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KURZFASSUNG

Epoxidharze spielen eine entscheidende Rolle auf dem Markt fiir duroplastische Kunst-
stoffe und Verbundwerkstoffe, wobei das prognostizierte Wachstum auf ihren auBerge-
wohnlichen Eigenschaften und vielseitigen Anwendungen in verschiedenen Branchen
beruht. Allerdings werfen die Abhédngigkeit von fossilen Ressourcen, die Notwendigkeit
von Bisphenol A (BPA) und Epichlorhydrin (ECH) fiir die Synthese, die Umweltbelas-
tung durch die Herstellung von Epoxid- und epoxidbasierten Carbonfaser (CF)-Ver-
bundwerkstoffen sowie deren schwierige Recyclingfahigkeit Fragen zur Nachhaltigkeit
auf. Diese Studie untersucht die Entwicklung von BPA- und ECH-freien Epoxidsyste-
men, die vollstindig oder teilweise biobasiert sind und fiir eine Recyclingfihigkeit aus-
gelegt wurden. Dabei werden natiirliche und verfiigbare Ressourcen genutzt, um eine
Kreislaufwirtschaft zu fordern. Die mechanischen und thermischen Eigenschaften der
entwickelten Materialien werden charakterisiert und mit Literaturwerten sowie konven-
tionellen Epoxidsystemen verglichen.

Die Untersuchung des vollstidndig biobasierten Epoxidharzes auf Basis von epoxidier-
tem Lein6l (ELO) und Tanninsdure (TA) zeigte fiir ein pflanzendlbasiertes Epoxid
starke mechanische und thermische Eigenschaften. Verschiedene Herstellungsverfahren
wurden angewendet, um CF-Verbundwerkstoffe mit TA/ELO-Epoxid herzustellen, und
die Ergebnisse der Charakterisierung wurden mit CF-Verbundwerkstoffen verglichen,
die mit einem leistungsstarken erddlbasierten Epoxidsystem gefertigt wurden. Zudem
wird die Moglichkeit des mechanischen Recyclings von TA/ELO und TA/ELO-CF-Ver-
bundwerkstoffen sowie die Riickgewinnung sauberer Carbonfasern durch Solvolyse mit
handelsiiblichen Chemikalien untersucht.

Im weiteren Verlauf werden die thermischen, mechanischen und Recycling-Eigenschaf-
ten einer neuartigen multifunktionalen Epoxidverbindung (EGCHC) mit einem hohen
biobasierten Anteil von 68.4 %, die aus hochverfiigbaren Ressourcen wie Sorbinsdure,
Maleinsdureanhydrid und Allylalkohol gewonnen wird, untersucht. Die Ergebnisse wer-
den mit dem bekanntesten Epoxidsystem auf dem Markt, Bisphenol A Diglycidylether
(DGEBA), verglichen. Die Resultate zeigen vergleichbare Eigenschaften zu DGEBA,
wihrend gleichzeitig eine mechanisches Recycling des Materials und eine Riickgewin-
nung von Carbonfasern mit geringem technischen und energetischen Aufwand moglich
1st.

Die Vorteile der entwickelten Epoxidsysteme im Bereich der CF-Verbundwerkstoffin-
dustrie werden diskutiert, ebenso wie die Herausforderungen, darunter eine hohe Was-
seraufnahme und die schwierige Verarbeitung der Verbundstoffe. Zudem werden
Verbesserungspotenziale fiir eine industrielle Umsetzung erdrtert.



ABSTRACT

Epoxy thermosets play a vital role in the thermosetting and composite market, with pro-
jected growth driven by their exceptional properties and versatile applications across
various industries. However, the reliance on fossil resources, the need for Bisphenol A
(BPA) and Epichlorohydrin (ECH) for synthesis, the environmental impact associated
with epoxy and epoxy-based carbon fibers (CF) composites production, and their chal-
lenging recyclability raise sustainability concerns. This study explores the development
of BPA- and ECH-free epoxy systems that are fully or partially bio-based and designed
for recyclability, using natural and available resources to foster a circular economy
mindset. The mechanical and thermal properties of the developed materials are charac-
terized and compared with literature and conventional epoxy systems.

The investigation of the fully bio-based epoxy thermoset based on epoxidized linseed
oil (ELO) and tannic acid (TA) showed strong mechanical and thermal properties for a
vegetable-oil-based epoxy. Different manufacturing methods were employed to manu-
facture CF composites with TA/ELO epoxy, and the characterization results are com-
pared with CF composites made with a high-performance petroleum-based epoxy sys-
tem. The possibility of mechanically recycling TA/ELO, TA/ELO CF composites, and
recovering clean carbon fibers through solvolysis with commodity chemicals is investi-
gated.

Later on, the thermal, mechanical, and recyclability properties of a novel multi-func-
tional epoxy compound (EGCHC) with a significant bio-based content of 68.4 % and
derived from highly available resources such as sorbic acid, maleic anhydride, and allyl
alcohol are investigated and compared with the most well-known epoxy system on the
market: Bisphenol A diglycidyl ether (DGEBA). The results show comparable proper-
ties to DGEBA while offering the possibility of mechanically recycling the material and
recovering carbon fibers with low technical efforts and energy.

The advantages of the developed epoxy systems are discussed in the realm of CF com-
posites industry, and the drawbacks such as high-water absorption and challenging com-
posites manufacturing are highlighted. Improvement possibilities for industrial viability
are also discussed.
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Nomenclature

Formula sym-

Unit Description
bol
D50 um Median particle size distribution
E’ MPa Storage Modulus
E” MPa Loss Modulus
GWP kg CO2e/kg Global Warming Potential
L mm Span length
rpm - Revolutions per Minute
T °C Temperature
T'so, °C Temperature of 5 % weight-loss
t 1000 kg Ton
tan o - Loss factor
Vi % Fiber volume fraction
T S Relaxation time
c N/mm? Shear stress
G (1) N/mm? Shear stress at time t
c (0) N/mm? Initial shear stress
p g/cm? Density

Bio-based content
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1 Introduction

1.1 Motivation

Epoxy thermosets represent a prominent place in the thermosetting market. In 2020,
epoxy resins accounted for over 30 % of the thermoset market and they are expected to
witness further growth in the forecast period of 2023-2028, growing at a Compound
Annual Growth rate (CAGR) of 6.4 % [1]. Due to its outstanding properties, epoxy is a
well-suited matrix for the production of composite materials. Thanks to their excellent
mechanical properties, chemical resistance, remarkable strength-to-weight ratio and ver-
satility, epoxy-based composites find applications across various industries including
aerospace, automotive, wind energy, construction, marine and sports. The size of the
global composite market was USD 90 billion in 2019 and is expected to rise with a
growth rate of 7.6 %, reaching USD 160 billion by 2027 [2]. To date, most produced
epoxies, common reinforcing fibers like carbon fibers, and hence epoxy-based compo-
sites are derived from fossil resources. Additionally, bisphenol A (BPA) and epichloro-
hydrin (ECH), both needed for the production of standard epoxy thermosets are known
to cause adverse effects on living organisms and ecosystems [3—5]. With the depletion
of fossil resources, the development of bio-based materials from renewable feedstocks
has become a necessity.

Furthermore, epoxy and epoxy-based composites are energy intensive materials with a
high global warming potential (GWP) and therefore ideal possible candidates for recy-
cling. Indeed, epoxy systems can represent a GWP of up to 14.1 kg CO-e per kg. The
reinforcement fibers used to produce high-performance epoxy composites also represent
a high GWP (carbon fibers 25 kg CO:e per kg and glass fibers 1.64 kg CO-e per kg)
[6,7]. However, at the same time, epoxy materials are challenging to recycle. In fact,
epoxies are thermosets with a permanent cross-linked structure after cure and possess
properties that render them highly sought-after in the production of composites materials
for high-performance applications, but these same properties (such as high chemical and
heat resistance) as well as its thermoset nature impose constraints on their recyclability
and the recovery of the reinforcement fibers [8,9]. Current methods for disposing epoxy
and epoxy-based composite still involve landfilling. In fact, due to different waste re-
lated legislation existing in the individual countries of the European Union, some coun-
tries implemented a ban for landfilling, while others have not [10,11]. The practice of
landfilling, when it comes to composites, represents a significant wastage of valuable
materials and the energy invested in their production [2,10]. However, according to the
EU’s waste hierarchy, landfilling is the least preferable option and should be limited to
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the necessary minimum and the implementation of the EU Directive on Landfill of
Waste (Directive 99/31/EC) will lead to a decrease in the quantity of organic waste being
disposed of in landfills [10,12]. Incineration is another disposal method for epoxy and
its composites which causes significant negative impacts on whole ecosystems. The
waste treatment policy in the European Union (EU) prioritizes the waste prevention,
reuse, and recycling of the materials over incineration and landfilling [8,9,13].

Consequently, there is a pressing requirement for innovative approaches to develop
epoxy thermosets from renewable feedstocks and manage the disposal of epoxy and
epoxy composites at the end of their life cycle to foster a circular economy mindset. The
12 principles of Green Chemistry, postulated in 1998 by Anastas and Warner are the
most important reference for a sustainable chemical synthesis. The principles of Green
Chemistry advocate for the adoption of renewable resources to address the depletion of
fossil resources and the associated challenges. Additionally, they emphasize the need to
minimize or eliminate the use and production of hazardous substances, as well as the
prevention of waste generation [14,15].

Therefore, finding bio-based epoxies that are recyclable can strongly contribute to the
principles of Green Chemistry and the circular economy by promoting the use of renew-
able resources and reducing waste generation as they can be a part of a closed-loop sys-
tem where materials are recycled at the end of their life cycle, minimizing waste and
promoting resource efficiency.
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1.2 Objectives

The aim of this doctoral thesis is to develop innovative bio-based epoxy thermosets that
can be used for the production of CF composites and that adhere to the principles of
Green Chemistry by meeting the following criteria:

- Partially or fully bio-based. Various renewable resources will be used as raw
materials in order to provide several solutions to address the depletion of fossil
resources.

- Free from BPA and ECH to mitigate possible adverse effects on living organisms
and ecosystems.

- Designed for recyclability to promote a circular economy.

The developed bio-based epoxy thermosets will be characterized in order to understand
the relationship between molecule structure and properties. Additionally, their perfor-
mance and potential as substitutes for conventional petroleum-based epoxy thermosets
will also be evaluated. Furthermore, their recycling ability will be demonstrated. Con-
ventional composite processing techniques will be utilized to produce bio-based CF
composites and their performance will be assessed. Later on, the recycling of the devel-
oped composites will be investigated.

1.3 Outline

This thesis is divided into 7 chapters:

Chapter 1 introduces the motivation of this doctoral thesis and presents the objectives
of this work.

Chapter 2 outlines the state of the art relevant to the objectives of this research and
helps highlight the need for bio-based epoxy thermosets with recycling ability. It begins
by addressing the challenges associated with the use of conventional epoxy thermosets
and composites. Subsequently, it offers an overview of both commercially available and
ongoing research in the field of bio-based epoxies and curing agents, as well as their
advantages and limitations. Furthermore, the concept of epoxy thermosets with dynamic
covalent chemistry which enables mechanical recyclability and facilitates the recovery
of CF is presented and its advantages for the composite industry are discussed. Finally,
the characteristics and importance of CF for the industry are discussed and the standard
CF production and alternative and more sustainable production methods are presented.

Chapter 3 describes the materials and methods used to produce and characterize the
various bio-based thermosets and composites in this dissertation.

Chapter 4 focuses on the development and characterization of a fully bio-based, BPA-
and ECH-free epoxy thermoset made from available bio-based resources. Epoxidized
linseed oil (ELO) and the hardener tannic acid (TA) are mixed together with various
contents and cured at different temperatures to understand the impact of the mixing ratio
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and curing temperature on the mechanical, thermal, and thermo-mechanical properties
of the thermoset. The results are compared with literature and with a commercially avail-
able high-performance epoxy system to evaluate the performance of the fully bio-based
epoxy thermoset. Further on, the recycling ability of TA/ELO epoxy thermoset is
demonstrated and mechanical recycling and solvolysis are investigated.

Chapter 5 describes methods for producing CF composites with the fully bio-based
thermoset TA/ELO developed in chapter 4. Various conventional composites manufac-
turing techniques are explored, and the produced composites are characterized and com-
pared to CF composites made with a conventional high-performance petroleum-based
epoxy system. The advantages of the recycling ability of TA/ELO are shown in the realm
of the composite industry by studying mechanical recycling and the recovery of CF
through solvolysis. Later on, CF composite parts (a longboard and a pipe) are produced
with TA/ELO and CF to demonstrate the feasibility of using bio-based epoxy for com-
posite production.

Chapter 6 characterizes the properties of a novel multi-functional, BPA- and ECH- free
epoxy resin (EGCHC) with a significant bio-based content cured with two conventional
curing agents (T403 and IPD). The characterization results are compared with the most-
used petroleum-based epoxy resin (DGEBA) to demonstrate the ability of EGCHC to
serve as greener alternative to DGEBA. Furthermore, the recycling ability of EGCHC is
demonstrated, and scenarios for increasing the bio-based content of EGCHC are dis-
cussed with an ecological assessment.

Chapter 7 summarizes the advantages of the developed bio-based epoxy thermosets and
CF composites for the composite industry. The limitations and drawbacks of the devel-
oped materials are also highlighted, and improvement possibilities for industrial viabil-
ity are also discussed.
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2 State of the art

2.1 Epoxy thermosets and epoxy composites

2.1.1 Definition and properties

Epoxy resins are classified as thermoset polymers. Before curing, epoxy resin is a chem-
ical compound containing two or more epoxide groups per monomer. A hardener/curing
agent is required in the curing process of epoxy. During polymerization, the curing agent
opens the epoxide groups and the bonds are rearranged to join the monomers into a three-
dimensional network of crosslinked chain-like molecules [16].

Epoxy resins are one of the most versatile classes of thermosets. After curing, the glass
transition temperature of the epoxy can vary in the broad range of 60 °C up to 250 °C,
depending on the choice of constituents, as the performance of epoxy thermosets greatly
varies depending on the resin and curing agent utilized [17]. Tensile strength values can
be among the highest achievable in thermosets. In some cases, they exceed 80 MPa. The
compressive strength can double this value. In addition to the high mechanical strength,
epoxy can exhibit high stiffness. They also exhibit excellent adhesive strength, high
thermostability, high corrosion and chemical resistance. In addition, they experience lit-
tle to no shrinkage after they are cured [18,19].

Thanks to these attributes, epoxy thermosets are well-established in a large variety of
applications, including electronic encapsulation, paints, coatings, adhesives and sealants
(Figure 1). Its easy processability and good wettability to fibers makes it also a popular
matrix for composite materials. When reinforced with glass or carbon fibers, epoxy-
based composite materials are widely used in load-bearing high-performance applica-
tions such as automotive, aerospace, construction, marine and wind turbine industries
[20]. As an example, 50 % of the composition of the Boeing Dreamliner 787 launched
in 2011 was made up of carbon fibre-reinforced epoxy resin composite [21]. In 2020,
epoxy resins dominated the thermoset market, securing a substantial share of over 30 %,
primarily attributable to its outstanding features [22].
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Figure 1: Global epoxy demand by sector. From [23].

About 90% of the global epoxy thermoset demand is derived from diglycidyl ether of
bisphenol A (DGEBA). The presence of bisphenol A core in DGEBA imparts outstand-
ing mechanical and thermal properties to the polymer network, along with exceptional
chemical resistance (Figure 2). Furthermore, DGEBA-based epoxy resins with low mo-
lecular weight are usually liquids at room temperature, which is a great advantage re-
garding processability [3,24-26].

?
2 Cl + —_
~ HO OH CI/Y\O o/\(\m
ECH BPA CH OH
ETe
-2 HCI
ci}/\o o/\(cl)

DGEBA

Figure 2: Synthesis of DGEBA from BPA and ECH. Adapted from [14].

2.1.2 Limitations associated with epoxy thermosets
and epoxy-based composites

2.1.21 Composition

Concerns have been raised regarding the use of DGEBA, the most well-known epoxy
resin. Firstly, the raw materials needed for the production of DGEBA, namely bisphenol
A (BPA) and epichlorohydrin (ECH), are petroleum-based (Figure 2). With the deple-
tion of fossil resources, the development of materials from renewable feedstocks has
become a necessity. Secondly, BPA and ECH are known to cause adverse effects on
living organisms and ecosystems. BPA in particular is kept under watch. According to
the CLP (Classification, Labelling and Packaging) Regulation, in 2016, BPA was cate-
gorized as toxic to reproduction category 1B, specifically labeled as "may impair
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fertility”. In 2017, it was identified as a substance of very high concern (SVHC) by the
European Chemicals Agency (ECHA) due to its endocrine disruptor nature for the envi-
ronment and human health. Since June 2011, the use of BPA has been prohibited in
infant feeding bottles throughout the EU. Furthermore, starting from September 2018, it
has also been banned in plastic bottles and packaging intended for food for babies and
children under three years of age. Since March 2018, BPA has been subject to re-
strictions both as a standalone substance and as part of mixtures intended for consumer
use within the EU. Additionally, its utilization in thermal paper has been restricted since
January 2020 [3-5]. BPA is, however, still used for the production of DGEBA.

Furthermore, certain frequently employed curing agents, including polyamine, polyam-
ide, and anhydride hardeners, exhibit toxicity prior to curing. Therefore, even after cur-
ing, there is a possibility of toxicity in the cured epoxy materials if the curing agents are
not fully consumed [27,28].

Thus, for environmental and health reasons, there is a need to develop BPA- and ECH-
free bio-based epoxies that can compete with DGEBA-based epoxy thermosets.

2.1.2.2 Composite waste generation

The amount of composite waste generated by various industries (building & construc-
tion, electrical & electronics, transportation, marine, production waste, aeronautics,
tanks & pipes and wind sectors) across Europe is expected to grow drastically in the
upcoming decades. Figure 3 shows the forecasted amount of composite waste in Europe
for 2025 and 2040. The rapid composite waste growth is anticipated as an increased
amount of composite-based structures will reach their end-of-life in the next decade. As
an example, in the aeronautics sector, about 22 % of the aircraft currently in operation
will enter their end-of-life phase within the next decade [29]. Regarding the wind sector,
WindEurope expects blade waste to reach about 25 000 tons per year by 2025 and up to
52 000 tons per year by 2030. Epoxy and epoxy composites are materials that demand a
significant amount of energy for their production (carbon fibers 183—704 MJ/kg, glass
fibers 13—54 MJ/kg and epoxy resins 76—-80 MJ/kg), contributing to a notable global
warming potential [30]. Consequently, they present themselves as promising and suita-
ble contenders for recycling efforts. Indeed, epoxy systems can represent a global warm-
ing potential of up to 14.1 kg CO:e per kg, carbon fibers 25 kg CO-e per kg and glass
fibers 1.64 kg CO-e per kg [6,7]. In addition, CF is an expensive fiber reinforcement for
the production of CFRP, and the demand for CF recovery from recycled composite to
reduce production costs and environmental impact is growing [26].
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Due to its thermoset nature and permanent crosslinked structure, epoxy cannot be repro-
cessed and reformed like thermoplastics. Also, its decomposition requires harsh reaction
conditions such as high temperatures, high pressures and/or strong acids. Therefore, the
recycling of epoxy thermosets and the recovery of the reinforcement fibers from epoxy-
based composite is a real challenge. As a consequence, landfilling and incineration are
disposal methods for epoxy and epoxy-based composites that are still in practice. Land-
filling as a disposal method results in substantial wastage of valuable materials and the
energy invested in their production. Incineration is the most common disposal route. The
heat generated from the incineration is used to create electricity. Nevertheless, problems
arise due to the possible emission of hazardous gases. Moreover, due to the elevated
inorganic content of the composites, a high amount of the scrap remains as ash after the
incineration process. The incineration ash has the potential to be polluting and is usually
landfilled. Last but not least, the efficiency when converting the heat to electricity is low
when incinerating Carbon Fiber-Reinforced Plastics (CFRP) [26,31-34].

Directives and political drivers however are helping landfilling to gradually phase out
of the European union countries. According to the European Composites Industry As-
sociation (EuCIA), there is a growing trend towards stricter regulations and prohibitions
on conventional disposal methods like landfills and incineration. Consequently, compa-
nies in the composites industry, as well as their customers, are actively seeking more
sustainable alternatives. Moreover, directives, such as the EU End-of-life Vehicle (ELV)
directive states that by no later than January 1, 2015, a minimum of 95 % of the weight
of each end-of-life vehicle should be subject to re-use and recovery. Additionally, within
the same timeframe, a minimum of 85 % of the weight of each vehicle should be targeted
for re-use and recycling. Additionally, the Landfill Directive 1999/31/EC aids the Euro-
pean Union's shift towards a circular economy by designating landfilling as the least
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favorable choice in the EU's waste hierarchy (Figure 4). It also introduces restrictions
on landfilling of all waste that is suitable for recycling or other material or energy re-
covery from 2030. Subsequently, Germany, as an example, banned the landfilling of
composite waste in 2009 and other countries are expected to follow [35-37].

Waste hierarchy

PRODUCT
(NON-WASTE)

PREPARING FOR RE-USE

RECYCLING

RECOVERY

DISPOSAL

Figure 4: The foundation of EU waste management is the five-step “waste hierarchy”, estab-
lished in the Waste Framework Directive. From: [12].

2.1.2.3 Recycling of epoxy and epoxy-based composites

Consequently, there is a heightened emphasis on composite recycling. Conventional
methods for recycling epoxy-based composites and thermoset-based composites in gen-
eral include mechanical recycling, pyrolysis and solvolysis:

e Mechanical recycling

CFRP waste

Shredding / Crushing / Milling

Fibrous fragments Powdered CFRP

Composite re- NG Composite re-
manufacturing EWEHed manufacturing

[Reinforced material] [ Filled material ]

Figure 5: Mechanical recycling of CFRP. From: [38].
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Mechanical recycling involves the fragmenting of the composite through actions like
shredding, crushing, milling, or comparable mechanical techniques. The resultant scrap
fragments can subsequently be sorted using sieving methods into powdered materials
(abundant in resin) and fibrous materials (abundant in fibers) (Figure 5). This recycling
approach offers the benefit of straightforward implementation and minimal energy re-
quirements in contrast to alternative recycling techniques. Mechanically recycled com-
posites find common use in various applications, such as being reintroduced into new
composites as fillers or reinforcement, as well as in the construction industry, where they
serve purposes like enhancing artificial woods or asphalt, or acting as mineral sources
for cement. Nevertheless, it's worth noting that these applications are considered to have
relatively lower value, as the unstructured, coarse and non-consistent fiber architecture
of mechanically recycled composites results in a significant loss of mechanical proper-
ties. A range of applications have been investigated for the use of recyclates in the pro-
duction of new composites. The powdered material (rich in resin) can effectively replace
calcium carbonate filler in new Sheet Molding Compounds (SMC) or Bulk Molding
Compounds (BMC). At loading levels of approximately 10 %, the decreases in mechan-
ical properties are within acceptable limits. Noticeable declines in mechanical properties
are observed at higher loadings. The use of the fibrous recyclate (rich in fibers) in the
production of new composites is generally described as more challenging, as a decrease
in strength and toughness is observed already when introduced in small amounts. This
is attributed to the low bonding between the matrix resin and the recyclate, its unstruc-
tured architecture and its non-consistent arrangement in the matrix. Furthermore, the
larger particles of the recyclate act as a stress raiser [10,38—42].

e Pyrolysis

Pyrolysis is a thermal process which involves the thermal breakdown of organic mole-
cules in an inert atmosphere (e.g., N2) and stands as one of the most widely utilized
recycling techniques for CFRP. In this process, CFRP is subjected to temperatures rang-
ing from 350 °C to 700 °C, with oxygen nearly absent. During this phase, the polymeric
matrix undergoes degradation and produces an oil, gaseous and solid products (fillers,
char), while the carbon fibers remain inert and can be reclaimed. Both the oil and gas
products produced can serve as valuable chemical feedstock as the oil has a calorific
value similar to fuel and the gas can be regenerated into the pyrolysis reactor (Figure 6).
However, the fiber surfaces are contaminated with solid char that affects the mechanical
characteristics of the recovered fibers. A post-pyrolysis treatment, involving oxidation
for example is necessary for the obtention of clean fibers. Pyrolysis is an effective
method to preserve the properties of carbon fibers. Nevertheless, treatment conditions
have a great impact on the resulting fiber properties. Pimenta et al. [43] reported a de-
crease in the original tensile strength, which ranged from 2 % to as much as 85 %, de-
pending on the treatment conditions applied. Glass fibers tend to suffer more from the
temperatures than carbon fibers which results in a significant loss of their mechanical
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properties. Pyrolysis stands out as the most extensively studied thermal recycling tech-
nique and is one of the most widespread recycling processes for CFRP. Recycled carbon
fibers obtained with the pyrolysis process are already available on an industrial scale.
As an example, the Milled Carbon Group from the UK started developing a pyrolysis
process for CFRP in a pilot-plant in 2003. This operation later evolved into what is now
recognized as "the world’s first commercial scale continuous recycled carbon fibre op-
eration" leading to the establishment of Recycled Carbon Fibre Ltd. (RCFL) in 2009.
[34,38,44-47]

Fibres, fillers

and char
3 Pvrolvsis (solid products) S &
crap |y FYTOY : p| CONMY Ly Cjean fibres
feed reactor : combustion
! L)
! Hot exhaust gas 1
1
Regenerated . Energy
.-- -—=p
combustible gas recovery
to the reactor Solid and liquid hydro
carbon products
Chemical
feedstock

Figure 6: Pyrolysis process. From: [34].

e Solvolysis

Solvolysis is a chemical recycling method using a nucleophilic solvent to degrade the
matrix. It offers flexibility in terms of solvent choice, temperature, pressure, and cata-
lysts. Unlike pyrolysis, it generally operates at lower temperatures (typically <350 °C).
After the dissolution of the polymer matrix, a washing process is employed to eliminate
any minor surface residues from the recycled fibers. Solvolysis is known in general to
have a smaller impact on the mechanical properties of carbon fibers and glass fibers than
pyrolysis. However, challenges arise with the elevated expenses associated with rea-
gents, the release of harmful gases as well as the safe use and disposal of strong solvents
(such as strong acids). Hence, environmentally friendly options such as supercritical
water or alcohol are often used to replace highly concentrated and hazardous chemicals.
Nonetheless, the use of water at supercritical condition involves the need of reactors that
can incur high costs because they must endure elevated temperature and pressures which
hinders the scalability of the process on an industrial level, along with potential corro-
sion due to modified properties of the solvent. Another drawback frequently encountered
is the diminished adhesion observed between the recycled fiber and the new resin.

Because of the reduced temperatures used, life cycle assessments (LCAs) documented
in literature favored chemical recycling over pyrolysis as the energy footprint and
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greenhouse gas emissions of chemical recycling were lower for chemical recycling.
[34,47-49]

Fig.A- 1 illustrates the performance of composite fibers following different recycling
methods [50]. Solvolysis is identified as the process that retains the highest fiber perfor-

mance.
Tab. 1: Advantages and drawbacks of the recycling processes.
Recycling Advantages Drawbacks
Process
Mechanical e Recovery of both fibers and * Significant loss of mechanical prop-

erties [38]

resin [38]
. e Unstructured, coarse and non-con-
e No use of hazardous materi- i )
als [38] sistent fiber architecture [38]

e FEasy to implement [50]
e Low costs [50]

e Possible deposition of char on fiber
surface [38]
e Sensitivity of properties of recycled

Pyrolysis e High retention of mechani-
cal properties [38]

e No use of chemical solvent i
fibers to processing parameters [38]

[38]
e Potential to recover chemi- e Environmentally hazardous off-
cal feedstock [38] gases [38]

e High Embodied Energy (EE) [51]

Solvolysis e  Very high retention of me- *  Common reduced adhesion to poly-

chanical properties [38] meric resins [38]

e Reduced scalability of most methods
[38]
e Possible environmental impact if

e High potential for material
recovery from resin [38]
e Very high retention of fiber

length [38] hazardous solvents are used [38]

e High costs [50]
e Very High EE [51]

Tab. 1 presents the advantages and drawbacks of each recycling technique. All in all,
every epoxy-based recycling process has its advantages and disadvantages. Due to the
existence of the covalent cross-link bonding network in the epoxy matrix and its superior
heat and chemical resistance, epoxy and epoxy-based composites are challenging to re-
cycle at their end-of-life [23]. Mechanical recycling is an easy to implement and low-
cost method. However, only low value applications can be targeted as a significant loss
of mechanical properties is experienced. Pyrolysis and solvolysis can be performed to
recover fibers with high to very high mechanical properties but they involve a higher
technical effort, as well as a high energy consumption [50]. Pyrolysis and chemical
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recycling methods have already been successfully adapted to the specific challenges of
composite recycling by several companies, enabling the recovery of high-quality fibers.
For example, Recycled Carbon Fibre Ltd. operates a pyrolysis commercial-scale plant
with a processing capacity of 2000 tons/year. Adherent Technologies Inc. has a pilot-
scale plant capable of chemically recycling 1000 tons/year. [38]. Given the anticipated
increase in composite waste in the coming decade (Figure 3), it is evident that companies
are still far from being able to recycle the entirety of the expected waste generation.

The study on the composite recycling published in 2023 presented by AVK (“Indus-
trievereinigung Verstiarkte Kunststoffe”) and IKK (“Institut fiir Kunststoff und Kreis-
laufwirtschaft der Leibniz-Universitdt Hannover®) effectively summarizes the issue.
Currently, there is no technology available that enables efficient and cost-effective re-
cycling of composite materials while preserving their original properties [50]. Given the
growing amount of composite waste in the coming years, and the need to foster the cir-
cular economy, further efforts are still needed.

2.2 Bio-based epoxy thermosets

Alternatives to petroleum-based epoxies do exist. This chapter presents the current bio-
based epoxy systems on the market as well as possible natural resources that can be used
for producing bio-based epoxies. The advantages and limitations will also be high-
lighted.

2.2.1 Commercially available bio-based epoxies

Traditionally, DGEBA epoxy resins are obtained from BPA and ECH, both derived from
fossil resources (Figure 2). However, glycerol, a by-product of the production of biofu-
els, can be used for the production of ECH (Figure 7). Epicerol, based on glycerol is an
already commercially available bio-based drop-in for ECH. Using Epicerol to produce
the standard DGEBA resin is a common way adopted by companies such as Sicomin,
Cardolite, Entropy Resins, Resoltech to produce a performance epoxy resin with bio-
based content. Studies demonstrated that bio-based epoxy systems produced by these
companies showed good mechanical and thermal properties, as well as very good poten-
tial for use in composite materials [52,53].
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Figure 7: Use of glycerol to produce ECH (Epicerol) vs use of fossil resources to produce ECH
from propene. From: [54].

Yet, this approach has its limitations. By using Epicerol to produce DGEBA-based epox-
ies, only a limited amount of bio-content can be introduced in the final product. Assum-
ing that all ECH used in standard DGEBA were replaced with Epicerol, 6 out of 21
carbon atoms in each molecule would be derived from bio-based sources. In a mixture
with a resin-to-hardener ratio of 100:33 and no bio-based content in the hardener, this
results in a system with a bio-based content of 21.5 % by weight [52]. The incorporation
of a bio-based reactive diluent into the resin made with Epicerol allows an increase of
the bio-based content but can be detrimental to the thermal and mechanical properties
of the system. Using reactive amine curing agents with low amine hydrogen equivalent
weight (AHEW) to reduce the amount of curing agent needed to cure DGEBA can also
help increasing the percentage of the bio-based content in the epoxy thermoset. Reactive
amine curing agents are however often linked with high toxicity. In general, the use of
Epicerol to produce DGEBA-based resins evidently ensures the production of a perfor-
mance epoxy thermoset containing a certain bio-based content and helps diminish the
carbon footprint. Nevertheless, the health hazards linked with the use of BPA and ECH
remain unchanged. Furthermore, the production of BPA (needed for the obtention of
DGEBA) and the curing agents used by these companies (needed for curing DGEBA),
still rely on fossil resources. [28,52,53,55]

2.2.2 Bio-based epoxies from alternative feedstocks

In order to avoid the usage of DGEBA due to problems and limitations already men-
tioned above and find a bio-based alternative, research focused on discovering bio-based
substances that can serve as building blocks for epoxy resins. This led to the identifica-
tion of various biomolecules that can potentially be used as precursors. Among the most
promising candidates are phenolic structures such as eugenol, cinnamic acid, vanillin,
and lignin fragments [56—65] (Figure 8). These molecules are particularly attractive due
to their structural resemblance to BPA and their high aromaticity which imparts high
mechanical and thermal properties. These molecules are reacted with ECH in order to
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introduce epoxy groups in their structures [66]. Vanillin especially showed to be a great
candidate to produce bio-based epoxies that can compete with DGEBA-based thermo-
sets. Su and al. [56] synthetized a vanillin-based epoxy resin which was cured with a
conventional amine hardener (D230) and compared the mechanical and thermal proper-
ties with DGEBA cured with the same hardener. The results showed superior tensile
strength, and glass transition temperature for the vanillin-based epoxy.
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Figure 8: Exemplary reaction for the introduction of epoxide groups with ECH as reagent.
Structures of some phenolic bio-based developments. In blue: fundamental biomole-
cule. From: [66].

However, limitations exist. The processes of extracting and purifying aromatic mole-
cules to obtain homogeneous fractions have been found to impose a substantial environ-
mental burden. As an example, the extraction and purification of vanillin typically re-
quire the use of hazardous and toxic solvents, such as benzene and toluene [67,68]. An-
other drawback is the need of ECH, which is known to cause adverse effects on living
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organisms and ecosystems, to introduce the epoxy groups in these biomolecules [53,69].
Additionally, it is crucial for the substances to be readily accessible, and the cost of the
bio-based feedstock must be competitive with fossil fuel resources for the large-scale
production of bio-based epoxies to be viable. For instance, vanillin sources still face the
challenge of higher costs compared to fossil fuel sources [70].

2.2.3 Bio-based epoxies from epoxidized vegetable
oils

Vegetable oils are composed of triglycerides, which are composed of three fatty acid
chains linked to a glycerol backbone through the carboxyl group (Figure 9). The amount
of double bonds on these fatty acid chains greatly varies with the nature of the vegetable
oil (Tab. 2). Thanks to a chemical reaction which usually involves the use of peracids
and that takes place at the double bonds, the vegetable oils can be epoxidized and hence,
epoxidized vegetable oils (EVO) can be used as a renewable feedstock to produce epoxy
resins [71,72].
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Figure 9: a) General chemical structure of vegetable oil with R1, R2, R3, represent three fatty
acid chains. b) Chemical structure of common fatty acids in vegetable oils: i) stearic
acid. ii) oleic acid. iii) linoleic acid. iv) linolenic acid. From: [73].

In the last decade, EVO such as epoxidized linseed oil (ELO), epoxidized soybean oil

(ESO), epoxidized karanja oil (EKO) or epoxidized canola oil have attracted great at-

tention as an epoxy resin substitute (Figure 10).
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Figure 10: Chemical structure of ELO

In fact, vegetable oils are unharmful and abundant renewable resources that are available
in the whole world at low cost. Therefore, many scientific publications investigating the
potential use of EVO to produce bio-based epoxy thermosets emerged. Soybean oil,
canola oil and linseed oil stand as prime candidates to produce bio-based epoxy thermo-
sets as they have a high double bonds content which can be turned into epoxy groups
(Tab. 2). However, EVO are known to have drawbacks. Indeed, the long aliphatic chains
present in their chemical structure and the lack of aromatic structures impart flexibility.
Also, the oxirane groups in EVO are located in non-terminal positions (Figure 10). When
compared to DGEBA resins, EVO are known to be less reactive and less stiff. These
characteristics strongly limit the practical use of EVO in the composite industry and
structural applications [66,74—76].

Tab. 2: Fatty acid composition in wt% (X:Y, where X is the number of carbon atoms and Y
is the number of double bonds) of different vegetable oils. Adapted from [70].

Palmitic Stearic Oleic Linoleic Linolenic
Vegetableoil  c16.0)  (C18:0) (C18:1) (C18:2) (C18:3)

Soybean 11 4 234 53.3 7.8

seelzj‘f;ola 4.1 1.8 60.9 21 8.8
Sunflower 5.2 2.7 37.2 53.8 1
Coconut 9.8 3 6.9 2.2 -

Linseed 5.5 3.5 19.1 15.3 56.6
Palm 42.8 4.2 40.5 10.1 -

In fact, the mechanical properties found in the literature for the different EVO are quite
poor, especially in regard to stiffness. Tab. 3 depicts flexural modulus and tensile mod-
ulus reported in literature for EVO-based epoxies. As a comparison, SikaBiresin CR80,
a DGEBA-based epoxy resin from the company SIKA, presents a tensile modulus of
3000 MPa and a flexural modulus of 2900 MPa when cured with the curing agent CH80-
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10. SikaBiresin CR80 is a suitable epoxy resin for high-performance composites appli-
cations in the marine and wind energy [77]. Such a high stiffness is needed for structural

applications.
Tab. 3: Tensile modulus and flexural modulus values reported for various EVO in the litera-
ture.
) Curine avent Tensile Modulus  Flexural Modulus
Resin gag (MPa) (MPa)
EKO citric acid 2.65 [78] /
ELO citric acid 1140 [79] /
ELO dicarboxylic acids 22 [80] /
terpene-based an-
E <800 [81 /
50 hydrides [81]
ESO maleic anhydride / 432 [82]
mixture of phtalic
ELO and maleic anhy- / 622.8 [83]
dride
methyl nadic
ELO / 1772 [84]
anhydride
ELO sebacic acid 7.1[85] /
ESO phtalic anhydride 648 [86] 775.4 [86]
CR80 (DGEBA-
H80-10 3000 2900

based) C [77] 900 [77]

EVO-based epoxies are also often associated with a low glass transition temperature due
to their aliphatic and flexible structure. When used as a matrix material in composites,
the resin state is desired to be rigid/glassy at temperatures of utilization and therefore, a
high Tg is desired [76]. Wang et al. [87] found a Tg around 40 °C for ESO cured with
MHHPA (methylhexahydrophthalic anhydride). Necolau et al. [88] found a Tg of 41 °C
for ELO cured with citric acid and 29 °C for ELO cured with Jeffamine D230. A Tg of
9.7 °C was found for ELO cured with sebacic acid by Schwaiger et al. [85].

Nevertheless, some high Tg values for EVO based epoxies, especially for ELO, were
reported. Pin et al. [89] found a Tg of 134 °C for ELO cured with MHHPA. Todorovic
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et al. [90] found a Tg of 145 °C for ELO cured with MTHPA (methyltetrahydrophthalic
anhydride). However, when measuring the glass transition temperature (Tg) of EVO
based epoxies using Dynamic Mechanical Analysis (DMA), a highly sensitive machine
designed for Tg measurement [91,92], it becomes apparent that the glass transition is
broad. This broad glass transition results in a rapid loss of stiffness, as seen in the storage
modulus (E’) curve, that occurs before reaching the Tg (identified as the maximum of
the tan 0 peak). This greatly limits the use of EVO at elevated temperatures in structural
applications as high stiffness is needed. Figure 11 illustrates an example of broad glass
transitions and the rapid loss of stiffness observed in vegetable oil-based thermosets and
composites. A broad glass transition can be the result of a heterogeneous polymer struc-
ture. In the case of EVO, the oxirane groups are statistically distributed across the ali-
phatic triglyceride backbone, which results in a complex crosslinked structure and
broadens the glass transition [76,93-95].
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Figure 11:  (A) Storage modulus (E’) vs. temperature and (B) tan 6 curves for (a) a resin prepared
with tung oil, (b) a resin prepared with fatty acids, (c) a composite prepared with tung
oil, (d) a composite prepared with fatty acids, and (e) a composite prepared with me-
thyl esters. From: [96].

Due to the rather poor mechanical and thermal properties of EVO, there is a rising ten-
dency to mix EVO with petroleum-based polymer resin. In fact, the use of EVO as a
toughening agent in conventional petroleum-based epoxies, such as DGEBA, is exten-
sively studied in literature [75,87,97,98]. Highly crosslinked and stiff petroleum-based
epoxies may experience issues such as brittleness and low toughness. The inherent flex-
ible structure of EVOs can be of great interest when used as toughening agent. In fact,
their ability to form heterogeneous phases when mixed with DGEBA-based epoxies has
been found to yield advantageous effects, such as enhancing the impact strength and
fracture toughness of the epoxy. However, when added in high quantity (for example at
a quantity higher than 50 %), a significant loss in thermal and mechanical properties is
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observed. Thus, EVOs can only be incorporated into petroleum-based epoxies in small
amount, which greatly limits the overall bio-based content of the system [75,76].

2.2.4 Bio-based curing agents: tannic acid
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Figure 12:  Chemical structure of Tannic acid. From: [99].

Extensive global research efforts have been dedicated to the development of safer and
bio-based and/or sustainable epoxy resins. Nonetheless, it is equally vital to create envi-
ronmentally safe and sustainable curing agents, given that many industrially used curing
agents, such as isophorone diamine (IPD) and various petroleum-derived polyamines,
polyamides, and anhydrides, pose toxicity concerns prior to the curing process
[27,28,100]. Various biologically derived compounds have been investigated as poten-
tial replacements to petroleum-based curing agents. Grapeseed, cardanol, and furans
functionalized with amine groups have been explored as alternatives to amine curing
agents. Anhydride-functionalized terpene has been researched as a potential substitute
for common anhydride hardeners. The potential of unmodified compounds like carda-
nol, amino acids, citric acid and rosins as crosslinker has also been researched. However,
bio-based curing agents are often linked with poor performance as the Tg values are
rather low. Moreover, the complexity of their synthesis and isolation processes fre-
quently hinders the commercialization of these biologically derived compounds
[28,101,102].

Nevertheless, some bio-based curing agents, like tannic acid (TA) showed great poten-
tial as a biologically sourced hardener for epoxy resins. TA is a polyphenolic compound
that can be found in nuts, galls, seeds, and tree bark. The typical chemical formula for
TA is C76Hs52046, although it commonly consists of a blend of related compounds pri-
marily centered around the glucose ester of gallic acid (Figure 12). TA is nontoxic and
is generally recognized as safe (GRAS). TA has a high potential of crosslinking as it can
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occur at the 25 galloyl hydroxyl groups [3,103,104]. The high crosslinking capability,
its unharmful nature and its rigid structure make TA an interesting candidate for curing
epoxy resins. Furthermore, TA has the advantage of being already industrially isolated.
Its potential as a bio-based hardener has been widely studied for curing epoxy resins.
Particular interesting results were found when TA was used as a hardener to cure a
DGEBA resin as a Tg > 200 °C could be found [101], which is within the range of high-
Tg epoxies available on the market. Feng et al. [105] found an outstanding tensile
strength of 98.4 MPa when curing DGEBA with TA. TA as a curing agent for EVO has
also been studied. Qi et al. [106] and Shibata et al. [107] used TA to cure ESO. Never-
theless, the stiffness of the cured material was quite poor as the tensile moduli were
below 500 MPa. However, the publications were confronted with the low compatibility
of TA with the resin and ethanol was used to dissolve TA in ESO to achieve homogene-
ous mixtures. Using solvents in epoxy thermosets comes with disadvantages, primarily
because the solvent removal process is time-consuming and labor-intensive, thus com-
plicating material processing. Furthermore, solvent residues within the material can ad-
versely affect the epoxy's final properties [108,109].

2.3 Epoxy with dynamic covalent chemistry:
vitrimers

Epoxies due to their thermoset nature are known to be challenging to recycle. Turning
an epoxy thermoset into a vitrimer or vitrimer-like material can help make epoxies more
sustainable by facilitating their recycling. The definition, characteristics and chemistry
of vitrimers will be presented in this chapter. Later on, their benefits for the composite
industry will be discussed.

2.3.1 Definition and characteristics

Thermosets in general are known for their outstanding mechanical properties and chem-
ical and heat resistance. However, unlike thermoplastics, they cannot be reprocessed at
their end of life, hindering therefore their recyclability. A ground-breaking novelty was
found in 2011 as Leibler’s group reported a new class of Covalent Adaptable Networks
(CAN), which they named vitrimer due to their silica-like viscosity-temperature rela-
tionship, which follows an Arrhenius-like dependence. Vitrimers are associative CANSs,
with their crosslinks being broken only when new bonds are formed. Hence, the number
of chemical bonds remains constant throughout the reprocessing, thus maintaining the
cross-link density [110-112] (Figure 13).
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Figure 13:

a) Dissociative CAN _ [ Loss of network integrity
&'?;‘% Ttk
) Associative CAN ’—> Fixed cross-link density

f

ERbes

Ilustration of the modification of network topology in CAN, depending on the type of
dynamic linkages: (a) dissociative CAN, with a decrease in network connectivity, and
(b) associative CAN, also called vitrimer, with a constant crosslink density. From:
[113].

Vitrimers exhibit a characteristic temperature known as the "topology freezing transition

temperature," denoted as Tv. Above this temperature, the viscosity follows an Arrhenius
trend which allows the vitrimer to flow like a silica-based glass. This unique attribute
allows vitrimers to function as a thermoset below Tv and as a viscoelastic fluid that can

be reshaped and reprocessed (Figure 14) when heated above Tv [111].

Figure 14:
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Reshaping and recycling of a vitrimer. From: [114].

Therefore, vitrimers are considered as a bridging material between thermoplastics and
thermosets (Figure 15).
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Figure 15: Schematic representation of vitrimers' properties/advantages, compared with ther-
moplastic and thermoset. From: [115].

Tv marks the point at which dynamic molecular rearrangement through cross-link ex-
change reactions becomes notably significant. Commonly, for vitrimers, Tg is below Tv.
Figure 16a shows a typical case where Tg is below Tv. The material first undergoes a
transformation from a rigid to a rubbery state. As the temperature continues to rise, the
viscosity reaches a level of 10'? Pas, a value identified by Leibler et al. [116] as the
point at which topological rearrangement begins, as stated in their initial research. Ulti-
mately, the viscosity exhibit an exponential decay [111,116]. Some cases were reported
with astoundingly low activation energy for the exchange reaction. Then, Tg becomes
the limiting factor for viscoelastic fluidity [111] (Figure 16b).
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Figure 16: a) Case with Tg lower than Tv. b) Case with Tv lower than Tg. From: [111].

Unlike the case of Tg, there is no consensus regarding a standardized protocol or exper-
imental arrangement for evaluating Tv [111]. Various definitions of Tv have been
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proposed based on different measurement methods such as the value identified by
Leibler et al. [116] and mentioned above: the point where the effective viscosity crosses
a value of 10'2 Pa.s. Typically, the determination of Tv is obtained by fitting stress re-
laxation experiments conducted at temperatures above Tv. Alternatively, it can be de-
rived from dilatometry, which involves measuring the elongational expansion over time
under specific heating rates and low stress conditions [115].

As another feature, vitrimers exhibit great stress relaxation above Tv. Stress relaxation
tests are also performed to assess the bond exchange rate as a rapid stress relaxation
would mean an accelerating exchange rate (Figure 17). The relaxation time 7 is typically
defined as the time when the stress normalized by the initial stress decays to 1/e. When
plotting the logarithmic relaxation time as a function of inverse temperature, one can see
the Arrhenius relationship of t [117] (Figure 17). Some reported systems in the literature
showed extremely fast stress relaxation. In the work of Chen et al. [118], a T of 1.5
seconds could be reached at 200 °C for their epoxy vitrimer.
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Figure 17: (a) Normalized stress relaxation curves of the dual dynamic vitrimer. (b) Plots of In
(1) vs 1000/T and a linear fit to extract the activation energy. From: [118].

As a summary, vitrimers can be defined by the following criteria according to Dennissin
etal. [119]:

- covalently bonded chains forming an organic network

- the network can change its topology through associative exchange reactions (dy-
namic covalent network) triggered by heat

- above Tv, vitrimers' viscosity is primarily governed by chemical exchange reac-
tions, and the decrease of viscosity follows an Arrhenius behavior similar to in-
organic silica materials

- vitrimers maintain permanent crosslinking density at all temperatures (excluding
degradation)

- vitrimers swell but do not dissolve in chemically inert solvents, even when
heated.
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However, the insolubility requirement may be open to debate as vitrimers that could
fully dissolve in tetrahydrofuran after 120 h were designed by Breuillac et al. [120]. This
demonstrates that if the conditions promote dynamic bond exchanges, an extended ex-
posure to a suitable solvent can eventually result in the dissolution of a vitrimer [111].

2.3.2 Transesterification reaction

Different exchange reactions can be used to obtain vitrimers and vitrimer-like materials
including transesterification, transamination of vinylogous acyls (urea/urethanes), disul-
fide exchange, imine-exchange and siloxane-silanol exchange (Fig.A- 2). Only the trans-
esterification reaction will be described in this chapter.

The transesterification reaction is a widely recognized chemical reaction in which the
organic group of an ester is substituted with the group of an alcohol. Organo-metallic
complexes and organic bases can be used to catalyze the reaction [111] (Figure 18).
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Figure 18: Representation of the Transesterification (TE) mechanism together with the most
common catalysts. As a result, Chains 2 and 3 exchange positions, yet yielding again
an alcohol and an ester. From: [111].

In 2011, Leibler and his team pioneered the development of vitrimers by employing the
transesterification reaction with a standard DGEBA epoxy resin. They used a mixture
of fatty tricarboxylic and dicarboxylic acids as a curing agent along with ZnAc; as a
catalyst. Figure 19 illustrates examples of transesterification reactions permitted in this
system [116].

The transesterification reaction is a commonly employed method to transform standard
epoxy thermosets into vitrimers by introducing dynamic covalent bonds, and it can be
applied in both Epoxy/Anhydride and Epoxy/acid systems [111]. In Epoxy/Anhydride
systems, commercial applications often maintain epoxy/anhydride ratios ranging from
1:0.8 to 1:1 to ensure strong mechanical and thermal properties of the epoxy material.
However, in the context of creating vitrimers, ratios as low as 1:0.5 are required to en-
sure an adequate supply of free -OH groups for the transesterification reaction. Notably,
some of the commonly used anhydrides for forming vitrimeric networks include succinic
anhydride, glutaric anhydride, methylhexahydrophthalic anhydride (MHHPA), and
phthalic anhydride. Epoxy/acid represents the classic vitrimeric system, as first explored



State of the art 26

in the pioneering work of Leibler. When carboxylic acid groups are introduced to epoxy
rings under stoichiometric conditions, B-hydroxy esters with free -OH groups are
formed, which is essential for transesterification. The curing agent Pripol 1040 which is
a mixture of di- and tri-carboxylic fatty acids is often used in combination with DGEBA
in literature to form vitrimers [110,111,121,122].
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Figure 19: Topological rearrangements via exchange reactions preserving the network integrity.
(A) Schematic view of a network with exchange processes that preserve the total-
number of links and average functionality of cross-links. The middle image illustrates
that the exchange does not require depolymerization in the intermediate step. (B) Ex-
change process via transesterification in hydroxy-ester networks. From: [116].

2.3.3 Outstanding properties for the production of
sustainable and recyclable composites

The greatest advantage of using a vitrimer as a matrix for composites over an epoxy
thermoset matrix is surely its ability to be recycled. Two main recycling strategies for
vitrimers exist and are well researched in the literature: the physical (mechanical) and
chemical recycling of vitrimers.

2.3.3.1 Mechanical recycling

Unlike epoxy thermosets, vitrimers possess the ability of being reprocessable when a
rapid rearrangement of the topology of the network (T > Tv) occurs, which makes a
physical (mechanical) recycling of material scraps possible.

Physical recycling methods primarily encompass processes such as hot pressing, injec-
tion molding and extrusion molding [123] (Figure 20), where vitrimer powder or broken
pieces are recycled into new samples by applying heat and/or pressure. Recycled epoxy
vitrimer specimens with mechanical properties similar to the pristine material could be
achieved. Zhou et al. [124] demonstrated that their dynamic polyurea/epoxy (DPE)
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vitrimer had a similar strength after the recycling process. The repeatability of the recy-
cling process has also been demonstrated in literature. As the polymer chains in vitrimers
undergo only exchange and aren't consumed during recycling, it is possible to achieve
several recycling cycles [125]. In fact, in the work of Zhou et al. [124], the DPE vitrimer
could undergo 6 recycling process without showing any significant loss in the tensile
strength.

Figure 20: A cross-linked sample broken into pieces is reprocessed in an injection machine to
recover its initial aspect and properties. From: [116].

This feature could particularly be interesting for the epoxy and composite industry as
processing techniques can result in a lot of unused resin. Mechanically recycling the
resin leftovers would help prevent resin waste.

The mechanical recycling of vitrimers has been investigated in depth as a large amount
of publications on this topic emerged in the past years. Even if it has been shown that
mechanically recycled epoxy vitrimers can exhibit mechanical properties similar to the
pristine material [124], many publications studying the recycling of vitrimers reported a
significant decrease in mechanical properties after the recycling process, as can be seen
from Tab. 4. The possible reasons for this decrease were:

- transesterification occurred only locally and not on all areas [105]

- recycled samples exhibited a lower crosslink density [126]

- unadapted recycling parameters led to thermal degradation [127]

- irreversible destruction of C-C bonds occurred during the recycling process
[128]

- oxidation process occurred throughout the recycling process [129]

- destruction of partial permanent bonds during the recycling process [130].

Interestingly, Tab. 4 also reveals significant variations in the parameters (temperature,
time, pressure) applied during the recycling process from one publication to another.
This suggests a lack of a defined consensus method for the mechanical recycling of
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vitrimers and emphasizes the complexity of the recycling process, underscoring the im-

portance of the parameters involved.

Tab. 4:

Overview on the mechanical recycling of vitrimers and vitrimers-like materials based

on the transesterification reaction. Modulus and strength values of the vitrimers after
and before recycling and parameters used for the recycling process.

Resin/curing
agent

Modulus (pristine ma-
terial/recycled mate-
rial/recycling efficiency)

Strength (pristine

material/recycled

material/recycling
efficiency)

Parameters for the

recycling process (T /

time / pressure)

ESO / Glycyr-
rhizic acid [130]

ESO / fuma-
ropimaric acid
[131]

Palm oil-based
methyl methacry-
late / citric acid
[132]

ESO / camphoric
acid [133]

DGEBA / TA
[105]

DGEBA / phtalic
anhydride [134]

DGEBA / tung
oil-based tetra-

functional carbox-

ylic acid [135]

2483 MPa /2366 MPa /

95 %

24 MPa/1.8 MPa/
75 %

2.55GPa/2.43 GPa/95

%

3.1 MPa/ 1.4 MPa/
45 %

16 MPa/ 13 MPa/
81 %

28.9 MPa/ 9.5 MPa/
33%

0.56 MPa/0.46 MPa/
82 %

98.4 MPa /35 MPa/
36 %

41,2 MPa /4,7 -
36,3 MPa/ 11,4 —
88,1 %

64.62 MPa/ 62.81
MPa /97 %

200 °C/ 135 min /
200 kg/cm?

160 °C/ 1h/ 10 MPa

170°C /12 min/ 10
MPa

200°C/-/10t
180 &210°C/2 &

4h /14 MPa

90-210°C/1-10h
/3 —-12 MPa

180°C/2h/20 MPa

If the mechanical recycling of vitrimers has already been investigated in depth, aston-
ishingly, the mechanical recycling of fiber-reinforced vitrimers has not. De Luzuriaga et
al. [136] highlighted the possibility of mechanically recycling vitrimer composites
scraps with compression molding as a recycled plate could be manufactured (Figure 21).
However, no mechanical testing has been performed to evaluate the performance of the
recycled composite. A clear loss of performance is expected through the mechanical
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recycling process as the fibers are shortened, leading to a downgrading and a possible
use only for non-structural applications. This expected loss of property and downcycling
might be the reason for the lack of interest shown in literature for the mechanical recy-
cling of vitrimer composites. However, the idea of fabricating composites from process-
leftovers (leftover resin and fibers) or composite waste has not been considered and
should be investigated, as transforming remnants into valuable products constitutes a
form of upcycling.

Figure 21: Mechanical recycling of dynamic epoxy composites. FRPC scraps (a) were grinded to
fine powder (b), which was then transferred to a square mold (c¢) and submitted to 200
bars and 210 °C in a hot press (d) to obtain a 2nd generation composite sheet (e).
From: [136].

2.3.3.2 Chemical recycling

Given their thermoset nature and permanent crosslinked structure, the decomposition of
epoxy requires extreme reaction conditions. As a result, extracting reinforcement fibers
from epoxy-based composites at their end-of-life poses significant challenges. As seen
in chapter 2.1.2.3, chemical recycling such as solvolysis can be performed for fiber re-
covery in epoxy composites but this process typically involves strong and environmen-
tally unfriendly chemical solvents, coupled with high temperatures and pressures. This
not only poses environmental concerns but also makes the scalability of the process
challenging [34,47-49].

Chemical recycling is a process well-described in literature for the recovery of fibers in
vitrimer-composites systems. Chemical solvents or monomers are used to break down
vitrimers into oligomers [123]. The presence of dynamic covalent bonds in vitrimers,
allowing their networks to be broken and reformed using a triggered stimulus, makes
the vitrimers suitable for chemical recycling. When exposed to the appropriate chemical
agents, the dynamic covalent bonds in vitrimers can be cleaved, allowing the material to
be depolymerized [137]. Vitrimers based on the transesterification reaction are espe-
cially prone to chemical recycling as the ester bonds can undergo hydrolysis [138].

Very mild conditions were applied in the literature to chemically recycle vitrimers and
recover the fibers. Si et al. [139] could recover the carbon fibers of an epoxy-vitrimer
composite under an hour by immersing the composite in diluted dithiothreitol (DTT) at
90 °C. Zhou et al. [124] could fully recover the carbon fibers of a polyurea/epoxy vitri-
mer composite in a 1-dodecanethiol / dimethylformamide (DDT/DMF) solvent after stir-
ring 24 h at room temperature (Figure 22). The fibers were reused and impregnated with
the vitrimer to form recycled CFRP. The tensile strength of the recycled CFRP was sim-
ilar to the pristine CFRP. Liu et al. [140] could dissolve their vitrimer epoxy matrix in a
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0.1 mol/L ethylenediamine (EDA) solution (solvent: DMF) after 2 h at 50 °C. Following
the ethanol washing and drying process, the recycled fibers were utilized in the produc-
tion of composites, demonstrating no decline in mechanical properties when compared
to the original material. The prospect of breaking down vitrimers under mild conditions
(low temperatures and no pressure) to recover CF is of high interest. This approach could
facilitate a more straightforward scalability of the solvolysis process, thanks to reduced
technical demands compared to standard thermoset solvolysis.

immersing stirring
ﬁ
DDT/DMF 24 h

Figure 22: Recovery of the CF from a vitrimer-composite using DDT/DMF as a chemical sol-
vent after stirring 24 h at RT. From: [124].

Moreover, the possibility of reusing the degraded vitrimer matrix after chemical recy-
cling to synthesize a new vitrimer has also been demonstrated in literature [141].

2.3.4 Bio-based epoxy vitrimers

The recycling abilities of vitrimers represent a significant step towards sustainability, as
carbon fibers can be recovered at the end-of-life of the vitrimer composite, and resin
leftovers can be reused and reprocessed. An additional step towards sustainability would
involve using bio-based raw materials to produce the vitrimer resin. Since epoxy resins
can be manufactured from natural resources, they are well-suited for the development
of bio-based and recyclable vitrimer resins for the composite industry.

Literature reports vitrimer resins based on bio-based aromatic precursors found in lig-
nins, phenolic building blocks, and bio-based aliphatic precursors such as vegetable oils
and polysaccharides diacids. Epoxidized vegetable oils as a raw material for the produc-
tion of vitrimers attracted a lot of attention due to their relatively low price and high
availability [113]. Taking inspiration from Leibler’s discovery, researchers explored the
creation of EVO-based vitrimers through transesterification reactions in the presence of
a catalyst. Yang et al. [131] produced a fully bio-based vitrimer using ESO and a rosin
derivative-fumaropimaric acid (FPA), employing zinc acetylacetonate as the catalyst.
While catalyst-driven reactions typically facilitate bond exchange in vitrimers, some
catalysts can impact material properties. Consequently, some researchers opted to syn-
thesize EVO-based vitrimers without an external catalyst. Altuna et al. [142] achieved
the synthesis of a vitrimer epoxy resin by utilizing ESO and an aqueous solution of citric
acid monohydrate (CA). The integration of dynamic covalent networks into the
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epoxidized vegetable oil-based materials impart new functionality like recyclability and
reprocessability, however their relatively low mechanical properties remain an issue
[73]. As an example, the vitrimer based on ESO produced in the work of Liu et al. [143],
showed excellent reprocessability but poor mechanical properties as a maximum Young
modulus of 3.46 MPa and a tensile strength of 3.49 MPa were found.

Vanillin showed to be a promising bio-based precursor for the production of high-per-
formance vitrimers as very good mechanical properties are reported in the literature [70].
Wang et al. [144] synthesized a vanillin-modified epoxy vitrimer that showed better
mechanical properties than the heavily used high-performance reference DGEBA epoxy
thermoset. However, limitations impede the utilization of vanillin as a bio-based raw
material to replace fuel resources for the development of vitrimers. Issues include the
higher cost and limited scale of production, collection, and storage of vanillin compared
to fossil fuel sources, as well as the challenging synthesis pathway for vanillin-based
vitrimers [70].

2.4 Carbon fibers

In this chapter, the properties and importance of CF for the composite industry will be
presented. Additionally, the standard methods of CF production and alternative feed-
stocks for CF production will be discussed.

2.41 Properties
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Figure 23: Development of the global average CF demand from 2010 to 2024 (*estimations;
03/2022). From: [145].

Carbon fiber is a type of fiber that must contain a minimum of 92 wt. % carbon, with
fibers consisting of at least 99 wt. % carbon commonly referred to as graphite fibers.
These fibers offer numerous advantages, including high tensile strength, elevated stiff-
ness, a low weight-to-strength ratio, tolerance to high temperatures, low thermal
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expansion, and resistance to chemicals. The mechanical properties of carbon fibers are
heavily influenced by the treatment and manufacturing processes involving organic pre-
cursors and specific conditions. Tab. 5 presents the tensile modulus and tensile strength
of different classes of carbon fibers. Typically ranging from 5 to 10 um in diameter,
carbon fibers find widespread application in various forms such as woven textiles, pre-
pregs, continuous fibers/rovings, and chopped fibers within composites. Compared to
glass, aramid and natural fibers, carbon fibers offer superior strength and modulus, mak-
ing it a prime reinforcement fiber for the production of high-performance composites
(Tab. 6) [146,147].

Tab. 5: Types of carbon fibers by mechanical properties.
Tensile Modulus Tensile Strength
Classification (GPa) (MPa)

Ultra-high elastic modulus (UHM) > 600 [148] > 2500 [148]
High elastic modulus (HM) 350 - 600 [148] > 2500 [148]
Intermediate elastic modulus (IM) 280 - 350 [148] >3500 [148]
Standard elastic Modulus (HT) 200 - 280 [148] > 2500 [148]
Low elastic Modulus (LM) <200 [148] <3500 [148]

Due to their outstanding properties, over the past few years, the carbon fiber industry
has experienced a consistent expansion (Figure 23) to fulfill the increasing demand from
various sectors, including aerospace, turbine blades, construction, pressure vessels, au-
tomotive, sporting goods, and more [146,147].

Tab. 6: Tensile strength and tensile modulus of various fibers.
Fiber art Tensile Modulus Tensile Strength
(GPa) (Mpa)
Flax 27,6 [149] 345-1035 [149]
Hemp 70 [149] 690 [149]
E-Glass 70 [149] 2000-3500 [149]
Aramid 63 - 67[149] 3000 -3150[149]
IM Carbon 280 - 350 [148] > 3500 [148]

UHM Carbon > 600 [148] > 2500 [148]
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2.4.2 Production

Historically, carbon fibers were manufactured using rayon as the precursor material.
However, nowadays, commercially available carbon fibers are mainly manufactured us-
ing polyacrylonitrile (PAN), with petroleum pitch-based fibers constituting only a minor
portion [66]. PAN is a synthetic, semicrystalline organic polymer resin derived from
petroleum. It stands as the predominant choice for carbon fiber production due to its
capacity to yield carbon fibers characterized by high strength and a high elastic modulus.
Nevertheless, the primary drawback associated with PAN-based carbon fibers is the el-
evated processing cost. Initially, carbon fibers derived from PAN undergo a stretching
process ranging from 500 % to 1300 %. Subsequently, they are subjected to thermosta-
bilizing in an oxygen atmosphere, conducted under tension within the temperature range
0f200 to 300 °C. Following this, the fibers undergo carbonization through heat treatment
under an inert atmosphere, with temperatures ranging from 1000 to 1700 °C. Subse-
quently, the process involves graphitization (optional step), achieved through heat treat-
ment within the temperature range of 2500 to 3000 °C. Parameters during the carboni-
zation and graphitization process such as temperatures and heating rates strongly influ-
ence the mechanical properties of the CF. Finally, after undergoing surface treatment
and epoxy sizing, the carbon fibers are prepared for use [146,147,150,151]. The CF pro-
duction steps using PAN precursor are depicted in Figure 24.
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Figure 24:  Carbon fiber production using PAN precursor. From: [147].

Petroleum pitch is a viscoelastic polymer. The production of pitch-based carbon fibers
employs identical processes to those used in PAN-based fiber production, but without
the need of the expensive stretching process. Pitch-based carbon fibers exhibit a lower
tensile strength and a higher elastic modulus compared to PAN-based carbon fibers
(Tab. 7) but demonstrate enhanced thermal and electrical properties in comparison to
PAN-based carbon fibers. Rayon-based carbon fibers have limited applications in the
commercial market due to their inferior performance and productivity [147,152].
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2.4.3 Alternative feedstocks for carbon fibers produc-
tion

More than 90% of the carbon fibers commercially accessible on the market are derived
from PAN. Additionally, the Sohio Acrylonitrile Process, responsible for converting
fossil-based propene into acrylonitrile (ACN) through catalytic ammoxidation, supplies
90 % of the globally used ACN [66]. To make the production of CF more sustainable,
efforts are being made to identify alternative methods for producing ACN. In the past,
carbon fibers were manufactured using rayon, derived from natural cellulose-based ma-
terials like wood pulp and cotton linters. Another potential biopolymer for carbon fiber
production is lignin, the second-most abundant natural polymer and a plentiful waste
material in the paper industry. Nevertheless, both rayon and lignin-based carbon fibers
exhibit inferior mechanical properties when compared to PAN-based carbon fibers, as
illustrated in Tab. 7 [147,153].

Tab. 7: Tensile Modulus and Tensile Strength of different Carbon fibers.
Carbon Fiber Tensile Modulus (GPa)  Tensile Strength (MPa)
PAN-based CF 200 - 500 [147] 3500 - 6300 [147]
Pitch-based CF 150 — 900 [147] 1300 — 3100 [147]
Lignin-based CF 40 [147] 388 — 1060 [147]
Rayon-based CF 40 —100 [147] 500 — 1200 [147]

Therefore, ongoing research is focused on bio-based molecules capable of being con-
verted into acrylonitrile (ACN), with glycerol emerging as a promising candidate for
ACN production. This glycerol-derived ACN can then undergo polymerization and spin-
ning processes to yield polyacrylonitrile (PAN). Originally obtained primarily from pe-
troleum through synthetic methods, glycerol is now readily accessible from plants as a
byproduct of various industrial processes, including biodiesel production. Despite the
abundant availability of resources, investigations into glycerol-to-ACN pathways have
been limited, and studies suggest that the current economic viability of ACN production
from glycerol is unfavorable. An alternative approach to ACN production involves the
utilization of lignocellulosic sugars which are biomass-derived sugars derived from the
cellulose and hemicellulose fractions of biomass. Laboratory studies have shown that
this method has the potential to serve as a direct substitute for traditional ACN produc-
tion, offering mechanical properties comparable to the conventional process. With the
exception of carbon fiber production from rayon, most of the technologies mentioned
previously are currently at relatively early stages of technology readiness, having been
demonstrated only at the laboratory bench or pilot scale [153].
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Econitrile from the company AnQore is an already commercially available sustainable
ACN. Indeed, Econitrile supports the production of both bio-methane to bio-ammonia
and of bio- and circular-naphtha into sustainable propene and helps CF manufactures to
enhance the sustainability of their product [154]. Figure 25 summarizes the alternative
sustainable route described above to produce CF.
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Figure 25: Carbon fiber manufacturing process from various precursors. From: [153].

An important parameter to assess the sustainability of an alternative route is to measure
the global warming potential (GWP) in kg of CO: per kg of CF produced. Figure 26
from the Fraunhofer IGCV compares the global warming potential of the classic pro-
duction of CF with the alternative routes, considering the state-of-the-art technology
(SotA) and the best-case scenario (electricity from hydropower, thermal energy/steam
from biogas and the use of Power-to-Chemical technologies). The classic PAN produc-
tion from crude-oil via ACN, stabilization and carbonization is an energy-intensive pro-
cess, which exhibits a GWP of 25 kg CO./kg CF. Using renewable energy sources and
energy-efficient technologies in stabilization and carbonization can lead to significant
reduction as a GWP of 8 kg CO./kg CF can be reached. Interestingly, using bio-glycerol
for producing ACN doesn’t lead to a significant reduction compared to the classic fossil
route. A striking reduction is only observed when using renewable energy. With the use
of the commercially available Econitrile made from bio-naphtha to produce CF, a GWP
reduction of 22 % compared to the classic route is possible. By using renewable energies
and energy-efficient technologies, an approximative GWP of 2.3 kg CO/kg CF can be



State of the art 36

reached. The use of lignocellulosic sugars to produce CF leads to a significant potential
savings of 25 % to approximately 19 kg CO/kg CF.

The global warming potentials for producing CF, even with alternative routes are still
massive. Considerable reductions can be achieved through the adoption of renewable
energies and energy-efficient technologies. However, realizing these benefits would
likely necessitate substantial investments in the scale-up evaluation and testing of these
technologies to transition them from their current state to a commercial facility. Consid-
ering the high cost of CF and the high global warming potential associated with its pro-
duction, there is an increasing imperative to prioritize the recycling and reuse of CF.
This highlights the importance of matrix materials that facilitate the straightforward re-
covery of CF once a CF-reinforced composite reaches the end of its lifecycle.
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Figure 26:  Global warming potential of carbon fiber production kg CO:e per kg CF (produc
tion site EU-28). Adapted from: [6].
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2.5 Conclusion of the state of the art
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Figure 27: Characteristics of the ideal bio-based and sustainable epoxy for composites applica-
tions.

Epoxy thermosets, particularly DGEBA-based epoxies, stand out as excellent matrix
materials for composites and are suited for high-performance applications, especially
when reinforced with CF. However, challenges such as the depletion of fossil resources,
concerns over the use of BPA and ECH in DGEBA production, the significant global
warming potential of epoxies and CF, and the complexities associated with recycling
composites at the end of their life create an urgent need for a sustainable and bio-based
epoxy system designed for recyclability.

Addressing these challenges in the realm of bio-based epoxies is complex. To be a viable
alternative to DGEBA-based epoxies, the bio-based epoxy must compete effectively in
terms of thermal and mechanical properties. Additionally, the resources used in its de-
velopment must be environmentally and human-friendly, abundantly available to meet
market demand, and priced competitively in comparison to established commercial sys-
tems. The recyclability of the epoxy system is also a crucial consideration for fostering
a circular economy. This would enable the reuse of carbon fibers as well as waste and
process leftovers, thereby promoting a circular economy. Figure 27 illustrates the four
essential characteristics that a sustainable and bio-based epoxy must possess to be an
ideal replacement for conventional systems.
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3 Material and methods

Section 3.1 describes the materials used in this work. Section 3.2 explains the synthesis
of the thermosets and the production of thermoset samples, composite samples, and re-
cycled samples. Section 3.3 outlines the various tests performed on the materials, along
with the parameters used.

3.1 Materials

The curing agent TA with a molecular weight of 1701.20 g.mol ! was purchased from
Sigma—Aldrich (Taufkirchen, Germany), along with formic acid and hydrogen peroxide
(35%). The bio-based air release additive Epinal EL 12.42 was bought from bto epoxy
GmbH (Amstetten, Austria). In chapter 4, linseed oil was purchased from a local com-
mercial source and used for the synthesis of epoxidized linseed oil without further puri-
fication. The oil was cold-pressed, unprocessed, and of food-grade quality. The acid
number was determined by the procedure of ISO 660.2009 to be 0.93 mg KOH per gram
and the iodine value 186 g(I>) per 100 g (ISO 3961.2018). In Chapter 5, epoxidized lin-
seed oil with an EEW of 182 was directly purchased from the company Bio-Composites
and More GmbH (Germany).

LOCTITE® FREKOTE 700-NC from Henkel was used as a release agent.

Following chemicals were purchased from Sigma—Aldrich unless otherwise noted and
were used as received: Sorbic acid (> 99.0 %), allyl alcohol (> 98.5 %), maleic anhy-
dride (> 99.0 %), sulfuric acid (ACS reagent, 95.0-98.0 %), toluene (ACS reagent,
> 99.5 %), diethyl ether (> 99.9 %, suitable for HPLC, inhibitor free) 3-chloroper-
benzoic acid (mCPBA, > 77 %), oxone (>4.0 % active oxygen basis), methylene chlo-
ride (suitable for HPLC, > 99.8 %, contains 40—150 ppm amylene as stabilizer), potas-
sium carbonate (Griissing, K»COs3, > 99.5 %), sodium sulfate (Griissing, Na>SO4, 99 %,
anhydrous), sodium bicarbonate (Griissing, NaHCO3, > 99.5 %), sodium hydroxide
(Fischer scientific, NaOH, > 98.0 % Baker analyzed), bisphenol A-diglycidyl-ether
(DGEBA) with an epoxide equivalent weight 172-176, Jeffamine T403 (Huntsman Hol-
land B.V.), isophoron diamine (mixed isomers, > 99 %).

Following UD carbon fibers fabrics were used to produce composites plates:
SIGRAFIL® Tow C T50-4.4/255-E100 (referred as SGL Tow) from SGL Carbon, UD
Twill 3/1 UTS 50 (referred as UD Twill 3/1) from Teijin, SIGRATEX® C U170-0/ST-
E214/10g (referred as UD SGL) from SGL Carbon and T700/50C 24k Tows from Toray.
SikaBiresin® CR80 (with the curing agent CH80-10) from SIKA was used as a refer-
ence resin.
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Milled CF (CF powder) with an average fiber length of 0.2 mm were purchased from
R&G Faserverbundwerkstoffe (Germany) and used as short fibers reinforcement for the
recycled composites samples in chapter 5.2.1.1. Hand-cut fibers SIGRAFIL® Tow
C T50-4.4/255-E100 with an approximate length of 5 mm were used as long fibers rein-
forcements for the recycled composites samples in chapter 5.2.1.2.

3.2 Experimental procedures

3.2.1 Synthesis of epoxidized linseed oil

The synthesis of epoxidized linseed oil was performed by Jonas Martin Breitsameter and
is described in [3]. The epoxidation of linseed oil was carried out by the in-situ genera-
tion of performic acid from formic acid and hydrogen peroxide. A ratio of linseed oil to
formic acid to hydrogen peroxide of 1.0:1.0:10 was used. As a reaction vessel, a double-
wall 2 L glass reactor connected to a thermostat for cooling or heating, respectively was
used. The linseed oil (422 g, 0.479 mol) was loaded into the reactor. Hydrogen peroxide
(411.8 mL, 4.79 mol, 35 %) was added, and the mixture was stirred with a glass overhead
stirrer (400 rpm), and the reactor was cooled to 10 °C. Then, 18.60 mL of formic acid
(22.04 g, 0.479 mol) was added dropwise throughout 30 min. The temperature was
raised to 50 °C and stirred for 48 h. The epoxidation progress can be followed by 'H-
NMR spectroscopy (Fig.A- 3). The reaction mixture was neutralized by addition of a
saturated sodium bicarbonate solution (200 mL) after cooling to room temperature and
diluted with diethyl ether (200 mL). After washing with a saturated sodium chloride
solution, the solvent was removed in vacuo. The EEW was estimated to be 140.6 g
mol ! resulting from the molecular weight of linseed oil (878 g mol™!) and approxi-
mately 6.2 double bonds per triglyceride determined by 'H-NMR analysis (Fig.A- 4).

3.2.2 Milling of tannic acid

TA was milled with aluminum oxide (Al,Os) balls in a two-step milling process. First,
TA was dried in a vacuum oven at 105 °C for 2 h. One hundred grams of dried TA,
together with 40 Al>O3 balls with a diameter of 10 mm and 40 Al>O3 balls with a diam-
eter of 5 mm, were placed inside an aluminum container of 1000 mL. The container was
placed inside a speed mixer DAC-3000 HP (Hauschild GmbH & Co. KG, Germany),
and a pre-milling was performed at a rotation speed of 650 rpm for 3 min. Four grinding
cycles were applied. TA was cooled down to room temperature for 15 min between
every grinding cycle. The gained powder was then dried again at 105 °C under vacuum
for 2 h to remove the released water, cooled down to room temperature, and four more
grinding cycles were applied. As a second step, the pre-milled TA powder, together with
the Al>O; balls, was put inside a 3D shaker mixer by Willy A. Bachofen AG (Switzer-
land). Milling at a speed of 50 rpm was then performed for 16 h. At last, the fine TA
powder was separated from the grinding balls by a coarse meshed stainless-steel sieve



Material and methods 41

and dried under vacuum at 105 °C for 4 h. The size of the TA particles after milling is
shown in Figure 28.

Particle size before milling: D50 = 50.2 pm; after milling: D50 = 6.6 um.

A less time-consuming milling process offering the same TA particles quality can be
performed with a planetary ball mill machine (Pulverisette 6, Fritsch), which is particu-
larly convenient for producing TA/ELO composites as more TA powder is needed. The
grinding bowl is filled with 50 balls with a diameter of 10 mm. 50g of dried TA was
ground per cycle. TA is ground in 3 passes of 3 min each at 500 rpm. After each pass,
the grinding bowl was opened and TA powder had to be detached from the grinding
bowl. From here, the ground TA was filtered using a sieve machine Haver & Boecker
TS EML 200. The sieves with mesh sizes of 5.6 mm, 180 pm, and 90 um were stacked
in descending order. The sieved material was collected without further processing. The
overflow from the sieve was ground again for 5 min at 500 rpm and sieved again. Finally,
the obtained TA powder is dried under vacuum at 105 °C for 4 h.

3.2.3 TA/ELO epoxy sample preparation

TA/ELO epoxy samples with a molar ratio -OH/epoxide of 0.85, 1.0, 1.15, 1.25, 1.5,
1.75, and 2.0 were prepared to examine how the molar ratio affects the thermal and
mechanical properties of the resulting thermoset. The samples were prepared as follows:
50 g of ELO and the corresponding amount of the finely milled and dried TA powder
and 0.5 wt.% of the air release additive (Epinal EL 12.42 bto epoxy GmbH) were placed
in a 500 mL aluminum container. The mixing ratios are given in Tab. 8. Epinal EL 12.42
is a surface active polyether siloxane with a certified biobased-carbon content that facil-
itates the removal of air inclusion and does not participate in the curing reaction. The
container was placed inside a speed mixer DAC-3000 HP (Hauschild GmbH & Co. KG,
Germany) and sealed with a vacuum. Mixing of the components was performed at a
rotation speed of 600 rpm for 10 min. The mixture was then poured into the cavities of
an aluminum mold. The cavities had the dimensions 60 x 6 x 2 mm (for DMA, the
samples are then cut lengthwise in two to have the dimensions 30 x 6 x 2 mm) and 80 x
10 x 4 mm (for flexural testing). Teflon tape was applied inside the cavities to ensure
easy removal of the samples after curing. The mold was placed in a vacuum oven to
remove air inclusions with a temperature of 80 °C and a pressure of 1 mbar for 2 h.
Finally, the mold was placed in a standard oven for curing. The TA/ELO samples listed
in Tab. 8 were prepared once with the curing condition C1: 16 h at 90 °C + 3 h at
140 °C and once with the curing condition C2: 16 h at 120 °C + 3 h at 140 °C. After
curing, the edges of the samples were wet-polished with sandpaper (grit size 500) for a
smooth finish.
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3.2.4 Preparation of mechanically recycled TA/ELO
thermoset samples and mechanically recycled
TA/ELO composite samples

Preparation of TA/ELQO recyclate

TA/ELO 1.5 and 2.0 samples cured with C2 were first cut into small pieces using a lever
shear. Subsequently, the pieces are pulverized in the planetary ball mill (Pulverisette 6,
Fritsch). Each time, 75 g of TA/ELO and four Al>O3 balls with a diameter of 2 cm are
placed into the milling vessel and ground at 500 rpm for 5 minutes to initially coarse
grind the material. In the next step, 50 g of the already coarsely ground material, along
with two Al>,Os balls (diameter of 2 cm) and 48 small Al,O3 balls (diameter 1 cm), are
placed into the milling vessel each time and ground at 500 rpm for 5 min. This procedure
is repeated until every TA/ELO particle can be sieved through a sieve with a mesh size
of 355 um.

Preparation of recycled TA/ELO samples

The obtained recyclate powder was hot-pressed with a stamp-die system made of alu-
minum constructed by Florian Gehringer in [S15] (Fig.A- 5) with cavities with the di-
mensions 80 x 10 x 10 mm in a Polystat 200 T press (Servitec). An even amount of
TA/ELO 1.5 or TA/ELO 2.0 powder (4.2 g) was placed inside each cavity to ensure that
every sample is compacted the same way. With an increasing hot-pressing temperature,
the pressure had to be reduced as otherwise, only damaged samples could be obtained.
Following hot-pressing parameters combinations (temperature/pressure on each sam-
ple/time) were applied to manufacture homogeneous recycled TA/ELO samples:

130 °C/10.4 MPa/1 h
145 °C/5.2 MPa/1 h

- 160 °C/pressure during closing/1h
- 115°C/10.4 MPa/2 h

- 130°C/10.4 MPa/2 h

- 145°C/5.2 MPa/2 h

- 160 °C/pressure during closing/2 h

When hot-pressed at 160 °C, only the hydraulic pressure during the closing of the hot
press was applied. After 1 or 2 h, the pressure is released, the hot-press is opened, and
the stamp-die system is immediately removed and the specimens are removed from un-
derneath using tweezers. The specimens are placed between two metal sheets with a
mass to prevent deformation during cooling. After hot-pressing, the samples had an ap-
proximate thickness of 4 mm. If needed, the edges were sanded with a sandpaper (grit
400) for a smooth finish.
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Preparation of recycled TA/ELO composites samples

For the preparation of recycled TA/ELO composites, TA/ELO recyclate powder
(TA/ELO 1.5 or TA/ELO 2.0) was mixed either with 5 or 10 wt. % of milled CF (average
fiber length of 0.2 mm) or with 10 wt. % hand-cut CF with an average length of 5 mm
from the roving C T50-4.4/255 (SGL Carbon) in a metal can and mixed in a speedmixer
for 2 min at 1000 rpm. Since the short fibers are heavily clumped together, they are
pressed through a kitchen sieve with the help of a spoon during addition to loosen the
clumps. The mixtures were hot-pressed with the stamp-die system in a Polystat 200 T
press (Servitec) with following parameters (temperature/pressure on each sample/time):

- 130°C/10.4 MPa/2 h
- 160 °C/pressure during closing/2 h

3.2.5 Preparation of TA/ELO composites

Various UD CF fabrics (SIGRATEX® C U170-0/ST-E214/10g, UD Twill 3/1 UTS 50,
T700/50C 24k) were analyzed to determine whether the nature of the UD fiber fabric
significantly influences the mechanical properties of UD TA/ELO composites. Towpreg
and manually laminated CF fabrics were used to assess the impact of an automated fiber
pre-impregnation process on TA/ELO composite performance. Finally, different com-
posite manufacturing processes were investigated to evaluate the suitability of TA/ELO
as a resin for different composite processes.

3.2.5.1 Preparation of TA/ELO towpreg

Towpregs with T700/50C 24k CF tows from Toray and the mixture TA/ELO 1.5 were
manufactured using the TLM 2.4 Towpreg machine from Roth Composite Machinery
GmbH. Following process parameters were used:

- Speed: 20 m/min

- Tension: 30 N

- Spread unit temperature (before impregnation): 100 °C
- Impregnation temperature: 30 °C

- Impregnation gap: | mm

- Fulling rollers temperature: 60 °C

- Calender temperature: 60 °C

- Calender gap: 0.37 mm

- Cooled rollers temperature: 10 °C

Approximately 500 g of the mixture TA/ELO 1.5 was used for towpreg production.
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3.2.5.2 Hand-lamination

The resins TA/ELO 1.5, TA/ELO 1.75, and CR80 (mixed with the curing agent CH80-
10) were prepared and degassed for an hour with a vacuum of 2 mbar. CF fabrics were
laminated on both sides with the various resins using a sponge roller and then stacked
together. Lamination with TA/ELO 2.0 was found to be extremely complicated as TA
had the tendency to agglomerate on the sponge roller and on the fibers (Fig.A- 6). There-
fore, the focus was placed on the mixtures 1.5 and 1.75. CR80 was used as a reference.
The amount of CF layers used to manufacture the bio-based and reference composites
plates can be seen in Tab. A- 1.

3.2.5.3 Hot-pressing

In the hot-pressing process, composites plates were manufactured with UD Twill 3/1
UTS 50 (referred as UD Twill 3/1) from Teijin (Fig.A- 7). The CF fabrics were cut into
squares of approximately 20 x 20 cm and manually laminated with TA/ELO 1.5,
TA/ELO 1.75 or CR80 (for reference) following the procedure described above.
Fig.A- 8 shows an example of CF layers hand-laminated prior to hot-pressing. Various
layers of CF fabric were stacked together in order to obtain composite plates with vari-
ous fiber volume fractions and placed on an aluminum sheet of dimensions 25 x 25 cm
with a thickness of 0.5 cm covered with Teflon tape. An aluminum spacer with a thick-
ness of 2 mm was placed on the edges and an aluminum sheet 25 cm x 25 cm x 0.5 cm
covered with Teflon tape was placed on top. After pre-heating the press at 140 °C the
aluminum sheets were placed in the press (Polystat 200 T, Servitec). and a hydraulic
pressure of 100 bar was applied for 90 min. The plates were then cured for 12 h without
pressure at 120 °C.

The hot-pressing temperature was chosen based on preliminary investigations. Two dif-
ferent hot-pressing temperatures were investigated. Plates hot-pressed at 120 °C exhib-
ited a tendency to become sticky on the surface. This can be attributed to a high concen-
tration of ELO and low TA content on the surface, resulting in a poorly reacted material
with an oily texture (Fig.A- 9). Due to the pressure applied and the decrease of ELO’s
viscosity at 120 °C, the fibers must have acted as barrier filtering ELO from TA and a
lot of ELO seem to escape the plate and inherently lead to fibers poorly coated with
ELO. When hot-pressing at 140 °C, this phenomenon decreased as the formulation is
more reactive and TA/ELO sets more rapidly and has less time to escape the plate.
TA/ELO is known to be extremely brittle when cured at 140 °C according to chapter
4.4.1. Therefore, samples were only hot-pressed at 140 °C for 90 min and cured after-
wards at 120 °C.

Reference composite plates were manufactured with the resin CR80 from SIKA. The
reference plates were hot-pressed at 80 °C for 60 min with 100 bar and post-cured with-
out pressure for 3 additional hours at 80 °C. Another reference plate with CR80 was
manufactured with the CF fibers Sigrafil Tow C T50-4.4/255-E100 (referred as SGL



Material and methods 45

Tow) from SGL Carbon. The fibers tows (width approximately 15 mm) were manually
cut, laminated with CR80, placed next to each other and hot-pressed 2 h at 80 °C with
100 bar and post-cured without pressure at 80 °C for 2 h.

The amount of CF layers used to manufacture the bio-based and reference composites
plates can be seen in Tab. A- 1.

3.2.5.4 Vacuum bagging

The CF fabric SIGRATEX® C U170-0/ST/1511/01G (referred as UD SGL, Fig.A- 10)
and towpregs (manufactured as described in chapter 3.2.5.1) were used for producing
composite plates via vacuum bagging. TA/ELO 1.5 and 1.75 were used as resins.
Towpregs or hand-laminated UD SGL fabrics (following the procedure described in
chapter 3.2.5.2) were stacked together and placed on a glass plate coated with release
agent. A perforated release film was placed on top of the CF layers along with a breath-
ing fabric to soak up excess resin. The entire setup was sealed with vacuum foil and
tacky tape. An outlet was placed inside the setup and connected to a vacuum pump. A
vacuum of 400 or 600 mbar respectively was applied, and curing was performed at
90 °C for 1 hour followed by 16 hours at 120 °C. After removing the composite plates,
a post-curing at 140 °C for 2 hours was performed.

The amount of CF layers used to manufacture the bio-based composites plates can be
seen in Tab. A- 1.

3.2.5.5 Vacuum Assisted Resin Infusion (VARI)

Various layers (1 to 5) of UD SGL fabrics or UD Twill 3/1 were stacked on top of each
other on a glass plate coated with a release agent. A peel ply and a flow promoter were
placed on top of the fabrics. The entire setup was sealed with tacky tape and a vacuum
foil. Inlet and outlet were positioned on opposite sides. The inlet was connected to the
resin, and the outlet was connected to the vacuum pump. A vacuum of 2 mbar was ap-
plied for resin infusion. The resins TA/ELO 1.0, 1.25, 1.5 and 1.75 were investigated.
The resin was pre-heated to 80 °C to reduce its viscosity. However, full impregnation
could not be achieved with VARI as TA particles agglomerated in the fabrics close to
the inlet and saturated the infusion process. No composite plates could be manufactured
with VARI.

3.2.5.6 Resin Transfer Molding (RTM)

An RTM mold was designed using a 1 cm aluminum block with a 2 mm cavity for fiber
placement, two grooves and an inlet. Release agent was applied on the aluminum block
and various layers (2 to 7) of UD SGL fabrics or UD Twill 3/1 were stacked on top of
each other. Two Silicone rings were placed in the grooves. Another aluminum block, 1
cm thick with an outlet, was placed on top and screwed to seal it. The inlet was connected
to the resin, which was placed in a pressure pot, and the outlet was connected to a
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vacuum pump. The resins TA/ELO 1.0, 1.25, 1.5, and 1.75 were preheated to 80 °C to
reduce their viscosity. Vacuum was initially applied to remove air from the cavity. Then,
the resin was injected with a pressure of 3 bar. After injection, the RTM form was heated
to 120 °C for curing. The fibers acted as a filter, with the first fiber layer being rich in
TA and the subsequent layers rich in ELO. No composite plates could be manufactured
with the RTM process.

This finding supports the observations made by Todorovic et al. [155], as they also found
that no composites could be manufactured using VARI or RTM with a citric acid
(CA)/ELO resin, where CA, is also a solid curing agent like TA.

3.2.6 Synthesis of EGCHC epoxy monomer

The synthesis of the epoxy monomer 1,2-epoxy-6-methyl-triglycidyl-3,4,5-cyclohex-
anetricarboxylate EGCHC was performed by Jonas Martin Breitsameter and this chapter
is described in [53].

3.2.6.1 Allyl Sorbate

Sorbic acid (50 g, 445.9 mmol) was dissolved in allyl alcohol (200 mL). After the addi-
tion of a catalytic amount of H2SOa (0.5 vol.%, 1.0 mL) the mixture was stirred under
reflux for 24 h. After the reaction had cooled to room temperature it was neutralized by
the addition of saturated sodium bicarbonate solution and the product was extracted with
diethyl ether (3 x 200 mL). The combined organic layers were washed with saturated
sodium chloride (200 mL) and dried with anhydrous sodium sulfate. After filtration, the
solvent was removed in vacuo and the crude product was purified by distillation (82 °C,

8 mbar). The product allyl sorbate was obtained in the form of a colorless liquid (55.6
g, 82 %).

'"H-NMR (400 MHz, chloroform-d): § [ppm] = 7.27 (m, H4), 6.17 (m, H3), 5.95 (m,
HS), 5.80 (d, J=15.4 Hz, H2), 5.27 (m, H5/H9), 4.65 (m, H7), 1.86 (d, /= 5.7 Hz, H1).

13C-NMR (100 MHz, chloroform-d) :  [ppm] = 167.00 (C6), 145.46 (C4), 139.65 (C2),
132.54 (C8), 129.88 (C3), 118.37 (C5), 118.07 (C9), 64.99 (C7), 18.75 (C1).

3.2.6.2 Allyl-7-methyl-1,3-dioxo-1,3,3a,4,7,7a-hexahydroiso-
benzofuran-4-carboxylate (AHIBC)

Maleic anhydride (26.3 g, 268.08 mmol, 1.02 eq.) was dissolved in toluene (26 mL, 10
M solution) and heated to reflux. Allyl sorbate (40 g, 262.82 mmol, 1.0 eq.) was added
under vigorous stirring. Since the reaction was strongly exothermal, heating of the mix-
ture was interrupted for several minutes when exceeding 140 °C in the vessel. Reaction
progress was monitored by 1H-NMR and stopped after full conversion which was
reached within 2.5 h. The crude product crystallizes by cooling down the reaction mix-
ture to 0 °C and the solid was washed with cold methanol. After drying in vacuo, the
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product allyl 7-methyl-1,3-dioxo-1,3,3a,4,7,7a-hexahydroisobenzofuran-4-carboxylate
(AHIBC) was obtained as a white, crystalline solid (56.4 g, 84 %).

'"H-NMR (400 MHz, chloroform-d): & [ppm] = 6.47 (1H, dt, J=9.49, 3.32 Hz, H3), 5.98
(1H, m, J=16.61, 10.38, 5.98 Hz, H12), 5.86 (1H, dt, /J=9.40, 3.24 Hz, H2), 5.4 -5.2
(2H, m, H13), 4.76 (2H, dt, J= 6.09, 1.32 Hz, H11), 4.02 (1H, dd, J=9.78, 5.55 Hz,
H5), 3.39 (1H, dd, J=9.79, 7.82 Hz, H6), 3.19 (1H, m, H4), 2.47 (1H, m, H1), 1.43
(3H, d, J=7.34 Hz, H9).

13C-NMR (100 MHz, chloroform-d) : & [ppm] = 171.3 (C7), 170.3 (C8), 169.2 (C10),
134.8 (C2), 131.7 (C12), 127.0 (C3), 119.1 (C13), 66.4 (C11), 44.6 and 44.5 (C5 and
C6), 40.1 (C4), 30.8 (C3), 16.4 (C9).

ATR-IR v'max 2975, 2938, 2881, 1846, 1768, 1716, 1648, 1455, 1426, 1391, 1363,
1329, 1302, 1260, 1227, 1196, 1141, 1084, 1066, 1052, 1030, 950, 922, 904, 884, 817,
781, 747,712 cm™ ..

EA Found: C, 62.08; H, 5.63. C13H140s requires C, 62.39; H, 5.64 %.
HRMS (ESI) calculated C13Hi50s [M + H'] 251.0914, found 251.0912.
Tm = 88.6 °C.

3.2.6.3 Triallyl-6-methylcyclohex-4-ene-1,2,3-tricarboxylate
(TACHC)

AHIBC (40 g, 159.84 mmol) was dissolved in allyl alcohol (190 mL). After the addition
of a catalytic amount of H>SO4 (0.5 vol.%, 0.9 mL), the mixture was stirred under reflux
and the reaction progress was monitored by '"H-NMR. The reaction was usually com-
plete within 24 h. After the mixture had cooled to room temperature it was neutralized
by the addition of a saturated sodium bicarbonate solution and the product was extracted
with diethyl ether (3 x 200 mL). The combined organic layers were washed with satu-
rated sodium chloride (200 mL) and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed in vacuo. The crude product was purified by column chro-
matography (1:6 EtOAc/hexanes). The product triallyl-6-methylcyclohex-4-ene-1,2,3-
tricarboxylate (TACHC) was obtained as a colorless oil (45.2 g, 81 %).

'"H-NMR (400 MHz, chloroform-d): § [ppm] = 6.09 (1H, m, H3), 5.90 (3H, m, H12,
H12', H12"), 5.65 (1H, m, H2), 5.38 — 5.16 (6H, m, H13, H13', H13"), 4.58 (6H, m,
HI11, H11', H11"), 3.55 (1H, m, HS), 3.45 (1H, m, H6), 3.11 (1H, m, H4), 2.64 (1H, m,
HI1), 1.06 (3H, d, J=7.36 Hz, H9).

BBC-NMR (100 MHz, chloroform-d) : § [ppm] = 171.8, 171.4 and 170.73 (C10, C7 and
C8), 132.5,132.4,132.1, 132.0 (C12, C12',C12" and C2), 122.9 (C3), 118.5, 118.4 and
118.4 (C13, C13', C13"), 65.8, 65.7 and 65.3 (C11, C11', C11"), 43.5 (C6), 42.3 and
42.1 (C4, C5),32.2(Cl), 17.2 (C9).
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ATR-IR v'max 3455, 2940, 2882, 1730, 1649, 1454, 1379, 1310, 1169, 1094, 1061, 911,
927, 833,720 cm ™.

EA Found: C, 65.22; H, 6.88. C19H240¢ requires C, 65.50; H, 6.94 %.
HRMS (ESI) calculated C19H2406Na [M +Na'] 371.1471, found 371.1451.

3.2.6.4 1,2-Epoxy-6-methyl-triglycidyl-3,4,5-cyclohexanetri-
carboxylate (EGCHC)

Epoxidation with mCPBA. 40 g (114.81 mmol, 1.0 eq.) of the TACHC was reacted
with 158.50 g mCPBA (918.5 mmol, 8 eq.) in DCM (500 mL) at room temperature. Re-
action progress was monitored by "H-NMR and was usually completed within 48 h. The
reaction mixture was then stirred over KoCOj3 (200 g) to deactivate residual mCPBA and
the resulting m-chlorobenzoic acid was separated by filtration. The organic phase was
then washed with a sodium thiosulfate solution (300 mL, 10 wt.%), H>O (200 mL), and
brine (200 mL). After drying over sodium sulfate and removing the solvent in vacuo 1,2-
epoxy-6-methyl-triglycidyl-3,4,5-cyclohexanetricarboxylate (EGCHC) was obtained as
a colorless viscous oil (36.9 g, 78 %).

"H-NMR (400 MHz, chloroform-d): & [ppm] = 4.45 - 4.0 (3H, m, H11, H11', H11"),
3.93 (1H, m, H3), 3.76 (3H, m, H11, H11', H11"), 3.35 (1H, m, H4), 3.28 (1H, m, HS),
3.13 (3H, m, H12, H12', H12"),2.97 (1H, m, H2), 2.93 (1H, m, H6), 2.80 - 2.73 (3H, m,
H13, H13', H13"), 2.60 — 2.54 (3H, m, H13, H13', H13"), 2.38 (1H, q, H1), 1.06 (3H,
m, H9).

BBC-NMR (100 MHz, chloroform-d): § [ppm] = 172.6, 172.0 and 169.8 (C10, C7 and
C8), 65.9 (C11, C11', C11"), 56.8 (C3), 53.6 (C2), 49.2 —48.9 (C12, C12', C12"), 44.8
—44.5 (C13, C13',C13"),41.5 (C4), 40.9 (C6), 39.6 (C5), 30.9 (C1), 14.8 (C9).

ATR-IR v'max 2950, 1729, 1434, 1385, 1348, 1304, 1256, 1199, 1179, 1078, 1045,
1012, 940, 905, 840, 762, 738 cm ™.

EA Found: C, 55.12; H, 8.87. C19H24010 requires C, 55.12; H, 8.83 %.
HRMS (ESI) calculated C19H24010Na [M + Na'] 435.1267, found 435.1249.

Epoxidation with Oxone®. 0.943 g (2.71 mmol, 1.0 eq.) of TACHC was dissolved in
acetone (200 mL). Sodium bicarbonate (37.5 g, 446.0 mmol, 165 eq.) was added sus-
pended in 90 mL of water and added to the acetone-solution. The mixture was cooled in
an ice bath and oxone (50.0 g, 81.2 mmol, 30 eq.) in H>O (170 mL) was added drop wise
over a period of 30 min. The reaction mixture was then stirred for three days at room
temperature. After extraction with ethyl acetate (3 x 100 mL) the combined organic
phases were washed with a saturated sodium chloride solution, dried over sodium sul-
fate, and the solvent was removed in vacuo. EGCHC was obtained as a colorless viscous
oil (0.338 g, 30.2 %). Spectral data as described for the epoxidation with mCPBA. The
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EEW was determined to be 107.7 g mol™! by titration following the procedure of EN
ISO 3001 : 9000.

3.2.7 Preparation of EGCHC and DGEBA epoxy sam-
ples

EGCHC and DGEBA-based epoxy samples were prepared as follows: 2 g of EGCHC
or DGEBA and the corresponding amount of curing agent (Tab. A- 5) were mixed in 20
mL screw cap vials with a septum using a Classic Advanced Vortex Mixer (Velp Scien-
tifica, Italy) at a speed of 30000 rpm for 1 min. The mixtures were degassed with vacuum
for 3 min to remove air inclusions. The EGCHC-IPD mixture was degassed for 30 s only
as it already sets after 4 min at room temperature. Then, the mixture was poured into the
cavities of a silicone mold. For Dynamic Mechanical Analysis (DMA), the silicone mold
had cavities with the dimensions 30 x 5 x 1 mm. For tensile testing, the silicone mold
had cavities with the dimensions of the dogbone sample geometry 1BB from ISO 527-
2 with a thickness of 1 mm and a total length of 30 mm. A glass plate coated with release
agent was put on the silicone mold in order to ensure a flat surface of the epoxy samples.
Finally, the mold was placed in an oven for curing (Tab. 14). After curing, the edges of
the samples were wet-polished with sandpaper (grid size 500) for a smooth finish.

3.2.8 Preparation of mechanically recycled EGCHC
samples

Broken EGCHC samples from tensile testing were milled using the same method as
described in chapter 3.2.4. Powders of EGCHC+T403 or EGCHC+IPD were placed in
an aluminum mold with cavities of the dimensions 30 x 5 x 1 mm (Fig.A- 31) previously
coated with release agent and hot-pressed with 50 bar for 1 h at 130 °C for
EGCHC+T403 and 110 °C for EGCHC+IPD in a Polystat 200 T press (Servitec). After,
the hot-press is opened and the samples are cooled down at RT before removal.

3.2.9 Solvolysis

Broken EGCHC samples after tensile testing, TA/ELO 1.5 and 2.0 cured with C2 with
the dimensions 30 x 5 x 1 mm and TA/ELO 1.5 CF composite with the dimensions
80 x 10 x 2 mm were weighed and placed in a NaOH solution (1 mol/L). The solution
was heated at a defined temperature (RT, 30 °C, 40 °C or 80 °C) and stirred regularly.
Samples were taken out of the NaOH solution, dried and weighed at different immersion
times to assess the residual weight.
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3.3 Devices and analysis

Flexural testing

As epoxy thermosets commonly experience flexural loading in typical applications, flex-
ural testing becomes a pertinent mechanical evaluation method, providing insights into
key flexural properties such as flexural strength, flexural modulus, and bending elonga-
tion at break. The three-point bending configuration is an easy to set up configuration
and widely used to examine flexural properties of polymers, while the four-point bend-
ing configuration is better suited for stiffer structures such as unidirectional composites.

TA/ELO thermoset

TA/ELO samples of dimensions 80 x 10 x 4 mm were first dried for 3 days in a vacuum
chamber with silica balls before testing. Three-point bending flexural testing was per-
formed with a universal testing machine Inspekt 250 (Hegewald & Peschke, Germany)
according to DIN EN ISO 178. The force was measured using a 500 N load cell. The
tests were performed at a constant loading speed of 2 mm min! with a span L = (16
1) x thickness. A videoextensometer was used to measure the deflection of the sample
and stress/strain curves were recorded. The flexural modulus was evaluated from the
stress/strain curve in the elongation range between 0.05 and 0.25 %. Flexural strength
and elongation at break were also evaluated. Five specimens were tested for each
TA/ELO sample cured with curing conditions C1 and C2 (Tab. 9).

Recycled TA/ELO thermoset and recycled TA/ELO composites

Samples with the dimensions 80 x 10 x 4 mm were dried and tested with the same setup
described above. However, deflection of the sample was assessed using a deflection
gage from Hegewald & Peschke instead of a videoextensometer for practical reasons.
At least 6 samples were tested per configuration.

TA/ELO composite

Unidirectional composites samples with dimensions 100 x 15 x 2 mm were cut out from
CF composites plates using a diamond saw with water cooling. Samples were dried out
in a vacumm oven (2mbar) at 45 °C for 3 days. Four-point bending flexural testing was
performed with a universal testing machine Inspekt 250 (Hegewald & Peschke, Ger-
many) according to DIN EN ISO 14125. The tests were performed at a constant loading
speed of 5 mm min~!. A deflection gage from Hegewald & Peschke was used to assess
the deflection of the samples. The force was measured using a 2.5 kN load cell. At least
5 samples were tested per configuration.

Optical microscopy

Analyses with the optical microscopy were performed to analyze the morphology of the
cured TA/ELO thermosets and composites. Microscopic images were acquired using a
BX41M-LED optical microscope (Olympus) or the stereomicroscope SZX10 (Olym-
pus). Cured TA/ELO thermosets and TA/ELO composites specimens were embedded in
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Sika CR80 epoxy resin in a cylindrical mold. Curing of Sika CR80 was performed at
55 °C for 16 h. The specimens were then polished with a polishing machine Struers
Tegra and the surface morphology was observed under the microscope.

Gel content determination

To assess the degree of cross-linking of cured epoxy samples, the gel content was deter-
mined by Soxleth extraction using methanol (for TA/ELO samples) or acetone (for
EGCHC samples) as solvent. After one day of extraction time, the samples were dried
in a vacuum oven at 100 °C for 24 h and the mass loss was determined. Soxleth extrac-
tion was performed by Jonas Breitsameter.

Differential Scanning Calorimetry (DSC)

To investigate the curing mechanisms of the different epoxy thermosets, DSC tests were
performed.

For TA/ELO samples:

DSC was performed on unreacted ELO/TA mixtures with a Q200 Differential Scanning
Calorimeter (TA Instruments, USA). Five grams of ELO and the corresponding amount
of milled TA were put inside small plastic containers of 50 mL and mixed for 3 min
inside a speed mixer DAC 150 SP by Hauschild Engineering (Germany) at a rotation
speed of 1500 rpm. 5-7 mg of the TA/ELO mixture were loaded inside a TZero alumi-
num pan and sealed with a TZero Hermetic lid from TA Instruments. Thermograms of
the various TA/ELO formulations were recorded between 23 and 320 °C under a nitro-
gen atmosphere (gas flow = 50 mL min!). The applied heating rate was 10 K min .
The temperature of the peak of the curing enthalpy was determined with the software
Universal Analysis. Three thermograms were recorded for each TA/ELO formulation.
Thermograms of the neat, milled, and dried TA were also recorded.

For EGCHC and DGEBA samples:

DSC measurements were conducted with a TA Instruments Q200 differential scanning
calorimeter under 25 mL min ™! helium flow. 5 to 9 mg of of the hand-mixed resin/curing
agent mixtures were loaded inside a TZero aluminum pan from TA Instruments. Sam-
ples were cooled down at -50 °C and subjected to a heating rate of 10 K min!. The onset
temperature of the curing enthalpy and the temperature of the maximum of the exother-
mic peak were determined with the software Universal Analysis.

Thermogravimetric Analysis (TGA)

TGA Q5000, (TA Instruments, US) was used to conduct thermogravimetric analyses on
TA/ELO samples cured 16 h at 120 °C + 3 h at 140 °C, on neat TA and ELO and on
EGCHC and DGEBA samples. 1-2 mg of each sample is heated from 23 to 1000 °C
with a heating rate of 10 K min~! under an argon atmosphere. Analysis of the mass loss
as a function of temperature is performed using TA universal software. The tempera-
ture Tso, at a weight loss of 5 % of the various samples was determined.
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Dynamic Mechanical Analysis (DMA)

DMA is a very sensitive technique to measure the glass transition temperature and eval-
uate the stiffness of a sample. DM A measurements were performed using a DMA Q800
(TA Instruments, US) under a nitrogen atmosphere. For TA/ELO specimens, a 20 mm
3-point bending clamp was used. For EGCHC, recycled EGCHC and DGEBA speci-
mens, a film tension clamp was used. The sample geometry and testing clamp was spe-
cifically chosen to possess a geometry factor and stiffness that fall within the operational
limits of the DMA machine (30 x 6 x 2 mm for TA/ELO specimens and 30 x 5 x 1 mm
for EGCHC and DGEBA specimens). After conducting initial frequency and amplitude
sweep tests, specific frequency and amplitude values were selected to ensure that the
sample would not incur any damage during testing. Samples were subjected to a static
pre-load of 0.01 N, a force profile of 125 % and the selected amplitude and frequency.
During loading, the samples were first equilibrated at the starting temperature for 10
min, then a temperature ramp of 2K min! or 1K min™! was applied. The glass transition
temperature Tg was identified as the temperature of the peak of the tan 6 curve using the
software Universal Analysis.

Tensile Testing

EGCHC and DGEBA dogbone samples with the geometry 1BB from ISO 527-2 with a
thickness of 1 mm and a total length of 30 mm were painted using an airbrush and a
matte acrylic-based paint. A white base coat was applied to the region of interest and
then a black speckle pattern was sprayed on top. The amount of paint applied was care-
fully minimized in order not to smear the underlying stress field. Tensile testing was
performed with a universal testing machine Inspekt 100 (Hegewald & Peschke, Ger-
many) equipped with screw clamps. The force was measured using a 500 N load cell.
The Dogbones samples were tested at a constant loading speed of 0.125 mm min . Five
specimens were tested for each epoxy system (Tab. 14). The average laboratory temper-
ature and humidity during testing were 21.8 °C and 33 %. A VCXU-124M camera
(Baumer, Germany) mounted on a telecentric lens VS-TCM1-130/S (VS Technology,
Japan) captured the deformation on the specimens’ surface during testing. The recorded
pictures were transferred to the software GOM Correlate Professional 2020 and the ten-
sile modulus was evaluated from the stress/strain curves in the elongation range between
0.05 and 0.25 %. Tensile strength was also evaluated.

Attenuated Total Reflection Fourier Transformed Infrared Spectroscopy (ATR-
FTIR)

ATR-FTIR measurements were performed on a Bruker Vertex70v ATR-IR spectrome-
ter at room temperature in absorption mode. If needed, spectra were converted from
absorbance to transmittance. ATR-FTIR measurements were performed by Jonas Martin
Breitsameter.
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Particle Size Analysis

The particle size distribution of the milled and unmilled TA was determined by an LS
13 320 laser diffraction particle size analyzer (Beckman Coulter, US) using the Tornado
dry powder system and the Mie optical model. The particle size analysis was performed
by Jonas Martin Breitsameter.

Water uptake
TA/ELO thermoset

TA/ELO plates were manufactured by using ELO and milled TA. The mixtures were
poured on a aluminum plate coated with release agent and the edges were sealed with
tacky tape. Curing was performed at 120 °C for 16 h. Samples with the dimensions 50
x 50 x 1 mm were cut out with a diamond saw with water cooling.

After drying in a vacuum oven (2 mbar) for 2 weeks at 40 °C, the samples were weighed
and then immersed in distilled water for a period of 84 days. At different time intervals,
the samples were taken out of the water, dried out with a towel and weighed to calculate
the water uptake.

EGCHC

Pieces of EGCHC after tensile testing were dried in a vacuum oven (2 mbar) for 2 weeks
at 40 °C, weighed, and immersed in distilled water for a period of 72 h. At different time
intervals, the samples were taken out of water, dried out with a towel and weighed to
calculate the water uptake.

Determination of the fiber volume fraction (Vs %)
When using following formula:

m fiber
_ Vfiber P fiber
"~ Vcomposite  Vcomposite

vf

V¢ could be determined by weighing the fibers before the production of the composite
plates or by weighing the fibers after solvolysis of the composites in NaOH (1 mol/L),
washing in water and drying. p of the CF fabrics used was 1.8 g/cm’.

Scanning electron microscope (SEM)
SEM pictures were taken using a JCM-7000 (JEOL GmbH, Germany).
Stress relaxation

TA/ELO 1.5 samples with a thickness of 1 mm and a diameter of 30 mm were placed in
a plate-plate rheometer (MCR 302, Anton Paar). The testing procedure was as follows:
first, the samples were heated for 15 min to the testing temperature (160, 170 or 180 °C).
Then, a force of 5 N was applied to the samples for 5 min while holding the temperature
constant. Finally, a constant shear deformation of 1 % was applied while maintaining a
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constant temperature. The changes over time of shear stress and relaxation modulus were
recorded.

Nuclear Magnetic Resonance (NMR) Spectroscopy

"H-NMR spectra of natural linseed oil and ELO were recorded on a Bruker Ascend
400 MHz spectrometer. All spectra are referenced on the proton signal of
CDCI; (7.26 ppm).

'H (400 MHz) and "*C (100 MHz) nuclear magnetic resonance experiments were con-
ducted on a Bruker AV400 instrument in deuterated chloroform (Sigma—Aldrich,
CDCl3, 99.8 atom% D) or methylene chloride (Sigma—Aldrich, CD>Cl», 99.9 atom% D)
as the solvent at a temperature of 294 K. Chemical shifts were referenced to the solvent
proton resonance (CDCls: 7.26 ppm for 'H-NMR, 77.2 ppm for *C-NMR; CD>Cl.:
5.32 ppm for 'H-NMR, 53.84 ppm for *C-NMR).

NMR spectroscopy was performed by Jonas Martin Breitsameter.
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4 Development and characterization of a
sustainable and fully bio-based epoxy
thermoset based on linseed oil and tannic
acid

Parts of this chapter were published in the Journal Macromolecular Materials and Engi-
neering with the article entitled "Fully Bio-Based Epoxy Thermoset Based on Epox-
idized Linseed Oil and Tannic Acid" [3] . The publication was developed in cooperation
with the Wacker-Chair of Macromolecular Chemistry (TU Munich) within the frame-
work of the project "Green Carbon" funded by the German Federal Ministry of Educa-
tion and Research (FKZ: 03SF0577A). The ELO resin used in this chapter was synthe-
sized by Jonas Martin Breitsameter, who also did the NMR spectroscopy analysis, par-
ticle size analysis, gel content measurements, ATR-FTIR measurements and parts of the
DSC measurements. The contributors are listed in the reference:

Reinhardt, N.*, Breitsameter, J.M.*, Drechsler, K. and Rieger, B., Fully Bio-Based
Epoxy Thermoset Based on Epoxidized Linseed Oil and Tannic Acid, Macromolecular
Materials and Engineering, 2022, 307, 12, 2200455. *These authors contributed equally.

Parts of the results of this chapter were obtained in the theses of Linder [S3], Herold
[S9] and Gehringer [S15]. The Stamp-die system (Fig.A- 5) used for hot-pressing recy-
cled TA/ELO samples was constructed by Florian Gehringer [S15].

4.1 Objectives and goal

Vegetable oils, being both unharmful and readily available as cost-effective renewable
resources, have garnered significant interest as potential substitutes for epoxy resins, as
evidenced by numerous scientific studies exploring their application. Despite this atten-
tion, EVO faces challenges when compared to DGEBA-based epoxies, as their mechan-
ical properties are inferior due to the presence of long aliphatic chains in their chemical
structure [66,74-76].

To face this inherent problem, ELO was chosen due to its high amount of epoxy groups
in its linolenic acid chain (Tab. 2). Linseed oil is a highly available resource as it is one
of the world’s largest oil crops with an approximate yearly production of 2.4 million
tons [156]. A hardener with a rigid structure is also needed to counter the flexibility of
the aliphatic chains of ELO and impart high stiffness [90]. Bio-based curing agents are
often associated with poor mechanical properties. However, TA is a bio-based com-
pound that can be commercially extracted from chinese gallnuts, aleppo gallnuts, sumac
leaves and tara pods [157,158], and it possesses a rigid gallic structure that suggests the
formation of highly crosslinked networks (chapter 2.2.4). TA has the advantage of being



Development and characterization of a sustainable and fully bio-based epoxy thermoset based on linseed
oil and tannic acid 56

already industrially isolated. Therefore, TA was selected as the crosslinking agent.
Moreover, owing to the inherent ester and hydroxy groups in TA, coupled with the hy-
droxyl group formed during curing with ELO, a transesterification reaction should be
able to occur. This reaction is expected to confer vitrimer-like properties to the TA/ELO
thermoset, thereby enabling the material to be mechanically recycled. Furthermore,
TA/ELO is likely to undergo chemical recycling under mild conditions. This is due to
the susceptibility of ester groups to hydrolysis. This characteristic is particularly note-
worthy when utilizing TA/ELO for composites, as it facilitates the recovery of fibers.

The goal of this chapter is to develop a fully bio-based epoxy that is designed for recy-
clability using non-harmful and available resources. A particular focus is given to the
thermal and mechanical properties of TA/ELO as the goal is to obtain similar properties
to a standard DGEBA-based epoxy. To maintain the fully bio-based composition of the
TA/ELO epoxy, the use of solvents and catalysts was deliberately avoided.

4.2 Milling of TA

Unlike typical curing agents, TA is a solid hardener [101,102]. When mixed as bought
with ELO, a highly heterogeneous material was obtained after curing (Fig.A- 11). To
avoid the use of solvents and yet still properly disperse TA in ELO to obtain a homoge-
nous material, a milling procedure was adopted to reduce the particle size of TA. Achiev-
ing a good distribution of tannic acid (TA) within ELO is essential to ensure the uniform
curing of the epoxy thermoset and optimize both thermal and mechanical properties.

TA was first dried and then milled with AlOj3 balls in a two-step milling process. The
two-step milling process led to a notable reduction in the particle size of TA, as illus-
trated in Figure 28. A similar procedure was adopted by Anusic et al. [79], who milled
the solid citric acid (CA) to obtain a homogeneous CA/ELO mixture.
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Figure 28: Particle size distribution of original size TA (as bought) and milled TA. From: [5].

Microscopic images reveal that the purchased TA particles are relatively large and ex-
hibit a bubble-shaped morphology, possibly resulting from an industrial drying process
(Figure 29A). This bubble-like structure may impede a uniform curing process, as air
could be trapped in the center, and the interior might be inadequately accessible during
the curing reaction. Following the milling process, the particle size significantly de-
creases, as observed in the particle size determination (Figure 28). Dispersion analyses
of both the original-sized and milled TA in ELO demonstrate a much more homogene-
ous distribution of the milled product (Figure 29C and Figure 29D).
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Figure 29: Microscope pictures of A) TA original size (as bought), B) TA milled, C) TA original
size dispersed in ELO, D) TA milled dispersed in ELO. From: [5].

4.3 Curing mechanism of TA/ELO

Tannic acid given formula is C76Hs52046 with a molecular weight of 1701.2 g/mol alt-
hough its structure still remains unclear [159]. TA has potentially 25 galloyl hydroxyl
groups capable of cross-linking. Due to steric hindrance effects during the curing process
and low reactivity of the galloyl groups, the participation of every single hydroxyl func-
tionality in the curing reaction is very unlikely, making the calculation of the optimal
TA/ELO mixing ratio complicated and the curing process complex.

The curing reaction adheres to a ring-opening mechanism of the oxirane group, as elu-
cidated by Qi et al. [106] through a zwitterionic pathway. In this process, the alcohol
group coordinates with the epoxide, establishing a hydrogen-bridge linkage (depicted in
Figure 30a). This coordination enables the nucleophilic attack of the alcohol oxygen on
an epoxide carbon, resulting in the formation of a zwitterionic species and subsequent
ring-opening, leading to the creation of an ether bond. The schematic representation of
the network formed is illustrated in Figure 30b.
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Figure 30: a) Curing mechanism following a zwitterionic ring-opening reaction exemplary shown
on a phenol group according to Qi et al. [106]. b) Schematic formation of a 3D network
during the curing reaction. From: [5].

Various TA/ELO mixing ratios (Tab. 8) were investigated in the DSC to better under-
stand the curing mechanism. Figure 31a illustrates a representative DSC heating scan of
TA/ELO 1.75. All conducted DSC scans display similar patterns, revealing three distinct
regions:

- Firstly, there is an endothermic peak observed within the temperature range of
approximately 25 to 100 °C, corresponding to the evaporation of hydrated water.
The persistence of water, despite the drying process, is confirmed by examining
the DSC and TGA scans of the neat, milled, and dried TA. The TGA scan demon-
strates a 1.7 % mass loss at 120 °C (Figure 31d), while the DSC scan indicates
an endothermic process occurring from 25 to 120 °C (Figure 31c¢). Following a
one-day exposure to laboratory atmosphere (at 55 % humidity and 25 °C), the
repeated TGA measurement reveals a 9.1 % mass loss at 120 °C, emphasizing
the hygroscopic characteristics of TA (Figure 31d).

- Next, an exothermic peak is observed, indicating the reaction between phenolic
-OH groups and epoxides, commencing around ~ 100 °C and concluding at =
250 °C (Figure 31a). This observation is consistent with existing literature, which
suggests that the reaction between phenolic -OH groups and epoxy rings can
initiate at 100 °C [101,160,161]. As the quantity of TA increases, the temperature
at which the maximum of the exothermic peak occurs shifts to lower
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temperatures (Figure 31b). Consequently, in the presence of an excess of TA, the
maximum curing reaction speed is achieved at lower temperatures, thereby en-
hancing curing efficiency. This phenomenon can be elucidated by considering
the elevated molar mass and significant steric hindrance associated with TA. Fol-
lowing the formation of a few ether bonds in the initial curing stage, the funda-
mental structure of the epoxy network is already established. Consequently, a
substantial proportion of potential hydroxy linking positions does not actively
contribute to network linking. Consequently, augmenting the quantity of TA in-
creases the likelihood of galloyl groups accessing areas with unreacted oxiranes,
thereby amplifying the overall degree of cross-linking.

Lastly, an additional feature in the DSC scan appears as a shoulder at tempera-
tures exceeding 250 °C (Figure 31a). This is connected to the degradation of TA,
a connection supported by the TGA scan of pure TA (Figure 31d). The distinc-
tiveness of the shoulder increases with an excess of TA, indicating that a greater
quantity of TA particles is unable to engage in the curing reaction and establish
cross-links with ELO and thus commence the degradation process (Fig.A- 12).

Tab. 8: Mixing ratios used for the preparation TA/ELO thermoset. Adapted from: [5]
Samples ELO [g]: TA [g] Molar ratio R [-OH/epoxide]
TA/ELO 0.85 100:41.14 0.85
TA/ELO 1.0 100:48.40 1.0
TA/ELO 1.15 100:50.66 1.15
TA/ELO 1.25 100:60.50 1.25
TA/ELO 1.5 100:72.60 1.5
TA/ELO 1.75 100:84.70 1.75

TA/ELO 2.0 100:96.80 2.0
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a) DSC-scan of the sample TA/ELO 1.75 with onset temperature of the curing en-
thalpy (121.81 °C) and temperature of the peak of the curing enthalpy of 172.83 °C,
b) Average temperature of the peak of the curing enthalpy for the different TA/ELO
mixtures, ¢) DSC-scan of pure milled and dried TA, d) TGA-measurements of dried
TA and TA after being exposed one day to the laboratory atmosphere. Adapted from

[3]-

4.4 Thermal and mechanical properties

441

temperatures

Investigated TA/ELO formulations and curing

Samples of TA/ELO epoxy with molar ratios of -OH/epoxide of 0.85, 1.0, 1.15, 1.25,
1.5, 1.75, and 2.0 were prepared to examine how the molar ratio affects the thermal and
mechanical properties of the resulting thermoset (Tab. 8). The curing process for all
specimens took place under two distinct conditions, denoted as C1 and C2 (Tab. 9). The
curing temperature of 120 °C was selected based on the approximate onset temperature
of the curing enthalpy for TA/ELO (Figure 31a). Specimens subjected to a higher curing
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temperature exhibited increased stiffness. Nevertheless, these samples demonstrated ex-
treme brittleness, with significantly lower flexural strength and elongation at break (Tab.
A-2). Consequently, the curing temperature was set to 120 °C. Opting for a lower curing
temperature results in energy savings and also facilitates easier processing. The choice
of a curing temperature of 90 °C was also made to investigate the possibility of attaining
favorable mechanical and thermal properties under these conditions. Typically, a post-
curing step is necessary to optimize the thermal and mechanical characteristics of epoxy
thermosets, with the post-curing temperature commonly being higher than the preceding
precuring temperature [162]. Through DMA tests, it was observed that a post-curing
temperature of 140 °C contributed to an enhancement in the stiffness and glass transition
temperature (Tg) of the TA/ELO thermoset.

Tab. 9: Curing conditions for the TA/ELO samples. Adapted from: [3].
Curing condition Curing time + Post-curing time +
temperature temperature
Cl 16 hat 90 °C 3hat 140 °C
C2 16 hat 120 °C 3hat 140 °C

4.4.2 Thermo-mechanical properties

The glass transition temperature (Tg) is a crucial indicator for epoxy thermosets. Indeed,
it establishes the temperature range within which epoxy thermosets can be effectively
employed in high-performance structural applications. Beyond Tg, epoxies are visco-
elastic and soft materials. The Tg of the various TA/ELO samples were assessed using
Dynamic Mechanical Analysis (DMA), a highly sensitive technique renowned for its
precision in measuring Tg [91,92]. Figure 32 shows an example of a DMA curve ob-
tained for TA/ELO. It can be observed that the tan o peak is very broad. This broad tan
0 peak was observed for all the samples tested. As previously outlined in chapter 2.2.3,
a broad tan 6 peak can be the characteristic of the relaxation of a heterogeneous network
[94,95]. Yet, in the context of TA/ELO, the emergence of a wide tan 9 is attributed to
the complex crosslinked structure formed. In contrast to conventional epoxy compounds
like DGEBA, where oxirane groups have fixed positions, the cross-linking process in
ELO is more complex. Specifically, the oxirane groups in ELO are statistically distrib-
uted across the aliphatic triglyceride backbone [93]. Additionally, TA, with its high mo-
lecular weight, exhibits varying reactivity among its 25 hydroxy groups, a reactivity that
changes throughout the curing reaction due to steric and electronic effects [101]. Con-
sequently, the cross-linking between ELO and TA results in a complex and unpredicta-
ble network structure, contributing to the broadening of the glass transition.
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Figure 32: Storage modulus, loss modulus and tan 6 variations versus temperature for the sam-
ple TA/ELO 1.75 cured with C1. Tg of 127.83 °C. From: [3].

Figure 33 compiles the Tg acquired for the various TA/ELO samples cured with C1 and
C2. A distinct pattern is evident as the Tg for all samples experiences a notable elevation
when subjected to a curing temperature of 120 °C (curing condition C2), as opposed to
90 °C (condition C1). Hence, the specimens cured using C1 did not achieve their com-
plete cross-linking capacity. This observation is supported by gel content measurements,
revealing a lower Soxhlet degree of cross-linking in the C1-cured samples compared to
those cured with C2 (Fig.A- 13). As the curing process occurs at a temperature below
the Tg of the fully cured resin (Tgow), the system vitrifies, and the reaction becomes
diffusion controlled [163]. Owing to vitrification and the inherent low reactivity of pol-
yphenol groups in TA, coupled with the steric hindrance caused by the epoxy groups
along the fatty chains of ELO, an elevated curing temperature promotes increased cross-
linking of the polymer chains.
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Figure 33: Tg obtained from DMA for the different TA/ELO samples cured with curing condi-
tions C1 and C2. From: [3].

It can also be noticed from Figure 33 that higher Tg are obtained when the TA molar
ratio exceeds 1.0. As previously observed in the DSC analysis, an abundance of TA
facilitates a more effective curing process, a phenomenon that is also evident in ATR-
FTIR (Fig.A- 14 and Fig.A- 15). In the TA/ELO 0.85 sample, a residual signal of the
C-O epoxide vibration at 820 cm ™! is evident showing that not all epoxide groups par-
ticipated in the curing reaction. In contrast, this signal is not observed in samples with
an excess of TA.

For TA/ELO, a maximum Tg of 146 °C was obtained for TA/ELO 1.75 cured with C2.
Figure 33 also illustrates that the Tg shows minimal variation among samples TA/ELO
1.15,1.25, 1.5, 1.75, and 2.0 cured with C2. This behavior is likely a consequence of the
complex crosslinked structure formed, leading to a broadened glass transition. Moreo-
ver, the foundational network is established within a few reactions. Various equations
in the literature, such as DiBenedetto's equation linking Tg and epoxy cross-linking,
provide insight into these phenomena [164,165]. With an excess of TA, all oxiranes can
engage with a galloyl-group, resulting in limited variations in cross-linking.
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Figure 34: Comparison of the storage modulus curves (E’) for the different TA/ELO samples
cured with C2. From: [3].

The storage modulus (E') serves as a measure of the sample's elastic behavior and is a
characteristic value of stiffness [166]. Analyzing the variation of E' with temperature
provides an effective means to compare the stiffness of different samples across different
temperature ranges. Figure 34 illustrates the temperature-dependent changes in E' for
various TA/ELO samples cured with C2. As anticipated, the stiffness of the TA/ELO
thermoset increases proportionally with the TA content, reflecting the formation of a
highly crosslinked structure. TA/ELO 2.0 cured with C2 exhibited the highest average
storage modulus, reaching 3218 MPa at ambient temperature (25 °C) (Fig.A- 16).

The Tg values and storage modulus values at ambient temperature obtained for TA/ELO
are high for EVO cured with bio-based curing agents as literature often reports lower
values. Anusic et al. [79] for example found a maximum storage modulus of 1380 MPa
at 25 °C and a Tg of 82 °C for ELO cured with citric acid. Altuna et al. [142] obtained
a glass transition temperature (Tg) of 30 °C for a fully bio-based thermoset derived from
epoxidized soybean oil. Qi et al. [106] cured epoxidized soybean oil (ESO) with tannic
acid, resulting in a peak glass transition temperature of 77 °C and a storage modulus of
1103 MPa at 25 °C. Some publications reported high Tg values for ELO-based epoxies;
for instance, Todorovic et al. [90] reported a Tg of 145 °C. However, this was obtained
for ELO cured with methyltetrahydrophthalic anhydride (MTHPA), a petroleum-based
curing agent. This emphasizes TA's capability to form a rigid network due to its highly
aromatic structure, enabling it to rival conventional petroleum-based hardeners.
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Yet, it is important to note that even though high Tg values were achieved, TA/ELO is
not suitable for applications demanding high stiffness beyond 80 °C. A notable decline
in stiffness is observed above this temperature, as evident from the storage modulus
curves (Figure 34).

4.4.3 Flexural properties

As epoxy thermosets commonly experience flexural loading in typical applications, flex-
ural testing becomes a pertinent mechanical evaluation method, providing insights into
key flexural properties such as flexural strength, flexural modulus, and bending elonga-
tion at break.

The summarized data in Tab. 10 presents the average flexural modulus, flexural strength,
and elongation at break for TA/ELO samples cured with C1 and C2. The application of
curing condition C2, as opposed to C1, results in an increase in both flexural modulus
and flexural strength. This is attributed to the enhanced stiffness and resilience of the
material, stemming from a higher cross-linking of the polymer chains.

Tab. 10: Average Flexural Modulus, Flexural strength, and elongation at break obtained for
the different TA/ELO mixtures cured with the curing conditions C1 and C2. Adapted
From: [3].
Flexural Elongation at break
Fl 1 Modulus [MP
exural Modulus [MPa] Strength [MPa] (%]
Sample|/ Curing— C1 C2 Cl C2 C1 C2
TA/ELO 0.85 924 £ 91 1347+94 | 33+2 46+2 | 82+09 7.8+0.8
TA/ELO 1.0 1484+ 131 1525+105 | 48«2 50+£2 | 84+£1.7 59+03
TA/ELO 1.15 1711 £43 2111+£98 | 50+3 67+1 | 49+£15 47103
TA/ELO 1.25 1692 + 59 199127 | 501 651 | 49+£0.7 42+0.5
TA/ELO 1.5 1943 £ 157 2308+99 | 54+2 72+1 | 3.7+£0.6 3.7+0.1
TA/ELO 1.75 2328 +257 2525+£187 | 63£8 676 | 2.8+0.7 3.0+£03
TA/ELO 2.0 2686 £ 158 2986+42 | 45+8 66+3 | 1.8+04 25+0.1

Similarly to the storage modulus, there is a rise in the flexural modulus with an increas-
ing quantity of TA incorporated into ELO. An epoxy that exhibits high stiffness is re-
quired for structural and high-performance applications. The highest flexural modulus
of 2986 MPa was reached for the sample TA/ELO 2.0 cured with C2. The fully bio-
based TA/ELO 2.0 thermoset showcases a stiffness under flexural load comparable to
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that of high-performance commercial petroleum-based epoxy materials. For compari-
son, the CR80 epoxy system by SIKA is a DGEBA-based epoxy resin system designed
for manufacturing high-performance fiber-reinforced composites used in marine, wind
turbine, and various industrial composite applications. Once fully cured, CR80 attains a
flexural modulus ranging from 2900 to 2950 MPa [77].

The augmentation of stiffness with the -OH/epoxide molar ratio results in a brittle be-
havior, evidenced by a decrease in the bending elongation at break. It can be noticed that
the elongation at break for samples TA/ELO 0.85, 1.0, and 1.15 cured with C1 exhibits
a high level of uncertainty. This can be linked to poor curing efficiency that contributed
to non-uniform cross-linking and, consequently, non-homogeneous stiffness along the
sample, leading to random deflection under flexural load.

The flexural strength of the samples cured with C2 tends to increase with the amount of
TA in ELO until reaching a maximum of 72 MPa for TA/ELO 1.5, after which it de-
creases with further addition of TA.

From Tab. 10, it can be seen that the flexural properties of TA/ELO can me modulated
by varying the amount of TA in the thermoset. This feature expands the versatility of
the bio-based epoxy, allowing the TA/ELO thermoset to be utilized in diverse applica-
tions. It can be converted into a material that is either very stiff and brittle or flexible,
exhibiting a high flexural elongation before breakage. Figure 35 highlights this phenom-
enon by illustrating the variation in flexural strength and elongation at break with the
amount of TA in the material. The materials TA/ELO 1.5, 1.75 and 2.0, when cured with
C2, are adapted for the obtention of a material with high stiffness and a significant flex-
ural strength.
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Figure 35: Representative stress-strain curves under flexural load for the different TA/ELO
samples cured with C2. From: [3].
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It is important to note that the flexural strength values obtained for TA/ELO are signifi-
cantly lower than those of high-performance commercial petroleum-based epoxy mate-
rials. For instance, CR80 demonstrates a flexural strength of 122 to 126 MPa [77].

4.4.4 Thermal stability

The curing process C2, which promotes higher Tg and stiffness, is better suited for
achieving a high-performance thermoset. Consequently, only the thermal stabilities un-
der nitrogen of the TA/ELO samples cured with C2 were explored using thermogravi-
metric analysis (TGA). As anticipated, an excess of TA impacts the thermal stability of
the TA/ELO thermoset, particularly evident in TA/ELO 1.75 and 2.0, where a substan-
tial amount of unreacted TA that did not crosslink is present in the matrix (Figure 36).
Thus, with an increasing TA content, the 75, of the thermoset approaches the Tse, of
neat TA, approximately at 235 °C.
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Figure 36: TGA curves of the TA/ELO samples cured with C2 and of pure ELO (dotted) and
milled TA (dashed) and respective temperature of 5% weight loss (75%). From: [3].

Samples with a low TA content, such as TA/ELO 0.85 and 1.0, exhibit TGA curves
similar to those of standard commercially available high-performance epoxy. In
Fig.A- 17 the TGA curve of TA/ELO 0.85 is compared to the high-performance epoxy
CR80 from SIKA. Despite the adverse impact of an increasing amount of TA on the
thermal stability of the thermoset, the 759 of TA/ELO 2.0 at 267 °C remains sufficiently
high to prevent material degradation under standard usage applications.
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4.5 Sample morphology

Figure 37 displays the morphology of fracture surfaces following flexural testing. Three
distinct TA/ELO samples cured with C1 and C2 were selected to assess the influence of
curing temperature and TA amount (equimolar amount: TA/ELO 1.0; excess of TA:
TA/ELO 1.5; and high excess of TA: TA/ELO 2.0) on the sample morphology.

TA/ELO 1.0 C1

TA/ELO 1.5 C1 o BTA/ELO 1.5 C2

TA/ELO 2,0 €1

Figure 37: Representative microscope images of the fracture surface of TA/ELO 1.0, 1.5, and 2.0
cured with C1 and C2 after flexural testing. From: [3].

Circular black spots are observable on all examined surfaces. The elevated viscosity of
the TA/ELO mixture results in the presence of some voids within the material. The sur-
face of TA/ELO 1.0, cured with C1, appears relatively smooth, while a rough surface is
evident under curing condition C2. At a significant TA content (TA/ELO 1.5 and 2.0),
a coarse surface is evident even with curing condition C1, and this roughness becomes
more pronounced with C2. This rough surface could be attributed to the cross-linking
reaction between ELO and TA, primarily occurring with hydroxyl groups on the surface
of the milled TA particles, leaving the inner core unreacted.
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As previously emphasized, an excess of TA facilitates a higher degree of cross-linking,
and the use of C2 for curing enables additional cross-linking. It is evident that, when TA
is added excessively, not all TA particles can undergo a reaction with ELO, resulting in
a heterogeneous structure, as observed in Figure 37. Despite the surplus of TA contrib-
uting to increased cross-linking, the Soxhlet degree of cross-linking diminishes with
higher TA concentrations in the material (Fig.A- 13). This indicates a noticeable rise in
the quantity of unreacted TA in the material, as illustrated in Fig.A- 12.

4.6 Water absorption

Tannic acid, possessing numerous galloyl groups in its structure is identified as a hydro-
philic polyphenolic substance [167]. The microscope images (Figure 37) and Soxhlet
extraction results (Fig.A- 13) revealed a composite-like structure as some of the TA
cannot react. The high content of unreacted TA in TA/ELO thermoset leads to high-
water absorption values as seen in Figure 38. As expected, TA/ELO thermosets contain-
ing a significant excess of TA (such as TA/ELO 1.5 and 1.75) are able to absorb more
water than TA/ELO thermosets containing less TA. Moreover, TA/ELO 1.5 and
TA/ELO 1.75 failed to reach equilibrium even after an extended immersion period (84
days), indicating elevated water uptake with prolonged immersion. When compared to
standard epoxy systems reported in the literature, the water absorption of TA/ELO sig-
nificantly exceeds these values. For instance, the work of Abdelkader et al. that investi-
gated DGEBA with various curing agents and cured at different temperatures, reported
a maximum water uptake of 5.6 % at equilibrium [168]. The aerospace industry's refer-
ence epoxy resin, RTM6, reaches approximately a water uptake of 2.5 % at equilibrium
[169]. The detrimental impact of water absorption on the mechanical properties of epoxy
systems is a well-known phenomenon [170,171]. Therefore, common commercial epoxy
systems exhibit low water uptake capability.

To reduce the water absorption of TA/ELO thermoset, hydrophobization of the mole-
cules can be considered. As an example, Liu et al. [176] synthesized a hydrophobic TA
in their work.
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Figure 38: Water uptake of various TA/ELO thermosets.

4.7 Recycling of TA/ELO

4.7.1 Mechanical recycling

4.7.1.1 Preliminary investigation

As already stated in chapter 4.1, the presence of ester bonds and the formed hydroxyl
groups after the curing reaction should confer TA/ELO thermoset with recycling capac-
ity through transesterification reaction. To investigate the mechanical recyclability of
TA/ELO, cured TA/ELO samples were ground through ball milling. The obtained
TA/ELO powder could successfully be hot-pressed to form recycled TA/ELO samples.
When looking at the FTIR spectra of the original, ball-milled powder and recycled
TA/ELO samples after hot-pressing the powder for 30 min at 160 °C, no striking differ-
ence can be observed (Fig.A- 18). The main molecular structure of the thermoset there-
fore remains unchanged and the ball-milling grinding is adapted to obtain TA/ELO pow-
der prior to recycling without damaging the core structure of the material. The same
peaks of ester bonds around 1745 cm™! in the 3 spectras hint on an occurring transester-
ification reaction during the recycling process [105].
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Preliminary tests were performed to assess the parameters needed to successfully hot-
press homogeneous recycled TA-ELO samples (chapter 3.2.4).

4.7.1.2 Flexural properties of recycled TA/ELO samples

Various hot-pressing temperatures (115 °C, 130 °C, 145 °C and 160 °C) and hot-press-
ing time (1 or 2 h) were deliberately chosen to investigate the impact they could have on
the mechanical properties of the recycled TA/ELO and to determine the parameters
needed to maximize recycling efficiency. This chapter focuses on the recycling of
TA/ELO 1.5 and 2.0 as these materials exhibited the most interesting mechanical results
in chapter 4.4.3.

115 °C 130 °C 145 °C __
2h 1h 2h 1h 2h — _
I B x
Al
| ']'1 ]
'E‘ ) ',.' ----------------------------- |
[ 2500 *
(2] /’ |
=] A N O R
E 2000 )
o
3
3
k) /
lJ_ "':
*,
1500 —
]
1000

TA/ELO: ® 15 ® 20

Figure 39: Flexural modulus of TA/ELO 1.5 and 2.0 recycled at various temperatures for 1 (con-
tinuous line) and 2 h (dotted line). Adapted from [S15].

Figure 39 shows the evolution of the flexural modulus for TA/ELO 1.5 and 2.0 recycled
at various temperatures and times. Similar to the original materials, recycled TA exhibit
higher stiffness with a higher TA content.

It can be seen that the pressing time has a great impact on the modulus of the recycled
samples. When hot-pressing at 130 °C and 145 °C, the modulus obtained is much higher
when hot-pressing the powder for 2 h instead of 1 h. This can be linked to the stiff
chemical structure of TA/ELO due to the rigid gallic structure of TA. With the high
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amount of phenol groups, molecular motion is difficult and prolonged hot-pressing time
is needed for allowing molecular motion and transesterification between the ester and
hydroxy groups. However, a clear decline of stiffness for TA/ELO 1.5 and 2.0 is ob-
served when hot-pressing 2 h at 160 °C instead of 1 h. One explanation could be the
high oxidation occurring at elevated temperature and at prolonged time. In fact, when
looking at Fig.A- 19, recycled samples at 160 °C for 2 h have a very dark color. The
highest stiffness values were obtained when hot-pressing at 130 °C or 145 °C for 2 h.
When comparing the moduli obtained with the virgin materials (Tab. 11), it can be seen
that recycled TA/ELO samples can recover the original stiffness and, in some case, even
exceed it. A recycling temperature of 115 °C seems to be too low to have a significant
bond-exchange rate as very low moduli were obtained.

Tab. 11: Flexural modulus of TA/ELO 1.5 and 2.0 virgin, and TA/ELO 1.5 and 2.0 recycled 2
h at 130 °C and 2 h at 145 °C

Material Virgin material Recycled 2 h at Recycled 2 h at
[MPa] 130 °C [MPa] 145 °C [MPa]
TA/ELO 1.5 2308 £ 99 2478 £ 41 2512 £48
TA/ELO 2.0 2986 +42 2922 + 94 3025 +£93

Figure 40 depicts the flexural strength obtained for the recycled samples. Again, recy-
cling at 115 °C is not recommended, as the tensile strengths obtained are very low. The
lowest tensile strengths were observed when recycling for 2 h at 160 °C, which hints at
the high oxidation occurring. A prolonged recycling time was found to be beneficial for
recycling temperatures of 130 and 145 °C, as the strength increased. The highest flexural
strengths obtained for the recycled samples were 33.2 MPa for TA/ELO 1.5 and 31.5
MPa for TA/ELO 2.0, both observed with a recycling of 2 h at 130 °C. If we define
recycling efficiency as the ratio between the strength of the recycled sample and the
strength of the virgin sample, the maximum recycling efficiency is 46 % for TA/ELO
1.5 and 48 % for TA/ELO 2.0.
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Figure 40:  Flexural strength of TA/ELO 1.5 and 2.0 recycled at various temperatures for 1
(continuous line) and 2 h (dotted line). Adapted from [S15].

The reasons for the loss of strength during the recycling process are multiple. First of
all, during the recycling process, not all the TA/ELO particles could interact and bind
together. This observation is particularly flagrant in Figure 41, where yellowish particles
that didn’t participate in the bond exchange reaction are still visible inside the material
whereas the rest of the material has a rather dark color. The presence of particles that do
not bind to the rest of the material creates a stress peak during loading and therefore
reduces the strength of the material. Additionally, upon closer inspection of the fracture
surface of the recycled samples (Figure 42), some traces of TA/ELO powder remain
identifiable. Consequently, the transesterification reaction can only take place at the in-
terface between closely adjacent powders. Hence, transesterification only occurs locally
and reduces the recycling efficiency. Furthermore, Zhou et al. [124] showed in their
work that the presence of flexible chains in a material helps improve recycling effi-
ciency, as it facilitates chain mobility for bond exchange reaction. The presence of mul-
tiple phenol groups in TA/ELO hinders chain mobility, and in addition, no transesterifi-
cation catalyst was added. Catalysts that promote transesterification have shown to en-
hance recycling efficiency [172,173]. The particularly slow bond exchange rate in
TA/ELO can be deduced from the low stress relaxation observed for TA/ELO even at
elevated temperatures (Fig.A- 20).
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However, despite the low recycling efficiency observed with TA/ELO, the maximum
flexural strengths obtained after recycling are still high, especially when compared with
EVO-based thermosets (Tab. 4).

Figure 41: Microscopy image of TA/ELO 2.0 recycled at 145 °C for 2 h. Length of the scale:
2000 pm.

Figure 42: Microscopy images of TA/ELO 1.5 recycled at 130 °C (left) and at 145 °C (right) for
2h. Length of the scale: 200 pm.
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4.7.2 Solvolysis

The TA/ELO thermoset, containing a multitude of ester bonds, is prone to solvolysis. In
fact, the ester moieties can undergo basic hydrolysis under mild conditions [174]. Figure
43 studies the decomposition of TA/ELO 1.5 in NaOH at different temperatures: room
temperature, 40 °C and 60 °C. At 60 °C, TA/ELO 1.5 can be decomposed in under an
hour. Decomposition at 40 °C is a bit slower and requires 3 h. TA/ELO 1.5 can also
undergo decomposition in a NaOH solution at room temperature, but the process re-
quires 5 h.

The decomposition behavior of TA/ELO 2.0 is quite similar (Fig.A- 21), as the funda-
mental network is already defined within a few reactions during the initial phase of cur-
ing and cannot vary much.

Sodium hydroxide (NaOH) is one of the most common chemicals in the industry. It finds
application in various processes for manufacturing a multitude of products, such as plas-
tics, soaps, rayon, and textiles. It also serves purposes like disinfecting, and additionally,
it is commonly found in household products like drain and oven cleaners [175]. The
ability of being able to break down the TA/ELO under mild conditions, using commod-
ity chemicals such as NaOH, is a great advantage over classic epoxy thermosets and is
particularly interesting for CF composite applications as it would allow the recovery of
the carbon fibers without high technical efforts and without high embodied energy (EE).
Densely crosslinked thermosets such as DGEBA usually require severe conditions such
as high temperature and high pressure, which constrain the scalability of a chemical
recycling process [38].
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Figure 43: Decomposition of TA/ELO 1.5 in NaOH (1 mol/L) at room temperature, 40 °C and
60 °C.

4.8 Conclusion of chapter 4

EVOs are known to have drawbacks as rather poor mechanical properties can be found
in literature. However, this chapter has demonstrated that attractive mechanical and ther-
mal properties can be achieved with ELO cured with the bio-based TA. Despite the poor
compatibility of TA with ELO and the absence of a solvent, samples exhibiting strong
mechanical properties and high Tg could be obtained by milling TA into a fine powder
and facilitating the reaction between the hydroxyl groups of TA and the oxirane groups
of ELO by using an excess of hydroxyl groups. It should be noted, however, that while
the stiffness can reach values similar to DGEBA-based systems, the strength remains
much lower. The mechanical recycling ability of TA/ELO through transesterification
and its easy decomposition through solvolysis are great advantages compared to con-
ventional epoxy thermosets.

While this chapter surely demonstrated the potential use of a fully bio-based epoxy ther-
moset with recycling ability that can be formulated with available resources to obtain a
stiff material that outclasses reported mechanical properties for EVO-based epoxies in
the literature, the drawbacks also need to be highlighted. The glass transition, due to the
complex structure of TA/ELO is very broad and hinders the obtention of a stiff material
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at temperatures above 80 °C. Using an excess of TA helped to facilitate the obtention of
a dense crosslinked network but will inherently lead to the presence of a lot of unreacted
TA particles in the thermoset. Due to the very hydrophilic nature of TA, the water ab-
sorption of TA-ELO thermoset is high compared to conventional epoxy systems and
constraints its application in humid and wet environments as long term stability and
mechanical properties may be affected. The hydrophilicity of plant polyphenols is well-
known. To face this problem, hydrophobization of the molecules can be performed. As
an example, Liu et al. [176] managed in their work to synthesize a hydrophobic TA.
Additionally, there is a need to identify a catalyst capable of significantly accelerating
the curing reaction of TA/ELO, thereby reducing the lengthy curing times currently ap-
plied and enhancing the attractiveness of the product for industries. A transesterification
catalyst might also be considered for improving recycling efficiency.

Finally, vegetable oils are praised in literature for their widespread availability. How-
ever, it is crucial to bear in mind that the utilization of edible vegetable oils in the poly-
mer industry may have adverse implications for the long-term security of the food supply
chain. To address this concern, a noteworthy study conducted by Fernandes et al. [93]
demonstrated that waste cooking oil (used for deep-frying), can be repurposed for epoxy
thermoset production. Nevertheless, chemical modifications that would increase the
number of double bonds in waste oils to levels comparable to those found in linseed oil
would be needed to turn waste products into thermosets with strong mechanical proper-
ties.
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5 TA/ELO epoxy reinforced with CF for the
production of sustainable composites

The potential of TA/ELO to serve as a bio-based replacement to conventional petroleum
and BPA-based epoxy resins has been investigated in chapter 4. In order to be utilized
in load-bearing applications, the properties of TA/ELO reinforced with fibers must be
assessed. This chapter focuses on the manufacturing of TA/ELO CF composites and the
characterization of its flexural properties. Later on, the prospects of recycling the man-
ufactured composites through solvolysis to reclaim the carbon fibers and mechanical
recycling to reuse composite scraps and leftovers will be presented.

Parts of the results of this chapter were obtained in the thesis of Neumeyer [S6], Frehland
[S7], Buchwieser [S12] and Gehringer [S15].

5.1 Flexural properties

As described in chapter 4, TA/ELO, in contrast to conventional epoxy systems, is not a
fluid-fluid mixture; instead, it constitutes a homogeneous dispersion of particles (TA) in
a fluid medium (ELO). Various standard composite manufacturing processes (VARI,
RTM, hot-pressing and vacuum bagging) were explored to produce TA/ELO composites
plates using various TA/ELO mixtures and CF fabrics. Due to the uncommon nature of
TA/ELO, successful production of composite plates was achieved only through the hot-
pressing and vacuum bagging processes. VARI and RTM processes led to unsuccessful
attempts and are described in chapters 3.2.5.5 and 3.2.5.6. This chapter focuses on the
flexural properties of TA/ELO CF composite plates manufactured using hot-pressing
and vacuum bagging (Fig.A- 22 and Fig.A- 23).

5.1.1 Hot-pressing

Figure 45 showcases the results of the flexural testing for the samples manufactured
using hot-pressing. TA/ELO 1.5 and TA/ELO 1.75 samples exhibit similar moduli.
Among the bio-based samples, a maximum average flexural modulus of 104 GPa was
achieved with TA/ELO 1.5 and a Vr of 64.7 %. This value is slightly lower than the
maximum stiffness value obtained with CR80: 118 GPa with a Vrof 67.3 %. Even the
plate manufactured with CR80 and a Vrof 56.2 % demonstrates higher stiffness than the
bio-based samples, with an average modulus of 107 GPa, despite having a lower fiber
content. The higher modulus observed with CR80, even with a lower fiber content, can
be attributed to the significant number of defects observed in the TA/ELO composites
samples. Microscopy images reveal the presence of layers of TA clumps between the
CF fabrics and voids in the composite (Figure 44).
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Figure 44: Microscopy image x10 of TA/ELO 1.75 CF composite manufactured with hot-press-
ing. Length of the scale: 100 pm.
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Figure 45: Modulus and strength of the CF-composite plates manufactured with hot-pressing.
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Figure 45 also highlights the significant difference in flexural strength observed between
samples manufactured with CR80 and TA/ELO. The highest average flexural strength
observed for the bio-based samples was 392 MPa (for a V¢ of 64.7 %), whereas CR80
achieved a flexural strength of 1243 MPa with a similar fiber content (V¢ = 67.3 %).
Even a composite plate manufactured with CR80 and a Vrof33.2 % clearly outperforms
the bio-based composites in terms of strength. During flexural testing, delamination of
the CF layers was observed (Figure 46), and after testing, spots rich in TA particles in
the middle of the CF layers of the composites, along with dry fibers, could be observed
(Figure 47).

Figure 46: Delamination occurring during flexural testing of the TA/ELO CF composites.

During the hot-pressing process, owing to the abundance of TA particles larger than the
gaps between CF fiber, their tendency to agglomerate, and the poor reactivity of
TA/ELO, the fibers likely functioned as a filter. This caused the oil to be pressed to the
outer layers of the composite, thus leaving the inner core with some dry spots (Figure
47).
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-

Figure 47: TA particles and dry spots in the TA/ELO composites. Sample after flexural testing.

The high amount of defects (such as agglomeration of TA particles, presence of dry
fibers, and TA-rich spots) observed in the TA/ELO composites is undoubtedly impact-
ing the mechanical properties of the composites. While relatively high stiffness values
can still be observed for TA/ELO composites, with flexural moduli exceeding 100 GPa,
the strength is significantly affected. This is due to the failure of the TA/ELO matrix to
adequately disperse throughout the composites and fully impregnate all the fibers, con-
sequently limiting the composite's ability to withstand high loads.

5.1.2 Vacuum-bagging

Another composite-processing technique, vacuum-bagging, was investigated to try en-
hancing the mechanical properties of TA/ELO composites. UD SGL CF fabrics were
compacted using the vacuum-bagging technique at either 400 or 600 mbar, as described
in chapter 3.2.5.4. The same procedure was repeated using towpregs. Relatively low
vacuum values were chosen to attempt to avoid the filtering effect observed in the hot-
pressing process and to ensure full impregnation of the fibers.

Figure 48 shows the flexural properties of TA/ELO composites manufactured with UD
SGL fabric. It can be observed that the achieved Vris much lower than with hot-pressing
(Figure 45). Despite the lower Vi, slightly higher flexural strengths were observed than
in the TA/ELO plates manufactured with hot-pressing. This suggests better fiber im-
pregnation with the vacuum bagging technique. Improved mechanical properties were
obtained when applying a vacuum of 400 mbar, as it is expected to result in better com-
paction between the fiber layers. The best mechanical properties obtained with the UD
SGL fabric and vacuum bagging were a modulus of 56 GPa and a flexural strength of
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425 MPa achieved with TA/ELO 1.5 and a vacuum of 400 mbar. However, the strength
values obtained for TA/ELO CF composites are still much lower than the reference com-
posite plates manufactured with CR80 (Figure 45).
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Figure 48: Modulus and strength of the TA/ELO CF-composites plates manufactured with vac-
uum bagging. CF fabric used: UD SGL.

The composites manufactured with towpregs and the vacuum bagging technique (Figure
51) have the lowest V¢ (around 24 %). Again, better mechanical properties were obtained
with a vacuum of 400 mbar. TA/ELO 1.5 manufactured with towpregs and 400 mbar
shows a flexural strength of 387 MPa (Figure 51), a value close to the maximum flexural
strength (425 MPa) obtained with TA/ELO 1.5 and UD SGL fabric with a Vrof 33.2 %
(Figure 48). Hence, even with a lower fiber content, TA/ELO composites made with
towpregs do not experience a significant loss of strength compared to TA/ELO compo-
sites made with UD SGL fabric. Using towpregs to manufacture TA/ELO CF compo-
sites seems to be a suitable manufacturing method for obtaining high strength despite a
low fiber content.

However, when testing under flexural load, delamination still occurred in the samples
made with towpregs or UD SGL fabric, and dry TA particles between the CF layers,
similar to those shown in Figure 47, were still visible. Even though better impregnation
of the CF fibers is expected with the vacuum bagging technique, the filtering effect
caused by a large amount of TA particles, which are larger than the gaps between CF
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fibers, cannot be completely avoided. Figure 52 shows an example of TA/ELO compo-
site plates manufactured with the vacuum bagging technique (with UD SGL or
towpregs). A high excess of TA/ELO with a sticky consistency (indicating a mixture
rich in ELO and poor in TA) absorbed by the breather fabric is visible. This phenomenon
was observed for composite plates produced with UD SGL fabrics and towpregs. The
applied vacuum seems to be high enough to extract a lot of oil out of the composite plate,
leaving some dry spots in the composite. Furthermore, voids and TA agglomerates are
still visible in the composites, as seen in Figure 49 and Figure 50.

Figure 49: Microscopy image x10 of TA/ELO 1.5 CF composite manufactured with UD SGL fab-
ric and vacuum bagging (600 mbar). Length of the scale: 100 pm.
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Figure 50:

Modulus [GPa]

Figure 51:

Microscopy image x10 of TA/ELO 1.5 CF composite manufactured with towpregs and
vacuum bagging (400 mbar). Length of the scale: 100 pm.
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Figure 52: Example of TA/ELO CF composites plates after curing manufactured with UD SGL
fabric or towpregs and vacuum bagging technique.

5.2 Recycling of TA/ELO composites

5.2.1 Mechanical recycling

The chapter 4.7.1 demonstrated the mechanical recyclability of TA/ELO, a noteworthy
feature for composite applications. In fact, this attribute holds particular interest in the
realm of composites, as having a matrix material that can undergo mechanical recycling
can strongly help make the composite industry more sustainable as it would open up
possibilities such as:

- Constructing new composites from damaged or end-of-life composite scrap. By
shredding the composite into a fine powder and utilizing hot-pressing techniques,
the production of novel composites becomes feasible.

- Repurposing fibers offcuts and resin leftovers from the composite manufacturing
process to manufacture new composite parts. The unused resin can be cured,
transformed into a powder, mixed with short or long fibers, and then hot-pressed
to produce new composite materials.

These specific points will be the focus of investigation in this chapter. Flexural testing
will be used to assess the performance of the recycled samples.
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5.2.1.1 Recycling end-of-life composites scraps

To simulate the recycling of damaged or end-of-life CF composite scraps, powdered
TA/ELO 1.5 and 2.0 mixed with 5 or 10 wt.% of CF powder were hot-pressed into re-
cycled composites samples according to chapter 3.2.4 at 130 and 160 °C for 2 h.
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Figure 53:  Flexural moduli of recycled TA/ELO 1.5 and 2.0 CF composites with 5 and 10 wt.%
CF powder. Samples hot-pressed at 130 and 160 °C for 2 h. Adapted from [S15].

Figure 53 shows the flexural moduli of the recycled composites scraps hot-pressed at
130 and 160 °C. As observed in chapter 4.7.1.2, the stiffness of the samples manufac-
tured with TA/ELO 2.0 is higher than those prepared with TA/ELO 1.5. However, unlike
in chapter 4.7.1.2, higher moduli are observed when hot-pressing at 160 °C. Despite the
occurring oxidation, a high recycling temperature seems favorable for obtaining a com-
pact recycled composite sample. When comparing the moduli of the recycled TA/ELO
composites samples with the recycled TA/ELO samples (Tab. 12 and Tab. A- 3), it can
be said that a reinforcing effect is only observed when a hot-pressing temperature of
160 °C is applied as the moduli of the recycled composites increase. A high temperature
seems to favor a better flowing of TA/ELO, and hence, a better impregnation of the CF
powder.
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Tab. 12: Flexural moduli obtained for recycled TA/ELO 1.5 and recycled TA/ELO 1.5 CF

composites.
Material Recycled at 130 °C  Recycled at 160 °C
for 2 h [MPa] for 2 h [MPa]
TA/ELO 1.5 2478 + 41 2146 £ 125
TA/ELO 1.5+ 5 wt.% CF 1972 £ 51 2733 +44
TA/ELO 1.5 + 10 wt.% CF 2507 £ 115 3191 +£79

Likewise, when comparing the flexural strength of the recycled TA/ELO composites
samples with the recycled TA/ELO samples (Figure 55, Tab. 13 and Tab. A- 4), higher
strength values could only be observed for the recycled composites samples when hot-
pressing at 160 °C. When hot-pressing at 130 °C, lower strength values were observed.

Figure 54: Microscopy image of TA/ELO 1.5 CF composite with 5 (left) and 10 wt.% of CF pow-
der (right) recycled at 130 °C for 2 h. Adapted from [S15]. Length of the scale:
2000 pm.

Interestingly, the higher flexural strength value for all the recycled samples was obtained
for recycled TA/ELO 1.5 hot-pressed at 130 °C (33.2 MPa, Figure 40) and not with a
recycled TA/ELO composite sample. As can be seen from Figure 54 the CF powder
tends to agglomerate and a very bad dispersion of the CF powder is therefore obtained
in the samples. This leads to locally reinforced areas and therefore to stress concentra-
tions, affecting the strength of the material.
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Tab. 13: Flexural strengths obtained for recycled TA/ELO 1.5 and recycled TA/ELO 1.5 CF

composites.
Material Recycled at 130 °C  Recycled at 160 °C
for 2 h [MPa] for 2 h [MPa]
TA/ELO 1.5 332+1.9 83+1.2
TA/ELO 1.5 + 5% wt. CF 19.8+0.6 20.5+2.0
TA/ELO 1.5 + 10% wt. CF 24+ 14 15.8+0.7
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Figure 55:  Flexural strengths of recycled TA/ELO 1.5 and 2.0 CF composites with S and 10 wt.%

of CF powder. Samples hot-pres

sed at 130 and 160 °C for 2 h. Adapted from [S15].

5.2.1.2 Repurposing resin and fibers leftovers into compo-

sites

To simulate the repurposing of fibers offcuts and resin leftovers into new composites,
powdered TA/ELO 1.5 and 2.0 were mixed with 10 wt.% hand-cut CF fibers (approxi-

mate length of 5 mm) and hot-pressed

according to 3.2.4 at 130 and 160 °C for 2 h.
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Figure 56 shows an exemplary microscopic image of the inner surface of the recycled
composite. Too many dry fibers were present, which hints at a very poor impregnation
ability of the TA/ELO powder during hot-pressing. In order to avoid the dispersion of
dry fibers in the testing lab and damage to the electronics of the testing machines, these
recycled composites samples could not be tested under flexural load.

The tendency of fibers to agglomerate, in addition to the lack of mobility of the TA/ELO
chains, seems to hinder a proper impregnation of long fibers during the recycling pro-
cess, even when a high recycling temperature of 160 °C is applied.

Therefore, the idea of repurposing TA/ELO leftovers with off-cut fibers doesn’t seem
feasible, and a transesterification catalyst might be a potential solution to accelerate the
transesterification reaction and bond-exchanges, facilitating the flowing of TA/ELO and
the impregnation of long fibers.

2000 ym

Figure 56: Microscopy image of TA/ELO 2.0 with 10 wt.% of long fibers recycled at 130 °C for
2 h. Adapted from [S15]. Length of the scale: 2000 pm.

5.2.2 Solvolysis: recovery of the CF

CF are known for their expensive production and high energy requirements. A crucial
aspect of advancing sustainability in the composite industry is the ability to efficiently
recover clean fibers from composites at the end of their life without high technical effort
and energy consumption. Thanks to the ability of TA/ELO to break down in NaOH,
clean CF could successfully be recovered from TA/ELO composites after immersion in
NaOH solution for 1 day at ambient temperature, washing in water and drying, as shown
in Figure 57.
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after 1 day in NaOH solution

Figure 57: TA/ELO 1.5 composite (80 x 10 x 2 mm) with UD CF dipped in NaOH solution. Re-
covery of the CF after 1 day at ambient temperature.

The recovered fibers from Figure 57 were analyzed with a SEM. Figure 58 shows clean
CF with no signs of TA/ELO residues. The interface between immersed TA/ELO com-
posite in NaOH solution and non-immersed TA/ELO composite is shown in Fig.A- 24.
The dissolution of TA/ELO in NaOH is clearly visible. If recovered UD fibers have the
tendency to be messy due to the washing process after immersion in NaOH (Figure 57),
the organization of the recovered CF remains intact when using a stitched UD CF fabric
as seen in Fig.A- 25.
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Figure 58: SEM picture of recovered CF after immersion in NaOH solution, washing in water
and drying.
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5.3 TA/ELO composites demonstrators

The strength of the TA/ELO-CF composites was shown to be inferior to DGEBA-based
CF composites. Nevertheless, this chapter demonstrates the capability of TA/ELO to be
used as a matrix for carbon fiber-reinforced composites and processed into valuable
composite components. A longboard and a pipe were manufactured using TA/ELO and
CF as reinforcement fibers.

5.3.1 Longboard

A longboard demonstrator was manufactured using TA/ELO resin, CF fabrics and a
plywood core (Figure 59). Two layers of plywood (4 mm thick) were bonded together
with TA/ELO 2.0 and cured at 70 °C for 4 h. Clamps were used to apply an even pressure
on the 2 layers of plywood during curing. TA/ELO 2.0 exhibits a wood glue-like viscos-
ity and the highest stiffness among the TA/ELO mixtures as shown in chapter 4.4.3. In
the next step, two layers of +/- 45° CF fabric (245 g/m?) were applied to the top, and two
layers of +/- 45° CF fabric (245 g/m?) plus two layers of unidirectional (UD) fabric (280
g/m?) were applied to the bottom. The CF fabrics were impregnated with the TA/ELO
1.0 mixture using a sponge roller to impart flexibility to the longboard, then coated with
a release film. The entire setup was placed in a vacuum bag and cured under 400 mbar
at 70 °C for 18 h. Finally, a top layer of TA/ELO 1.5 was applied to the upper side and
cured at 90 °C for 18 h. The result is shown in Figure 59.

Low curing temperatures were deliberately chosen for safety reasons to prevent degra-
dation of the plywood during curing. Trucks and wheels were mounted on the longboard
and it could successfully be ridden.
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Figure 59: Longboard made with a plywood core, CF fabrics and TA/ELO.

5.3.2 Pipe

Towpregs were manufactured with TA/ELO 1.5 and CF tows according to chapter
3.2.5.1. The CF tows passing through the impregnation drum can be seen in Fig.A- 26.
The towpregs were then wound in a +/- 45 ° pattern on a metal mandrel (diameter of
20 mm) that was previously coated several times with a release agent.

Figure 60: Pipe made with TA/ELO-CF towpregs winded on a metal mandrel.
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The wound metal mandrel was covered with a release film and placed in an oven for
curing (16 h at 120 °C + 3 h at 140 °C). After curing, the pipe could be removed from
the mandrel as shown in Figure 60. Microscopic images of the composite structure in
the center part of the pipe were taken and can be seen from Fig.A- 27.

5.4 Conclusion of chapter 5

Various CF fabrics and composites processing techniques were investigated to manu-
facture TA/ELO CF composites. While VARI and RTM led to unsuccessful attempts,
composites plates could be manufactured using hot-pressing and vacuum bagging. How-
ever, the size of the TA particles, even after milling, and their tendency to agglomerate
still remain issues, as approximately half of the TA particles are still larger (Figure 28)
than a CF fiber (~ 10 um). Dry TA particles and some dry fibers were clearly identified
in the manufactured TA/ELO composites. The presence of these defects strongly affects
the strength of TA/ELO CF composites and slightly impacts the modulus. Compared to
reference CF composites produced with the resin CR80, TA/ELO CF composites clearly
underperform in terms of strength. Using towpregs and vacuum bagging appears to be
the most suitable configuration for producing TA/ELO CF composites with high
strength, despite low fiber content and the presence of a large number of defects.

In order to solve this problem, it seems necessary to have TA powder with a size signif-
icantly lower than the size of a fiber in order to allow the TA/ELO resin to properly
disperse in the composite fabric and fully impregnate the fibers. Additionally, using a
catalyst to enhance the reactivity of TA/ELO might help prevent separation of TA and
ELO during curing of the composite plates.

Examples of composites structures made with TA/ELO and CF were manufactured us-
ing vacuum bagging for the longboard and towpregs for the pipe, demonstrating the
feasibility of these methods for producing bio-based composites. The presence of ester
bonds in TA/ELO and the occurrence of transesterification are real advantages in the
realm of CF composite materials, as clean CF fibers can be recovered with low technical
efforts using commodity chemicals (NaOH). However, relatively poor strength values
were obtained with the mechanically recycled samples, indicating the limitations of this
method for producing composite parts from composites scraps or leftovers. The use of
a transesterification catalyst might be a solution to facilitate bond-exchange reactions
and increase the performance of the mechanically recycled composites.
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6 Characterization of a sustainable, BPA
and ECH-free epoxy thermoset based on
sorbic acid - EGCHC

Parts of this chapter were published in the Journal Macromolecular Materials Engineer-
ing with the article entitled "Synthesis of a sustainable and bisphenol A-free epoxy resin
based on sorbic acid and characterization of the cured thermoset". The publication was
developed in cooperation with the Wacker-Chair of Macromolecular Chemistry (Tech-
nical University of Munich) and the Chair I of Technical Chemistry (Technical Univer-
sity of Munich) within the framework of the project "Green Carbon" funded by the Ger-
man Federal Ministry of Education and Research (FKZ: 03SF0577A). The synthesis of
EGCHC was performed by Jonas Martin Breitsameter and the ecological assessment
was performed by Matthias Feigel. The contributors are listed in the reference:

Breitsameter, J. M.*, Reinhardt, N.*, Feigel, M., Hinrichsen, O., Drechsler, K. and
Rieger, B., Synthesis of a sustainable and bisphenol A-free epoxy resin based on sorbic
acid and characterization of the cured thermoset, Macromolecular Materials and Engi-
neering, 2023, 2300068. *These authors contributed equally.

6.1 Objectives and goals

As stated in chapter 2.5, one of the most important parameters when developing a bio-
based epoxy is the availability of the resources. Indeed, to address the depletion of fossil
resources and avoid concentration of production in specific regions, it is important to
use readily available chemicals.
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Figure 61: Synthesis toward the epoxy monomer compound EGCHC ((5) starting from the al-
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Within the framework of the publication "Synthesis of a sustainable and bisphenol A-
free epoxy resin based on sorbic acid and characterization of the cured thermoset"[53],
a novel epoxy monomer was synthesized. The synthesis of the novel EGCHC epoxy
monomer initiates with sorbic acid and requires the use of allyl alcohol and maleic an-
hydride as feedstocks (Figure 61). These components are classified as commodity chem-
icals due to their high annual production volume. Sorbic acid and allyl alcohol, key feed-
stocks, can be sourced with a significant biobased carbon content. For instance, sorbic
acid is a biomolecule present in rowan berries and is approved in the EU as a food addi-
tive (E200) [177-179]. Allyl alcohol can be derived from biobased glycerol [180]. Ma-
leic anhydride has a great industrial importance and recent publications explored the use
of renewable raw materials like furfural and its derivatives that can be obtained from
carbohydrates to produce maleic anhydride [181,182].

Due to the presence of numerous ester bonds in its structure, EGCHC, when cured with
an amine hardener, should be able to undergo transesterification. Consequently, the me-
chanical recycling of EGCHC thermoset appears feasible. The abundance of ester
groups should also facilitate the degradation of the cured material with chemicals, mak-
ing solvolysis achievable under mild conditions.

Chapter 6 focuses on the characterization and evaluation of performance of the new
multifunctional epoxy resin EGCHC whose components are directly bio-available or
can be synthesized from biomolecules. The synthesis being complex, only a few grams
of EHCGC material could be synthesized within the framework of the publication.
Therefore, characterization tests, sample geometry, and curing agents were carefully
chosen to obtain as many relevant material properties as possible for performance eval-
uation. Once more, the objective is to achieve properties comparable to those of the
standard DGEBA-based epoxy.
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6.2 Characterization methodology

The investigation of the curing of an epoxy resin is the first important step in order to
understand the curing temperatures needed to obtain a highly cross-linked material with
desirable properties. Differential Scanning Calorimetry (DSC) is a useful method to
comprehend the curing of a thermoset. Non-isothermal tests performed with DSC only
require 5-10 mg of material and give insight into the starting temperature of curing and
the temperature at the maximum of the exothermic peak, which help to determine the
curing temperatures. DSC measurements on cured samples further offer information into
the presence or absence of residual curing, confirming the efficacy of specific curing
temperatures in achieving a highly cross-linked material.

Moving beyond the curing phase, an understanding of the mechanical properties of the
material becomes imperative. Stiffness and strength stand out as the most important and
common properties to determine. The sample geometry 1BB from ISO 527-2 allows for
the determination of tensile strength and tensile modulus with minimal material usage.
A thickness of 1 mm instead of 2 mm and a total length of 30 mm was chosen to mini-
mize the amount of material used.

In order to evaluate the temperature range suitable for utilizing an epoxy resin and, con-
sequently, to identify potential applications for the newly developed thermoset, the evo-
lution of stiffness over temperature, Tg, and degradation temperature are key parameters
to define. The evolution of stiffness over temperature and Tg can be effectively deter-
mined through Dynamic Mechanical Analysis (DMA). The tensile clamp of the DMA
machine is ideal for testing thin samples. The specimen geometry 30 x 5 x 1 mm was
chosen for DMA testing. To determine the temperatures at which degradation occurs,
Thermogravimetric Analysis (TGA) can be utilized, employing small fractions (5 -
10 mg) of cured samples.

The mechanical and thermal properties of epoxy thermosets are significantly influenced
by their chemical structure which, in turn, are shaped by the choice of epoxy resins and
curing agents. Two common and commercially available amine-based curing agents,
T403 Jeffamine and IPD, were selected to see how the chemical structure of the curing
agent impacts the performance of EGCHC thermoset. Their use in common DGEBA-
based epoxies is also well-described in the literature. T403, a trifunctional primary
amine from Huntsman, finds common use in epoxy formulations for coating, adhesives
and composites applications [183]. IPD, a cycloaliphatic diamine, is an industrially
standard crosslinker with diverse applications, including rotor blades, pipes, high-per-
formance boats, and automotive parts [184].

The preparation of the samples was also adapted in order to minimize material usage.
Small quantities of resin and curing agents were mixed in 20 mL screw cap vials with
septum with a Classic Advanced Vortex Mixer. Only mixing ratios resulting in equimo-
lar epoxy to amine groups were studied (Tab. A- 5). For tensile and DMA testing, the
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mixture was poured into silicone molds with the desired dimensions to obtain the sam-
ples without wastage.

The mechanical and chemical recycling of EGCHC thermoset was investigated using
the broken samples obtained after tensile testing. The water absorption of EGCHC ther-
moset was assessed using samples after DMA testing.

To assess how EGCHC performs compared to commonly used epoxy thermosets, refer-
ence samples were prepared using DGEBA cured with T403 and IPD. This allows a
direct comparison of the thermo-mechanical properties, mechanical properties and the
thermal stability of EGCHC with DGEBA, one of the most used epoxy resins.

6.3 Curing of EGCHC

Figure 62 shows an example of the non-isothermal curing of EGCHC and DGEBA with
IPD and T403. The thermograms of EGCHC indicate a higher reactivity compared to
DGEBA, as the starting temperature of the curing enthalpy and the temperature at the
peak of the exothermic reaction are lower when using T403 and IPD for curing. This
can be explained by the location of the epoxy groups in close proximity to ester groups.
The inductive effects make it easier for the oxirane to undergo ring-opening, requiring
less energy to start the curing reaction. Comparatively, T403 is perceived as less reactive
than IPD, due to the steric hindrance posed by the methyl groups in o position to the
amine [185].
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Figure 62: DSC scans of EGCHC/DGEBA-IPD A) and EGCHC/DGEBA-T403 B) with the on-
set temperature of the curing enthalpy and the temperature of the maximum of the
exothermic peak. From: [53]

The curing conditions for EGCHC-based samples (Tab. 14) were chosen according to
the results of the non-isothermal DSC measurement (Tab. A- 6). The starting tempera-
ture of the curing enthalpy was designated as the curing temperature. The post-curing
temperature was selected to be higher than the temperature at the peak of the exothermic
reaction. Curing procedures comparable to those outlined in the literature were used to
cure the DGEBA samples [186,187].

Tab. 14: Curing conditions for the EGCHC and DGEBA-based samples. Adapted from: [53]

Curing time + tempera-  Post-curing time + tem-

Sample ture perature

EGCHC-IPD 30 min at 45 °C 30 min at 120 °C

EGCHC-T403 2hat60 °C 2hat 100 °C
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Curing time + tempera-  Post-curing time + tem-
Sample

ture perature
DGEBA-IPD 2hat60°C 2hat 160 °C
DGEBA-T403 3hat80°C 2hat 120 °C

The curing conditions applied (Tab. 14) allowed the creation of a highly crosslinked
material as cured samples were subjected to DSC measurements with a heating ramp
(10 K min!) from -20 to 180 °C and didn’t show any residual curing. The curing con-
ditions applied were also justified with the elevated Soxhlet gel contents obtained for
EGCHC samples (Tab. 15). ATR-IR measurements also confirm the completion of the
curing reaction as no residual IR-bands of the C—O epoxide vibration at a wavelength of
820 cm! were visible (Fig.A- 28).

Tab. 15: Gel-contents of the cured samples determined by Soxhlet-extraction with acetone as
solvent. Extraction time: 24h. From: [53].

Sample Gel-content in %
EGCHC-IPD 97.90 + 0.95
EGCHC-T403 97.59 +0.15

6.4 Mechanical properties

Fig.A- 29 shows an example of an EGCHC specimen under tensile testing. The results
obtained from the tensile testing are really promising and are depicted in Figure 63 and
Figure 64.
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EGCHC systems exhibited high tensile strength (Figure 63). The highest tensile strength
was obtained for EGCHC cured with IPD, as an impressive average tensile strength of
76 MPa could be obtained. A high standard deviation is also observed on the tensile
strength of EGCHC-IPD. Due to the rapid setting of EGCHC-IPD within minutes at
room temperature, the mixture underwent degassing for only 30 seconds, leaving air
inclusions in the material. The presence of voids in the material after curing significantly
impacts the tensile strength. Nevertheless, the average tensile strength of EGCHC-1PD
remains higher than that of DGEBA-IPD. EGCHC-T403 exhibits comparable tensile
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strength to DGEBA-T403. It is also important to highlight that the tensile strength ob-
served in the DGEBA specimens closely aligns with values documented in the literature
[187].

EGCHC systems exhibit greater stiffness compared to DGEBA-based epoxies, and sam-
ples cured with IPD are also characterized by increased stiffness in comparison to those
cured with T403 (Figure 64). The cycloaliphatic structure of IPD (Fig.A- 30) enables
the formation of a more rigid network. A maximum average tensile modulus of
3965 MPa was found for EGCHC-IPD. DGEBA stands out as one of the most used
epoxy resins worldwide with applications spanning diverse domains. The elevated E-
modulus achieved with EGCHC underscores its capability to meet the necessary stiff-
ness standards for high-performance applications. For instance, SIKA's Biresin CR80 is
a DGEBA-based epoxy system tailored for high-performance applications such as the
fabrication of fiber-reinforced composite parts in marine, wind turbine, and general in-
dustrial composite domains. This system achieves a tensile modulus of 2900-3000 MPa
after curing [77].

In general, tensile testing showed that EGCHC can rival the mechanical properties of
DGEBA.

6.5 Thermo-mechanical properties

DMA serves as an outstanding technique for determining the Tg of epoxy materials due
to its high sensitivity [91]. Additionally, the stiffness of various materials at different
temperatures can be compared. Figure 65 illustrates the variation in stiffness across tem-
perature and the tan o curves for both EGCHC and DGEBA cured with IPD and T403.
In line with the tensile modulus outcomes, samples cured with IPD exhibit greater stiff-
ness compared to those cured with T403 as the cycloaliphatic structure of IPD facilitates
the establishment of a more rigid network. This more rigid network obtained for the
samples cured with IPD also results in a higher Tg.

Tab. 16: Tg obtained from DMA for the EGCHC and DGEBA-based samples. Adapted from:

[53].
Sample Tgin °C
EGCHC-IPD 129.8 6.2
EGCHC-T403 56.5+1.3
DGEBA-IPD 161.7+0.4

DGEBA-T403 82.0+1.2
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In the temperature range spanning from -20 °C to around 38 °C, EGCHC-T403 exhibits
greater stiffness than DGEBA-T403. Similarly, EGCHC-IPD demonstrates higher stiff-
ness than DGEBA-IPD within the temperature range from -20 °C to approximately 100
°C. The abundant presence of oxirane rings in EGCHC's structure imparts the capability
to form a denser crosslinked structure compared to DGEBA. Nevertheless, the Tg of
EGCHC-based systems is inferior to that of their DGEBA equivalents (Tab. 16). This
can be attributed to the structural disparities between the resins. DGEBA, unlike
EGCHC, possesses aromatic substructures that can establish relatively strong intermo-
lecular n—n interactions. Consequently, the glassy region for EGCHC systems concludes
at lower temperatures compared to DGEBA systems, resulting in a prompt decline in
stiffness at lower temperatures.

Due to the higher stiffness and Tg observed with EGCHC-IPD in comparison with
EGCHC-T403, the curing agent IPD is more suitable than T403 for applications that
demand high stiffness at elevated temperatures. Although an average Tg of 130 °C was
achieved for EGCHC-IPD, the thermoset is not suitable for applications that require high
stiffness at temperatures exceeding 100 °C, as EGCHC-IPD experiences a significant
loss of stiffness above 100 °C as can be seen from Figure 65A.
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Figure 65: A) Storage modulus and B) tan 6 of DGEBA/EGCHC cured with IPD, C) Storage

modulus and D) tan 6 of DGEBA/EGCHC cured with T403. Determined by DMA.

From: [53].

6.6 Thermal stability

The thermal stabilities under nitrogen of EGCHC and DGEBA were analyzed using
thermogravimetric analysis (TGA). The thermal degradation of EGCHC samples begins
at temperatures of 203 °C when cured with IPD and 222 °C when cured with T403 (Fig-
ure 66). While the thermal stability (75+) of EGCHC is lower than that of DGEBA (ap-
proximately 340 °C), the thermal resistance of both EGCHC-IPD and EGCHC-T403 is
sufficient to prevent material degradation under standard usage conditions. The reduced
thermal stability of EGCHC samples can be attributed to the higher susceptibility of
ester bonds to pyrolysis, especially when compared to the more thermally robust ether
bonds present in DGEBA. Additionally, the absence of aromatic substructures in
EGCHC contributes to its comparatively lower resistance to elevated temperatures.
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Figure 66: TG curves of EGCHC-IPD, EGCHC-T403 and DGEBA-IPD, DGEBA-T403 for
comparison. From: [53].

6.7 Water absorption

The water uptake of EGCHC cured with IPD and T403 is shown in Figure 67. From the
graphic, it can be seen that EGCHC has the ability of absorbing a high amount of water.
Furthermore, the samples didn’t reach equilibrium after 72 h of immersion in water,
suggesting elevated water uptake with prolonged immersion. As already highlighted in
4.6, standard epoxy structures (DGEBA-based) are known to have a moderate water
uptake capability. The high-water absorption capability of EGCHC can be explained
with the high polarity of the molecule due to the presence of ester groups and the high
functionality of EGCHC that leads to the creation of multiple hydroxyl groups after cur-
ing with an amine hardener. Especially the high amount of hydroxy groups in the cured
EGCHC structures is expected to be responsible for the high water absorption of the
EGCHC samples [188].

T403 is a curing agent composed of repeating oxypropylene units in its backbone (Fig.A-
30) and creates larger gaps than IPD in the cured EGCHC structure. These larger gaps
explain the higher water absorption of EGCHC-T403 than EGCHC-IPD.
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Figure 67: Water uptake of EGCHC-IPD and EGCHC-T403

6.8 Recycling of EGCHC

6.8.1 Mechanical recycling

Tab. 17: Conditions applied for the mechanical recycling of EGCHC.

Sample Hot-pressing time + temperature
EGCHC-IPD lhat110°C
EGCHC-T403 1 hat130°C

Just like TA/ELO, the existence of ester bonds and the hydroxyl groups generated post-
curing grant EGCHC the ability to undergo recycling through transesterification reac-
tion. The ability of EGCHC to be mechanically recycled was confirmed, as recycled

samples could be manufactured. Broken EGCHC samples, after tensile testing in chapter
6.4, were grinded into a fine powder through ball milling and hot-pressed with a pressure
of 50 bar in an aluminum form under the conditions depicted in Tab. 17. EGCHC-IPD
samples were extremely brittle after hot-pressing at 130 °C and could not be taken out
of the form. Therefore, a lower hot-pressing temperature of 110 °C was chosen for
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EGCHC-IPD. After the recycling process, the EGCHC samples exhibited a yellowish
color (Fig.A- 31 and Fig.A- 32).
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Figure 68: Storage modulus of EGCHC-T403 virgin (blue) and after recycling (green).

A clear decrease of the storage modulus, and hence stiffness, is observed for the recycled
samples. Moreover, the recycled samples experienced a rapid loss of stiffness at lower
temperatures compared to the virgin samples (Figure 68 and Fig.A- 33). When examin-
ing Fig.A- 31 and Fig.A- 32, it can be seen that the recycled samples showcase some
coarse particles, suggesting poor powder compaction and a heterogeneous material. This
can explain the broad and poorly defined Tg obtained for the recycled samples (Fig.A-
34 and Figure 69).
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Figure 69: Tan delta of EGCHC-T403 virgin (blue) and after recycling (green).

6.8.2 Solvolysis

As already mentioned in chapter 4.7.2, the presence of multiple ester bonds in the ther-
moset favors solvolysis as the ester moieties can undergo basic hydrolysis under mild
conditions. EGCHC samples cured with IPD and T403 were placed in a NaOH solution
and the degradation was evaluated for different temperatures. At 80 °C, both EGCHC-
IPD and EGCHC-T403 completely dissolved within 30 min. At room temperature, the
EGCHC-T403 sample underwent complete decomposition within 17 h. In contrast, the
EGCHC-IPD sample exhibited greater resilience, experiencing only a 17 % reduction in
its initial weight, and full decomposition took approximately 4 days. A slight tempera-
ture increase notably shortens the decomposition time for EGCHC-IPD, as illustrated in
Figure 70.

The distinct behavior observed can be attributed to the density of the 3D network. Jef-
famine T403 is composed of repeating oxypropylene units in its backbone (Fig.A- 30),
creating larger gaps in the cured structure. As a result, the solvent can penetrate more
deeply, facilitating the attack on the ester bonds. In contrast, the network formed by
curing with IPD is more densely packed, offering fewer degrees of freedom and imped-
ing the solvent's diffusion into the thermoset.
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Figure 70: Decomposition of EGCHC-IPD in NaOH (1 mol/L) at room temperature, 30 and 40
°C. From: [53].

6.9 Ecological assessment

The evaluation of the ecological impact of the entire reaction synthesis involves as-
sessing the bio-based fraction of the product. This entails analyzing each component in
terms of the bio-based content of substances available on an industrial scale. Various
scenarios are presented to illustrate the evolution of the bio-based content using estab-
lished routes to synthesize different starting materials with renewable resources. Conse-
quently, both a conservative approach and an optimistic outlook on the availability of
renewable chemicals are considered for epoxy EGCHC. Additionally, a comparison is
made with the industry standard DGEBA, both in its pure form and when cured with
conventional curing agents. Bio-based fractions are computed based on the structural
information of the molecules and their transformations throughout the reaction, as out-
lined in standard DIN EN 16785-1 [189]. This method meticulously determines the bio-
based fraction through radiocarbon and elemental analysis, considering the total content
of'bio-originating H, C, O, and N atoms. The bio-based content (wpp) represents the mass
fraction of the bio-based mass mucon (total H, C, O, N mass) in relation to the total
sample mass m. Furthermore, the bio-based carbon content is reported in accordance
with the ASTM D6866 standard [190].

6.9.1 Synthesis route

As mentioned earlier, allyl alcohol is accessible in a bio-available form as it can be de-
rived from glycerol [180]. Allyl sorbate, derived from the synthesis of sorbic acid and
allyl alcohol, is determined to possess a bio-based fraction of wy, = 0.753. While sorbic
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acid could theoretically be sourced from natural rowan berries [179] the predominant
industrial method involves the condensation of malonic acid (fossil-based) and cro-
tonaldehyde (100 % bio-based), as outlined by Doebner [191]. Consequently, a con-
servative estimate of wyp = 0.667 is assigned to sorbic acid. In the subsequent reaction
step, where allyl sorbate reacts with maleic anhydride, the bio-based content of the in-
termediate is reduced to 45.8 %. Maleic anhydride, primarily obtained through butane
oxidation in significant quantities is a key building block in the chemical industry
[192,193]. Despite the increasing publication of environmentally friendly synthesis
routes for maleic anhydride [181,182], none have been implemented on an industrial
scale to date.

The formation of TACHC, achieved by the addition and condensation of two allyl alco-
hol molecules, raises the bio-based fraction once more to wy, = 0.630. For the final epox-
idation step, the reaction pathway utilizing mCPBA is selected as the fundamental syn-
thesis route. mCPBA is a commercially available oxidizing agent and its industrial pro-
duction relies on fossil resources [194]. Consequently, three oxygen atoms are intro-
duced into TACHC, resulting in the final product EGCHC with a bio-based content of
wob = 0.532. Utilizing the ASTM D6866 standard methodology, which tracks only car-
bon atoms, yields a bio-based fraction of 68.4 % [190]. The potential substitution of
some conventionally produced chemical components with bio-based alternatives could
further augment the overall bio-based content.

6.9.2 Comparison of EGCHC and DGEBA

Figure 71 depicts the conservative assessment of EGCHC's bio-based content, utilizing
currently available green chemicals and contrasts it with the standard epoxy DGEBA.
The calculation is performed using both of the aforementioned standards, revealing var-
ying bio-based fractions depending on the norm applied.
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Figure 71:  Bio-based content of EGCHC in comparison with DGEBA calculated using the stand-
ard DIN EN 16785-1 and ASTM D6866. Development of the bio-based content with
substitution of fossil-based components for EGCHC. Bio-based content of DGEBA
sytems from assumed 100 % green epichlorohydrine. From: [53].

The bio-based fractions can vary based on the specific norm used, and in this regard,
EGCHC demonstrates significantly enhanced bio-based contents compared to DGEBA.
In the case of DGEBA, the best-case scenario is considered, assuming a synthesis in-
volving BPA and 100 % green epichlorohydrin. However, due to its small molecular
weight, the bio-based content of DGEBA can only be increased to wyp = 0.335. Addi-
tionally, challenges related to the toxicity of the utilized chemicals, as outlined in the
introductory section, persist.

6.9.3 Scenarios for increasing bio-based fraction of
EGCHC

Figure 71 also presents various scenarios illustrating the progression of the bio-based
fraction through the utilization of environmentally friendly alternatives in the proposed
production of EGCHC. Clearly, a significant enhancement in sustainability can be at-
tained without altering the synthesis route. Viable methods for producing bio-based
sorbic acid and maleic anhydride are documented in the literature, although they are
often impeded by the more economically efficient conventional processes. However,
with the growing demand for bio-based products, this dynamic could shift in the near
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future. Consequently, bio-based fractions of 61.9, 75.8, and 84.5 % can be readily
achieved in scenarios involving 100 % bio-based sorbic acid, maleic anhydride, or both,
respectively.

Replacing the epoxidation step poses a greater challenge, given the absence, to our
knowledge, of reported routes for bio-based mCPBA. Consequently, the logical course
of action would be to consider an alternative epoxidation method. Other green alterna-
tives to mCPBA include hydrogen peroxide combined with various catalysts such as
polyoxometalates [195], Pt [196], methyltrioxorhenium [197], or enzymes [198,199].
Opting for an alternative route involving bio-based starting materials, such as enzymes,
could elevate the overall bio-based content by 15.5 %, reaching 68.7 % based on the
initial value of wybp = 0.532. It is essential to note that, for ASTM D6866, the epoxidation
step does not impact the bio-based fraction, as oxygen atoms are not considered in the
determination.

6.9.4 Curing of EGCHC and DGEBA

The epoxy EGCHC, cured with both IPD and T403, is compared with the industrially
relevant competitor DGEBA. Figure 72 illustrates the achievable bio-based contents for
the four resin systems calculated using the standard ASTM D6866. For IPD, two cases
are considered: using conventional fossil-based IPD or the readily available green IPD
(VESTAMIN IPD eCO), which has a 90 % bio-based carbon content [200]. Due to dif-
ferent required mixing ratios, the influence of the epoxy is more or less pronounced.
However, in all studied samples, an increased bio-based fraction is observed.

Substituting IPD with IPD eCO results in the highest bio-based contents. Considering a
current standard system of DGEBA cured with IPD, the maximum bio-based carbon
amount can be achieved by using both green ECH (wp, = 1) in combination with ECO
IPD (wvb = 0.9). This results in an epoxy resin with a total bio-based carbon content of
40.9 %, which still relies on the use of BPA. In contrast, a resin produced with EGCHC
and IPD eCO can reach a total we, = 0.747.



Characterization of a sustainable, BPA and ECH-free epoxy thermoset based on sorbic acid — EGCHC
113

I Fossil-based EZZ3 Bio-based

100 :
]
:
80 I
S ]
s ]
z ]
£ 60 :
(@) ]
(] ]
"O ]
o} I
% 40 "
L0 I
e I
M Y :
20 . -
)
1B
o 7 7
0 Z !
SR
DGEBA EGCHC

Figure 72: Bio-based content of resins cured with IPD eCO, IPD and T403 of EGCHC in com-
parison with DGEBA calculated using the standard ASTM D6866. Bio-based content
of DGEBA stems from assumed 100 % green epichlorohydrine. From: [53].

6.10 Conclusion of chapter 6

In order to find a bio-based substitute to DGEBA, research has focused on bio-com-
pounds such as vanillin or eugenol, exhibiting a structural resemblance to BPA and fea-
turing aromatic groups that contribute to high mechanical and thermal properties. The
novel epoxy monomer EGCHC that readily yields a bio-based fraction of 68.4 % and
that necessitates available chemicals for its synthesis, lacks aromatic groups, yet it
demonstrates the potential to rival DGEBA in terms of stiffness and strength. The abun-
dance of oxirane rings in EGCHC's structure facilitates the formation of a denser cross-
linked structure compared to DGEBA. However, the absence of aromatic substructures
accounts for its lower Tg compared to DGEBA.

The curing temperatures applied in this chapter for EGCHC are quite moderate, and
curing times are low (especially for EGCHC-IPD) when comparing with their DGEBA
counterparts, offering energy-saving benefits. Another notable characteristic of the
EGCHC compound is the presence of ester groups, enabling transesterification when
cured with amine hardeners and, consequently, mechanical recycling. Also, solvolysis
can also be applied with mild conditions, which is a great feature to allow the easy
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recovery of the fibers. However, it is crucial to acknowledge the high-water absorption
capacity of EGCHC, which strongly limits its usage in outdoor applications. Addition-
ally, the thermal stability may limit its suitability for high-temperature applications, as
degradation occurs at temperatures approaching 200 °C. Generally, EGCHC-IPD exhib-
ited superior mechanical and thermal properties. An average Tg of 130 °C was noted.
However, it's important to highlight that a significant decline in stiffness occurs rapidly
beyond 100 °C. This characteristic renders EGCHC-IPD unsuitable for applications de-
manding high stiffness at temperatures surpassing 100 °C.

Lastly, further investigation into the properties of EGCHC reinforced with fibers is nec-
essary to determine if EGCHC can serve as a high-performance matrix for composite
applications.
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7 Conclusion of the thesis

Various bio-based resources have been employed in this study to develop epoxy ther-
mosets, contributing to the expansion of knowledge regarding potential bio-based re-
sources for epoxy thermoset production. This effort aims to address the depletion of
fossil resources.

Poor mechanical properties are commonly reported in the literature for EVO. Neverthe-
less, the investigation of TA/ELO showed that high stiffness, moderate strength, and
high Tg can be achieved with ELO cured with a bio-based curing agent (TA), by milling
TA into a fine powder and facilitating the reaction between the hydroxyl groups of TA
and the oxirane groups of ELO by using an excess of hydroxyl groups. This highlights
the potential of using ELO and TA as natural resources to produce performant epoxies.
Additionally, with the work on EGCHC, it has been shown that competitive mechanical
properties to DGEBA systems could be reached with a novel epoxy compound that
doesn’t possess aromatic groups in its structure with a significant bio-based content
(68.4 %) and that can be produced with available chemicals: sorbic acid, allyl alcohol
and maleic anhydride.

This thesis demonstrates the possibility of developing bio-based and BPA- and ECH-
free epoxy thermosets with strong mechanical and thermal properties, along with recy-
cling ability. Due to the presence of ester groups and hydroxyl-groups in the cured struc-
tures, the materials were able to be mechanically recycled through transesterification
reaction. Furthermore, the ester moieties enable the cured thermosets to be degraded via
solvolysis under mild conditions using a common chemical: NaOH. This feature is par-
ticularly interesting for composite materials, as it allows the recovery of clean CF fibers
with low technical efforts. To address the growing issue of composite waste in the com-
ing decades, and in general to reduce the environmental impact of composite materials
to meet the imposed directives, the use of recyclable epoxies becomes imperative.

In general, the study of EGCHC and TA/ELO showcased the great impact of the mole-
cule structure on the various properties of the epoxy. In order for an epoxy system to be
performant and utilized in load-bearing applications, the epoxy must encompass a mul-
titude of attributes which goes beyond high stiffness, high strength and high Tg. Param-
eters such as low water uptake, easy processability, good impregnation of fibers capa-
bility, low curing temperatures and fast curing are also crucial characteristics for indus-
trial viability. Particularly high water absorption capability was found for the EGCHC
and TA/ELO thermosets, which strongly limits their use in wet conditions. Additionally,
poor compatibility between TA and ELO, slow curing reactivity, and the solid nature of
TA were identified as limitations when using TA/ELO as a matrix for CF-composites.
If TA/ELO reinforced with CF could achieve a stiffness comparable to DGEBA-based
CF composites, the strength of the TA/ELO composites was much lower. This was due
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to poorly impregnated fibers during the composite manufacturing processes and the
presence of defects such as TA lumps.

Further investigations into milling TA into particles smaller than fibers and on possible
catalysts to enhance curing efficiency are needed to increase the performance of
TA/ELO CF composites and reduce curing times. To reduce the high-water uptake of
the developed structures, hydrophobization of the molecules can be considered. To en-
hance the performance of mechanically recycled thermosets and composites, transester-
ification catalysts can be employed to facilitate bond-exchange reactions. Additional re-
search on the properties of EGCHC reinforced with fibers is essential to ascertain its
suitability as a high-performance matrix for composite applications. The properties of
EGCHC cured with bio-based curing agents also need to be assessed to work towards a
solution for the depletion of fossil resources.

The thermosets and composites developed in this thesis embody the principles of green
chemistry and support a circular economy by advocating for the utilization of renewable
resources and minimizing waste generation. They facilitate a closed-loop system
wherein materials can be recycled at the end of their life cycle, thus promoting resource
efficiency and waste reduction.

While the literature acknowledges the promise of epoxy production using EVOs owing
to their widespread availability, it is crucial to recognize that utilizing edible vegetable
oils in the polymer industry may have potential adverse effects on the long-term stability
of the food supply chain. The overall practice of cultivating plants specifically for epoxy
production inherently competes with the utilization of arable land for food production.
Therefore, it becomes imperative to identify plants with self-sustaining harvesting prac-
tices or waste products suitable for epoxy production, without compromising essential
resources, to safeguard an adequate global food supply.
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A Appendix

a Additional figures

Performance

Virgin material Fluidized bed Microwaves Solvolysis Pyrolysis Mechanical
Pyrolysis Pyrolysis recycling

Fig.A- 1: Performance of fibers in composites in terms of fiber length, sizing, and fiber orien-
tation. The size of the bars is indicative and varies depending on process parameters
and fiber type. Adapted from: [50].
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Fig.A- 5: Stamp-die system used for hot-pressing recycled TA/ELO and TA/ELO composites
samples. This system was produced in [S15].
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Fig.A- 6: TA agglomerates on the sponge roller during lamination

Fig.A- 7: UD Twill 3/1 fabric
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Fig.A- 8: 3/1 twill UD CF fabrics stacked on each other after being hand-laminated.

Fig.A-9: Oily surface on TA/ELO CF composites plates after hot-pressing.
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Fig.A-10: UD SGL fabric

Fig.A-11: Inhomogeneous TA/ELO sample after curing at 120 °C
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Fig.A-17: TG curves of high-performance epoxy CR80 from SIKA and TA/ELO 0.85 cured
with C2. From: [3].
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Fig.A-19:  Change of color of recycled TA/ELO 1.5 with hot-pressing temperature and time ap-

plied (up: samples hot-pressed for 1 h, down: samples hot-pressed for 2 h).
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Fig.A-22: TA/ELO 1.5 CF composite plate manufactured with hot-pressing

Fig.A-23: TA/ELO 1.5 CF composite plate manufactured with UD SGL fabric and vacuum
bagging
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SED 150kV WD 16.9 mm Low-PC HighVac. [G1x55 I 200 pm

Fig.A-24: SEM picture showing the interface between immersed TA/ELO composite in NaOH
solution (left) and non-immersed TA/ELO composite (right).

Fig.A-25: TA/ELO composite with stitched UD-CF fabric after immersion in NaOH solution,
washing in water and drying. Recovery of the CF.
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Fig.A-26: Impregnation of CF tows with TA/ELO 1.5.
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Microscopic image (x50) of the TA/ELO CF pipe.

Fig.A- 27.
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ATR-IR spectra of the cured EGCHC-T403 and EGCHC-IPD samples. Zoom into
the relevant region of C—O epoxide vibration at 820 cm™. From: [53].
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Fig.A-29: Tensile testing of EGCHC samples

NH, H2N x+y+z=5 or 6
H2N HZNV\ )/%* /\ﬁNHZ
IPD Jeffamine T403

Fig.A-30: Chemical structures of Jeffamine T403 and IPD
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Fig.A-31: Recycled EGCHC-T403 after hot-pressing at 130 °C for 1 h.

Fig.A-32: Recycled EGCHC-IPD after hot-pressing at 110 °C for 1 h.
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b Additional tables

Tab. A-1: Amount of CF layers used for the production of the composite plates and Vi ob-

tained.
. CF fabric Number of Manufacturing o
Resin used used CF layers method Vi (%)
TA/ELO 1.5  UD Twill 3/1 9 Hot-pressing 64.7
TA/ELO 1.75 UD Twill 3/1 8 Hot-pressing 62.2
CR80 UD Twill 3/1 8 Hot-pressing 56.2
CR80 UD Twill 3/1 9 Hot-pressing 67.3
CR80 SGL Tow 3 Hot-pressing 33.2
TAELOL5 T 5 Vacuum bagging 23.6
' OWPIeEs 400 mbar '
TAELOL5 T 5 Vacuum bagging 24.4
. owpregs 600 mbar :
Vacuum bagging
TA/ELO 1.5 UD SGL 7 332
400 mbar
Vacuum bagging
TA/ELO 1.5 UD SGL 7 32.9
600 mbar
Vacuum bagging
TA/ELO 1.75 UD SGL 6 30.9
400 mbar
Vacuum bagging
TA/ELO 1.75 UD SGL 7 31

600 mbar
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Tab. A-2: Comparison of the mechanical properties with a pre-curing temperature of 120 and
140 °C for TA/ELO 1.25. From: [3].

Flexural Modulus (MPa) Flexural Strength (MPa)  Elongation at break (%)

Sample | / 16 h 120 °C 16 h 16 h 120 °C 16 h 16 h120°C 16 h 140 °C
Curing — +3h 140 °C 140 °C +3h 140 °C 140 °C +3h 140 °C
TA/ELO 1.25 1991 + 27 2241+ 78 65+1 35+£3 42+0.5 1.5+0.1

Tab. A-3:  Flexural moduli obtained for recycled TA/ELO 2.0 and recycled TA/ELO 2.0 CF

composites.
. Recycled at 130 °C  Recycled at 160 °C
Material
ateria for 2 h [MPa] for 2 h [MPa]
TA/ELO 2.0 2922 + 94 2464 + 233
TA/ELO 2.0 + 5 wt.% CF 2652 +£47 3613 £ 257
TA/ELO 2.0 + 10 wt.% CF 3707 + 148 4265 + 180

Tab. A-4:  Flexural strengths obtained for recycled TA/ELO 2.0 and recycled TA/ELO 2.0 CF

composites.
) Recycled at 130 °C  Recycled at 160 °C
Material
ateria for 2 h [MPa] for 2 h [MPa]
TA/ELO 2.0 315+ 1.1 89+1.5
TA/ELO 2.0 + 5 wt.% CF 21.5+£0.5 21.0+1.2
TA/ELO 2.0 + 10 wt.% CF 289+1.3 179+ 1.7

Tab. A-5:  Mixing ratios for the EGCHC and DGEBA samples with IPD and Jeffamine T403 as
hardeners. Molar ratio of epoxy compound and hardener = 1.0. Adapted from: [53].

Sample curing agent per 2 gresin/ g

EGCHC-IPD 0.842

EGCHC-T403 1.571
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Sample curing agent per 2 g resin/ g
DGEBA-IPD 0.499
DGEBA-T403 0.950

Tab. A- 6:  Onset temperature of the curing enthalpy and temperature at the maximum of the
exothermic peak. Adapted from: [53].

Maximum of the exo-

Sample Onset temperature in °C thermic peak in °C
EGCHC-IPD 43+3 78 £1
EGCHC-T403 53+3 94 +£2
DGEBA-IPD 87+3 121 +£1

DGEBA-T403 103 +£1 140 £ 1
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