elasticity predicts that the modulus storégj¢, of an ideal elastomer with a network
structure is proportional to the crosslinking dgnaccording to Equation 5.2 [25]:

(5.2)
whereE" is the rubbery storage modullis the gas constant (8.314 J/mol K)is the absolute
temperature (K), is the density of the sample (g/ms3), avd is the molecular weight between

crosslinks (g/mol). The temperature and rubbery uhedwere determined for the calculation of
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the equation at Tg + 30°C. The temperature at whingh peak of the tan delta presents a
maximum was considered as the glass transition éemtyre of the material. The Fox equation
was employed to fit the experimental Tg data reggbiin the results. It serves as a way to
describe Tg of the multicomponent networks as &tfan of relative epoxy monomer content.

The Fox expression is shown in Equation 5.3 [26]:

2 o F (5.3)

In this expressionW; andW, represent weight fractions of components 1 anbi@-dil and -

resorcylic acid, respectively), afidy andTg, are Tg values of polymer samples containing only

components 1 and 2.

3. Results and Discussion

3.1 Gas Chromatography - Mass Spectrometry (GC-MS)

According to Laurichesse et al. [8], during thenifgcation process, the monolignol units are
linked together via radical coupling reactions ¢oni a complex three-dimensional molecular
architecture, containing a great variety of bonagh typically 50% ofGO-4 ether linkages.
During pyrolysis, biomass is heated at around 600ithout oxygen. Lignin starts to decompose
between 280-50C by the cleavage of ether and carbon-carbon liekaghe components have
been classified into the main categories of hydatdghydes, hydroxyketones, sugars,
carboxylic acids and phenolics. The concentratibrpteenol is typically very low;( 0.1%),
while GC analyzable monomeric phenols commonly eaagund 1- 4%. Most of the phenolics
are too high in molecular weight to be quantifiegd 8S analysis, and they are present as
oligomers containing varying numbers of acidic, pdlee and carboxylic acid hydroxyl groups,

as well as aldehyde, alcohol, and ether functidiee molecular weight of these oligomers
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ranges from hundreds to 5000 g/mol [2]. Howeverrder to study the composition of the fast

pyrolysis bio-oil, a GC/MS analysis was performed.

Figure 5.2 shows the resulting total ion chromadagr Thirty nine compounds including
phenolic monomers, fatty acids, sugars, ketoneeagahic acids were detected by GC/MS from
fast pyrolysis bio-oil. The products are identifisdTable 5.2, along with their retention time

(R.T.) and their respective peak area %.

. Phenolic Compounds :

Figure 5.2. Total ion GC/MS chromatogram of fastobysis bio-oil.
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Table 5.2. Major pyrolysis decomposition produdesntified by GS/MS

Peak Number Compound R.T. (min)| Peak Area (%)
1 Acetic acid 4.402 3.36
2 Methoxycyclobutane 8.036 0.59
3 2-cyclopenten-1-one 8.494 0.58
4 Furfural 8.540 2.24
5 2-methyl-2-cyclopenten-1-one 10.159 0.87
6 4,5-dihydro-2-methyl-1H-imidazole 13.432 0.79
7 2,3- dimethyl-2-cyclopenten-1-one 14.662 0.68
8 3-methyl-1,2-cyclopentanedione 14.891] 2.09
9 Phenol 15.996 1.56
10 2-methoxyphenol 16.156 2.65
11 2-methylphenol 17.289 1.65
12 2-methoxy-3-methylphenol 18.124 0.60
13 3-methylphenol 18.307 0.84
14 4-methylphenol 18.365 1.01
15 2-methoxy-4-methylphenol 19.000 2.32
16 2,4-dimethylphenol 19.520 1.09
17 5-methoxy-2,3-dimethylphenol 20.716 0.99
18 4-ethyl-2-methoxyphenol 21.231 1.15
19 m-methoxybenzamide 22.759 1.07
20 4-allyl-2-methoxyphenol 23.325 1.33
21 2,6-dimethoxyphenol 24.115 6.58
22 2-methoxy-4-[(1 Z)-1-propenyl]-phenol 24.727 a.5
23 2-methoxy-4-[(1 E)-1-propenyl)]-phenol 25.980 94.
24 Dehydroacetic acid 26.335 3.96
25 4-Hydroxy-3-methoxybenzaldehyde 26.534 1.94
26 1,2,3-trimethoxy-5-methylbenzene 28.063 2.02
27 1-(3-hydroxy-4-methoxyphenyl)-ethanone 28.429 451.
28 2,5-dimethoxy-4-ethylamphetamine 29.396 1.17
29 3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acj{d 9.787 3.21
30 2-hydroxyimino-N-(4-methoxyphenyl)-acetamide b 1.66
31 D-allose 31.800 5.20
32 2,6-dimethoxy-4-(2-propenyl-1)-phenol 32.206 .8
33 4-hydroxy-3,5-dimethoxybenzaldehyde 32.84Y 5.71
34 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone 34.25 2.49
35 4-Hydroxy-3-methoxycinnamaldehyde 34.975% 1.24
36 1-(2,4,6-trihydroxy-3-methylphenyl)-1-butanone  5.1813 1.39
37 2-methyl-9H-carbazole 35.759 0.70
38 Hexadecanoic acid 36.343 10.67
39 6-octadecenoic acid 39.582 16.78
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Phenolic compounds are mainly derived from thentta¢rdegradation of lignin. Based on the
results of the GC/MS analysis, the phenolic compisupresent on the bio-oil can be classified
into three fractions (Table 5.3), comprising gualaterivatives, syringol derivatives, and finally
other phenolics.

Table 5.3. Fractions of phenolic compounds founblidsolil

Guaiacol derivatives Syringol derivatives Other phaolics
2-methoxyphenol 2,6-dimethoxy-phenol 3-methylphenol
2-methoxy-3-methylphenol 1-(3-hydroxy-4-

methoxyphenyl)-ethanone 4-methylphenol

2-methoxy-4-methylphenol 2,6-dimethoxy-4-(2-propeny 2,4-dimethylphenol
1)-phenol
2-methoxy-4-methylphenol 4-hydroxy-3,5- 1,2,3-trimethoxy-5-
dimethoxybenzaldehyde methylbenzene
4-allyl-2-methoxyphenol 1-(4-hydroxy-3,5- Phenol
dimethoxyphenyl)-ethanone
2-methoxy-4-[(1 Z)-1- 2-methylphenol
propenyl]-phenol
2-methoxy-4-[(1 E)-1- 5-methoxy-2,3-
propenyl)]-phenol dimethylphenol
4-Hydroxy-3-
methoxybenzaldehyde

3-(4-hydroxy-3-
methoxyphenyl)-2-propenoig
acid

4-Hydroxy-3-
methoxycinnamaldehyde

According to the results, phenolic compounds actéamabout 48 % of all compounds detected
and identified by the GS/MS analysis, being theiag@ derivatives fraction the most numerous
of them. The syringyl/guaiacyl ratio (S/G) was cédted by dividing the sum of the peak areas
of syringyl units by the sum of the peak areasuaigcyl units [27]. A ratio value of around S/G

= 1.14 was obtained. It can be inferred from tlakig that there is a majority of S units than G

units. As stated by Nonier et al. [27], up to BDOS units of lignins are more sensitive to the
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pyrolysis reaction compared to G units, which reguhigher temperatures for thermal
decomposition. This behavior leads to mixtures berplic derivatives richer in syringyl

compounds. As previously stated, most of the phemgiresent in the crude bio-oil are too high
in molecular weight to be quantified by GS analy3isey are present as oligomers containing

varying numbers of different organic functional gps.

3.2 Hydroxyl group analysis through *'P-NMR spectroscopy.

3IP_NMR method involves the phosphitylation of hydrogroups in a substrate using>4#
reagent followed by quantitativVéP-NMR analysis. The type of -OH groups presentin hio-

oil was determined and quantitatively calculateitgid'P-NMR. The results are shown in Table
5.4. According to thé'P-NMR analysis, the total hydroxyl number for frigshroduced fast
pyrolysis bio-oil was (10.83 = 1.08) mmol/g. It wlsund that aliphatic, phenolic and acidic
hydroxyl groups accounted for 49 %, 28 %, and 2®f%he total —-OH number, respectively.
Aliphatic —OH are likely to arise as a result oé ttlegradation of cellulose, hemicellulose and
lignin; whist the presence of phenolic —OH can tigbaited to the cleavage of ether bonds in

linin during thermal decomposition.
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Table 5.4. Hydroxyl number (OHN) of pyrolysis ogtérmined by quantitativeP-NMR

Hydroxyl Number (OHN) of raw and modified bio-oil.
Raw Bio-oil | ~&W Bio-0l | 1 dified Bio-
(fresh) (stored 5 oil
months)

Aliphatic -OH 5.33 1.31 3.10
C5 substltutqd Condensed 5 0.04 0.35 0.00

phenolic -OH
5 4-0-5 0.18 0.72 0.00
= 5-5 1.28 0.48 0.00
5 Guaiacyl phenolic -OH 0.44 0.22 0.00

o
Catechol type -OH 0.76 0.74 0.00
p-hydroxy-phenyl -OH 0.33 0.51 0.00
Acidic -OH 2.48 0.75 0.00
Total -OHN ( £1.08 10.83 508 3.10
mmol/qg)

Aging of bio-oil is a commonly observed procespymolysis bio-oil. With the aim to determine
whether or not there was any change in the hydraxyhber, the analysis was repeated after
storing the bio-oil for 5 months at €. It can clearly be observed that after this gkrtbe total
—OHN decreased to about the half of that shownrdéshfy produced bio-oil. As stated by Yang,
Kumar and Huhnke [28], bio-oils are an intermedateduct, in which (due to thermodynamic
instability) some species are still highly actilegding to changes in their chemical and physical
properties. In the particular case of alcohols aadls, it seems to be likely that formation of
esters by esterification of alcohols and acidshiprtransesterification of two esters), addition
reactions of alcohols to aldehydes or ketones tenfbemiacetals or acetals, oxidation of
alcohols, etc. might be playing a substantial mléwering the total -OHN of the bio-oil after

storing. It is very important to mention that, tbrs period of time, the total content of phenolic
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—OH remained invariant (around 3.03 mmol/g); sugggshat these compounds seemed to play

a secondary role in bio-oil aging.

3.3 General method for the glycidylation (functionéization with epoxy groups) of bio-oil.

3.3.1 Glycidylation of the -resorcylic acid

In order to study the reaction between polyphemold the epichlorohydrin,-resorcylic acid
(containing two phenolic hydroxyl groups and oneboaylic acid moiety), was employed as a

representative model. For details about this reactfer to Chapter IIl.

3.3.2 Glycidylation of the bio-oil.

Phenols can be converted into glycidyl ethers lagtien with 2,3-epoxyalkyl halides in alkaline
solution. The condensation of phenolic compoundk epichlorohydrin, catalyzed by bases, has
been the subject of study since long time ago [EPflkaline solutions, phenols exist as the
phenoxide ion. As stated by Auvergne et al. [30§, teaction between the strongly nucleophilic
phenoxide ions and epichlorohydrin can follow twompetitive mechanisms: a one-step
nucleophilic substitution, in which the phenoxide attacks the halide and displaces a halide ion
(CIHIin this case) through ay® mechanism (widely known as the Williamson synighex
ethers); and a two-step mechanism involving a mypdigic attack of the epoxide (due to the ease
of opening of the strained three-membered ringjoten 1-aryloxy-3-chloropropan-2-ols. The
second step comprises the subsequent regenerdtibe epoxide ring through intramolecular
cyclization of the previously formed 1-aryloxy-3talopropan-2-ols. From Tomita's patent [31],
which covers and details the procedure to obtaioxgpesins derived from gallic acid and

tannins (by introducing glycidyl groups to carboxarid phenols groups through reaction with
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epichlorohydrin in alkaline media), it can be imést that, under the disclosed experimental
conditions, the two-step reaction mechanism seerhs favored. In the first step, the addition of
epichlorohydrin to carboxyl and hydroxyl groups,h&gh temperature, takes place; and during
the second step of the process, the dehydrogenatitme halohydrin ether and ester moieties
obtained in the first step is achieved by addinglaline aqueous solution. It is also important
to highlight that the presence of a phase trarcsdtlyst is essential for the addition reaction in

the first step.

Since the main goal of this research lies in dguabp bio-based thermosetting materials, a
similar approach was used to functionalize the phercompounds found in the bio-oil. Once
the total —-OHN was determined, the glycidylatioraateon was performed. The following
scheme (Figure 5.3) depicts the reaction of a lhgiaal lignin fragment with epichlorohydrin

in alkaline medium.

O—CH, cl O
HO
HO O No” O/\GO
OH
) " 100 °C, 1h, L O
., O BnELNCI 0 1
oH 2) NaOH__ S
0o ¥ H

Figure 5.3. Glycidylation of bio-oil with epichlongdrin in alkaline medium.

As previously detailed, most of the chemistry okpbls is similar to that of alcohols. Thus,
phenols can be converted into ethers by reactiah alkyl halides in the presence of a base.

Since the formation of the reactive phenoxide ioouns more readily than the alkoxide ion, the
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acid phenolic —OH groups are the preferred tarfj#hi®reaction. As seen in Table ftP-NMR
analysis of the modified pyrolysis oil revealed tthhe phenolic —-OH groups were totally
removed. Titration with HBr showed that this compdihas an average molar epoxy content of
(3.0 + 0.1) x 1@ mol per gram of resin, corresponding to an ep@uiva@lent weight = 333 g/eq.
This value is approx. the half of the content shdayrtommercial epoxy resins, such as the well-
known EPON 828, having an average molar epoxy comteapprox. 5.3 x I®mol per gram of
resin, resulting in an epoxy equivalent weight =5-182 g/eq. During purification and
recovering of the modified resin, around 40 wt%eisovered as epoxidized bio-oil. The content
of insoluble matter, mainly char, is around 30 wd®td the remaining 30 wt% is lost during
purification (water soluble compounds such as acld& molecular weight alcohols and
carbonyl compounds, dehydrated sugars and otheugpi® of cellulose pyrolysis). This is also
reflected in the results of tHéP-NMR determination, where the highly hydrophiliidic —OH
compounds (mainly acetic acid) are completely &tgr modification and subsequent washing
and purification. Aliphatic —OH content increaselilely due to mass concentration, after

elimination of acid compounds and insoluble matter.

3.4 Fourier Transform Infrared Spectroscopy (FTIR)

With the aim to study the functional groups presenthe product, FTIR was performed. The
results are shown in Figure 5.4. The FTIR spectofifnio-oil was characterized by the presence
of a strong IR absorption band at 3370 cidue to the presence of hydroxyl groups from
alcohols, acids, and phenols); as well as an ieteasbonyl strong peak at 1750 trgmainly
attributed to ketones, aldehydes and acids). Ircéise of the modified bio-oil, there is a decrease

in the intensity of the absorption band at 3370'crelated to the removal of phenolic and acid -
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OH functional groups (due to the glycidylation rea), as well as the elimination of water

during purification. In the spectrum of the modifi®il, it is also evident the presence of
absorption bands at 1227.5 ¢rand 1050 cn, attributed to the presence of -C-O-C- groups
formed during the reaction, as well as the charitie bands for oxirane rings at 847.5 tand

910 cm', confirming the presence of epoxy groups in thelified mixture.
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Figure 4.F%WQB€8€P¥%'}aW bio-oil, modified bio-oil andiehlorohydrin.

Figure 5.4FTIR spectra of raw bio-oil, modified bio-oil angiehlorohydrin.

4. Characterization of the epoxy networks

4.1 Soxhlet Extraction

Soxhlet extraction was employed to determine thal wolvent extractable content of the bulk
copolymers. An appropriate amount of the bulk paymwas extracted for 8 h with 250 mL of

refluxing acetone with a Soxhlet extractor. Upotrastion, the insoluble solid was dried in a
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vacuum oven for several hours before it was we@hiéne obtained results are displayed in

Figure 5.5.
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Figure 5.5. Mass loss (wt%) of bio-oil fresorcylic acid epoxy resins

As seen in the plot, the extracted fraction ranigech about 20 wt% to 29 wt% when exposing
the materials to organic extraction. An increasethia amount of extractable content was
observed when increasing the amount of epoxidizeaibin the mixtures This behavior could

be related to two different factors. On the onedhainis clear that after post-curing, an average
value of 1/4 of the monomers remained unreactete(ms of weight). Once the system reaches
gelation and the post gel stage, the local mobibtythe functional groups is considerably
shortened, severely impacting the kinetics of trection; and therefore decreasing the monomer
conversion [32]. For the low molecular weight (ahighly reactive epox. -resorcylic acid
monomers), around 20 wt% of the total content is inoluded in the epoxy network. This
phenomenon can have even a deeper impact in theersdon of the functionalized phenolic

compounds found in the bio-oil, which have a mareted mobility than their epox.-resorcylic

191



acid counterpart (due to their larger size and héigmolecular weight), leading to a lesser
incorporation of monomers into the growing netwddk the other hand, as previously stated,
bio-oil consists is a complex mixture of a largemner of pyrolysis compounds. After chemical
modification and subsequent purification, many famctionalized compounds remain in the
polymerizable mixture. After curing, there is a ptgtion of compounds, not able to react,
showing chemical affinity for the acetone; and éfere, extractable, resulting in a higher

amount of soluble products when the proportioniofdl was increased in the mixtures.

4.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to investitfa@ morphology of the epoxy systems.
Figure 5.6 provides the obtained images of thetdracsurfaces of the bio-oil FRA materials,
pre-chilled in liquid nitrogen. As shown, the frad surfaces of the materials containing
epoxidized -resorcylic acid are characterized by smooth, glassmd homogeneous
microstructures; without any plastic deformatior3,B4]. They exhibited surfaces with cracks
and different planes, indicating brittle fractufes the proportion of this low molecular weight
co-monomer decreases, the brittle character ofmidierials also decreased, which is reflected in
the more ductile surface of the 100 wt% epoxidikedoil sample, which exhibits some degree
of plastic deformation. Likewise, globular cavitidspersed in the continuous epoxy matrix are

observed, probably due to evaporation of residol@esit used during the polymerization stage.
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5.6.a

5.6.b

5.6.c

Figure 5.6. SEM micrographs of the 100 wt% epoxadibio-oil (5.6.a), 50 wt% epoxidized bio-

oil — 50 wt% epoxidized -RA (5.6.b), and 100 wt% epoxidizedRA (5.6.c) resins.

193



4.3 Thermo-mechanical characterization of bio-oil-bsed epoxy thermosetting resin

With the aim of minimizing the use of commercialeats as a part of the epoxy resin
formulation, the polymeric materials were prepakad anionic polymerization initiated by
DMPA, in a ratio of 0.08 mol DMAP/mol epoxy. In adto prepare the resins, epoxidized bio-
oil and triglycidylated ether of-resorcylic acid (as a low molecular weight reaettomonomer)
were mixed in different weight proportion&fter curing, the polymeric materials appeared as
dark-brown stiff materials at room temperatuigynamic mechanical analysis (DMA)
measurements are intensively used to investigatartiorphous phase transitions of polymers as

they are stressed under periodic deformation. featd shown in Figure 5.7.
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Figure 5.7. Temperature dependence of the storagelons (5.7.a) and loss factor or tan

(5.7.b) as a function of the composition of thexgpesins

Results revealed that the materials behaved amdsets. As seen in the curves, the storage
modulus initially remained approximately constafds the temperature increased, the storage
modulus exhibited a drop over a wide temperaturggea(glass transition), followed by a
modulus plateau at high temperatures, where therrabbehaved like a rubber. This region,
called the rubbery plateau, evidences the presaeingestable cross-linked network. The modulus
drop is associated with the beginning of segmentaiility in the cross-linked polymer network.
As can be seen, the transition between the glass$lyet rubbery state was wide for the tested
materials. This transition is highly influenced the bio-oil content in the formulations, and it
ranged from around 100 for pure epox. bio-oil, up to approx. 180for the 100 wt% -RA
(with the mixes of these two components fallinghetween the above mentioned values).

Concerning the glass transition, the peak in tavas used as a criterion to determine its value.
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The results showed that the peaks shifted to Idesperatures (indicating a decrease in the
glass transition temperature), when the propomioepoxidized bio-oil was increased. The peak
width at half height is a criterion used to indedhe interaction between the phases and
homogeneity of the amorphous phase. A higher vahgies higher inhomogeneity of the
amorphous phase. In this particular case, thetseshbwed that the tanpeak became wider as
the bio-oil content in the matrix increased. Thiepomenon could be associated to the presence
of less cross-linked and heterogeneous networks widier molecular weight distribution of the
chains between crosslinking points [35]. Likewigk the materials showed only one tapeak,
indicating that there was no phase separation.eTall summarizes the main properties of the

bio-oil-based epoxy thermosets.

Table 5.5. Thermo-mechanical properties of eporidizio-oil and the triglycidylated ether of

resorcylic acid (epoxidized-resorcylic) resins

Triglycidylated ether
Epoxidized E at 30 Tg Density of active chains
of -resorcylic acid
bio-oil (Wt%) (Pa) (®) (mol/m®)
(Wt%)

100 0 1.48E+09 131.2 1006

75 25 1.58E+09 138.5 9169

50 50 2.18E+09 176.7 13702

30 70 2.32E+09 183.6 15238

10 90 2.74E+09 206.3 27150

0 100 3.78E+09 212.2 35709
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As shown in Table 5.5, the storage modulus (E")ilakdd values in the order of GPa, indicating
that materials behave as glassy polymers at amb@mmditions; and it considerably decreased
when the epoxidized bio-oil wt% content was inceehsThis parameter for glassy polymers
below the glass transition temperature is approrstant, having a value of around 3 X P@
[36]. The decline in the modulus values is direcityrelated to the decrease in the density of
active chains on; parameter that is often associated to the crdssly density of the material.
As the crosslinking density increases, the hardmasslulus, mechanical strength, and chemical
resistance increase [37]. For instance, slightlyssiinked materials, such as typical rubber
bands, haven = 190 mol/ni [36]. When the same rubber is highly crosslinkédjenerates a
brittle material. A common commercial diglycidylhet of bisphenol A (DGEBA) type epoxy
resin (epoxy equivalent weight = 185-192 g/eq. J38ed in coating, adhesive, structural, and
composite applications shows an approximate value=05000 mol/mi when crosslinked with a
tetrafunctional amine [39]. Conceptually, the highthe crosslinking density, the more
constrained the chain motion; and thus the stiffied more thermally resistant the molecular
structure is. As seen in Table 5.5, the valuenahcreased approximately 37 times, when
comparing the pure epoxidized materials (100 wt%-dii and 100 wt% -resorcylic acid).
When more -RA is incorporated into the bio-oil, the value increased, leading to more
crosslinked materials; which improved their thermeehanical properties, as evidenced by the
rise of the Tg and modulus. Such behavior coulddbated to the fact that the average epoxy
content of the epoxidized derivatives of theesorcylic acid is 3 times larger than the onensho
by the epox. bio-oil, leading to a higher capapitd crosslink. Likewise, structural differences
between the epoxidized bio-oil monomers, as wetliisrences in the molecular weights, might

play a key role in the way they are incorporated the network during polymerization.
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The glass transition temperature was also highlyenced by the epox. bio-oil wt% content,
ranging from approx. 130 to 21, showing its maximum value for the 10&esorcylic acid
wt%. The Fox equation was used to fit the experialeshata. Figure 5.8 is a plot ofThy versus
relative epoxy bio-oil content. This equation aseamniform morphology; therefore, the good
agreement (R= 0.9654) with the bio-oil / -resorcylic acid epoxy systems implies that the

networks are relatively homogeneous due to goodimisy between the components [40].

%6%% %
%6%%%

—a
%6l

* %6%%!

|

—~  %6%%!% ——)> 7%

" > J
%6%%%

%6%%0 0, o 1 1 1 1 1 1 1 1 1 )
% %6! %6% %6 %6' %6 %6" %6 %63 %62 !

Figure 5.8. Relationship betwee @/and relative epoxy bio-oil weight content W)

In order to compare the results obtained in thseaech, the obtained thermo-mechanical
properties of the 100 wt% epoxidized bio-oil and 1% epoxidized -RA were contrasted to
those shown by a commercial epoxy resin (Super 8a@ Epoxy by Entropy Resins)
polymerized by both condensation with a commer@mine and by anionic polymerization with

DMPA. Table 5.6 summarizes the main propertieselegoxy thermosets.
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Table 5.6. Mechanical properties of the epoxidiziedoil, triglycidylated -RA and Super Sap

100 epoxy
E at 30 Tg Density of active
Resin
(Pa) (%6) chains (mol/nT)
100 wt% Ttriglycidylated -RA 2.90E+09 212.2 35709
100 wt% Epox. Bio-oil 1.48E+09 131.2 9169
Super Sap 100 epoxy resin
P P _ p. Y 1.53E+09 75.4 731
homopolymerized with DMPA
Super Sap 100/1000 epoxy resin
5.33E+08 58.9 641
and hardener

Results revealed that the properties of the mechhproperties of epoxidized bio-oil resin and
the triglycidylated -RA based resin are considerably better than thslsgwvn by their

commercial counterpart, exhibiting modulus valuasthe order of ~ 1 — 2 GPa at room
temperature and glass transition temperatures a0, typical of a thermoset used for

composite applications.
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4. Conclusions

Bio-oil pyrolysis phenolic derivatives, as well asresorcylic acid, were chemically
functionalized with epoxy monomers through glycatidn with epichlorohydrin in alkaline
conditions. The phenolic compounds were identibgd5S/MS, and the total hydroxyl number
(after and before chemical modification) was susfidly calculated throughP-NMR. The
epoxy content of the bio-oil upon chemical functibmation was measured by means of a
titration and found to be (3.0 + 0.1) x d@nol per gram of resin. Grafting of epoxy functions
onto the monomer's structure was confirmed by FTi&ting showed an increase in the storage
modulus, from approx. 1.5 to 3.8 GPa at room teatpe®, when higher amounts of
triglycidylated ether of -resorcylic acid were added to the mixtures. Glasssition
temperature appeared to be strongly dependenteofitiounts of triglycidylated ether of
resorcylic acid when it was combined with the ep@ead bio-oil. When compared to samples of
commercial origin, testing showed the thermo-met@rproperties of the epoxidized bio-oil /
triglycidylated -RA based resins are considerably higher to thbsevis by their commercial
counterpart. Based on the results of this studig dlear that these materials behave as glassy
polymers at room conditions; and they could be ussdthermosetting matrices for the
development of composite materials. Likewise, thaye potential as partial replacements in the
formulation of commercial epoxy resins used asingat adhesives, etc. This study opens the
possibility of using these kinds of pyrolysis bibsoas renewable precursors for polymer

synthesis.
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General conclusions
Thermosetting polymers where obtained from biomdssived materials such as
vegetable oils, and terpenes, as well as from fan@g products. The obtained resins
could be employed as partial replacements of theettiog commercial resins, and/or in
the formulation of composite materials.
From the experimental results, it was clear that ¢themical modification of different
functional groups of biomass derived materiatssiderably improved the thermo-
mechanical performance of the obtained polymergmndompared to their non-modified
counterparts.
Studies of the polymerization reactions revealeat the homopolymerization of epoxy
resins using anionic chemical initiatosstands as a viable option to generate materials
with higher contributions of biomass-derived compasiper weight basis
The vast thermo-mechanical analysis of the regultilermosets revealed the deep
existing link between the thermo-mechanical respaighe materials and their chemical
structure. Stiffer materials were obtained when temnsity of aromatic units were
increased in the crosslinked networks. Likewis@pprties were also dependent on the
chemical nature and position of the polymerizablectional groups.
A significant chemical analysis, both quantitatared qualitative, has been devoted to the
study of pyrolysis bio-oil of lignocellulosic bioraa as a source of chemicals for the

synthesis of thermosetting resins.
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Overall results indicated that the materials pressbrnthermo-mechanical behaviors

similar to those shown by commercial formulations.

Conclusions highlighting the major achievement€bépter II:
Thermo-mechanical analysis revealed that the daticopolymerization of tung oil and
terpenes in presence of boron trifluoride yieldddst®meric materials at room
temperature. For all the studied comonomers, deitaiaterials for analysis were not
obtained for terpene proportions above 60 wt%.
The obtained copolymers presented a maximum in thermo-mechanical properties,
showing a modulus of approx. 38 MPa at room tentpeFaand a glass transition
temperature of around 30 °C. The Tg was found ta lbenction of both the type and
comonomer weight content.
Studies revealed that the properties of non-chdiyigedified vegetable oils can change
as a function of two different effects of the fattgid chains, either by plasticizing the
network because of their flexible structure, orihgreasing the rigidity due to the large
number of unsaturations per molecule.
Some of the thermo-mechanical properties were fotmde predictable by simple

mathematical approaches and models developed fpripgl resins.
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Conclusions highlighting the major achievementE€bépter lil:
Thermo-mechanical tests indicated that the chemiwabrporation of polymerizable
groups onto the structure of the vegetable oilssicmmably improved their mechanical
performance. The maximum glass transition obtainedhapter Il was doubled, and the
modulus increased by a fold of approximately 37e8m
The inclusion of -resorcylic acid as a low molecular weight comonpimereased the
chain stiffness and therefore improved the therneatmanical behavior, rendering resins
with properties matching those shown by glassynlesetting commercial resins.
When polymerizing the epoxidized derivatives ofséed oil and -resorcylic acid,
thermodynamical incompatibility was found for otloportions higher than 30 wt%. A
new method to improve the mixture of these two mateis exposed in Chapter IV.
Studies also revealed that the chain-growth copefaation allowedincreasing the
contribution of renewable materials into the foratidns, by minimizing the use of

commercial crosslinking compounds.
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Conclusions highlighting the major achievementE€bépter IV:
Results revealed that interpenetrating of the systentaining an epoxy phase derived
from -resorcylic acid, and an acrylate phase derivedhfregetable oil arises as an
approach to not only improve the properties byudsig an aromatic monomer in the
system; but also to minimize the phase separatimm@mena by kinetically controlling
this thermodynamical process by permanent intenhockf entangled chains, avoiding
phase separation.
Thermo-mechanical characterization showed that db&ined materials behave as
thermoset amorphous polymers, and that both theulasdand glass transition are
extremely dependent on the epoxy/acrylate weigtio,ras well as on the chemical
structure of the epoxy monomers.
Modulus values ranged from 0.7 to 3.3 GPa at 30at(d, glass transition temperatures
ranged from around 58 °C to approx. 130 °CNo synergistic effect on these two
properties was observed.
Interpenetrating networks containing equivalentglieiproportions of the parent resins
showed the highest fracture toughness of the sexdsbiting a K. value of around 2.1
MPa-nm’2 The results showed that the Kalues did not increase &% increased, which
seems to suggest that a different mechanism i®negge for the increase in the fracture
toughness displayed by IPNs. Also, there seems tanbexponential type increase in the

fracture energy with thil.Y*for the materials containing the epoxy phase
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Conclusions highlighting the major achievement€bépter V:
Biomass refinery stands as a sustainable way @onaitics biosourcing, by providing low
molecular weight fragments of natural lignin, whdgectional groups are more exposed
to the reaction medium (due to their lesser stermvding), and thus being readily
reachable during chemical synthesis.
According to the results, phenolic compounds actéamabout 48 % of all compounds
detected and identified by the GS/MS analysis, dp#ie guaiacol derivatives fraction the
most numerous of them.
According to the’’P-NMR analysis, the total hydroxyl number for frigsproduced fast
pyrolysis bio-oil was (10.83 + 1.08) mmol/g. It whmind that aliphatic, phenolic and
acidic hydroxyl groups accounted for 49 %, 28 % a8 % of the total -OH number,
respectively.
Testing showed an increase in the storage modiubrs, approx. 1.5 to 3.8 GPa at room
temperature, when higher amounts of triglycidylasttier of -resorcylic acid were
added to the mixtures. Glass transition temperappeared to be strongly dependent of
the amounts of triglycidylated ether ofresorcylic acid when it was combined with the
epoxidized bio-oil. 100 wt% epoxidized bio-oil welsaracterized by a glass transition of

approx. 130C.
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Future Work

A considerable part of this document deals with filwenulation of thermosetting materials,
especially with epoxy resins. Nature provides mbioybased feedstocks such as vegetable oils
and polyphenols to obtain bio-based epoxy resind;rasearch and studies have focused on the
formulation of epoxidized products, but no croddlg or curing agents. It is essential that all
components of the formulation are both renewablé sustainable. Therefore, it is of great
importance to develop curing agents from renewab$®urces rather than petroleum-derived
materials for producing the next generation of b@sed epoxy formulations. There is a
considerable potential to perform research ondhes, which can catapult bio-base epoxy resin
to the commercial markets, especially on amine dras, which production remains as a

challenge.

As explained in the general introduction, compositerials will be a sector highly influenced
by the evolution in the polymer and materials indusTherefore, more research needs to be
performed concerning the application of new biodohslerived materials in the design and

formulation of composite materials.

Bio-based chemicals are already industrially awélabut most of them are aliphatic or
cycloaliphatic regarding their chemical structufewever, as stated in this document, many key
chemical compounds are aromatic, which in our curtemes are ultimately derived from

petroleum. Thus, there is a challenge for findingnzatic building blocks derived from biomass.
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In nature, aromatics are mostly found in ligninewlever some crucial aspects need to be
improved if these products want to be taken tocthramercialization stage, such as:
Due to the inherited variability of the chemicahgoosition of lignocellulosic materials,
as well as pretreatment techniques, pyrolysis ptsdand their composition are highly
variable, making hard the comparison of results apdroaches to convert them into
added-value products. The field needs standaradgutst for the extraction procedures,
pretreatments, catalysts, analysis techniques amckg@ures, so as to make results and
approaches possibly comparable.
Further fundamental understanding of both the sirecand the chemistry of the
products of fast pyrolysis of biomass is required dssessment of their reactivity under
different reaction conditions. This will allow eatting meaningful and valuable
information for the structure-property-reactiviglations of the obtained materials.
In the case of pyrolysis techniques, more experiedlenork is required to determine
optimal operation conditions, such as catalyst$algsts deactivations, temperature,
pressure to control product yield. Moreover, puadfion and separation of the chemical
compounds present in pyrolysis bio-oils remaina agjor challenge. Adequate isolation
of certain products or fractions can vastly imprabe analysis and study of their

structure and reactivity.
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Catalysis stands up as a key technology for biontass/ersion, especially for the
valorization of lignin and its derivatives. Devetopnt of more efficient catalytic

technologies, increasing the selectivity of the wewsion toward the obtention of
particular products or family of products remaissaachallenge.

Particularly for aromatic bio-sourcing, pyrolysechniques should be applied directly to
lignins. In this way, more selective and richerctrans in aromatic can be obtained,
eliminating the influence and presence of decomijposproducts of the hemicellulose

and cellulose.
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