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RESUMO

As resinas termofixas sdo altamente desejadas em aplicacdes de compdsitos poliméricos,
especialmente para materiais poliméricos de alto desempenho que possuem propriedades
mecanicas e térmicas elevadas. Entre as resinas que atendem a esses critérios, a resina de
benzoxazina esta conquistando seu espago na arena de termofixos de alto desempenho devido as
impressionantes propriedades térmicas € mecanicas de seu polimero, a polibenzoxazina. Como as
resinas de benzoxazina de alto desempenho e comercialmente disponiveis sdo baseadas no toéxico
bisfenol A (BPA), muitos tipos de pesquisas foram realizados para procurar materiais de partida
alternativos para resinas de benzoxazina renovaveis de alto desempenho. Buscando alinhar a
quimica de benzoxazina com sustentabilidade, este trabalho se concentra no desenvolvimento de
resinas de benzoxazina bio-baseadas de uma forma ambientalmente correta, seguindo, tanto quanto
possivel, os principios da Quimica Verde. Apds a produgdo dessas resinas, estas foram utilizadas
para o desenvolvimento de polimeros renovdveis de alto desempenho. Os capitulos 1 e 2 fornecem
a introducdo e a compreensdo fundamental da quimica das benzoxazinas, das resinas termofixas e
da necessidade de desenvolver estes dois topicos de maneira sustentdvel. No Capitulo 3 € discutido
o desenvolvimento de benzoxazina de bio-baseada utilizando derivados de lignocelulose (catecol
e furfurilamina), como materiais de partida utilizando um método de sintese ambientalmente
correto com o uso de irradiacdo de microondas como fonte de calor e poli(etilenoglicol) como
solvente. Para validar este método de sintese para outros mondmeros de benzoxazina, foi obtida
também uma benzoxazina parcialmente bio-baseada utilizando BPA e furfurilamina. Estes
mondmeros foram copolimerizados em polibenzoxazinas, demonstrando elevadas propriedades
térmicas e mecanicas, temperaturas de transi¢cdo vitrea entre 290 e 350 °C. No Capitulo 4 € discutida
a utilizagc@o de recursos renovaveis amplamente disponiveis para o desenvolvimento de resinas de
benzoxazina bio-baseadas de alto desempenho e livres de BPA, utilizando o Liquido da Casca da
Castanha de Caju (LCC) como materiais de partida. A resina obtida foi copolimerizada com a
benzoxazina sintetizada anteriormente, a base de lignocelulose, em diferentes proporcdes e
forneceram polibenzoxazinas com maiores temperaturas de transi¢do vitrea e retardamentos de

chama do que as resinas de benzoxazina a base de BPA.

Palavras-chave: catecol; LCC; polibenzoxazinas; poli(etilenoglicol); sintese assistida por micro-

ondas; quimica verde.



ABSTRACT

Thermosetting resins are highly desired in polymeric composite applications, especially high-
performance polymeric materials with high mechanical and thermal properties. Among the resins
that fit these criteria, benzoxazine resin is conquering its space in the high-performance
thermosetting resin arena due to the impressive thermal and mechanical properties of its polymer,
polybenzoxazine, which can be higher than of the conventional thermosetting resins. As the high-
performance and commercially available benzoxazine resins are based on the toxic bisphenol A
(BPA), research has been performed on alternative starting materials for renewable high-
performance benzoxazine resins. Looking forward to aligning benzoxazine chemistry with
sustainability, this work focuses on developing bio-based benzoxazine resins in an eco-friendly
manner, following as much as possible the principles of Green Chemistry. After the production of
these resins, they were used to develop renewable high-performance thermosets. Chapter 1 and 2
provide the introduction and fundamental understanding of benzoxazine chemistry, thermosets,
and the necessity to develop these two topics sustainably. Chapter 3 discusses the development of
bio-based benzoxazine using lignocellulose derivates (catechol and furfurylamine) as starting
materials by using an eco-friendly synthesis method, which compromises the use of microwave
irradiation heating source and poly(ethylene glycol) as solvent. To validate this synthesis method
for other benzoxazine monomers, a semi-bio-based benzoxazine was obtained using BPA and
furfurylamine as starting materials. These two monomers were further copolymerized in different
ratios into polybenzoxazines, demonstrating high thermal and mechanical properties, glass
transition temperatures ranging from 290 to 350 °C, and good flame retardancies. Chapter 4
discusses the use of widely available renewable resources to develop high-performance and BPA-
free bio-based benzoxazine resins by using Cashew Nut Shell Liquid (CNSL) as starting material.
The obtained resin was copolymerized with the previously lignocellulose-based benzoxazine in
different ratios, demonstrating polybenzoxazines with higher glass transition temperatures and

flame retardancies than the BPA-based benzoxazine resins.

Keywords: catechol; CNSL; polybenzoxazines; poly(ethylene glycol); microwave-assisted

synthesis; green chemistry.
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1 GENERAL INTRODUCTION

Polymeric materials are highly present around us, and their use has become essential
for our daily lives due to their low-cost, easy processability, and a wide variety of applications.
They can be found as textiles for our clothes, as plastic bags in the supermarket, or as lightweight
materials for the frameworks of cars. Even though polymers are widely present in our environment,

what are polymers exactly?

Polymers are macromolecules, molecules with relatively high molecular weights that
can reach millions of Daltons. These are obtained by linking hundreds, thousands, or tens of
thousands of basic units of usually low molecular weights (ODIAN, 2004). These basic units are
generally called monomers, and the reaction process that transforms monomers into a polymer is

called polymerization.

There are many ways to classify polymers, and one is regarded to their thermal

behavior in thermoplastics and thermosets.

Thermoplastics are constituted of linear or branched-chain polymers, which give the
ability to be soft or fusible when increasing heat, which turns them repeatedly remoldable.
However, thermosets are constituted of highly cross-linked polymers making these infusible and

insoluble.

Thermosets are frequently used for high-performance polymers that can maintain their
thermal, mechanical, and chemical properties when exposed under extreme conditions such as high
physical stress, high temperature, and corrosive materials (DE LEON et al., 2016). With such
remarkable properties, these thermosets are widely used for adhesives, coatings, or matrices for
polymer composites. Its precursors, thermosetting resins, are usually prepolymers that are mainly
highly viscous or soft solid materials. The most known and commercially available thermosetting

resins are unsaturated polyesters, phenolics, and epoxy.

Unsaturated polyester resins are polymers obtained after condensation of unsaturated
acid or anhydrides and diols, where the unsaturations present along with the polymer chain act as
cross-linking sites. The curing process of unsaturated polyesters, which is usually blended with

styrene, can be performed through radical polymerization of the olefinic groups after catalytic
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decomposition of a peroxide, such as benzoyl peroxide (DHOLAKIYA, 2012; GAO et al.,
2019)(Figure 1).

Figure 1 - Radical polymerization of unsaturated polyester resins
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Phenolic resins gave birth to the first commercialized synthetic plastics under the name
of bakelite. These resins are obtained by condensation polymerization of phenol and formaldehyde
(Figure 2), where depending on the ratio used and the type of catalysis, two different kinds of
phenolic resins can be achieved, which are resole (thermosetting resin) and novolac (thermoplastic
resin) (XU et al., 2019). Resole resins are obtained using a formaldehyde/phenol ratio > 1 and after
a base-catalyzed polymerization. The excess of formaldehyde favors cross-linking, and at high

temperatures, this resin is cured into a very stable phenolic thermoset. However, novolac resins are
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obtained using a formaldehyde/phenol ratio < 1 and under acid-catalyzed polymerization. These

novolac resins can be turned into a thermoset after reacting with a catalyst (SARIKA et al., 2020).

Figure 2 - General production of phenolic thermosets
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Epoxy resins are thermosetting materials that contain at least one epoxy function,
which is reactive with other groups such as hydroxyls. The curing process of epoxy resins is
through a ring-opening polymerization (ROP) which usually requires curing agents or hardeners,
such as amines (RAQUEZ et al., 2010; VERMA et al., 2020). The most known and commercially
available epoxy resin and hardener are diglycidyl ether of bisphenol A (DGEBA) and
diethylenetriamine (DETA), respectively, and the combination of these two produce an epoxy

thermoset possessing a highly crosslinked network (Figure 3)
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Figure 3 - Ring-opening polymerization of commercially available epoxy resin and hardener
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These mentioned thermosetting resins are well studied and widely available. However,
a new kind of thermosetting resin is gaining attention from academia and industry: benzoxazine
(LYU; ISHIDA, 2019). After thermal ring-opening polymerization of this monomer into
polybenzoxazine (Figure 4), the properties of the obtained polymer are a combination of the
thermal properties and flame retardancy of phenolics with the mechanical properties of advanced

epoxy systems (NAIR, 2004).
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Figure 4 - Polymerization of benzoxazine
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Another exciting aspect of benzoxazine resins is their great molecular design
flexibility. Depending on the starting material used, mainly phenolics and primary amines, easy
tailoring on the properties of the benzoxazine monomer and, consequently, the polymer can be
made (KISKAN, 2018). Commercially available benzoxazines are classified as high-performance
or fine chemicals and are usually derived from toxic bisphenol A (BPA). Since benzoxazine
synthesis usually requires toxic solvents to avoid technical issues and uses long reaction times that
can last hours or days under conventional heating, it is essential to develop eco-friendly synthetic

methods and bio-based benzoxazine resins for renewable high-performance materials.

For the development of bio-based benzoxazines and polybenzoxazines, the use of
biomass and biomass-derived starting materials for this purpose has been extensively reported
(LYU; ISHIDA, 2019). Furfurylamine, a primary amine derived from platform chemicals of
lignocellulose, has been used as starting material and demonstrated high thermal and mechanical
stability of bio-based polybenzoxazines (LIU; CHOU, 2005). The use of catechol, a lignin-based
phenolic, has not been reported to synthesize bio-based benzoxazines. However, according to the
literature (DUMAS et al., 2016b), this phenolic compound demonstrates excellent potential for

developing this kind of resin.

Another interesting renewable resource for phenolics for the development of bio-based

benzoxazine is the widely available Cashew Nut Shell Liquid (CNSL), the main by-product of the
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cashew nut industries (LOMONACO; MELE; MAZZETTO, 2017). Cardanol, the main component
of CNSL, has already been used to develop bio-based polybenzoxazines (MONISHA et al., 2019).
However, their properties are not ideal for high-performance materials as they demonstrate low
thermal and mechanical properties. Even though that raw CNSL has already been used for
benzoxazine synthesis (A. ATTANASI et al., 2012), no study was performed on its respective

polybenzoxazine.

Looking forward to developing an eco-friendly synthetic method for bis-benzoxazine
synthesis, the use of neoteric solvents and alternative heating sources are viable options. As a
neoteric solvent, poly(ethylene glycol), also known as PEG, can be used as a non-toxic and inert
solvent. And owing to its capability to absorb microwave irradiation, this electromagnetic wave
can also be used as an excellent heating source, providing high yields and short reaction time

(KAPPE, 2004; OLIVEIRA et al., 2017).

Therefore, looking forward to substituting BPA-based benzoxazines, the purpose of
this study is to develop novel high-performance bio-based benzoxazines by using lignocellulose-
derived chemicals and CSNL as starting materials. To make the benzoxazine synthesis sustainable,
these renewable resins were generated using PEG as a non-toxic neoteric solvent and microwave

irradiation as a heating source.
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2 LITERATURE REVIEW

Thermosetting polymers

Thermosetting polymers, also known as thermosetting resins, are prepolymers in a
solid or viscous state that turn into an infusible and insoluble polymer, also known as thermoset,
after going through a curing process. After curing, which is cross-linking between one polymer
chain with another into a polymer network, these resins turn into thermosets with high modulus,
high thermal stability, high electrical and chemical resistance (RAQUEZ et al., 2010). It is not
surprising that these thermosets are used as high-performance polymers with such extraordinary

properties.

These properties make thermosetting resins desirable for polymer composite
manufacturing companies with applications ranging from civil infrastructure and transport
(RAQUEZ et al., 2010). For example, in civil infrastructure, there is a growing interest in concrete-
polymer composites in constructions (VAN GEMERT et al., 2005) and for the production of wind
turbine blades (MAMANPUSH et al., 2018). In transportation, the growing demand for polymer
composites focuses on primary or secondary structures for automotive (KHAN et al., 2018),
maritime (TRAN; NGUYEN; LAU, 2018), and aerospace (ALTIN KARATAS; GOKKAYA,
2018; ZHU; LI; CHILDS, 2018) engineering.

Nowadays, polymer composites can be composed of a variety of thermosetting
polymers with different mechanical and thermal properties, and their costs can be quite low till
reaching thousands of dollars per kg (IREDALE; WARD; HAMERTON, 2017) (Figure 5). The
most known and commercialized thermosetting polymers are unsaturated polyesters, phenolics
(novolac and resole), and epoxies due to their low cost and the wide demand where elevated
temperatures are not required. For example, epoxy resins can possess similar specific tensile
strength compared with bismaleimide and cyanate esters, showing that the former is a better option
than the latter resins for coating application (for example, seamless flooring) or composite
fabrication of wind turbine blades. In other words, for applications that do not require high thermal

properties, epoxy resin is a suitable choice.
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However, for applications where high thermal and mechanical properties are
necessary, the use of high-performance thermosetting resins such as epoxies, bismaleimides,

cyanate esters, and polyimides (IREDALE; WARD; HAMERTON, 2017) are highly desired.

Figure 5 — Comparison of the glass transition temperature and price of advanced resins
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Now there is a new class of thermosetting resins conquering his space in the market of

high-performance materials, which is benzoxazine.

Benzoxazines and Polybenzoxazines — New thermosetting resins for high-performance
polymers

Benzoxazines contain a benzene ring fused with an oxazine ring, a heterocyclic six-
membered ring containing one nitrogen and one oxygen atom. At high temperatures, the 3.,4-
dihydro-2H-1,3-benzoxazine, called benzoxazine hereafter, polymerizes into polybenzoxazines
through a ring-opening polymerization process (ROP) after the cleavage of the C-O bond (Figure
6). In 1994, Ning and Ishida reported for the first time studies on the polybenzoxazine properties
(NING; ISHIDA, 1994a, 1994b), where these polymers exhibit impressive high strength and glass

transition temperatures, making them suitable for high-performance thermosets.

Figure 6 - Polymerization scheme of benzoxazine
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Besides their excellent thermomechanical stability and typical properties of
conventional thermosets, polybenzoxazines also possess good flame retardancy, including
halogen-free (AMARNATH; APPAVOO; LOCHAB, 2018; PERIYASAMY; ASRAFALI; KIM,
2017), and low surface energy, even lower than TEFLON (WANG et al., 2006a, 2006b; ZHANG
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et al., 2018). And compared with conventional thermosetting resins, the polymerization of
benzoxazine resins also has advantages: (a) no requirement of an initiator or catalyst; and (b) low

volume shrinkage after polymerization.

Another attractive property of benzoxazine is its high flame retardancy, which is the
ability of a material to avoid or slow the growth of a fire. One of the techniques to study this
property is by determining the Limiting Oxidation Index (LOI), the minimum oxygen-nitrogen
mixture necessary to maintain the combustion of a material after ignition. Flammable materials
possess LOI values < 26, and an impressive way to estimate the LOI values is by using the van

Krevelen equation (VAN KREVELEN, 1975):
LOI=175+04(CY) (Equation 1)

This equation is validated for halogen-free polymeric materials, and it correlates the

obtained char yield values of TGA analysis with the LOI values.

All these interesting properties described of polybenzoxazines have drawn much
attention from academia and industry and made it a strong competitor for high-performance
materials. Compared with traditional thermosetting resins (Figure 7), benzoxazine resins have a
better thermal-performance/cost-benefit than phenolics and epoxies. Bismaleimides (BMlIs) can
possess superior thermal performance than benzoxazines, however, benzoxazines have an
advantage to its lower cost and the possibility to produce polybenzoxazine in an out-of-clave

method.
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Figure 7 - Comparison of benzoxazine resins with conventional thermosetting resins
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Source: (HUNTSMAN, 2018)

Molecular Design Flexibility of Benzoxazine

The synthesis of benzoxazine was first reported in 1944 by Holly and Cope (HOLLY
COPE, 1944). But from the late 1940s till the mid-1960s, Burke and coworkers (BURKE, 1949;
BURKE et al., 1965; BURKE; GLENNIE; WEATHERBEE, 1964; BURKE; MURDOCK; EC,
1954; BURKE; SMITH; WEATHERBEE, 1952; BURKE; STEPHENS, 1952; BURKE;
WEATHERBEE, 1950) made a significant contribution in understanding the benzoxazine
chemistry. The benzoxazine monomer can be obtained from a phenolic compound, a primary
amine, and formaldehyde (Scheme 1), and the proposed mechanism of benzoxazine synthesis is

shown in Scheme 2.

Scheme 1. Benzoxazine and its starting materials

SN —> “ ) + HN—R + ZJ\

Phenolic Primary

Benzoxazin .
enzoxazine Compound Amine

Formaldehyde

Source: The author
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Scheme 2 - Proposed mechanism of benzoxazine synthesis
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The primary amine performs an addition reaction with formaldehyde to form an
alkanolamine, which transforms later into an imine after condensation. The phenolic compound
with a free ortho-position suffers an electrophilic aromatic substitution with this imine, forming a

Mannich base. The secondary amine of the Mannich base reacts with another formaldehyde



27

molecule, following the same mechanism as described before, till transforming into an iminium
ion. This electrophilic ion is reactive enough to be attacked by the hydroxyl group of the phenolic

compound, closing the oxazine ring, obtaining the benzoxazine.

Benzoxazine synthesis has great molecular design flexibility, which means a wide
variety of benzoxazine monomers can be synthesized depending on the use of their starting
materials (BARANEK et al., 2012; CHOI et al., 2006; NING; ISHIDA, 1994a; REISS et al., 1985)
(Figure 8). In the point of view of material science, the molecular design flexibility of benzoxazine
synthesis provides easy tailoring on the properties of the monomers and, consequently, the
properties of its respective polymer. This molecular design flexibility is undoubtedly an advantage
when it is necessary to synthesize specific monomers and/or polymers containing particular

properties for the desired application.

Figure 8 - Different benzoxazine monomers
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Source: BARANEK et al., 2012; CHOI et al., 2006; NING; ISHIDA, 1994a; REISS et al., 1985
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For example, mono-benzoxazines, also known as monofunctional benzoxazines,
contain only one oxazine ring in a monomer. These monomers are usually not suitable for high-
performance material applications as they provide generally oligomerized benzoxazine (REISS et
al., 1985), barely forming crosslinks from one polymer backbone with another. If an initiator is
used for the thermal polymerization of mono-benzoxazine, thermoplastic polybenzoxazine can be
produced (WANG; ISHIDA, 2000). Therefore, a strategy to use benzoxazine for high-performance

materials is by increasing the number of oxazine rings in one monomer, such as bis-benzoxazines.

Bis-benzoxazines (Figure 8), also known as bifunctional benzoxazines, are
benzoxazine monomers containing two oxazine rings. They can be obtained by using a bisphenol
with two equivalents of primary amine and four equivalents of formaldehyde. The increase of
oxazine rings in one monomer favor cross-linking, forming high molecular weight polymers,

making them suitable as high-performance thermosetting resins (NING; ISHIDA, 1994a, 1994b).

The presence of certain groups in the chemical structure of the benzoxazine also alters
the properties of the monomers and the polymers. The more aliphatic groups are available in the
monomer, the better the processability of the monomer, the higher the plasticity, and the lower the
thermal and mechanical resistance of the polymer (BARANEK et al., 2012). If an increase of
thermal stabilities of polybenzoxazine is desired, this can be achieved by incorporating a

phosphonate group in the benzoxazine monomer (CHOI et al., 20006).

Commercially Available Benzoxazine Resin

Even though more than two decades of studies have been conducted on benzoxazines
and polybenzoxazines, since the first publication of the superb properties of polybenzoxazines
(NING; ISHIDA, 1994a), benzoxazine resins still have a reduced market. Most of the commercially
available benzoxazine resins are bis-benzoxazines. Companies like Huntsman and Shikoku have a
vast collection of benzoxazine resins, being classified as high-performance components (Figure 9)
(HUNTSMAN, 2018) or fine chemicals (SHIKOKU, 2018). Polybenzoxazines can reach flexural
moduli ranging from 4.5 to 5.3 GPa (HUNTSMAN, 2018; SHIKOKU, 2018), 76 to 104 % higher
than the epoxy thermosets (SHIKOKU, 2018). And the flame retardancy of benzoxazine resins is
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also a desired property for high-performance materials. Shikoku provides a benzoxazine resin
named P-d, the only resin with the same flame resistance as an epoxy resin containing 40% (w/w)

of a phosphorous flame retardant additive (SHIKOKU, 2018).

Figure 9 - Molecular structures of benzoxazine products of Huntsman
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Source: HUNTSMAN (2018)

Environmental Concerns of Benzoxazine Synthesis

Bis-benzoxazine synthesis has some environmental issues that need to be dealt with.
As it can be seen in Figure 9, most of the commercial benzoxazine resins are based on bisphenol
A (BPA) or its analogs, bisphenol F (BPF) and bisphenol S (BPS) (Figure 10). Even though XU
35500 is presented as a “green” benzoxazine from the company, this product possesses 20 % of the
cardanol-based benzoxazine and 80 % of XU 35610, which shows the production of these

commercially available high-performance resins requires a high demand of BPA.
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Figure 10 - Chemical structure of BPA and its analogs
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BPA is considered one of the essential chemicals in the world due to its low-cost, high
purity, and high availability and its annual production of 4.5 million tons (TRITA et al., 2017).
This bisphenol has gained serious restrictions due to its toxicity since it acts as a carcinogen
(WANG; LIU; LIU, 2016). BPA and its analogs possess endocrinal activities in humans
(GRAMEC SKLEDAR; PETERLIN MASIC, 2016; MALLOZZI et al., 2017).

Another environmental issue of bis-benzoxazine synthesis is its production which
mostly requires solvents to avoid some technical limitations. The reaction mixture of a solvent-free
bis-benzoxazine synthesis is generally highly viscous, containing chemical species with high
melting points with some miscibility problems. And most of the solvents used reported in the
literature are highly toxic and inflammable, such as toluene, dioxane, and xylene (CHIU et al.,
2016; SAINI; AZECHI; ENDO, 2015). Using these solvents with long-lasting reaction times of
hours or days under conventional heating, contributing to more CO; release in the atmosphere,

turns bis-benzoxazine synthesis barely sustainable.

Green Chemistry and Benzoxazine Synthesis

In our modern world, “sustainability” has become one of the most commented topics
nowadays, as it is made clear that our society and future generations are highly dependent on the
environment's well-being. In this way, Paul Anastas and John Warner proposed guidance of how
Chemistry can contribute heavily to the sustainable economy by offering the book Green Chemistry

(ANASTAS; WARNER, 1998), which is composed by its twelve principles:
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Prevent Waste: waste prevention is better than treating or cleaning up waste after it has
been created;

Atom Economy: The syntheses must be designed that all the materials used during the
process should be introduced as much as possible into the product;

Less Hazardous Synthesis: when applicable, the synthesis must be designed to use and
generate substances with little or no toxicity to the environment and human life.
Design Benign Chemicals: Chemical products should be designed to affect their
desired function while minimizing their toxicity.

Benign Solvents and Auxiliaries: The use of auxiliaries should be considered
unnecessary when possible or use innocuous ones.

Design for Energy Efficiency: The energy used for a chemical process should be as
minimum, efficient, and sustainable as possible. Wherever applicable, reactions under
room temperature and pressure are preferred.

The use of renewable feedstocks: The raw materials used should be renewable and not
depleted when technically and economically feasible.

Reduce Derivatives: Minimize or avoid using derivations (the use of blocking groups,
protection/deprotection) as they produce more waste.

Catalysis: Catalytic reagents are superior to stoichiometric reagents.

Design for degradation: The chemical product should be designed that when it comes
to its end-life, the product must break down, and the remained substances must be
innocuous as possible.

Real-time analysis of pollution prevention: Analytical methodologies need to be further
developed to allow for real-time, in-process monitoring and control before the
formation of hazardous substances.

Inherently Benign Chemistry for Accident Prevention: Substances and the form of a
substance used in a chemical process should be chosen to minimize the potential for

chemical accidents, including releases, explosions, and fires.
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After understanding these twelve principles, designing a synthesis that includes all
these principles is not an easy task. However, using these principles as much as possible will
promote more sustainability to the reaction process and/or the product. For benzoxazine synthesis,
three principles are more easily applied and will be discussed from here on, which are: a) the use
of renewable feedstocks; b) the use of energy-efficient heating sources; and c) the use of neoteric

solvents.

The use of renewable feedstocks for bio-based benzoxazines

Biomass and biomass-derived materials are essential resources to provide alternative
and sustainable chemicals with similar or superior properties to their fossil-based counterparts.
Besides being renewable, biomass is widely available around the globe and especially in countries
with advanced development in agriculture, such as Brazil, wherein 2016, more than 1.2 billion tons
of crops were produced (FAO, 2018). Agriculture biomass is mainly composed of lignocellulose
and is an important resource for producing alternative platform chemicals, which are building
blocks that can be converted into a wide variety of chemicals or materials (BOMTEMPO;

CHAVES ALVES; DE ALMEIDA OROSKI, 2017).

The use of bio-chemicals to produce bio-based benzoxazines has been widely studied
by using mainly renewable phenolic compounds such as eugenol (DUMAS et al., 2015), iso-
eugenol (SHARMA et al., 2018), vanillin (SINI; BUWE; VARMA, 2014), guaiacol (RUCIGAJ ;
GRADISAR; KRAJINC, 2016), urushiol (XU et al., 2013) and cardanol (A. ATTANASI et al.,
2012; CALO et al., 2007; KOTZEBUE et al., 2016). Even though bio-based amines are less
available when compared to renewable phenolic compounds, some renewable amines were

reported for benzoxazine syntheses, such as stearylamine and furfurylamine (WANG et al., 2012).

Lignocellulose

Lignocellulose is a fibrous material localized in the cell wall of vascular plants, and it

is mainly composed of three polymers: cellulose, hemicellulose, and lignin. The major component
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of lignocellulose is cellulose, a crystalline long polymer chain consisting of f-1,4-linked p-glucose
units (SHELDON, 2018b). The second most abundant polymer is hemicellulose, an amorphous
short polymer chain derived from various Cs and Cs sugars, such as p-arabinose, p-xylose, p-
glucose, and p-galactose (SHELDON, 2018b). These two carbohydrates are important resources
for producing aldehydes, which can be further converted into amines by different chemical
processes (HULSEY; YANG; YAN, 2018). An example is that cellulose and hemicellulose can
produce furfural and furfural derivatives (such as 5-hydroxymethylfurfural), important platform
chemicals for the production of renewable primary amines, such as furfurylamine (Figure 11)

(ISIKGOR; BECER, 2015; SHELDON, 2018b).

Figure 11 - Molecular structure of furfurylamine

)

Source: The author
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Furfurylamine has been used as an interesting primary amine for benzoxazine
synthesis, demonstrating polymers with peculiar characteristics. Benzoxazines containing
furfurylamine usually have higher melting points than those containing aniline derivates
(KOTZEBUE et al., 2016; OLIVEIRA et al., 2017). When it comes to polybenzoxazines,
furfurylamine can improve the thermal properties of the polymer compared to aniline-based
polybenzoxazines. As the glass transition temperatures of the aniline-based polybenzoxazine P-
BPA-ABz was 171 °C, the furfurylamine-based polybenzoxazine P-BPA-FBz had an impressive
glass transition temperature of 308 °C (LIU; CHOU, 2005). Analyzing the char yield of both
polybenzoxazines, it was observed that the char yield of P-BPA-FBz was 17 % higher than P-
BPA-ABz (LIU; CHOU, 2005). The high thermal properties of furfurylamine-based
polybenzoxazines were also reported elsewhere (DAl et al., 2018; DUMAS et al., 2016b), and the

reason for this is due to the reactive a-carbon of the furfuryl group, favoring the formation of higher
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crosslink densities in the polymer matrix (FROIMOWICZ et al., 2016). Therefore, besides being
renewable, furfurylamine is highly suitable as a primary amine to produce high-performance bio-

based polybenzoxazines.

The third most abundant component of lignocellulose is lignin, a highly branched and
amorphous macromolecule biosynthesized after radical polymerization of methoxylated
hydroxycinnamyl alcohols, such as coniferyl alcohol, p-coumaryl alcohol, and sinapyl alcohol

(Figure 12) (AHMAD; SILVA; VARESCHE, 2018; ZIRBES; WALDVOGEL, 2018).

Figure 12 - Representative of the structure of lignin and its building blocks
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Lignin is the largest sustainable feedstock renewable of phenolic compounds and is
produced annually from 40 to 60 million tons as a waste product (MOVIL-CABRERA et al., 2016).
As it is highly resistant to external stresses and protects the inner parts of plant cells, lignin
possesses a chemical structure that makes it not easy to degrade, making it more useful as fuel for
the pulp industry (WENDISCH; KIM; LEE, 2018). However, much research has been done to
study the depolymerization of lignin into value-added products, such as vanillin. Synthetic vanillin
is obtained from lignin, representing 90 % of the annual 20,000 tons market. Other value-added
aromatic compounds are yet to be introduced into the market, such as phenolic aldehydes and

phenolics (WENDISCH; KIM; LEE, 2018).

Although the complex heterogeneity of the lignin structure, by using biotechnological
(BECKHAM et al., 2016), electrochemical (MOVIL-CABRERA et al.,, 2016; ZIRBES;
WALDVOGEL, 2018), thermal (NAIR; VINU, 2016), hydrothermal processes (ZHANG et al.,
2014), many other value-added lignin-based aromatics can be produced such as guaiacol (NAIR;
VINU, 2016), cresol (WAHYUDIONO; SASAKI; GOTO, 2008) and catechol JEENPADIPHAT;
MONGKOLPICHAYARAK; TUNGASMITA, 2016; WAHYUDIONO; SASAKI; GOTO, 2008).

Catechol, also known as 1,2-dihydroxybenzene (Figure 13), is an interesting phenolic
compound to obtain bio-based bis-benzoxazine, and no study on its synthesis has been reported.
Dumas and co-workers developed bis-benzoxazine from resorcinol and hydroquinone, analogs of
catechol, demonstrating polybenzoxazines with high thermomechanical properties (DUMAS et al.,
2016b). It is believed that catechol can act as a promising starting material for developing

renewable high-performance polybenzoxazines.

Figure 13 - Molecular Structure of Catechol
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Source: The author
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Cashew Nut Shell Liquid

After lignin, another potential renewable resource rich in phenolic compounds is
Cashew Nut Shell Liquid (CNSL), the main by-product of the cashew nut almond industries. Found
in the spongy mesocarp of the cashew nut shell (Anacardium Occidentalle L.), CNSL is a dark
brown viscous caustic liquid, and it is composed of long aliphatic chain (Cis) phenolics. The
chemical composition is mainly of anacardic acid, cardanol, cardol, and 2-methyl cardol (Figure
14) MAZZETTO; LOMONACO, 2009), where the concentration of each phenolic depends on its
origin and the treatment suffered (Table 1). Natural CNSL possesses a high concentration of
anacardic acid, and due to the high thermal processing to obtain the valuable cashew nut almond,
the anacardic acid of natural CNSL suffers a decarboxylation reaction, turning the CNSL rich in

cardanol, which is now called as “technical CNSL” (LOMONACO; MELE; MAZZETTO, 2017).

Figure 14 - Molecular structures of the chemical composition of CNSL
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Table 1 - Chemical composition of natural and technical CNSL

Phenolic compounds Natural (%) Technical (%)

Anacardic acid 71.70 - 82.00 1.09-1.75
Cardanol 1.60 —-9.20 67.82 —94.60
Cardol 13.80-20.10 3.80 - 18.86
2-methyl cardol 1.65-3.90 1.20-4.10
Minor components 2.20 3.05-3.98
Polymeric materials - 0.34 —21.63

Source: MAZZETTO; LOMONACO, 2009

The world production of cashew nuts with shell has shown, in general, a growing annual
tendency (Figure 15) (FAO, 2018). Considering that in 2015 the world production was more than
5 million tons and knowing that CNSL represents 25 % in weight of the cashew nut with shell, it
is estimated that 1.25 million tons of this by-product could be produced. This huge amount of
renewable starting materials is very promising to produce bio-based materials in large quantities.
This feedstock is low-cost and already used compared to lignin-based phenolics obtained after

using complicated processes, as cited earlier.

Figure 15 - World Production of Cashew Nut (with Shell)
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In 2007, the synthesis of the first cardanol-based benzoxazine was reported, which used
ammonia as an amine source (CALO et al., 2007). After that, many other cardanol-based (mono-

and bis-) benzoxazines were synthesized with a variety of primary amines (Figure 16) (A.

ATTANASI et al., 2012; LOCHAB; VARMA; BIJWE, 2010, 2011).

Unfortunately, cardanol-based polybenzoxazines are not ideal for high-performance
materials due to their low thermal and mechanical properties. Even though cardanol-based
polybenzoxazines possess initial degradation temperatures that reach 398 °C, they usually have low
char yields (LOCHAB; VARMA; BIJWE, 2010, 2011), especially low glass transition
temperatures. For example, Cald and co-workers’ mono-benzoxazine, containing two cardanol
groups, offered a polymer with a T, of 36 °C (CALO et al., 2007). Ambrozi¢ and coworkers
reported higher glass transition temperatures for their cardanol-based polybenzoxazines. However,
they were still not ideal for high-performance materials. Their monofunctional cardanol-
benzoxazines had Ty of 89 and 99 °C. by using aniline and furfurylamine, respectively
(AMBROZIC; SEBENIK; KRAJINC, 2015). To increase crosslinking, other attempts were made
to provide higher crosslink densities by synthesizing bifunctional or epoxidized cardanol-based
benzoxazine. However, the T’s of their polymers ranged from 106 to 110 °C (AMBROZIC;
SEBENIK; KRAJNC, 2015). This low glass transition temperature of cardanol-based
polybenzoxazine is mainly due to the large number of aliphatic chains present in the polymer

matrix, which lowers the crosslink densities.
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Figure 16 - Some examples of reported cardanol-based benzoxazines
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Poly(ethylene glycol) as “green” solvent and microwave-heating for bis-benzoxazine synthesis

As described earlier that the use of solvents for bis-benzoxazine synthesis is a necessity,
neoteric solvents can fulfill this role. When it comes to neoteric solvents, ionic liquids and
supercritical fluids are more known to be more benign than toxic fossil-based ones (SHELDON,

2017). Still, there is another one that is gaining attention which is poly(ethylene glycol).

Poly(ethylene glycol), also known as PEG (Figure 12), is a commercially available
polyether with a variety of polymer chain lengths that can be used from pharmaceutical to coating
applications (BRADY etal., 2017), and for being non-toxic, it has been approved by the U.S. Food
and Drug Administration (FDA) for internal consumption (HARRIS, 1992).
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Figure 17 - Chemical structure of PEG
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The use of PEG for benzoxazine synthesis has already been reported to be used as a
reactant (BROWN; RIDER, 2017; TREJO-MACHIN et al., 2017), but not as a result safe and
inactive solvent. PEG is an interesting alternative to the conventional organic solvents due to its

peculiar properties (CHEN et al., 2005; VAFAEEZADEH; HASHEMI, 2015), such as:

e High chemical stability in acidic and basic media and at high temperatures;
e Wide solvent miscibility, from protic to non-polar solvents;

e Immiscible with aliphatic hydrocarbons;

e Can be recovered by extraction or direct distillation;

e [t is biodegradable and non-volatile;

e Possess low flammability.

Another interesting ability of PEG is its capability to absorb microwave-irradiation,
which is useful for microwave dielectric heating (CINI; PETRICCI; TADDEI, 2017; DRIOWYA
et al., 2016).

Microwave-assisted organic synthesis (MAOS) is an alternative synthetic method that
uses microwave irradiation as a heating source. Certain reactants, usually molecules containing
molecular dipoles or charges, can absorb microwave energy and convert it into heat, also known
as microwave dielectric heating. At a frequency of 2.45 GHz, the electric field of the
electromagnetic wave causes heating by two main mechanisms (KAPPE, 2004): a) ionic
conduction and; b) dipolar polarization. Due to the oscillating electric component of the

electromagnetic field, microwave active species (dipoles and ions) attempts to align and realign
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with the alternating electric field (Figure 18), which causes heat by molecular friction and dielectric

losses (KAPPE, 2004).

Figure 18 - Electric field and movement of molecules in a Dielectric
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Understanding the heating mechanism clarifies that microwave irradiation has an
efficient internal heat transfer, which is contrary to the long-lasting traditional heat transfer that
comes from the vessel's wall to the reactants (Figure 19). Besides better energy efficiency, MAOS
has other advantages like short reaction time, high reaction yields, higher product purity, and low

by-product generation

Figure 19 - Inverted temperature gradients of microwave (left) and oil-bath heating (right)
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3 DEVELOPMENT OF FULLY BIO-BASED HIGH-PERFORMANCE BIS-
BENZOXAZINE UNDER ENVIRONMENTALLY FRIENDLY CONDITIONS

RESUMO

As preocupacdes ambientais estdo impulsionando os cientistas na busca de produtos e processos
mais sustentaveis. No desenvolvimento das bis-benzoxazinas, uma nova classe de resinas
termofixas que estd recebendo consideravel ateng¢do da academia e da industria, o bisfenol-A (BPA)
e os solventes toxicos ainda sdo inconvenientes que precisam ser superados. Matérias-primas
renovaveis, solventes neotéricos e fontes de aquecimento com efici€éncia energética sdo solugdes
alternativas sofisticadas para as metodologias tradicionais. No presente estudo, é relatada uma
abordagem ecologicamente correta de uma resina termofixo totalmente bio-baseada a partir de
produtos derivados de lignocelulose. O catecol e a furfurilamina sao fundidos com sucesso em bis-
benzoxazinas em apenas alguns minutos sob irradiacio de microondas na presenca de poli
(etilenoglicol) como solvente. O procedimento de processamento requer quantidades minimas de
metanol para purificacio completa do produto com bons rendimentos, que € caracterizado por
espectroscopia de infravermelho por transformada de Fourier (FTIR), calorimetria exploratdria
diferencial (DSC) e espectroscopia de ressonincia magnética nuclear de 'H e '*C (RMN). Tal como
utilizado no desenvolvimento de polimeros de alto desempenho, as novas polibenzoxazinas
copolimerizadas s@o avaliadas por analise termogravimétrica (TGA) e analise mecanica dindmica

(DMA).

Palavras-chaves: Catecol. Polibenzoxazinas. Poli(etilenoglicol). Sintese assistida por micro-

ondas. Quimica verde.
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ABSTRACT

Environmental concerns are driving scientists in a quest for more sustainable products and
processes. In the development of bis-benzoxazines, a novel class of thermosetting resins, which
are receiving considerable attention from academia and industry, bisphenol A (BPA) and toxic
solvents are still drawbacks that need to be overcome. Renewable feedstocks, neoteric solvents and
energy-efficient heating sources are sophisticated alternative solutions to the current traditional
methodologies. In the current study, an eco-friendly approach to a fully bio-based thermosetting
resin from lignocellulose-derived products is reported. Catechol and furfurylamine are successfully
fused into bis-benzoxazines in only a few minutes under microwave irradiation in the presence of
poly(ethylene glycol) as a solvent. The workup procedure requires minimum amounts of methanol
for complete purification of the product in good yields, which is characterized by Fourier transform
infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC) and 'H and '*C nuclear
magnetic resonance spectroscopy (NMR). As used in the development of high-performance
polymers, novel copolymerized polybenzoxazines are evaluated by thermogravimetric analysis

(TGA) and dynamic mechanical analysis (DMA).

Keywords: Catechol. Polybenzoxazines. Poly(ethylene glycol). Microwave-assisted synthesis.

Green chemistry.

Introduction

Thermosetting resins are key players in the advanced materials sector. Due to their high
modulus, strength, durability and thermal and chemical resistances, thermosets provide high-
performance products for industry. The most commonly used networks are phenolics, epoxy and

polyester, especially in fields like civil infrastructure and transportation (RAQUEZ et al., 2010).

More recently, a novel class of commercially available thermosetting compounds,
based on an aromatic oxazine ring, or benzoxazines, is being reported as a modern alternative for

those classic resins (ISHIDA; AGAG, 2011).

When exposed to elevated temperature, benzoxazine monomers start to polymerize into

polybenzoxazines, through a ring-opening polymerization (ROP) process, which does not require
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initiators or release by-products (FROIMOWICZ; ZHANG:; ISHIDA, 2016; KISKAN; GHOSH;
YAGCI, 2011; TAKEICHI; KAWAUCHI; AGAG, 2008).

Polybenzoxazines are now receiving a considerable attention from academia and
industry, since they present outstanding characteristics, such as near-zero shrinkage upon
polymerization, high glass-transition temperature (Tg), excellent thermal and mechanical
properties, flame retardancy, and low surface energy (FROIMOWICZ et al., 2016; HASSAN et
al., 2016; LIN et al., 2017; WANG et al., 2006b).

Another interesting aspect of benzoxazine resins is their great versatile synthetic routes.
Since it uses a phenolic compound, a primary amine and formaldehyde as starting materials, a wide
range of reactants can be employed. Depending on the starting materials, the property of such
resins, and hence of their polymers, can be tailored for the required applications (DUMAS et al.,

2016b; LIetal., 2012; SAINI; AZECHI; ENDO, 2015; WANG et al., 2006a; ZHANG et al., 2017).

Bisphenol A (BPA)-based benzoxazine is considered a standard due to easy availability
in high purity and inexpensive nature of BPA. BPA is one of the highest-volume monomers
currently produced, on about 4.5 million tons per annum scale, but has been raising many health
concerns due to its endocrine activities in humans (TRITA et al., 2017). An increasing number of
recent studies have shown that even BPA alternatives, like bisphenol S (BPS) and bisphenol F
(BPF), present comparable effects on the endocrine system as BPA itself (GRAMEC SKLEDAR;
PETERLIN MASIC, 2016).

For bis-benzoxazines synthesis, an organic solvent is generally required to overcome
technical restrictions, e.g. high viscosity, high melting points, or poor solubility of reactants.
Furthermore, the commonly used solvents are toxic, such as toluene, p-xylene or dioxane, are toxic.
It is also usual for the reaction time of these procedures to last for hours or even days under

traditional heating (CHIU et al., 2016; SAINI; AZECHI; ENDO, 2015).

Not only health but also environmental concerns are driving scientists and researchers
in a quest to replace traditional petroleum-derived chemicals and materials. In the contemporary
society, novel processes and products must be designed aiming not only for their immediate

applications but also incorporating their footprints for future generations. With the advent of “green
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chemistry”, Anastas and Warner provided a guidance to help chemists in achieving this goal
(ANASTAS; WARNER, 1998). Based on these principles, sophisticated approaches to overcome
these barriers could include the use of (i) renewable feedstock (e.g. biomass residues); (ii) neoteric
solvents (e.g. ionic liquids (IL) or polyethylene glycol (PEG)); and (iii) more energy-efficient

heating sources, like microwave irradiation.

Many attempts have been made towards the sustainable development of benzoxazines.
The utilization of bio-based renewable feedstock has allowed the emergence of many novel and
promising benzoxazine monomers through the exploration of both biomass-derived building

blocks: phenols and amines (LLIGADAS et al., 2014).

Furfurylamine (fu), or 2-(aminomethyl)furan, is an example of a bio-based amine that
makes possible the synthesis of eco-friendly benzoxazines, generating polymers with excellent
properties (AMBROZIC; SEBENIK; KRAJNC, 2015). Furfurylamine can be easily obtained from
furfural, which is a well-known platform chemical produced on industrial scales from the
decomposition of carbohydrate materials and listed as the top 10 value-added bio-based chemicals

by the US Department of Energy (TEONG; YI; ZHANG, 2014).

Several naturally occurring phenolic compounds have also been reported as
alternatives to BPA. Cardanol,(A. ATTANASI et al., 2012; CALO et al., 2007; KOTZEBUE et al.,
2016) urushiol (XU et al., 2013) vanillin,(SINI; BUWE; VARMA, 2014) guaiacol (PHALAK;
PATIL; MHASKE, 2017), eugenol (DUMAS et al., 2015) and coumarins (FROIMOWICZ et al.,
2016) were thoroughly studied as starting materials for the synthesis of benzoxazine monomers

and converted into polybenzoxazines.

Nevertheless, to the best of our knowledge, there are still no reports in the scientific
literature on the synthesis of bis-benzoxazines starting with catechol (CT). Chemically described
as 1,2-dihydroxybenzene, CT is a renewable raw material that can be obtained from lignin by
different chemical processes (BILAL et al., 2017; CHEN; WAN, 2017; JEENPADIPHAT;
MONGKOLPICHAYARAK; TUNGASMITA, 2016). Recent results published by Dumas and co-

workers, addressing the synthesis of bis-benzoxazines based on resorcinol and hydroquinone
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(DUMAS et al., 2016b), indicate catechol as a promising alternative renewable starting material

for the synthesis of high-performance polymers.

In the case of neoteric solvents, poly(ethylene glycol) (PEG) was already employed as
a reactant in previous syntheses of benzoxazines (BROWN; RIDER, 2017; TREJO-MACHIN et
al.,2017), but not as an inert and innocuous reaction media. Being a non-toxic polyether compound,
which is available commercially in a variety of molecular weights and has been approved by U.S.
Food and Drug Administration (FDA) for internal consumption,(HARRIS, 1992) PEG has unique
properties that turn it in an idiosyncratic alternative to traditional organic solvents. They are
biodegradable, non-volatile, low flammability, highly stable to acid, base and high temperatures;
may be recovered by extraction or by direct distillation; and are soluble in polar and non-polar
solvents, but insoluble in aliphatic hydrocarbons (CHEN et al., 2005; VAFAEEZADEH;
HASHEMI, 2015). Another important peculiarity is its high capacity to absorb microwave (MW)
radiation (CINI; PETRICCI; TADDEI, 2017; DRIOWYA et al., 2016). In microwave-assisted
organic synthesis (MAQOS), which uses microwave irradiation as a heating source due to the
effective heating of certain materials (reactants or solvent) by the "microwave dielectric heating
effects”, it is possible to drastically reduce reaction time, decrease by-product formation and,

consequently, increase product purity (KAPPE, 2004).

Based on the above, we report the microwave-assisted synthesis of a fully bio-based
bis-benzoxazine, starting from two lignocellulose-based bio-products, catechol and furfurylamine,
having PEG as a solvent. In order to extend this methodological procedure for more frequently
employed phenols, the well-known BPA was also evaluated as a control under these new
conditions. The obtained monomers were structurally characterized by Fourier transform infrared
spectroscopy (FTIR), and 'H and '*C nuclear magnetic resonance spectroscopy (NMR). In view of
the great potential of bis-benzoxazines in the development of high-performance materials, the
thermal behaviours of these monomers were also investigated by differential scanning calorimetry
(DSC). After spectral and thermal characterization, their copolymers were analyzed by

thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA).
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Experimental Section
Materials and methods

Catechol (99%), bisphenol-A (97%), furfurylamine (99%) and paraformaldehyde (95%)
were used as received by Sigma-Aldrich without any purification. Poly(ethylene glycol) (PEG)
(Kollisolv® PEG E 400) of M, =400 Da was used as received by Aldrich.

Analytical methods
13C and 'H nuclear magnetic resonance spectroscopy ({H NMR and *C NMR)

The 'H NMR and '*C NMR spectra were recorded on BRUKER spectrometer, model
Avance DPX, operating at 300 MHz for 'H and at 75 MHz for *C. Deuterated chloroform (CDCl5)
was used as the solvent to solubilize the samples, and tetramethylsilane (TMS) was used as an

internal standard.
Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were obtained on a PerkinElmer spectrometer model FTIR/NIR
FRONTIER, using an attenuated total reflectance (ATR) accessory with zinc selenide (ZnSe)
crystal surface, and resolution of 4 cm™! using the arithmetic average of four scans in the

wavenumber range of 4000650 cm!.
Differential Scanning Calorimetry (DSC)

The DSC analyses were performed on a Mettler-Toledo DSC 823e, under a N>
atmosphere (flow rate of 50 mL/min). For the characterization of the monomers, the non-isothermal
measurements were performed with a heating rate of 10 °C/min, in a temperature range of 30 -
400°C, using approximately 5 mg of samples. All the analyses were performed using aluminum

crucibles.
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Thermogravimetric analysis (TGA)

TGA analyses were performed on a Mettler-Toledo TGA/SDTA 851e, conducted
under N> atmosphere (flow rate of 50 mL/min) with a heating rate of 10 °C/min in a temperature

range of 30 to 800°C. Alumina crucibles were used with approximately 5 mg of samples.
Dynamic mechanical analysis (DMA)

DMA were conducted on Mettler-Toledo DMA-1, using a single cantilever mode, at a
heating rate of 5 °C min™! from 30 to 300°C, using a frequency of 1 Hz in air. The deformation was

within the linear viscoelastic limit, determined by a strain sweep test.
Microwave-assisted organic syntheses (MAQOS)

The microwave-assisted organic syntheses (MAOS) were performed in a Milestone
microwave reactor, model StartSYNTH, operating in an open-vessel configuration at a frequency
of 2.45 GHz. The temperature set was controlled by a contact-less infrared sensor, and the power

applied was limited to 850 W.
3,8-bis(furan-2-ylmethyl)-2,3,4,7,8,9-hexahydrobenzo[1,2-e:4,3-e'|bis([ 1,3 Joxazine) (CT-fu)

To a 50 mL round bottom flask equipped with a stirring bar was added PEG-400 (25
mL), catechol (5.00 g, 45.86 mmol), furfurylamine (8.58 mL, 91.75 mmol) and paraformaldehyde
(7.24 g, 229,37 mmol). The flask was placed in a microwave cavity and fitted with a Vigreux
column. The microwave was set to a maximum power of 850 W, the temperature was programmed
to increase from room temperature to 120 °C in a period of 2 minutes; and kept at this temperature
for additional 5 minutes, totaling 7 minutes under microwave irradiation. After the completion of
the reaction, the mixture was cooled to room temperature forming a bulky solid phase. This mixture
was washed with methanol (4 X 75 mL) and then filtered. After solvent evaporation, 9.22 g (60 %

yield) of a white powder was obtained and characterized as CT-fu.

TH NMR (300 MHz, CDClI3, & ppm): 7.42 (d, J = 2 Hz, 1H, Ar H), 6.51 (s, 1H, Ar H), 6.34 (m,
1H, Ar H), 6.27 (m, 1H, Ar H), 4.99 (s, 2H, O-CH2-N), 4.00 (s, 2H, N-CH>-Fu), 3.97 (s, 2H, N-
CH>-Ar); 13C NMR (75 MHz, CDCl3, § ppm): 151.8, 142.7, 119.0, 118.7, 110.4, 109.1, 82.7 (O-
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CH»-N), 49.3 (Ar-CH2-N), 48.6; FT-IR (ATR-ZnSe, cm™): 1577 (stretching of furan ring), 1478
(stretching of tetrasubstituted benzene ring), 1235 (C-O-C asymmetric stretching), 923
(benzoxazine related mode). Elemental Analysis: C (68.17 %), H (5.72 %), N (7.95 %)
(calculated); C (67.53 %), H (5.99 %), N (7.80 %) (found). Molecular weight: 352.38 g.mol’!

6,6 '-(propane-2,2-diyl)bis(3-(furan-2-ylmethyl)-3,4-dihydro-2H-benzo[e][ 1,3 Joxazine) (BA-fu)

The method used to synthesize BA-fu was an improved method of Liu and co-workers
(2015) which used conventional heating. To a 25 mL round bottom flask equipped with a stirring
bar was added PEG-400 (10 mL), bisphenol A (2.00 g, 8.50 mmol), furfurylamine (1.53 mL, 17.00
mmol) and paraformaldehyde (1.34 g, 42.50 mmol). The flask was placed in a microwave cavity
and fitted with a Vigreux column. The microwave was set to a maximum power of 850 W, the
temperature was programmed to increase from room temperature to 120°C in a period of 2 minutes;
and kept at this temperature for additional 5 minutes, totaling 7 minutes under microwave
irradiation. After the completion of the reaction, the mixture was cooled to room temperature and
then diluted in 100 mL of ethyl acetate. The organic phase was treated with an aqueous solution of
sodium hydroxide 2 mol L' (3 X 50 mL) and then with distilled water (3 X 50 mL). The organic
phase was dried over sodium sulphate, filtered and concentrated under reduced pressure to give a
yellowish viscous resin. This material was recrystallized with 85 mL of a solvent mixture
(hexane:ethyl acetate, 20:1), affording 2.03 g (51% yield) of white crystals characterized as BA-
fu.

TH NMR (300 MHz, CDCl3, § ppm): 7.42 (m, 1H; Ar H), 6.99 (dd, J =9 Hz, J =3 Hz, 1H, Ar H),
6.83 (d, /=3 Hz, 1H, Ar H), 6.73 (d, J =9 Hz), 6.35 (m, 1H, Ar H), 6.26 (m, 1H, Ar H), 4.86 (s,
2H, O-CH»-N), 4.00 (s, 2H, N-CH»-Fu), 3.95 (s, 2H, N-CH»-Ar), 1.62 (s, 3H, CH3); 13C NMR (75
MHz, CDCl3, é ppm): 151.9, 143.4, 142.7, 126.5, 125.7, 119.0, 116.1, 110.4, 109.0, 81.9 (O-CH>»-
N), 50.2 (Ar-CH>-N), 48.5, 42.0, 31.3; FTIR (ATR-ZnSe, cm™), cm™: 1577 (stretching of furan
ring), 1495 (stretching of trisubstituted benzene ring), 1230 (C-O-C asymmetric stretching), 928
(benzoxazine related mode). Elemental Analysis: C (74.02 %), H (6.43 %), (5.95 %) (calculated);
C (73.66 %), H (6.29 %), N (5.87 %) (found). Molecular weight: 470.56 g.mol’!
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Preparation and (co)polymerization of the bis-benzoxazines

Three resins were produced containing different amounts of CT-fu and BA-fu:
CT/BA10 (10% CT-fu and 90% BA-fu), CT/BA30 (30% CT-fu and 70% BA-fu), CT/BAS0
(50% CT-fu and 50% BA-fu). For the (co)polymerization of the bio-based resins, each sample was
added to silicone molds (40 X 20 X 2 mm) and then melted and polymerized. The obtained
polymers were produced using the following heating schedule: 120 °C (1 h), 140 °C (1 h), 160 °C
(1 h), 180 °C (1 h) and 200 °C (2h). The obtained polybenzoxazines were removed from the mold
and then put to post curing at 220 °C (2 h) and 240 °C (2 h).

Results and Discussion

Design of sustainable development of bio-based bis-benzoxazines

The bis-benzoxazines were obtained by using a one-pot synthesis of catechol (or BPA),
furfurylamine and paraformaldehyde as shown in Scheme 3. As is frequently observed and reported
for the synthesis of bis-benzoxazines, these reactants produced a viscous reaction media, making
it very difficult to be homogenized by stirring, and therefore, as an eco-friendly solution for the

traditional solvents, a small amount of PEG400 was used.

In many cases, bis-benzoxazine syntheses are performed in the presence of
organic solvents in order to keep the reaction media homogeneous since, depending on the
compounds involved, high viscosity and/or low miscibility could prevent the maintenance
of local stoichiometry and successful occurrence of the reaction. Therefore, utilization of a

solvent is needed (LIN et al., 2017).
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Scheme 3 - Synthetic scheme for bis-benzoxazines CT-fu and BA-fu.
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In this work, PEG was not only successfully employed as an alternative non-
toxic solvent, but its unique properties allowed us to (i) promptly synthesize a fully bio-
based bis-benzoxazine in only seven minutes under microwave irradiation; and (ii) to easily
isolate the product by simply filtering and washing with small portions of methanol, which

was completely recycled through rotatory evaporation by the end of purification procedure.

The intermolecular forces that predominate between PEG molecules are of
hydrogen bonds and dipole-dipole types. These kinds of forces promote better interactions
among polar, or relatively polar, substances — as catechol (CT), furfurylamine (fu) and
formaldehyde — but are unable to effectively interact with non-polar compounds, which is
the case of the desired product (CT-fu), in which intermolecular interactions are basically
driven by m-stacking, promoting the formation of more compact and rigid structure
(MARTINEZ; IVERSON, 2012). Due to these properties, solvent cooling and the simple
addition of small amounts of methanol were sufficient for the complete precipitation of the

product.
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Due also to its high capacity to convert MW radiation into heat, PEG proved to
be an outstanding reaction media for microwave-assisted organic synthesis, reducing
drastically the reaction time and the amount of energy required to promoting its efficient
heating. The likelihood of the ring closure of an open Mannich base into oxazine ring
depends on the dielectric constant of the solvent, being smaller the dielectric constant the
higher the probability of ring closure. The dielectric constant of PEG is approximately 8-
12, and thus it does not interfere significantly the ring closure reaction (AGAG; JIN;
ISHIDA, 2009).

Bis-benzoxazines can be synthesized under microwave irradiation
(MANIKANNAN; MUTHUSUBRAMANIAN, 2010) and, more recently, our group
reported a systematic study on the microwave-assisted synthesis of mono-functional
benzoxazines under solvent-free conditions (OLIVEIRA et al., 2017) from which the actual

parameters reported here were based.

To validate and expand the applicability of the procedure described, we also
reproduced these conditions using BPA as the phenolic moiety instead of catechol (Scheme 1). The
method proved to be very effective also for the synthesis of the partially bio-based bis-benzoxazine
BA-fu. It further points to a possibility that the approach described in the current paper might be
universally applicable to many other benzoxazines. When compared to a previously reported
synthetic methodology (LIU; CHOU, 2005), which used dioxane as a solvent and traditional
heating for 24 hours, the procedure described here provided the same product in similar yields, but

with dramatic reduction of time and under eco-friendly conditions.

Under these circumstances, both the product and process described in this work proved
to be very effective and highly eco-friendly, as featured by: (a) the use PEG as an innocuous and
inexpensive solvent; (b) of microwave irradiation as a heating source; (c) much shorter reaction
times; (d) no use of catalyst or auxiliary reactants; and (e) good yields. These aspects are properly
inserted within the Green Chemistry principles, which emphasize, among others, the use of
renewable feedstock, safer solvents, energy efficiency and atom economy (ANASTAS; WARNER,
1998).
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Structural characterization of bis-benzoxazines

The molecular structures of the monomers were confirmed by 'H (Figure 20) and *C
NMR (Figure 21) and by FTIR. It was noticed that the chemical shifts of the oxazinic methylenes
were very similar by analyzing the 'H and the '*C NMR spectra. In the 'H NMR spectra, the
structures of the obtained products were confirmed by the presence of the two singlets in the regions
of 5.10 to 4.80 ppm and 3.98 to 3.93 ppm, which represents the two methylenes of the oxazinic
group. The chemical structure of CT-fu was compared with the H-fu and R-fu of Dumas and
coworkers(DUMAS et al., 2016b) and it was shown that CT-fu did not have any isomer or

oligomers such as of H-fu and R-fu.

Figure 20 - '"H NMR spectra of CT-fu and BA-fu
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The presence of the oxazinic methylenes was also confirmed by '>*C NMR spectra with

the peaks at around 82 and 50 ppm.

One of the concerns about this synthetic procedure was that side-products could be
formed after a possible nucleophilic attack from the terminal hydroxyl groups of PEG to the
oxazine ring. But, recently, Brown and Rider (BROWN; RIDER, 2017) described the utilization
of poly(ethylene glycol) as a grafting agent for the synthesis of low T, polybenzoxazines and no

interaction from PEG’s hydroxyl end-group to the oxazine was observed.

As the NMR spectra demonstrate, PEG was not incorporated in the monomer,
indicating its low reactivity in the reported conditions and, therefore, can be efficiently used as a

solvent.

Figure 21 - *C-NMR spectra of CT-fu and BA-fu.
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In Figure 22 are shown the FTIR spectra of CT-fu and BA-fu and their respective
polymers, poly(CT-fu) and poly(BA-fu), which were necessary for a better understanding of the

vibrational modes of the bis-benzoxazines and their polybenzoxazines.

Figure 22 - FTIR spectra of CT-fu and BA-fu.
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The absence of the bands from the region between 3100 to 3600 cm™! confirms that the
hydroxyl groups are not present on the monomers, suggesting the transformation into bis-oxazine
rather than mono-oxazine structure. The band at 1479 cm™ is attributed to the tetrasubstituted
benzene ring of CT-fu, and the band at 1495 cm'! is attributed to the trisubstituted benzene ring of
BA-fu. The presence of the oxazine ring was observed by the C-O-C asymmetric stretching modes
of the bands at 1235 cm™! for CT-fu and 1230 cm™! for BA-fu, and also by the benzoxazine related
mode(HAN et al., 2017) at 923 and 928 cm™! for CT-fu and BA-fu, respectively. The presence of
the furan ring in the structure of CT-fu and BA-fu was confirmed by the appearance of bands at
1578 cm™ and 1585 cm™, respectively (LIU; CHOU, 2005). Also in the FTIR spectra, the absence
of a broad and intense band at 1094 cm™! indicates no insertion of PEG in the molecular structures

of the products.

After polymerization of the monomers, it was observed the disappearance of the bands
regarding the C-O-C asymmetric stretching (around 1230 cm™!) and the benzoxazine related modes
(around 920 cm™), confirming the successful cleavage of the oxazine ring. After the ring-opening
process of CT-fu, it was also observed that the electrophilic substitution occurred on the substituted
benzene rings of the benzoxazines, as their respective bands disappeared, while for BA-fu the
respective bands were displaced to lower wavenumbers. Another observation made was the broad
absorption around 1610 cm!, which indicate that electrophilic substitutions occurred also on the

furfuryl groups (LIU; CHOU, 2005).

Polymerization behavior of the bis-benzoxazines

The thermal behavior of the bis-benzoxazines monomers was monitored by DSC

(Figure 23). The obtained data are summarized in Table 2.
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Figure 23 - DSC curves of CT-fu, BA-fu and different resins compositions (CT-fu/BA-fu).
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Table 2 - Data of DSC curves of CT-fu, BA-fu and different resins compositions (CT-fu/BA-fu).

Sample T (°C) To(°C) Tp(°C) AH,(JgV) AH, (kJ mol')

CT-fu 198 213 220 381 134.1
BA-fu 105 223 240 246 115.6
CT/BA10 104 220 232 251 -
CT/BA30 167 216 225 331 -
CT/BASO 181 214 221 346 -

Source: The author

It was observed that the endothermic events, which represent the melting points (7mm),
of the two bis-benzoxazines were quite distinct. The m.p. of CT-fu was higher than that of BA-fu,
which was expected since both oxazine rings of CT-fu are fused to the same benzene, making it a
much more rigid and compact molecule when compared to BA-fu, where the oxazine rings are

separated by an alkyl bridge, which gives flexibility to this structure.

The exothermic events, corresponding to the temperature range of the ring-opening
polymerization (ROP) of the monomers, demonstrated also different behaviors. While the BA-fu
monomer exhibits a broad exothermic event between 220 and 300°C, with an initial polymerization
temperature (7o) at 223°C, the CT-fu monomer has a sharp exothermic event between 205 and
240°C, with T, at 213°C. It was also observed that the enthalpy of polymerization value (AH) of
CT-fu is more than 50 % greater than that obtained for BA-fu. The obtained results for BA-fu are
consistent with those reported by Liu and Chou (LIU; CHOU, 2005).

Due to the proximity of the fusion and polymerization events (processing window) of
CT-fu, it becomes very difficult to process the monomer in order to obtain an intact and defects-
free polymer. A strategy to solve this problem is by polymerizing the monomer under high
pressure(SHEN; ISHIDA, 1996) or by copolymerizing this monomer with another one that
possesses a lower melting point. Thus, it was proposed to blend the two bis-benzoxazines in

different concentrations, which could lead to resins with better processing windows, and therefore
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to high-quality polybenzoxazines samples, liable to have their mechanical properties analyzed by

DMA.

For this, three different resin compositions were prepared, as described in the

Experimental Section, namely: CT/BA10, CT/BA30 and CT/BASO0.

Analyzing the DSC thermograms of the monomer mixtures (Figure 23), it was noticed
only one endothermic event, indicating that the monomers are well compatible to be fused

simultaneously.

It was also observed that with the increased content of CT-fu, the polymerization peak
temperature (7p) was decreased, while the extrapolated onset polymerization temperature (75,) was
practically maintained. This demonstrates that the polymerization initiates with the oxazine ring-
opening of CT-fu, catalyzing the polymerization process of BA-fu, as depicted in Scheme 4. These
polymerization behaviors of the resins were expected since CT-fu has a lower polymerization

temperature than BA-fu.

Scheme 4 - Representative copolymerization mechanism of CT-fu and BA-fu
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Thermal analysis of the bio-based polybenzoxazines

The thermal stability of polybenzoxazines was evaluated by thermogravimetric
analysis (TGA) under an inert atmosphere (N2). The TGA thermograms of poly(BA-fu),
poly(CT/BA10), poly(CT/BA30) and poly(CT/BAS0) are shown in Figure 24 and their data
summarized in Table 3. Analyzing the extrapolated onset degradation temperature (7p) it was
noticed that poly(BA-fu) present a higher initial degradation than its copolymers with CT-fu.
Nevertheless, as the CT-fu content increased, the char yields (CY) values of the copolymers were
also increased. The copolymer with the highest bio-based content, poly(CT/BAS50), had a 14 %

increase in char yield when compared with poly(BA-fu).

Compared to results previously published for the classical bisphenol A/aniline (BA-a
or P-BPA-ABz) based polybenzoxazine,(DAYO et al., 2017; DOUSE et al., 2016; HASSAN et
al., 2016; KOPSIDAS; HAMERTON, 2016) the polybenzoxazines reported in this work presented
superior thermal stability. With the incremental incorporation of CT-fu into BA-fu, not only the
biomass-derived content was increased (up to 50% w/w), but, especially, the generation of

carbonaceous residue (CY).

Table 3 - Data of TGA curves of poly(BA-fu), poly(10%) and poly(30%), poly(50%).

Name To Ts T T20
CY (%) LOI*
(°O) (°O) °O) °C)
poly(BA-fu) 338 361 410 444 46 359
poly(CT/BA10) 336 384 414 443 53 38.7
poly(CT/BA30) 331 365 403 446 58 40.7
poly(CT/BAS0) 329 361 397 458 60 41.5

*Calculated from the char yield at 800 °C of TGA analysis.

Source: The author
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Figure 24 - TGA curves of poly(BA-fu), poly(CT/BA10), poly(CT/BA30) and poly(CT/BAS5O0).
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Considering the elevated values of char yield observed, TGA results were also
employed to evaluate the flame retardancy of the polybenzoxazines by the determination of the

limiting oxidation index (LOI), which is the minimum O: concentration to let the material ignite to
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cause flammability. Materials with LOI values < 26 are considered flammable and an interesting
way to estimate LOI values of halogen-free polymers is by using the char yields of TGA analyses

using the van Krevelen equation (Eq. 2) (VAN KREVELEN, 1975).
LOI=175+04(CY) (Equation 2)

The correlation of LOI values and CY has been used extensively (DENG et al., 2017;
DUMAS et al., 2016c; FU et al, 2016; KALIAVARADHAN; MUTHUSAMY, 2016;
MALLAKPOUR; ZADEHNAZARI, 2017; THIRUKUMARAN et al., 2014) and this method is
convenient when the amount of the available samples are highly limited. The LOI values of these
polybenzoxazines indicate that these halogen-, silane- and phosphorous-free materials possess
outstanding flame retardancy, as polymers containing LOI values > 28 are considered as self-
extinguishing (MALLAKPOUR; ZADEHNAZARI, 2017). The flame retardancy of these
polybenzoxazines showed to be superior than polybenzoxazine of the commercially available BA-
a, which possesses a LOI value of 30.3 (SPONTON et al., 2008) and also superior than polyepoxy
of the commercially available DGEBA epoxy resin, which possesses LOI values around 20.5 to

24.6 (BERESKA et al., 2017; FANG et al., 2017; SHABESTARI et al., 2017).

The mechanical properties of the polybenzoxazines were evaluated by DMA to assess
the effect of the different compositions of benzoxazine monomers (CT-fu and BA-fu) in dynamic
mechanical properties against temperature. The DMA curves of the storage modulus (£”) and the
damping factor (tan 0) as a function of the temperature of the polybenzoxazines are shown in Figure

25 and their data are summarized in Table 4.

The use of CT-fu as a co-monomer demonstrated a significant improvement on the
storage modulus of the polybenzoxazines, starting from 2.4 GPa of poly(BA-fu) to 3.5 GPa of
poly(CT/BAS0) at 30°C. Along the entire glassy state, the copolymers also demonstrated superior
storage modulus than the homopolymer. At 300°C the storage modulus of poly(BA-fu) and
poly(CT/BA10) demonstrated to be higher than 1 GPa, indicating that these materials possess
reasonably high cross-link density (LIN et al., 2017). On the other hand, by analyzing the E’ at the
same temperature as the other polybenzoxazines, it was noticed that the cross-link densities of the

copolymers tended to be lower as the CT-fu content increased.
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Reduction in the glass transition temperature (7%), determined as the temperature at the
tan o peak, was observed as CT-fu content increased. Somehow, the incorporation of CT-fu into
the polymeric matrix disrupted the polymer network, changing the molecular structure and

increasing the mobility of polymer chains, impairing the mechanical properties.

From the DMA results, it is also possible to correlate 7, and E’ with the CT-fu
concentration, as plotted in Figure 26. This observation could indicate a good reliability on the
homogenous distributions of the CT-fu/BA-fu units in the polymer matrices, suggesting a good
processability and compatibility of the monomer mixtures. The height of tan § peak can be
interpreted as the extent of mobility of the polymeric segments at a determined temperature (HILL
et al., 2000). As observed in Figure 25, increased amounts of CT-fu caused an increase in the tan
O peak, indicating higher energy loss and a more viscous behavior (KALIAVARADHAN;
MUTHUSAMY, 2016). All the copolymers showed higher tan 6 peak heights than that of the
homopolymer. Since an increase in cross-link density typically results in an enhancement of the
mechanical properties with the restricted mobility of the polymeric matrix, it was expected that the
increase of CT-fu content could provide higher cross-link densities on the copolymers, since more
reactive furfuryl moieties (mols per mass of monomers) would be available (FROIMOWICZ et al.,
2016). However, further investigation is required to a better understand why the increase of CT-fu
units in the polymer increases significantly the E* of the polybenzoxazines at lower temperatures

but impairs the thermomechanical stability of the polymers at higher temperatures.

Nevertheless, these (co)polymers are very promising as high-performance materials
due to their elevated thermal stabilities, high storage moduli and high Tg, which can reach

temperatures up to 300 °C.
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Figure 25 - DMA curves of poly(BA-fu), poly(CT/BA10), poly(CT/BA30) and poly(CT/BAS50).
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Table 4 - Data of DMA curves of poly(BA-fu), poly(CT/BA10), poly(CT/BA30) and
poly(CT/BAS50).

E’at30°C E’at200°C E’at300°C T

Sample tan o height
(GPa) (GPa) (GPa) °C)

Poly(BA-fu) 2.4 1.8 1.3 350 0.13

poly(CT/BA10) 2.7 2.0 1.3 337 0.15

poly(CT/BA30) 3.0 2.1 1.0 322 0.16

poly(CT/BA50) 3.5 2.1 0.4 298 0.23

Source: The author

Figure 26 - Linear correlations of 7y and £’ with CT-fu concentrations
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Conclusions

The results presented here suggest that the synthesis of a fully bio-based benzoxazine
starting from the lignocellulose-derived products, catechol and furfurylamine, is a valuable tool for

the sustainable development of bis-benzoxazine resins. Microwave irradiation along with
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poly(ethylene glycol) allowed the successful synthesis of thermosetting resins in a matter of few
minutes and without the use of toxic chemicals in good yields. Nevertheless, further investigation
is being carried out looking forward to the production of benzoxazine resins in larger scales and
the effective reuse of PEG. The incorporation of CT-fu into BA-fu produced high-performance
polybenzoxazines with elevated bio-based contents. This novel fully bio-based monomer was also
responsible for the incredible LOI value presented by poly(CT/BASO0), replacing 50% (w/w) of

BA-fu and giving a copolymer with attractive flame retardant properties.

In this work, we also attempted to demonstrate that lignocellulosic biomass represents
a valuable renewable feedstock for the development of highly bio-based derived benzoxazine

resins, which can be turned into high-performance thermoset materials.
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4 TOWARDS BIO-BASED HIGH-PERFORMANCE POLYBENZOXAZINES: AGRO-
WASTES AS STARTING MATERIALS FOR BPA-FREE THERMOSETS VIA
EFFICIENT MICROWAVE-ASSISTED SYNTHESIS

RESUMO

Neste trabalho € descrito o uso do liquido de casca de castanha de caju (CNSL) e o catecol derivado
de lignina como materiais de partida renovdveis amplamente disponiveis para a sintese de
benzoxazinas livres de BPA. As resinas bio-baseadas foram obtidas através de um eficiente método
ecologicamente correto, utilizando irradiacdo de microondas como fonte de calor, produzindo
resinas com bons rendimentos. Apds caracterizacao por espectroscopia na regiao no infravermelho
com transformada de Fourier (FTIR), espectroscopia de ressonincia magnética nuclear (RMN de
1H e 13C) e calorimetria exploratoria diferencial (DSC), estas resinas foram misturadas em
diferentes concentracdes e foram termicamente (co)polimerizadas para obtencdo de
polibenzoxazinas totalmente bio-baseadas. Esses termofixas foram estudados por andlise
termogravimétrica (TGA), andlise mecanica dinamica (DMA) e teste de flexao de trés pontos, que
mostraram conteudos de cinzas elevados (até 40%) e boas propriedades mecénicas (Tg acima de
200 °C). Métricas sustentdveis, fator E Economia de dtomos, também foram aplicadas para sintese
de mondmeros renovaveis demonstrando quanto sustentaveis estes processos sdo, sugerindo que
estes materiais podem ser considerados alternativas interessantes de alto desempenho para

substituir as polibenzoxazinas a base de BPA.

Palavras-chaves: Polibenzoxazinas. Liquido da Casca da Castanha de Caju. Lignina. Métricas

Sustentaveis

ABSTRACT

In this work is described the use of Cashew Nut Shell Liquid (CNSL) and the lignin-derivate
catechol as widely available renewable starting materials for the synthesis of BPA-free

benzoxazines. The bio-based resins were obtained through an efficient eco-friendly method using
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microwave-irradiation as a heating source, producing resins with good yields. After
characterization by Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance
Spectroscopy (‘H and '*C NMR) and differential scanning calorimetry (DSC), these resins were
combined in different ratios and then thermally (co)polymerized to obtain fully bio-based
polybenzoxazines. These thermosets were studied by thermogravimetric analysis (TGA), dynamic
mechanical analysis (DMA) and three-point flexural test, which showed elevated char yield (up to
40%) and good mechanical properties (Tg above 200°C). Sustainable metrics, E factor and Atom

Economy, were also applied for the synthesis of the bio-based monomers demonstrating the
greenness of this processes and suggesting that these materials can be considered interesting high-

performance alternatives to substitute BPA-based polybenzoxazines.

Keywords: Polybenzoxazines. Cashew Nut Shell Liquid. Lignin, Sustainable Metrics

Introduction

The constant search to develop new bio-based polymers is a current trend among the
scientists that seek ways to contribute heavily with the circular economy. The growing rigorous
laws of environmental agencies and environmental awareness of consumers turned bio-based
thermosets as one of the most studied renewable polymers, due to the low cost and the global
availability of biomass as starting material, with applications that range from adhesives to high-
performance polymers (BOBADE et al., 2016) The most known bio-based thermosets are
phenolics (LI et al., 2017; NATARAJAN; MURUGAVEL, 2013), polyurethanes
(KATHALEWAR; SABNIS; D’MELO, 2014; SAHOO; MOHANTY; NAYAK, 2018;
SOMISETTI et al., 2018) and epoxies (NG et al., 2017) which use mostly vegetable oils, cardanol
and lignin derivates as starting material. But another class of polymers that have entered this field
to dispute with these renewable polymers are polybenzoxazines, which are polymeric products of
benzoxazines.

Benzoxazines are a class of high performance thermosetting resins that have attracted
the attention of industrial and academic sectors due to their peculiar properties, such as: easy

thermal curing by ring-opening polymerization, in which the use of catalysts or hardeners is not
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required, low thermal expansion, high glass transition temperature (7), low moisture absorption,
good chemical resistance and improved thermal and mechanical properties (DUMAS et al., 2016a;
FROIMOWICZ; ZHANG; ISHIDA, 2016; YAGCI; KISKAN; GHOSH, 2009). Another very
attractive characteristic from the synthetic point of view is the great molecular design flexibility,
since the synthesis of these monomers occurs from a phenolic compound, a primary amine and
formaldehyde, making it possible to use a wide variety of starting materials, including derivatives
of renewable feedstock (ISHIDA; AGAG, 2011).

Phenolic compounds are described as the most studied starting materials in the
literature of benzoxazines. Additionally, one of the richest and natural sources of these compounds
is the Cashew Nut Shell Liquid (CNSL), localized in the honeycomb of the cashew nutshell
(Anacardium occidentale L.) LOMONACO et al., 2012). The natural CNSL possesses a chemical
composition of anacardic acid (71.70 — 82.00 %), cardol (13.80 —20.10 %), cardanol (1.60 — 9.20
%) and 2-methyl cardol (1.65 — 3.90 %) (MAZZETTO; LOMONACO, 2009), but due to the
elevated temperatures during the almond processing of the cashew nut industries, the anacardic
acid suffers a decarboxylation reaction, turning this CNSL rich in cardanol (LOMONACO et al.,
2012). This CNSL, also called as fechnical CNSL, is the main by-product after the industrial
processing of the cashew almond and it possesses a chemical composition of cardanol (67.82 —
94.60 %), cardol (3.80 — 18.86 %), anacardic acid (1.09 — 1.75 %), 2-methyl cardol (1.20 — 4.10
%) and polymeric materials (0.34 —21.63 %) MAZZETTO; LOMONACO, 2009).

Considering that in 2016 the world production of cashew nuts in natura was almost 5
million tons,(FAO, 2018) and knowing that CNSL represents around 25 % in weight of the nut
(KOTZEBUE et al., 2016) it can be estimated that around 1.25 million tons of CNSL could be
produced on that year. This large quantity of by-product, aligned with the chemical versatility of
the phenolic compounds and the low cost, makes CNSL a very promising and renewable raw
material for the development of new bio-based benzoxazines (LOMONACO; MELE;
MAZZETTO, 2017).

Another interesting agro-industrial waste is lignin, an amorphous heterogeneous
macromolecule localized in the cell walls of vascular plants, which its main usage is to provide
protection against biochemical interventions by avoiding enzymatic reactions of inner components

(LAURICHESSE; AVEROUS, 2014). Being considered as the second most abundant biopolymer,
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lignin consists of a complex structure containing mainly three units: guaiacyl (G), p-hydroxyphenyl
(H) and syringyl (S) (MA; GUO; ZHANG, 2018). According to Laurichesse and Avérous
(LAURICHESSE; AVEROUS, 2014), the global availability of lignin can exceed 300 billion tons
and only the pulp and paper industries produced around 50 million tons in 2010. The immense
availability of this feedstock has put scientists to dedicate a lot of efforts to depolymerize lignin
into phenylpropanoids, as these are considered to be very interesting for the production of a various
value-added bio-aromatics such as vanillin, guaiacol and catechol (ERDOCIA et al., 2014;
FERNANDEZ-RODRIGUEZ et al., 2017; JEENPADIPHAT; MONGKOLPICHAYARAK;
TUNGASMITA, 2016).

Previously, it was demonstrated that catechol is a promising renewable phenolic
compound to synthesize bis-benzoxazine (CT-fu) making it suitable for producing high thermal
and mechanical resistant thermosets with glass transition temperatures (7)) above 250 °C
(KOTZEBUE et al., 2018).

Benzoxazines synthesized from CNSL-based phenols are reported in the literature and
their polymers demonstrated interesting thermal properties (KOTZEBUE et al., 2016; RIBEIRO et
al., 2017). However, due to the low values of storage moduli (£°) and the low glass transition
temperature (7y), the thermomechanical properties of CNSL-based polybenzoxazines turn them
not so desired for high-performance materials (RIBEIRO et al., 2017; SHUKLA et al., 2015). The
reason that these polybenzoxazines possess these properties is due to the great mobility of long
aliphatic chains of their respective phenols, which suggests a low crosslinking density of the
polymer (RIBEIRO et al., 2017; SHUKLA et al., 2015).

A strategy already reported in the literature to improve the mechanical properties and
the glass transition temperatures of the cardanol-based polybenzoxazines is the functionalization
of the instaurations on the aliphatic chain, such as epoxidation (AMBROZIC; SEBENIK;
KRAJNC, 2015). Ambrozi¢ and coworkers demonstrated that the epoxy-functionalized
polybenzoxazine had a storage modulus (in shear mode) almost twice as high as of the conventional
cardanol-based polybenzoxazines (AMBROZIC; SEBENIK; KRAJNC, 2015). On the other hand,
the glass transition temperature (7g) reported did not increase significantly, which was from 89 to
110 °C (AMBROZIC; SEBENIK; KRAJNC, 2015). Due to these low T, and to the reactivity of

the epoxy groups, that can react with primary amines during the benzoxazines synthesis, another
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strategy to increase the thermomechanical properties of CNSL-based polybenzoxazines is still
recommended.

An alternative to obtain polybenzoxazine with good thermal and mechanical properties,
is by increasing the number of oxazine rings in a monomer, such as bis-benzoxazines, which could
increase significantly the crosslinking in the polymer matrix (ISHIDA; AGAG, 2011). As cardanol-
based benzoxazines are generally monofunctional, a strategy to use this monomer for high-
performance thermosets is its (co)polymerization with a bis-benzoxazine. Kotzebue and co-
workers performed a study of copolymerization with catechol- and BPA-based bis-benzoxazines
(CT-fu and BA-fu, respectively) and it was observed that the insertion of CT-fu greatly improved
the properties of the copolymer (KOTZEBUE et al., 2018).

Therefore, considering the renewability of catechol and furfurylamine (WANG et al.,
2013; DUMAS et al., 2016b), the main purpose of this work is to synthesize highly bio-based
benzoxazines from non-edible CNSL and improve the thermal and mechanical properties of its
polybenzoxazine by copolymerizing it with catechol-based bis-benzoxazine.

After the structural and thermal characterization of benzoxazine monomers obtained
by Fourier transform infrared spectroscopy (FTIR), 'H and '>C nuclear magnetic resonance
spectroscopy (NMR), and differential scanning calorimetry (DSC), the copolymers were

investigated by thermogravimetric analysis (TGA), dynamic (DMA) and static mechanical analysis

Experimental

Materials

Technical CNSL (Cashew nutshell liquid) was supplied by Améndoas do Brasil LTDA.
Catechol (99%), furfurylamine (99%) and paraformaldehyde (99%) were used as received from
Sigma-Aldrich. PEG (Kollisolv® PEG E 400) was used as received from Aldrich. Ethyl acetate,
dichloromethane, methanol, sodium hydroxide and anhydrous sodium sulphate, were used as

received from LabSynth (Brazil).
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Synthesis and analytical methods
Microwave-assisted organic synthesis

The microwave-assisted organic synthesis was performed in a Milestone microwave
reactor, model StartSYNTH, operating in an open-vessel configuration at a frequency of 2.45 GHz.
The temperature set was controlled by a contact-less infrared sensor, and the power applied was

limited to 500 W.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were obtained using a Perkin Elmer FTIR/NIR FRONTIER
spectrometer, using attenuated total reflectance (ATR) fixture with zinc selenide crystal surface
(ZnSe), and resolution of 4 cm™! using the arithmetic average of 32 scans in the wave number range

of 4000-550 cm .

'H and " C nuclear magnetic spectroscopy ('H and >C NMR)

The '"H-NMR and '*C-NMR spectra were obtained on a BRUKER, Avance DPX model
spectrometer, operated at a frequency of 300 MHz for 'H and of 75 MHz for '*C. Deuterated
chloroform (CDCl3) was used to dissolve the samples, and tetramethylsilane (TMS) was used as

an internal standard.

Differential Scanning Calorimetry (DSC)
The DSC analyses were made using a Mettler-Toledo DSC 823e, using 5 mg samples

in aluminum pans. Non-isothermal measurements were made with a heating rate of 10°C min™', in

a temperature range of 30 to 400 °C, under nitrogen (N>) purge at a flow rate of 50 mL min™.

Thermogravimetric Analyses (TGA)
The TGA analyses were carried out using a Mettler-Toledo TGA/SDTAS851e using 5
mg samples placed in an alumina pan. The measurements were performed from 30°C to 800°C, at

a scanning rate of 10°C min™ under nitrogen (N2) atmosphere at a flow rate of 50 mL min.
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Dynamic Mechanical Analyses (DMA)
DMA were conducted on a Mettler-Toledo DMA-1, using a single cantilever mode, at
a heating rate of 3°C min™! from 30 to 250 °C, and a frequency of 1 Hz under air. The deformation

applied was within the linear viscoelastic limit, determined by a sweep strain test.

Mechanical Analysis

A three-point bending test was performed using a universal testing machine Instron
(Instron, model 3345, Canton, USA). The crosshead speed was set at 0.5 mm/min and one sample
of each polybenzoxazine, with 80 mm X 4.3 mm X 1.3 mm dimension, was used with a useful

length of 70 mm.

Method for microwave-assisted synthesis of CNSL-fu

In a 125 mL round-bottom flask equipped with a stirring bar was added CNSL (20.00
g), paraformaldehyde (5.60 g, 184.8 mmol) and furfurylamine (7.25 g, 73.9 mmol). The flask was
placed in the microwave and fitted with a 50 cm Vigreux column and distillation head. The
microwave was programmed to increase from room temperature to 100°C for 5 min, using
maximum power of 500 W. After the stabilization of the temperature, the reaction continued for
more 5 min. At the end of the reaction, the material was cooled to room temperature. The reaction
mixture was diluted with ethyl acetate (250 mL) and this organic solution was washed in a
separating funnel with an aqueous solution of 2 mol L' NaOH (3 X 150 mL) and with distilled
water (3 X 150 mL). Finally, the organic phase was collected, dried over sodium sulphate, filtered,
concentrated under reduced pressure and a dark brown viscous liquid was obtained 24.84 g. The
chemical structures were characterized by 'H-NMR, "*C-NMR and FTIR and compared with the
previous published results (A. ATTANASI et al., 2012) indicating the success of the procedure.

TH RMN (CDCls, 300MHz, §) 7.42 (s,1H), 6.84 (d, 7.6 Hz,1H), 6.73 (d, 7.7 Hz, 1H), 6.65 (s, 1H),
6.34 (m, 2H), 5.36 (m, 3H), 5.00 (m, 1H), 4.87 (m, 2H), 3.99 (s, 2H), 3.93 (m, 3H), 2.80 (m, 2H),
2.54 (t, 7.6 Hz, 2H), 2.05 (m, 4H), 1.60 (m, 2H), 1.32 (m, 15H), 0.89 (m, 2H). 1*C RMN (CDCl;,
75MHz, §): 153.9, 153.5, 151.9, 144.4, 143.1, 142.7, 141.6, 137.0, 132.1, 130.6, 130.1, 130.0,
129.5, 128.5, 128.4, 128.2, 128.0, 127.8, 127.6, 127.0, 121.7, 121.2, 117.3, 116.9, 116.4, 115.2,



96

114.9, 110.5, 110.4, 109.1, 107.3, 82.0, 56.5, 49.6, 48.4, 39.1, 35.9, 32.0, 31.7, 31.5, 30.0, 29.9,
29.8, 29.6, 29.5, 29.4, 29.2, 27.4, 27.4, 25.9, 25.8, 23.0, 22.8, 14.3, 14.0. FTIR (ATR-ZnSe, cm’
1): 1578 (stretching of furan ring), 1504 (stretching of trisubstituted benzene ring), 1240 (C-O-C

asymmetric stretching), 915 (benzoxazine related mode).

Method for microwave-assisted synthesis of CT-fu (3,8-bis(furan-2-ylmethyl)-2,3,4,7,8,9-
hexahydrobenzo[1,2-e:4,3-e'[bis([ 1,3 Joxazine)

CT-fu was synthesized using a modified method as published previously by our group
(KOTZEBUE et al., 2018). In a 250 mL round-bottom flask equipped with a stirring bar was added
PEG (50 mL) and then heated till 80 °C. Catechol (10.00 g, 89.91 mmol), paraformaldehyde (13.62
g, 449.55 mmol) and furfurylamine (17.64 g, 179.82 mmol) were added into the hot PEG and then
stirred for 3 min to form a light red suspension. The flask containing the mixture was placed in the
microwave and fitted with a 50 cm Vigreux column and distillation head. The Microwave was set
to a maximum power of 500 W, temperature was programmed to increase from 60 to 120 °C in a
period of 2 min; and kept at this temperature for additional 5 min, totaling 7 min under microwave
irradiation. After the completion of the reaction, the mixture was put to cooled till room
temperature forming a bulky solid phase. The reaction mixture was washed with 100 mL of
methanol and transferred to an Erlenmeyer (250 mL). The mixture was sonicated in an ultrasound
bath (40 kHz) at 40 °C for 2 h and then a vacuum filtration was performed. The residue was washed
once more and then put to dry in an oven at 80 °C to overnight for solvent evaporation, obtaining
a23.15 g (72 % yield) white powder. The chemical structures were characterized by 'H NMR, '*C
NMR and FTIR.

'"H RMN (CDCl3, 300MHz, ) 7.42 (d, 2 Hz, 1H), 6.51 (s, 1H), 6.34 (m, 1H), 6.27 (m, 1H), 4.99
(s, 2H), 4.00 (s, 2H), 3.970 (s, 2H,); 13C RMN (CDCl3, 75MHz, 3): 151.8, 142.7, 119.0, 118.7,
110.4, 109.1, 82.7, 49.3, 48.6; FTIR (ATR-ZnSe, cm™): 1577 (stretching of furan ring), 1478
(stretching of tetrasubstituted benzene ring), 1235 (C-O-C asymmetric stretching), 923

(benzoxazine related mode)
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(Co)polymerization of the bio-based benzoxazines

CNLS-fu and the combined mixtures with CT-fu, as described in Table 5, were put in
silicone molds (40 X 20 X 2 mm) and melted at 140 °C in a vacuum oven. The polybenzoxazines
were obtained using the following heating ramp: 140 °C for 1 h, 160 °C for 1 h, 180 °C for 1 h and
200 °C for 2h. A post-cure treatment was performed at 220 °C for 2 h and 240 °C for 2h. The sample

mass used in the polymerization was approximately 1.5 g.

Table 5 - Composition of bio-based bis-benzoxazine resins

Sample  CT.fy (%) CNSL-fu(%)

CNSL/CT10 10 90
CNSL/CT20 20 80
CNSL/CT 30 30 70
CNSL/CT 40 40 60
CNSL/CT 50 50 50

Source: The author

Results and discussion
Microwave-assisted synthesis of CNSL-fu and CT-fu

Bearing in mind the wide application of the benzoxazines resins in the industrial and
academic sectors for polymeric materials, which usually require large quantities of starting material
for its production and considering this with environmental concerns, the use of widely available
eco-friendly resources has induced great interest (HULSEY; YANG; YAN, 2018; ISIKGOR;
BECER, 2015; SHELDON, 2018b; VOIRIN et al., 2014). In this sense, CNSL and catechol were

chosen as starting materials for the development of polybenzoxazines in this work.



98

The benzoxazines monomers derived of CNSL and catechol synthesized with the
furfurylamine were obtained by means of a one-step reaction and under microwave irradiation

(Scheme 5).

Scheme 5 - Synthesis of benzoxazine monomers CNSL-fu and CT-fu
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Microwave-assisted synthesis of bio-based benzoxazines has been reported in the
literature as highly efficient procedure. This synthesis has low reaction times and similar or higher

yields when compared to traditional heating (KOTZEBUE et al., 2018; OLIVEIRA et al., 2017).

The efficiency of the microwave-assisted synthesis can be attributed to the interaction
between organic molecules with the electric component of the microwave irradiation. The
phenomenon of warming promoted by irradiation for microwaves resides in the dielectric heating,
which is the ability of some compounds to transform electromagnetic energy into heat

(RODRIGUEZ et al., 2015). This ability is closely related to the polarity of these compounds.

CNSL is mainly composed by cardanol (81%), cardol (15%) and minor quantities of
2-methyl cardol, compounds that present an aliphatic side-chain containing up to 3 unsaturations
(LOMONACO; MELE; MAZZETTO, 2017). For the CNSL employed in this work, the majority

of cardanol was found as monounsaturated (80%) compound, while cardol as triunsaturated (63%)
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one. Therefore, CNSL-fu was composed by both mono- and bis-benzoxazines, as depicted in

Scheme 5.

The bio-based benzoxazine resin CNSL-fu was obtained from CNSL, furfurylamine
and paraformaldehyde in conditions complete absence of solvents, since, except for
paraformaldehyde, the reagents are liquids at room temperature, providing the complete
solubilization of the reaction medium. The fast synthesis of CNSL-fu under microwave irradiation
in just 7 minutes proved to be very promising, once it is reported in the literature that the synthesis
of benzoxazines monomers from cardanol are usually obtained with reaction times lasting hours or
days (A. ATTANASI et al., 2012; AMBROZIC; SEBENIK; KRAJNC, 2015; RIBEIRO et al.,
2017).

Catechol-based benzoxazine (CT-fu) was obtained as related in the literature
(KOTZEBUE et al., 2018), starting from catechol, furfurylamine and paraformaldehyde, and with
the use of PEG as a nontoxic solvent. The synthesis of catechol-based benzoxazine under
microwaves irradiation proved again to be very promising, due to short reaction time (7 min),
compared with other bis-benzoxazine syntheses using traditional heating methods and toxic

solvents, with reaction times of around 24 h (LIU; CHOU, 2005).

It is worth emphasizing the importance of obtaining benzoxazines resins in large
quantities, once it is used in the field of polymer and materials science. The use of sources with a
high amount of feedstock to obtain new bio-based benzoxazines, and a versatile methodology that
requires a few minutes of reaction and generates good amounts of material, is a promising study

with great potential to be exploited in a vast area of the science of polymers and materials.

Structural characterization of bio-based benzoxazines

In order to determine the purity and the chemical structure of benzoxazines synthesized

from CNSL and catechol, the obtained products were investigated by FTIR and 'H NMR.

Figure 27 shows the FTIR spectra of the CNSL and its respective benzoxazine. In the

1

spectrum of the benzoxazine monomer (CNSL-fu), the absence of the band at 3351 cm ', assigned
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to the O-H bond stretching, indicated the transformation of the hydroxyl group. The band at 1578
cm ! was attributed to the vibrational mode of the furan ring (LIU; CHOU, 2005). The absorption
band at 1504 cm ! was referred to the C=C stretching of the trisubstituted benzene ring of the
CNSL-fu. In addition, the formation of the fused oxazine ring on the benzene ring was confirmed
by the appearance of the absorption bands at 1239 cm !, referred to the =C-O-C group and by the
band at 915 cm™! , a vibrational mode characteristic to benzoxazines (LIU; CHOU, 2005).

The structure of the benzoxazine monomer CT-fu was also confirmed by FTIR (Figure
27). The absence of the broad band at 3441 cm’, attributed to the of the O-H bond stretching,
indicates the transformation of the hydroxyl group. The 1579 cm ! band is attributed to the
vibrational mode of the furan ring (LIU; CHOU, 2005), and the presence of the oxazine ring is
indicated by the bands 1478, 1235 and 923 cm™! assigned to the C=C stretch of the tetra-substituted

benzene ring, to asymmetric stretching =C-O-C and to benzoxazine related mode, respectively.
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Figure 27 - FTIR spectra of CNSL, catechol (CT) and their benzoxazine derivatives (CNSL-fu
and CT-fu).
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More detailed structural information was obtained of the synthesized monomers,

CNSL-fu and CT-fu, through 'H NMR analyses.

For the benzoxazine characterization by '"H NMR, the identification of the methylene
hydrogens of the oxazine rings are of most importance. The peaks observed at 4.79 to 4.93 ppm
and at 3.90 to 3.96 ppm are attributed to the O-CHz-N and the Ar-CHz-N hydrogens, respectively,
which indicated the formation of the oxazine rings. The aliphatic chains of the benzoxazines were

observed by the peaks at the range of 0.80 to 2.90 ppm, representing the alkyl groups, and by the
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peaks at the range of 4.95 to 5.95 ppm, representing the olefinic groups. The peaks observed at
6.20 to 7.50 ppm are referred to the aromatic hydrogens (Figure 28).

Analyzing the aromatic region (Figure 28), it was possible to perform a semi-quantitive
analysis of the composition of cardanol- and cardol-based benzoxazines in CNSL-fu. Specific
individual peaks related to each of the two monomers were identified by the doublet at 6.87 ppm,
referred to the hydrogen i of the cardanol-based benzoxazine, and the singlet at 6.31 ppm, referred
to the solely benzene hydrogen g’ of the cardol-based bis-benzoxazine (A. ATTANASI et al.,
2012). After comparing the integrals of the peaks related to hydrogen i with hydrogen g’ of 1.00
and 0.35, respectively, it was estimated that CNSL-fu was composed of around 26 % (mol/mol) of
cardol-based benzoxazine. This estimated composition of the bis-benzoxazine was also confirmed
by analyzing the integrals of the peak of hydrogen i with the peaks referred to the a- and p-

hydrogens of the furan groups (a, a’, b, b’, ¢ and ¢’) of the two monomers.
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Figure 28 - '"H NMR spectra of CNSL-fu
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Sustainable Metrics of Benzoxazine Syntheses

Looking forward to evaluating the “greenness” of these two benzoxazine monomers,
we also investigated their synthetic processes based on the two most known sustainable metrics:
Atom Economy (AE) and Environmental Factor (E factor) (SHELDON, 2018a). The detailed
calculations of these sustainable metrics are available as Supporting Information while the obtained
values are summarized in Table 6.

To the best of our knowledge, this is the first time where sustainability indicators are

applied for the syntheses of benzoxazine resins.

Table 6 - Sustainable Metrics of the syntheses of benzoxazine resins.

Benzoxazine AE (%) E-factor
CNSL-fu ~90 11.23
CT-fu 83 10.05

Source: The author

Atom Economy (AE)

Being part as one of the twelve principles of Green Chemistry, Atom Economy is the
simplest and most known sustainable metric (ANASTAS; WARNER, 1998). According to Trost,
AE can be understood as how much of the reactants is part of the product (TROST, 1991), in other
words, it is the ratio of the molar weight of the product by the sum of the molar weights of the
reactants. The ideal AE value is 100 %, meaning that all the reactants used ended up in the product.
Using this concept for the benzoxazine syntheses of this work, it was observed that their AE values
were at least 83 %. Because of the loss of at least two water molecules, it can be concluded that
benzoxazine reactions can be overall quite sustainable. And the higher the molecular weights of
the chosen phenolic compound and/or primary amine, the higher the AE values, as it was observed

for the synthesis of CNSL-fu.
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Environmental Factor (E factor)

Atom Economy has one main disadvantage, which is, it cannot determine the amount
of waste produced during a reaction. Therefore, another sustainable index was used in order to
overcome this drawback and provide more consistent information about benzoxazine synthesis

sustainability.

Prof. Roger Sheldon came up with an interesting metric called Environmental Factor,
or also known as the "E factor”, which is a useful way to quantify the waste production of a
chemical process (SHELDON, 1992, 2018a). The E factor is calculated by taking into account the
mass of all materials used in the whole process, minus the mass of the desired product, divided by
the mass of the desired product. An exception that has been taken is water, since counting this
would lead to very high and unreasonable E factor results (SHELDON, 2018a). The lower this

factor, the more sustainable the process is considered. The ideal E factor value would be zero.

This sustainable metric was used for the two benzoxazine syntheses of CNSL-fu and
CT-fu, demonstrating that their E factors were around 11, classifying them in the industry segment
of fine chemicals (SHELDON, 2018a). Unfortunately, the E factors of the two benzoxazine
syntheses methods may not be compared between them, as the processes used and the obtained
products are not the same. However, the production of benzoxazine resins can be highly sustainable
for thermoset applications, where further purifications of these resins are not necessarily required.
Using as an example the benzoxazine synthesis method of H-Fa and R-Fa of Dumas and
coworkers (DUMAS et al., 2016b), no work up were performed after the completion of the

reactions, demonstrating that benzoxazine synthesis can reach very low E factors.

Using Atom Economy and Environmental factor for the benzoxazine syntheses of
CNSL-fu and CT-fu demonstrated to be important to have an idea how sustainable these methods
are. And it was also understandable which variables can be altered when seeking for a more

sustainable pathway to synthesize the resin of choice.
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Nevertheless, some parameters of the benzoxazine syntheses of CNSL-fu and CT-fu
were not considered in these metrics but are worth to be mentioned, since they indicate that these

resins and methods can be even more sustainable than as demonstrated by the metrics, which are:

1. CNSL and lignocellulosic feedstocks as starting materials (low-cost, widely

available, no food-chain hampering issues);
2. Methods employed solvent-free system or atoxic PEG as solvent;

3. Microwave-assisted heating (effective and fast heating, meaning higher energy

saving);

4. Recyclability of solvents used (ethyl acetate and methanol).

Polymerization behavior of bio-based copolymers

Non-isothermal differential scanning calorimetry (DSC) analyses were performed of
CNSL-fu and its mixtures with CT-fu, prepared in various molar ratios, to provide a better
understanding of the polymerization behavior of each sample (Figure 29). CT-fu monomer was
not analyzed for this work, as it has already been reported previously (KOTZEBUE et al., 2018).
The initial (7.) and maximum (7)) polymerization temperatures as well as the melting points (7},)

of bio-based benzoxazines and mixtures are summarized in Table 7.
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Figure 29. DSC and TGA curves of CNSL-fu and CT-fu monomers and mixtures
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Table 7. DSC data from CNSL-fu and its mixtures with CT-fu

Monomers DSC TGA
T (°C) T. (°C) T,(°C)  Oxazinering AH, (J/g) T. (°C) Ts(°C)  Char Yield

(mmol/g) (%)

CNSL-fu - 233 253 2.66 16.8 209 221 0
CNSL/CT10 - 205 225 2.95 49.0 206 218 5.4
CNSL/CT20 - 201 217 3.25 77.2 203 215 17.0
CNSL/CT30 165 199 212 3.56 95.5 201 209 20.7
CNSL/CT40 164 197 209 3.87 118.8 201 208 27.7
CNSL/CT50 168 195 206 4.17 136.4 201 207 29.8
CT-fu* 198 213 220 5.7 381.0 192 199 47.6

Source: The author



108

In the DSC thermograms of CNSL-fu it was observed two exothermic events as
expected for typical cardanol-based benzoxazines. The first exothermic event, between 220 to 280
°C, is regarded to the ring-opening polymerization of the oxazine ring and the second event,
between 280 to 400 °C, is referred to the polymerization of the olefinic groups of the aliphatic
chains. The 7, of CNSL-fu was 10 °C lower than the Ca-FA-BOX of Ambrozi¢ and co-workers
(AMBROZIC; SEBENIK; KRAJINC, 2015), which used pure cardanol and furfurylamine as
starting materials. Despite that CNSL-fu is mainly constituted of cardanol-based benzoxazines, the
presence of cardol-based benzoxazines, which are bis-benzoxazines, may be promoting the

polymerization to occur at lower temperatures.

Considering that CNSL-based benzoxazines demonstrate low mechanical properties
and CT-fu is extremely difficult to be homopolymerized due to its narrow processing window, as
reported in the previous work (KOTZEBUE et al., 2018), it was proposed to mix the liquid CNSL-
fu and the solid CT-fu in different ratios, looking forward obtaining a better high-performance
CNSL-based polybenzoxazine. The relation of the ratios of the mixed resins and the thermal and

thermomechanical properties of their respective copolymers was investigated.

Analyzing the polymerization behavior of the mixtures, no endothermic events were
observed on CNSL/CT10 and CNSL/CT20, demonstrating that CT-fu was well dissolved in
CNSL-fu, and the good compatibility of the monomers. On the other hand, the DSC curves of the
other systems (CNSL/CT30, CNSL/CT40 and CNSL/CT50) presented small endothermic events
at around 150 to 180 °C, indicating the presence of insoluble CT-fu in the mixtures. Nevertheless,
as the melting enthalpy of these mixtures are very low, indicating small amounts of insoluble CT-

fu, it is possible that these resins will provide imperfect-free copolymers after curing.

After analyzing the exothermic events of the mixtures, it was observed that by
increasing their CT-fu content, the initial polymerization temperature (7%) and maximum (7))
temperature of the mixtures decreased gradually, demonstrating that the ROP process is initiated
predominantly by CT-fu reacting further with the other monomers (Scheme 6). This behavior was

also observed in a previous work (KOTZEBUE et al., 2018).
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Scheme 6 - Proposed copolymerization of CT-fu and CNSL-fu
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Another interesting observation was the increase of the polymerization enthalpy (4H)
of the systems with the increasing content of CT-fu. This results can be correlated to the oxazine-
ring concentration of each system (Table 7), since CT-fu has an elevated concentration of
oxazine rings (mmols/gram) of monomers.

A previous work correlated the increase/decrease of the enthalpy of copolymerization
of benzoxazine monomers with the formation of volatiles during the polymerization process
(DUMAS et al., 2015b). In our work it is not the same case, since CNSL-fu, which has a lower
AH, presented a higher boiling point than CT-fu, as observed by TGA analysis (Figure 29 and
Table 7).

After the thermal characterizations of the monomers and the mixtures, they, except for
CT-fu, where (co)polymerized and then put to be post-cured as described in the Experimental

section.
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Evaluation of the thermal and mechanical properties of (co)polybenzoxazines

Thermogravimetric analysis (TGA)

The thermal stability of the CT-fu/CNSL-fu polybenzoxazines was studied by
thermogravimetric analysis (TGA) under inert atmosphere (N2) and their TGA curves are shown

on Figure 30. The obtained results of the polybenzoxazines are expressed in Table 8.

Figure 30 - TGA thermograms of (co)polybenzoxazines
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Table 8 - Thermal Properties of (co)polybenzoxazines obtained by TGA

Compound Ts5(°C) Twmax (°C)  Char Yield (%) LOI
Poly(CNSL-fu) 381 441 4 19.1
Poly(CNSL/CT10) 376 438 6 19.9
Poly(CNSL/CT20) 374 433 15 23.5
Poly(CNSL/CT30) 374 433 24 27.1
Poly(CNSL/CT40) 370 434 32 30.3
Poly(CNSL/CT50) 364 435 40 335

Source: The author

In the literature is described that cardanol-based benzoxazines have superior thermal
stability when compared with BPA-based benzoxazines (LOCHAB; VARMA; BIJWE, 2010).
This observation was also confirmed in this work.

It was observed that Poly(CNSL-fu) had an impressive high thermal stability as it can
be observed by its 5% weight loss temperature (75) of 381 °C, which was not expected as its
polymer structure possesses a large number of aliphatic groups. By analyzing the influence of CT-
fu in the copolymers (Table 8), it was observed that as the CT-fu content increased, the lower the
Ts of the polymers. Even though that Poly(CNSL/CTS50) had de lowest 75 among the
polybenzoxazines, the 50% (w/w) increment reduced its 5% weight loss temperature only with 17
°C when compared with Poly(CNSL-fu).

These fully bio-based polybenzoxazines possess good thermal stabilities in the initial
phase of degradation when compared with BPA-based polybenzoxazines. For example, furan-
BPA-based polybenzoxazines P-BPA-FBz (LIU; CHOU, 2005) and Poly(BA-fu) (KOTZEBUE
et al., 2018) had a Ts of 347 and 361 °C, respectively. And aniline-BPA-based polybenzoxazine of
the commercially available XU 35610 had a 75 of 313 °C (HUNTSMAN, 2018).

The insertion of the CT-fu monomer demonstrated that all the copolymers had an
increase in the carbonization yield when compared to Poly(CNSL-fu). For example, the
Poly(CNSL/CTS0) had a 36 % increase in char yield when compared with Poly(CNSL-fu). The
Poly(CNSL/CT40) and Poly(CNSL/CT50) had higher char yields (at 800 °C) than of Poly(BA-
a), which ranges from 28.5 to 30.0 % (DAYO et al., 2017; ISHIDA; SANDERS, 2000;



112

KOPSIDAS; HAMERTON, 2016). The fact that Poly(CNSL/CT40) and Poly(CNSL/CT50)
possess high char yields could indicate that these copolymers have high flame retardancy
properties.

And indeed, by using the van Krevelen equation (VAN KREVELEN, 1975) it was
noticed that Poly(CNSL/CT40) and Poly(CNSL/CT50) possess estimated LOI values of 30.3 and
33.5, respectively. Knowing that materials with LOI values of > 28 are considered self-
extinguishing (MALLAKPOUR; ZADEHNAZARI, 2017), these two copolymers can be

considered as a BPA-, halogen-, phosphor-, and silane-free fully bio-based flame retardants.

Mechanical Analysis

The mechanical properties of the polybenzoxazines were analyzed using a 3-point
bending mode and their respective stress-strain curves are shown on Figure 31 and their data

summarized on Table 9 and Figure 33.

Figure 31 - Stress-strain curves obtained from 3-point bending of polybenzoxazines
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The stress-strain curves of the polybenzoxazines demonstrated only an elastic region,
which is typical for brittle thermoset materials. Their high maximum flexural deformation (&) could
be attributed to the aliphatic chain which provides plasticity for the matrices. It was observed that
with increment of CT-fu in the polymer matrices, the higher the flexural modulus (Ey) (Figure 31),
which was expected as CT-fu is composed mainly of aromatic groups which increase the rigidity
of the polymer matrices. With the 50 % increment of CT-fu in poly(CNSL/CTS50), the Er of the

polymer matrix was increased with 80 %, when compared with poly(CNSL-fu).

Table 9 - Mechanical properties of polybenzoxazines obtained by 3-point bending mode

Compound Er (GPa) or(MPa) & (%)

Poly(CNSL-fu) 0.81 48 6.4
Poly(CNSL/CT10)  0.90 50 6.2
Poly(CNSL/CT20) 1.20 65 6.0
Poly(CNSL/CT30) 1.22 68 6.1
Poly(CNSL/CT40) 1.34 69 54
Poly(CNSL/CT50)  1.47 67 4.9

Source: The author

Dynamic Mechanical Analysis (DMA)

The thermo-mechanical properties of the polymers were analyzed by DMA (Figure

32) and their data are expressed on Table 10 and Figure 33 and 34.

It was observed that Poly(CNSL-fu) had a storage modulus (£’) at 30 °C of 0.83 GPa,
which is higher than the cardanol-based polybenzoxazine pCDN-a which had an £’ of 0.54 GPa
(RIBEIRO et al., 2017). This increase of the storage modulus is due to the presence of the cardol-
based benzoxazines, which is a bis-benzoxazine, as determined by '"H NMR (Figure 28) (A.

ATTANASI et al., 2012).
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The presence of CT-fu in the copolymers alter significantly the mechanical properties
of the polybenzoxazines. The higher the CT-fu content of the copolymers, the higher their storage
modulus. At 30 °C (Figure 32 and 33), all the copolymers demonstrated to have a £’ above 1 GPa.
By replacing 50 % in weight the CNSL-fu with CT-fu, it was possible to double the storage
modulus of the polymer, as Poly(CNSL/CT50) had an interesting £’ of 1.70 GPa. This fully bio-
based copolymer presents itself as a promising BPA-free high-performance material. Analyzing
the storage modulus of Poly(CNSL/CTS0) at higher temperatures, it was observed that at 100 °C

the £’ of the polymer was still above 1 GPa, which is quite remarkable for cardanol-based

polybenzoxazines.

Figure 32 -. DMA analyses of CT-fu/CNSL-fu copolymers
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Table 10 - Thermo-mechanical properties of polybenzoxazines obtained by DMA Analyses

E'at 30 °C E'at 100 °C T, ).
Polymer (GPa) (GPa) (°C) tan o (.10 mol/cm?®)
Poly(CNSL-fu) 0.83 0.37 129 0.110 4.98
Poly(CNSL/CT10) 1.02 0.51 138 0.099 5.34
Poly(CNSL/CT20) 1.32 0.69 156 0.098 5.48
Poly(CNSL/CT30) 1.48 0.82 178 0.096 5.72
Poly(CNSL/CT40) 1.52 0.93 202 0.084 N/D
Poly(CNSL/CT50) 1.70 1.12 > 250 <0.07 N/D

Source: The author

The glass transition temperature (7g) was determined by the peak maximum of the a-
transitions (Figure 32). By correlating the CT-fu/CNSL-fu concentrations with the 7, of their
respective polymers (Figure 32), it was observed that the higher the CT-fu insertion, higher the T

of the polymers (Figure 33).

Figure 33 - Correlation of CT-fu/CNSL-fu concentration with £’
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The glass transition temperature of Poly(CNSL-fu) was 129 °C, which is higher than
the other cardanol-based polybenzoxazines that range from 85 to 106 °C (AMBROZIC; SEBENIK;
KRAIJINC, 2015; RIBEIRO et al.,, 2017). By adding CT-fu content in the polymer, it was
demonstrated that Poly(CNSL/CT20) had a similar 7y of Poly(BA-a), which is 158 °C
(HUNTSMAN, 2018). With further addition of CT-fu in the polymer composition, it was possible
to reach T, above 200 °C, as shown by Poly(CNSL/CT40). The glass transition temperature of
Poly(CNSL/CTS50) could not be determined accurately, as no clear a-transition was observed.
Even so, due to the linear increase tendency of CT-fu concentration from 10 to 40 % with the T,
of their respective polybenzoxazines, it can be estimated that Poly(CNSL/CTS50) had glass

transition temperature above 250 °C.

Other relaxation activities were observed in the temperature range of 50 to 100 °C
(Figure 32), which is considered as f-transitions (NING; ISHIDA, 1994a), probably associated
with pendant group movements (MENARD, 1999). These specific relaxations could be associated

mainly by the mobility of aliphatic chains from cardanol and cardol.

Figure 34 - Correlation of CT-fu/CNSL-fu concentration with a transitions of the

copolybenzoxazines

CT-fu concentrations vs. Tg
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Source: The author
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The stiffness, determined by the maximum fan J value of the a-transition, of the
polymers was also analyzed. The lower the tan J value, higher the stiffness of the polymer. It was
observed that the polymers had tan 6 values varying between 0.08 and 0.11 (Figure 34). The higher
the CT-fu content, higher the stiffness of the polymer, which is expected since this monomer is
composed mainly of aromatic groups. As it was not possible to observe an a-transition of
Poly(CNSL/CT50), its maximum tan o value was not defined. Even so, the fact that the tan J value
of this polymer did not reach a tan ¢ value higher than 0.08 indicate that Poly(CNSL/CTS50)

possesses a very high stiffness.

The cross-linking density (px) of the each polybenzoxazine was also determined by
using the storage modulus at the rubbery plateau (£°.) in the equation (Eq. 3) proposed by Nielsen
(NIELSEN, 1969).

Log(E’/3) =7 + 293p« (Equation 3)

It was observed that as the CT-fu content increased in the polymer matrix, the higher
cross-linking density, which was expected as bis-benzoxazine provides higher cross-linking than
mono-benzoxazines. It was not possible to determine the cross-linking density of
poly(CNSL/CT40) and poly(CNSL/CTS50) as their respective storage modulus curves didn’t
reach the rubbery plateau till 250 °C.

Comparing the thermal properties of the polymers of the renewable resins of this work
with the bisphenol A-based (BA-a) and other bio-based benzoxazine resins (Table 11), it was
concluded that the fully bio-based CNSL-fu/CT-fu resins are very promising.

The polybenzoxazines containing 20 to 50% of CT-fu had similar or higher 7 and 7'
than of the commercial available BA-a and poly(CNSL/CT40) and poly(CNSL/CTS50) had higher
thermal stability than poly(BA-a) as it can be observed by their CY’s. This possibility to mix the
CNSL-fu with CT-fu in different ratios can be seen as an advantage, since the thermal and

mechanical properties of the polymers can easily be tuned for a desired application.
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Other high-performance bi-functional bio-based benzoxazines, such as C-pPDA, H-

Fa and R-Fa, demonstrated similar or higher thermal and thermo-mechanical properties than the

CNSL-fu/CT-fu resins (Table 11). Unfortunately, the synthesis of these benzoxazines has one

drawback. Their renewable starting materials, disregarding furfurylamine, are not commercially

and widely available as CNSL and catechol.

Table 11 - Comparison of thermal properties of catechol- and CNSL-based polybenzoxazines with

reported (bio-based) polybenzoxazines

Benzoxazine resin T, (°C) T5(°C) CY at 800 °C (%)
CNSL/CT20 156 374 15
CNSL/CT30 178 374 24
CNSL/CT40 202 370 32
CNSL/CT50 N/D 364 40

BA-a (KOPSIDAS; HAMERTON, 156-157 279 30
2016)
(BPA and Aniline)
C-pPDA (DUMAS et al., 2016c¢) ~220%* - -
(Chavicol and 1,4-diaminobenzene) 350+ 413 45
R-Fa (DUMAS et al., 2016b) 270 335 ~ 65
(Resorcinol and furfurylamine)
H-Fa (DUMAS et al., 2016b) 230 310 ~ 65
(Hydroquinone and furfurylamine)
U-da (XU et al., 2013) 135 350 25

(Urushiol and DDM)

*cured at 250 °C; **cured at 300 °C

Source: The author
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Conclusion

Cashew Nut Shell Liquid (CNSL) and lignocellulose are interesting renewable starting
materials for large scale production of bio-based high-performance thermosetting resins as they are
inexpensive and widely available. CNSL, catechol and furfurylamine were proven to be potential
starting materials for the sustainable production of high-performance bio-based benzoxazine resins,
CNSL-fu and CT-fu, since efficient eco-friendly methods were employed as determined by their
sustainable metrics. As the liquid CNSL-based benzoxazine resins provide usually
polybenzoxazines with low thermomechanical properties and the solid CT-fu possess poor
processability issues, one resin can be used as a complement with the other, reaching copolymers
with increased mechanical properties, highly stable thermal properties, glass transition
temperatures above 200 °C and good flame retardancies. As the results demonstrate, these bio-
based benzoxazine resins are interesting competitors against the BPA-based benzoxazine and other

fossil-based thermosetting resins.
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5 CONCLUSION

It was demonstrated that high-performance bio-based benzoxazine monomers from the
renewable widely available non-edible starting materials, lignocellulose and Cashew Nut Shell
Liquid (CNSL), are interesting alternatives to substitute the commercially available benzoxazines,

which use the toxic BPA as starting material.

From lignocellulose derivates, furfurylamine and catechol, the fully bio-based bis-
benzoxazine CT-fu was obtained, by using an eco-friendly method which used atoxic PEG as
solvent and microwave irradiation as a heating source, reducing the reaction time from hours or
days to minutes, when compared with traditional heating sources, without compromising the yield.
To validate this sustainable method for other benzoxazine resins, the synthesis of bio- and BPA-
based benzoxazine BA-fu was also successful, showing good potential to apply this method for the
production of the already commercially available BPA-based benzoxazine resins. Due to the
narrow processing window of CT-fu, this monomer was further copolymerized with another
benzoxazine BA-fu in different ratios, producing polybenzoxazines with elevated thermal and
mechanical properties. These polybenzoxazines demonstrated to possess high flame-retardancy
with LOI values ranging from 35 to 42 and high glass transition temperatures that ranged from 290

to 350 °C.

As the bio-based benzoxazine BA-fu is still derived from BPA and looking forward to
substituting completely BPA as starting material for high-performance benzoxazines, pure
technical CNSL was chosen to act as the phenolic source for this goal. Using a solvent-free method
for CNSL with furfurylamine under microwave irradiation, CNSL-fu was produced as a low
viscous renewable benzoxazine resin. The production of CNSL-fu and CT-fu are demonstrated to
be quite sustainable, not only because of the origin of their starting materials, but also due the
greenness of the method of synthesis employed, as determined by the sustainable metrics. Since
CNSL-based benzoxazines provide usually low thermal and mechanical properties for high-
performance polymers, CNSL-fu was copolymerized with CT-fu into polybenzoxazines that
possess these properties. The benzoxazine mixtures that contained 20, 30 and 40 % of CT-fu had

similar thermal and thermomechanical properties as the commercially available BPA-based
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benzoxazine BA-a, which proofs that CNSL and lignocellulose-based chemicals can be used for

large scale production of high-performance bio-based benzoxazine resins.
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traditional methodologies. In the current study, an eco-friendly
approach to a fully biobased thermosetting resin from
lignocellulose-derived products is reported. Catechol and
furfurylamine are successfully fused into bis-benzoxazines in
only a few minutes under microwave irradiation in the
presence of poly(ethylene glycol) as solvent. The workup
procedure requires minimum amounts of methanol for complete purification of the product in good yields, which is characterized
by Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), and 'H and *C nuclear magnetic
resonance spectroscopy (NMR). As used in the development of high-performance polymers, novel copolymerized
polybenzoxazines are evaluated by thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA).

» Cathecol

KEYWORDS: Catechol, Polybenzoxazines, Poly(ethylene glycol), Microwave-assisted synthesis, Green chemistry

Bl INTRODUCTION primary amine and formaldehyde as starting materials, a wide
range of reactants can be employed. Depending on the starting

Thermosetting resins are key players in the advanced materials
materials, the property of such resins, and hence of their

sector. Due to their high modulus, strength, durability, and

thermal and chemical resistances, thermosets provide high- polymers, can be tailored for the required applications.10_14
performance products for industry. The most commonly used Bisphenol A (BPA)-based benzoxazine is considered a
networks are phenolics, epoxy and polyester, especially in fields standard due to easy availability in high purity and inexpensive
like civil infrastructure and transportation.' nature of BPA. BPA is one of the highest-volume monomers
More recently, a novel class of commercial available currently produced, on about 4.5 million tons per annum scale,
thermosetting compounds, based on an aromatic oxazine but has been raising many health concerns due to its endocrine
ring, or benzoxazines, is being reported as a modern alternative activities in humans."> An increasing number of recent studies
for those classic resins.” have shown that even BPA alternatives, like bisphenol S (BPS)

When exposed to eleYate_d temperature, _benzoxazine and bisphenol F (BPF), present comparable effects on the
monomers start to poly'me_rlze into polybenzoxampes, through endocrine system as BPA itself,"®
a ring-opening polymerization (ROP) p%r_oscess, which does not For bis-benzoxazines synthesis, an organic solvent is
require initiators or release byproducts.”

. .. . . generally required to overcome technical restrictions, e.g.,
Polybenzoxazines are now receiving a considerable attention ) A . i . o
. . . . high viscosity, high melting points, or poor solubility of
from academia and industry, since they present outstanding

characteristics, such as near-zero shrinkage upon polymer- reactants. Furthermore, the commonly used solvents are toxic,
ization, high glass-transition temperature (Tg)] excellent such as toluene, p-xylene, or dioxane, are toxic. It is also usual

thermal and mechanical properties, flame retardancy, and low

surface energy.é_9 Received: January 22, 2018
Another interesting aspect of benzoxazine resins is their great Revised:  February 25, 2018
versatile synthetic routes. Since it uses a phenolic compound, a Published: March 19, 2018
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W ACS Sustainable Chem. Eng. 2018, 6, 5485—5494


pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.8b00340
http://dx.doi.org/10.1021/acssuschemeng.8b00340

ACS Sustainable Chemistry & Engineering

Research Article

for the reaction time of these procedures to last for hours or
even days under traditional heating.'""”

Not only health but also environmental concerns are driving
scientists and researchers in a quest to replace traditional
petroleum-derived chemicals and materials. In the contempo-
rary society, novel processes and products must be designed
aiming not only their immediate applications, but also
incorporating their footprints for future generations. With the
advent of “green chemistry”, Anastas and Warner provided a
guidance to help chemists in achieving this goal.'® On the basis
of these principles, sophisticated approaches to overcome these
barriers could include the use of (i) renewable feedstock (e.g,
biomass residues); (ii) neoteric solvents (e.g., ionic liquids (IL)
or polyethylene glycol (PEG)); and (iii) more energy-efficient
heating sources, like microwave irradiation.

Many attempts have been made toward sustainable develop-
ment of benzoxazines. The utilization of biobased renewable
feedstock has allowed emergence of many novel and promising
benzoxazine monomers through the exploration of both
biomass-derived building blocks: phenols and amines."”

Furfurylamine (fu), or 2-(aminomethyl)furan, is an example
of a biobased amine that makes possible the synthesis of eco-
friendly benzoxazines, generating polymers with excellent
properties.”’ Furfurylamine can be easily obtained from furfural,
which is a well-known platform chemical produced on
industrial scales from the decomposition of carbohydrate
materials and listed as the top 10 value-added biobased
chemicals by the US Department of Energy.”'

Several naturally occurring phenolic compounds have also
been reported as alternatives to BPA. Cardanol,”*~** urushiol,®
vanillin,*® guaiacol,27 eugenol,28 and coumarins® were thor-
oughly studied as starting materials for the synthesis of
benzoxazine monomers and converted into polybenzoxazines.

Nevertheless, to the best of our knowledge, there are still no
reports in the scientific literature on the synthesis of bis-
benzoxazines starting from catechol (CT). Chemically
described as 1,2-dihydroxybenzene, CT is a renewable raw
material that can be obtained from lignin by different chemical
processes.”” ' Recent results published by Dumas and co-
workers, addressing the synthesis of bis-benzoxazines based on
resorcinol and hydroquinone,'” indicate catechol as a promising
alternative renewable starting material for the synthesis of high-
performance polymers.

In the case of neoteric solvents, poly(ethylene glycol) (PEG)
was already em?loyed as a reactant in previous syntheses of
benzoxazines,>>”> but not as an inert and innocuous reaction
media. Being a nontoxic polyether compound, which is
available commercially in a variety of molecular weights and
has been approved by U.S. Food and Drug Administration
(FDA) for internal consumption,”* PEG has unique properties
that turns it in an idiosyncratic alternative to traditional organic
solvents. They are biodegradable, nonvolatile, low flammability,
highly stable to acid, base and high temperatures; may be
recovered by extraction or by direct distillation; and are soluble
in polar and nonpolar solvents, but insoluble in aliphatic
hydrocarbons.*>*® Another important peculiarity is its high
capacity to absorb microwave (MW) radiation.””** In micro-
wave-assisted organic synthesis (MAOS), which uses micro-
wave irradiation as heating source due to the effective heating
of certain materials (reactants or solvent) by the “microwave
dielectric heating effects”, it is possible to drastically reduce
reaction time, decrease byproduct formation and, consequently,
increase product purity.39

5486

On the basis of the above, we report the microwave-assisted
synthesis of a fully biobased bis-benzoxazine, starting from two
lignocellulose-based bioproducts, catechol and furfurylamine,
having PEG as solvent. In order to extend this methodological
procedure for more frequently employed phenols, the well-
known BPA was also evaluated as a control under these new
conditions. The obtained monomers were structurally charac-
terized by Fourier transform infrared spectroscopy (FTIR), and
'H and "C nuclear magnetic resonance spectroscopy (NMR).
In view of the great potential of bis-benzoxazines in the
development of high-performance materials, the thermal
behaviors of these monomers were also investigated by
differential scanning calorimetry (DSC). After spectral and
thermal characterization, their copolymers were analyzed by
thermogravimetric analysis (TGA) and dynamic mechanical
analysis (DMA).

B EXPERIMENTAL SECTION

Materials and Methods. Catechol (99%), bisphenol A (97%),
furfurylamine (99%), and paraformaldehyde (95%) were used as-
received by Sigma-Aldrich without any purification. Poly(ethylene
glycol) (PEG) (Kollisolv PEG E 400) of M, = 400 Da was used as-
received by Aldrich.

Analytical Methods. '3C and 'H Nuclear Magnetic Resonance
Spectroscopy ("H NMR and '*C NMR). The 'H NMR and *C NMR
spectra were recorded on a BRUKER spectrometer, model Avance
DPX, operating at 300 MHz for 'H and at 75 MHz for *C.
Deuterated chloroform (CDCl,) was used as the solvent to solubilize
the samples, and tetramethylsilane (TMS) was used as an internal
standard.

Fourier Transform Infrared Spectroscopy (FTIR). The FTIR
spectra were obtained on a PerkinElmer spectrometer model FTIR/
NIR FRONTIER, using an attenuated total reflectance (ATR)
accessory with zinc selenide (ZnSe) crystal surface, and resolution of
4 cm™! using the arithmetic average of four scans in the wavenumber
range of 4000—650 cm™".

Differential Scanning Calorimetry (DSC). The DSC analyses were
performed on a Mettler-Toledo DSC 823e, under N, atmosphere
(flow rate of S0 mL/min). For the characterization of the monomers,
the nonisothermal measurements were performed with a heating rate
of 10 °C/min, in a temperature range of 30—400 °C, using
approximately S mg of samples. All the analyses were performed
using aluminum crucibles.

Thermogravimetric analysis (TGA). TGA analyses were performed
on a Mettler-Toledo TGA/SDTA 851e, conducted under N,
atmosphere (flow rate of SO mL/min) with a heating rate of 10 °C/
min in a temperature range of 30 °C to 800 °C. Alumina crucibles
were used with approximately S mg of samples.

Dynamic Mechanical Analysis (DMA). DMA were conducted on
Mettler-Toledo DMA-1, using a single cantilever mode, at a heating
rate of 5 °C min™" from 30 °C to 300 °C, using a frequency of 1 Hz in
air. The deformation was within the linear viscoelastic limit,
determined by a strain sweep test.

Microwave-Assisted Organic Syntheses (MAOS). The microwave-
assisted organic syntheses (MAOS) were performed in a Milestone
microwave reactor, model StartSYNTH, operating in an open-vessel
configuration at a frequency of 2.45 GHz. The temperature set was
controlled by a contact-less infrared sensor, and the power applied was
limited to 850 W.

3,8-Bis(furan-2-ylmethyl)-2,3,4,7,8,9-hexahydrobenzol1,2-e:4,3-
e']bis([1,3]Joxazine) (CT-fu). To a 50 mL round-bottom flask equipped
with a stirring bar was added PEG-400 (25 mL), catechol (5.00 g,
45.86 mmol), furfurylamine (8.58 mL, 91.75 mmol) and paraformal-
dehyde (7.24 g, 229.37 mmol). The flask was placed in a microwave
cavity and fitted with a Vigreux column. Microwave was set to a
maximum power of 850 W, temperature was programmed to increase
from room temperature to 120 °C in a period of 2 min; and kept at
this temperature for additional 5 min, totaling 7 min under microwave

DOI: 10.1021/acssuschemeng.8b00340
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Scheme 1. Synthetic Scheme for Bis-Benzoxazines CT-fu and BA-fu
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irradiation. After the completion of the reaction, the mixture was
cooled to room temperature forming a bulky solid phase. This mixture
was washed with methanol (4 X 75 mL) and then filtered. After
solvent evaporation, 9.22 g (60% yield) of a white powder was
obtained and characterized as CT-fu.

'H NMR (300 MHz, CDCL,, 5 ppm): 7.42 (d, ] = 2 Hz, 1H, Ar H),
6.51 (s, 1H, Ar H), 6.34 (m, 1H, Ar H), 6.27 (m, 1H, Ar H), 4.99 (s,
2H, O—CH,—N), 4.00 (s, 2H, N—CH,—Fu), 3.97 (s, 2H, N—CH,—
Ar); BC NMR (75 MHz, CDCl,, § ppm): 151.8, 142.7, 119.0, 118.7,
110.4, 109.1, 82.7 (O—CH,—N), 49.3 (Ar—CH,—N), 48.6; FT-IR
(ATR-ZnSe, cm™"): 1577 (stretching of furan ring), 1478 (stretching
of tetrasubstituted benzene ring), 1235 (C—O—C asymmetric
stretching), 923 (benzoxazine related mode). Elemental Analysis: C
(68.17%), H (5.72%), N (7.95%) (calculated); C (67.53%), H
(5.99%), N (7.80%) (found). Molecular weight: 352.38 g-mol™"

6,6'-(Propane-2,2-diyl)bis(3-(furan-2-ylmethyl)-3,4-dihydro-2H-
benzole][1,3]oxazine) (BA-fu). The method used to synthesize BA-fu
was an improved method of Liu and co-workers which used
conventional heating.** To a 25 mL round-bottom flask equipped
with a stirring bar was added PEG-400 (10 mL), bisphenol A (2.00 g,
8.50 mmol), furfurylamine (1.53 mL, 17.00 mmol), and paraformal-
dehyde (1.34 g, 42.50 mmol). The flask was placed in a microwave
cavity and fitted with a Vigreux column. Microwave was set to a
maximum power of 850 W, temperature was programmed to increase
from room temperature to 120 °C in a period of 2 min; and kept at
this temperature for additional S min, totaling 7 min under microwave
irradiation. After the completion of the reaction, the mixture was
cooled to room temperature and then diluted in 100 mL of ethyl
acetate. The organic phase was treated with aqueous solution of
sodium hydroxide 2 mol L™ (3 X 50 mL) and then with distilled
water (3 X 50 mL). The organic phase was dried over sodium sulfate,
filtered, and concentrated under reduced pressure to give a yellowish
viscous resin. This material was recrystallized with 85 mL of a solvent
mixture (hexane:ethyl acetate, 20:1), affording 2.03 g (51% yield) of
white crystals characterized as BA-fu.

'"H NMR (300 MHz, CDCl,, § ppm): 7.42 (m, 1H; Ar H), 6.99
(dd, J=9 Hz, ] = 3 Hz, 1H, Ar H), 6.83 (d, ] = 3 Hz, 1H, Ar H), 6.73
(d, J = 9 Hz), 6.35 (m, 1H, Ar H), 6.26 (m, 1H, Ar H), 4.86 (s, 2H,
O-CH,-N), 4.00 (s, 2H, N—CH,—Fu), 3.95 (s, 2H, N—CH,—Ar),
1.62 (s, 3H, CH;); *C NMR (75 MHz, CDCl,, § ppm): 151.9, 143.4,
1427, 126.5, 125.7, 119.0, 116.1, 1104, 109.0, 81.9 (O—CH,—N),
50.2 (Ar—CH,—N), 48.5, 42.0, 31.3; FTIR (ATR-ZnSe, cm™"), cm™:
1577 (stretching of furan ring), 1495 (stretching of trisubstituted
benzene ring), 1230 (C—O—C asymmetric stretching), 928
(benzoxazine related mode). Elemental Analysis: C (74.02%), H

5487

(6.43%), (5.95%) (calculated); C (73.66%), H (6.29%), N (5.87%)
(found). Molecular weight: 470.56 g-mol™’

Preparation and (co)polymerization of the Bis-benzoxazines.
Three resins were produced containing different amounts of CT-fu
and BA-fu: CT/BA10 (10% CT-fu and 90% BA-fu), CT/BA30 (30%
CT-fu and 70% BA-fu), CT/BAS0 (50% CT-fu and 50% BA-fu). For
the (co)polymerization of the biobased resins, each sample was added
to silicone molds (40 X 20 X 2 mm) and then melted and
polymerized. The obtained polymers were produced using the
following heating schedule: 120 °C (1 h), 140 °C (1 h), 160 °C (1
h), 180 °C (1 h), and 200 °C (2h). The obtained polybenzoxazines
were removed from the mold and then put to be post curing at 220 °C
(2 h) and 240 °C (2 h).

B RESULTS AND DISCUSSION

Design of Sustainable Development of Biobased Bis-
Benzoxazines. The bis-benzoxazines were obtained by using a
one-pot synthesis of catechol (or BPA), furfurylamine, and
paraformaldehyde as shown in Scheme 1. As is frequently
observed and reported for the synthesis of bis-benzoxazines,
these reactants produced a viscous reaction media, making it
very difficult to be homogenized by stirring, and therefore, as an
eco-friendly solution for the traditional solvents, a small amount
of PEG400 was used.

In many cases, bis-benzoxazine syntheses are performed in
the presence of organic solvents in order to keep the reaction
media homogeneous since, depending on the compounds
involved, high viscosity and/or low miscibility could prevent
the maintenance of local stoichiometry and successful
occurrence of reaction. Therefore, utilization of a solvent is
needed.’

In this work, PEG was not only successfully employed as an
alternative nontoxic solvent, but its unique properties allowed
us to (i) promptly synthesize a fully biobased bis-benzoxazine
in only 7 min under microwave irradiation; and (ii) to easily
isolate the product by simply filtering and washing with small
portions of methanol, which was completely recycled through
rotatory evaporation by the end of purification procedure.

The intermolecular forces that predominate between PEG
molecules are of hydrogen bonds and dipole—dipole types.
These kinds of forces promote better interactions among polar,
or relatively polar, substances—as catechol (CT), furfurylamine
(fu) and formaldehyde—but are unable to effectively interact
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Figure 2. 3C NMR spectra of CT-fu and BA-fu.

with nonpolar compounds, which is the case of the desired
product (CT-fu), in which intermolecular interactions are
basically driven by 7-stacking, promoting the formation of more
compact and rigid structure.” Due to these properties, solvent
cooling and simple addition of small amounts of methanol was
sufficient for the complete precipitation of the product.

Due also to its high capacity to convert MW radiation into
heat, PEG proved to be an outstanding reaction media for

5488

microwave-assisted organic synthesis, reducing drastically the
reaction time and the amount of energy required to promoting
its efficient heating. The likelihood of the ring closure of an
open Mannich base into oxazine ring depends on the dielectric
constant of the solvent, being smaller the dielectric constant the
higher the probability of ring closure. The dielectric constant of
PEG is approximately 8—12, and thus it does not interfere
significantly the ring closure reaction.”'
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Bis-benzoxazines can be synthesized under microwave
irradiation”” and, more recently, our group reported a
systematic study on the microwave-assisted synthesis of
monofunctional benzoxazines under solvent-free conditions,*
from which the actual parameters reported here were based.

To validate and expand the applicability of the procedure
described, we also reproduced these conditions using BPA as
the phenolic moiety instead of catechol (Scheme 1). The
method proved to be very effective also for the synthesis of the
partially biobased bis-benzoxazine BA-fu. It further points to a
possibility that the approach described in the current paper
might be universally applicable to many other benzoxazines.
When compared to a previously reported synthetic method-
ology,44 which used dioxane as solvent and traditional heating
for 24 h, the procedure described here provided the same
product in similar yields, but with dramatic reduction of time
and under eco-friendly conditions.

Under these circumstances, both the product and process
described in this work proved to be very effective and highly
eco-friendly, as featured by (a) the use PEG as an innocuous
and inexpensive solvent; (b) of microwave irradiation as
heating source; (c) much shorter reaction times; (d) no use of
catalyst or auxiliary reactants; and (e) good yields. These
aspects are properly inserted within the green chemistry
principles, which emphasize, among others, the use of
renewable feedstock, safer solvents, energy efficiency and
atom economy.18

Structural Characterization of Bis-Benzoxazines. The
molecular structures of the monomers were confirmed by 'H
(Figure 1) and “C NMR (Figure 2) and by FTIR. It was
noticed that the chemical shifts of the oxazinic methylenes were
very similar by analyzing the 'H and the >*C NMR spectra. In
the '"H NMR spectra the structures of the obtained products
were confirmed by the presence of the two singlets in the
regions of 5.10 to 4.80 ppm and 3.98 to 3.93 ppm, which
represents the two methylenes of the oxazinic group. The
chemical structure of CT-fu was compared with the H-fu and
R-fu of Dumas and co-workers,'® and it was shown that CT-fu
did not have any isomer or oligomers such as of H-fu and R-fu.

The presence of the oxazinic methylenes was also confirmed
by '*C NMR spectra with the peaks at around 82 and 50 ppm.

One of the concerns about this synthetic procedure was that
side-products could be formed after a possible nucleophilic
attack from the terminal hydroxyl groups of PEG to the oxazine
ring. But, recently, Brown and Rider®® described the utilization
of poly(ethylene glycol) as a grafting agent for the synthesis of
low T, polybenzoxazines and no interaction from PEG’s
hydroxyl end-group to the oxazine was observed.

As the NMR spectra demonstrate, PEG was not incorporated
in the monomer, indicating its low reactivity in the reported
conditions and, therefore, can be efficiently used as solvent.

In Figure 3 are shown the FTIR spectra of CT-fu and BA-fu
and their respective polymers, poly(CT-fu) and poly(BA-fu),
which were necessary for a better understanding of the
vibrational modes of the bis-benzoxazines and their poly-
benzoxazines.

The absence of the bands from the region between 3100 to
3600 cm™" confirms that the hydroxyl groups are not present
on the monomers, suggesting the transformation into bis-
oxazine rather than mono-oxazine structure. The band at 1479
cm™ is attributed to tetrasubstituted benzene ring of CT-fu,
and the band at 1495 cm™ is attributed to the trisubstituted
benzene ring of BA-fu. The presence of the oxazine ring was
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Figure 3. FTIR spectra of CT-fu and BA-fu.

observed by the C—O—C asymmetric stretching modes of the
bands at 1235 cm™ for CT-fu and 1230 cm™! for BA-fu, and
also by the benzoxazine related mode™ at 923 and 928 cm™
for CT-fu and BA-fu, respectively. The presence of the furan
ring in the structure of CT-fu and BA-fu was confirmed by the
appearance of bands at 1578 and 1585 cm™, respectively.”*
Also in the FTIR spectra, the absence of a broad and intense
band at 1094 cm™' indicates no insertion of PEG in the
molecular structures of the products.

After polymerization of the monomers, it was observed the
disappearance of the bands regarding the C—O—C asymmetric
stretching (around 1230 cm™') and the benzoxazine related
modes (around 920 cm™"), confirming the successful cleavage
of the oxazine ring. After the ring-opening process of CT-fu, it
was also observed that the electrophilic substitution occurred
on the substituted benzene rings of the benzoxazines, as their
respective bands disappeared, while for BA-fu the respective
bands was displaced to lower wavenumbers. Another
observation made was the broad absorption around 1610
cm™!, which indicate that electrophilic substitutions occurred
also on the furfuryl groups.**

Polymerization Behavior of the Bis-Benzoxazines. The
thermal behavior of the bis-benzoxazines monomers was
monitored by DSC (Figure 4). The obtained data are
summarized in Table 1.

It was observed that the endothermic events, which represent
the melting points (T,,), of the two bis-benzoxazines were quite
distinct. The mp of CT-fu was higher than that of BA-fu, which
was expected since both oxazine rings of CT-fu are fused to the
same benzene, making it a much more rigid and compact
molecule when compared to BA-fu, where the oxazine rings are
separated by an alkyl bridge, which gives flexibility to this
structure.

The exothermic events, corresponding to the temperature
range of the ring-opening polymerization (ROP) of the
monomers, demonstrated also different behaviors. While the
BA-fu monomer exhibits a broad exothermic event between
220 and 300 °C, with an initial polymerization temperature
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Table 1. Data of DSC Curves of CT-fu, BA-fu and Different
Resins Compositions (CT-fu/BA-fu)

sample T, (°C) T, (°C) T, (°C) AH(Jg"') AH (K mol™)
CT-fu 198 213 220 381 134.1
BA-fu 108 223 240 246 115.6
CT/BA10 104 220 232 251
CT/BA30 167 216 225 331
CT/BASO 181 214 221 346

(T,) at 223 °C, the CT-fu monomer has a sharp exothermic
event between 205 and 240 °C, with T, at 213 °C. It was also

observed that the enthalpy of polymerization value (AH) of
CT-fu is more than 50% greater than that obtained for BA-fu.
The obtained results for BA-fu are consistent with those
reported by Liu and Chou.**

Due to the proximity of the fusion and polymerization events
(processing window) of CT-fu, it becomes very difficult to
process the monomer in order to obtain an intact and defects-
free polymer. A strategy to solve this problem is by
polymerizing the monomer under high pressure®® or by
copolymerizing this monomer with another one that possesses
a lower melting point. Thus, it was proposed to blend the two
bis-benzoxazines in different concentrations, which could lead

Scheme 2. Representative Copolymerization Mechanism CT-fu and BA-fu
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to resins with better processing windows, and therefore to high
quality polybenzoxazines samples, liable to have their
mechanical properties analyzed by DMA.

For this, three different resin compositions were prepared, as
described in the Experimental Section, namely: CT/BAIO,
CT/BA30, and CT/BASO.

Analyzing the DSC thermograms of the monomer mixtures
(Figure 4), it was noticed only one endothermic event,
indicating that the monomers are well compatible to be fused
simultaneously.

It was also observed that with the increased content of CT-
fu, the polymerization peak temperature (T,) was decreased,
while the extrapolated onset polymerization temperature (T,)
was practically maintained. This demonstrates that the
polymerization initiates with the oxazine ring-opening of CT-
fu, catalyzing the polymerization process of BA-fu, as depicted
in Scheme 2. These polymerization behaviors of the resins were
expected since CT-fu has a lower polymerization temperature
than BA-fu.

Thermal Analysis of the Biobased Polybenzoxazines.
The thermal stability of polybenzoxazines was evaluated by
thermogravimetric analysis (TGA) under inert atmosphere
(N,). The TGA thermograms of poly(BA-fu), poly(CT/
BA10), poly(CT/BA30), and poly(CT/BAS0) are shown in
Figure S and their data summarized in Table 2. Analyzing the
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Figure 5. TGA curves of poly(BA-fu), poly(CT/BA10), poly(CT/
BA30), and poly(CT/BAS0).

extrapolated onset degradation temperature (T)) it was noticed
that poly(BA-fu) present a higher initial degradation than its
copolymers with CT-fu. Nevertheless, as the CT-fu content
increased, the char yields (CY) values of the copolymers were
also increased. The copolymer with the highest biobased
content, poly(CT/BASO0), had a 14% increase in char yield
when compared with poly(BA-fu).

Compared to results previously published for the classical
bisphenol A/aniline (BA-a or P-BPA-ABz) based polybenzox-
7#7=% the polybenzoxazines reported in this work
presented superior thermal stability. With the incremental
incorporation of CT-fu into BA-fu, not only the biomass-
derived content was increased (up to 50% w/w), but, especially,
the generation of carbonaceous residue (CY).

Considering the elevated values of char yield observed, TGA
results were also employed to evaluate the flame retardancy of
the polybenzoxazines by the determination of the limiting
oxidation index (LOI), which is the minimum O, concentration
to let the material ignite to cause flammability. Materials with
LOI values <26 are considered flammable and an interesting
way to estimate LOI values of halogen-free polymers is by using
the char yields of TGA analyses using the van Krevelen
equation (eq 1).50

LOI = 17.5 + 0.4(CY) 6))

The correlation of LOI values and CY has been used
extensively,”’ >° and this method is convenient when the
amount of the available samples are highly limited. The LOI
values of these polybenzoxazines indicate that these halogen-,
silane-, and phosphorus-free materials possesses outstanding
flame retardancy, as polymers containing LOI values >28 are
considered as self-extinguishing.”” The flame retardancy of
these polybenzoxazines was shown to be superior to the
polybenzoxazine of the commercially available BA-a, which
possesses a LOI value of 30.3.°" and also superior than
polyepoxy of the commercially available DGEBA epoxy resin,
with LOI values around 20.5 to 24.6.°%%

The mechanical properties of the polybenzoxazines were
evaluated by DMA to assess the effect of the different
compositions of benzoxazine monomers (CT-fu and BA-fu)
in dynamic mechanical properties against temperature. The
DMA curves of the storage modulus (E’) and the damping
factor (tan &) as a function of temperature of the
polybenzoxazines are shown in Figure 6, and their data are
summarized in Table 3.

The use of CT-fu as a comonomer demonstrated a
significant improvement on the storage modulus of the
polybenzoxazines, starting from 2.4 GPa of poly(BA-fu) to
3.5 GPa of poly(CT/BAS0) at 30 °C. Along the entire glassy
state, the copolymers also demonstrated superior storage
modulus than the homopolymer. At 300 °C the storage
modulus of poly(BA-fu) and poly(CT/BA10) demonstrated
to be higher than 1 GPa, indicating that these materials

Table 2. Data of TGA Curves of Poly(BA-fu), Poly(10%), Poly(30%), and Poly(50%)

name T, (°C) Ts (°C)
poly(BA-fu) 338 361
poly(CT/BA10) 336 384
poly(CT/BA30) 331 365
poly(CT/BAS0) 329 361

“Calculated from the char yield at 800 °C of TGA analysis.

T (°C) Ty (°C) CY (%) LOI*
410 444 46 35.9
414 443 53 38.7
403 446 58 40.7
397 458 60 41.5
5491 DOI: 10.1021/acssuschemeng.8b00340
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Figure 6. DMA curves of poly(BA-fu), poly(CT/BA10), poly(CT/
BA30), and poly(CT/BASO0).

possesses reasonably high cross-link density.” However, by
analyzing the E’ at the same temperature of the other
polybenzoxazines, it was noticed that the cross-link densities
of the copolymers tended to be lower as the CT-fu content
increased.

Reduction in the glass transition temperature (T,),
determined as the temperature at the tan 6 peak, was observed
as CT-fu content increased. Somehow, the incorporation of
CT-fu into the polymeric matrix disrupted the polymer
network, changing the molecular structure and increasing the
mobility of polymer chains, impairing the mechanical proper-
ties.

From the DMA results, it is also possible to correlate T, and
E’ with the CT-fu concentration, as plotted in Figure 7. This
observation could indicate a good reliability on the
homogeneous distributions of the CT-fu/BA-fu units in the
polymer matrices, suggesting a good processability and
compatibility of the monomer mixtures. The height of tan &
peak can be interpreted as the extent of mobility of the
polymeric segments at a determined temperature.’’ As
observed in Figure 6, increased amounts of CT-fu caused an
increase in the tan & peak, indicating higher energy loss and a
more viscous behavior.” All the copolymers showed higher tan
0 peak heights than that of the homopolymer. Since an increase
in cross-link density typically results in an enhancement of the
mechanical properties with the restricted mobility of the
polymeric matrix, it was expected that the increase of CT-fu
content could provide higher cross-link densities on the
copolymers, since more reactive furfuryl moieties (mols per
mass of monomers) would be available.” However, further
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Figure 7. Linear correlations of T, and E" with CT-fu concentrations.

investigation is required to a better understand why the
increase of CT-fu units in the polymer increases significantly
the E’ of the polybenzoxazines at lower temperatures but
impairs the thermomechanical stability of the polymers at
higher temperatures.

Nevertheless, these (co)polymers are very promising as high-
performance materials due to their elevated thermal stabilities,
high storage moduli, and high T, which can reach temperatures
up to 300 °C.

B CONCLUSIONS

The results presented here suggest that the synthesis of a fully
biobased benzoxazine starting from the lignocellulose-derived
products, catechol and furfurylamine, is a valuable tool for the
sustainable development of bis-benzoxazine resins. Microwave
irradiation along with poly(ethylene glycol) allowed the
successful synthesis of thermosetting resins in a matter of few
minutes and without the use of toxic chemicals in good yields.
Nevertheless, further investigation is being carried out looking
forward to the production of benzoxazine resins in larger scales
and the effective reuse of PEG. The incorporation of CT-fu
into BA-fu produced high-performance polybenzoxazines with
elevated biobased contents. This novel fully biobased monomer
was also responsible for the incredible LOI value presented by
poly(CT/BAS0), replacing 50% (w/w) of BA-fu and giving a
copolymer with attractive flame retardant properties.

In this work, we also attempted to demonstrate that
lignocellulosic biomass represents a valuable renewable feed-
stock for the development of highly biobased derived
benzoxazine resins, which can be turned into high-performance
thermoset materials.
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1. Introduction

The constant search to develop new bio-based polymers is a current
trend among the scientists that seek ways to contribute heavily with the
circular economy. The growing rigorous laws of environmental agen-
cies and environmental awareness of consumers turned bio-based
thermosets as one of the most studied renewable polymers, due to the
low cost and the global availability of biomass as starting material, with
applications that range from adhesives to high-performance polymers
[1], The most known bio-based thermosets are phenolics [2,3], poly-
urethanes [4-6] and epoxies [7] which uses mostly vegetable oils,
cardanol and lignin derivates as starting material. But another class of
polymers that have entered this field to dispute with these renewable
polymers are polybenzoxazines, which are polymeric products of ben-
zoxazines.

Benzoxazines are a class of high performance thermosetting resins
that have attracted the attention of industrial and academic sectors due
to their peculiar properties, such as: easy thermal curing by ring-
opening polymerization, in which the use of catalysts or hardeners is
not required, low thermal expansion, high glass transition temperature
(Tg), low moisture absorption, good chemical resistance and improved

thermal and mechanical properties [8-10]. Another very attractive
characteristic from the synthetic point of view is the great molecular
design flexibility, since the synthesis of these monomers occurs from a
phenolic compound, a primary amine and formaldehyde, making it
possible to use a wide variety of starting materials, including deriva-
tives of renewable feedstock [11].

Phenolic compounds are described as the most studied starting
materials in the literature of benzoxazines. Additionally, one of the
richest and natural sources of these compounds is the Cashew Nutshell
Liquid (CNSL), localized in the honeycomb of the cashew nutshell
(Anacardium occidentale L.) [12]. The natural CNSL possesses a chemical
composition of anacardic acid (71.70-82.00%), cardol (13.80-20.10%),
cardanol (1.60-9.20%) and 2-methyl cardol (1.65-3.90%) [13], but
due to the elevated temperatures during the almond processing of the
cashew nut industries, the anacardic acid suffers a decarboxylation
reaction, turning this CNSL rich in cardanol [12]. This CNSL, also called
as technical CNSL, is the main by-product after the industrial processing
of the cashew almond and it possesses a chemical composition of car-
danol (67.82-94.60%), cardol (3.80-18.86%), anacardic acid
(1.09-1.75%), 2-methyl cardol (1.20-4.10%) and polymeric materials
(0.34-21.63%) [13].
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Considering that in 2016 the world production of cashew nuts in
natura was almost 5 million tons [14], and knowing that CNSL re-
presents around 25% in weight of the nut [15], it can be estimated that
around 1.25 million tons of CNSL could be produced on that year. This
large quantity of by-product, aligned with the chemical versatility of
the phenolic compounds and the low cost, makes CNSL a very pro-
mising and renewable raw material for the development of new bio-
based benzoxazines [16].

Another interesting agro-industrial waste is lignin, an amorphous
heterogeneous macromolecule localized in the cell walls of vascular
plants, which its main usage is to provide protection against bio-
chemical interventions by avoiding enzymatic reactions of inner com-
ponents [17]. Being considered as the second most abundant biopo-
lymer, lignin consists of a complex structure containing mainly three
units: guaiacyl (G), p-hydroxyphenyl (H) and syringyl (S) [18]. Ac-
cording to Laurichesse and Avérous [17], the global availability of
lignin can exceed 300 billion tons and only the pulp and paper in-
dustries produced around 50 million tons in 2010. The immense
availability of this feedstock has put scientists to dedicate a lot of efforts
to depolymerize lignin into phenylpropanoids, as these are considered
to be very interesting for the production of a various value-added bio-
aromatics such as vanillin, guaiacol and catechol [19-21].

Previously, it was demonstrated that catechol is a promising re-
newable phenolic compound to synthesize bis-benzoxazine (CT-fu)
making it suitable for producing high thermal and mechanical resistant
thermosets with glass transition temperatures (Ty) above 250 °C [22].

Benzoxazines synthesized from CNSL-based phenols are reported in
the literature and their polymers demonstrated interesting thermal
properties [15,23]. However, due to the low values of storage moduli
(E") and the T, the thermo-mechanical properties of CNSL-based
polybenzoxazines turn them not so desired for high-performance ap-
plications [23,24]. The reason that these polybenzoxazines possess
these properties is mainly due to the great mobility of long aliphatic
chains of their respective phenols, which suggests a low crosslinking
density of the polymer [23,24].

A strategy already reported in the literature to improve the me-
chanical properties of the cardanol-based polybenzoxazines is the
functionalization of the instaurations on the aliphatic chain, such as
epoxidation [25]. Ambrozi¢ and coworkers demonstrated that the
epoxy-functionalized polybenzoxazine had a storage modulus almost
twice as high as of the conventional cardanol-based polybenzoxazines
[25]. On the other hand, the glass transition temperature (Tg) reported
did not increase significantly, which was from 89 to 110 °C [25]. Due to
these low T, and to the reactivity of the epoxy groups, that can react
with primary amines during the benzoxazines synthesis, another
strategy to increase the thermo-mechanical properties of CNSL-based
polybenzoxazines is still recommended.

An alternative to obtain polybenzoxazine with good thermal and
mechanical properties, is by increasing the number of oxazine rings in a
monomer, such as bis-benzoxazines, which could increase significantly
the crosslinking in the polymer matrix [11]. As cardanol-based ben-
zoxazines are generally monofunctional, a strategy to use this monomer
for high-performance thermosets is its (co)polymerization with a bis-
benzoxazine. Kotzebue and co-workers performed a study of copoly-
merization with catechol- and BPA-based bis-benzoxazines (CT-fu and
BA-fu, respectively) and it was observed that the insertion of CT-fu
greatly improved the properties of the copolymer [22].

Therefore, considering the renewability of catechol and furfur-
ylamine [26,27], the main purpose of this work is to synthesize highly
bio-based benzoxazines from non-edible CNSL and improve the thermal
and mechanical properties of its polybenzoxazine by (co)polymerizing
it with catechol-based bis-benzoxazine.

After the structural and thermal characterization of benzoxazine
monomers obtained by Fourier transform infrared spectroscopy (FTIR),
'H and '3C nuclear magnetic resonance spectroscopy (NMR), and dif-
ferential scanning calorimetry (DSC), the copolymers were investigated
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by thermogravimetric analysis (TGA), dynamic (DMA) and static me-
chanical analysis.

2. Experimental
2.1. Materials

Technical CNSL (Cashew nutshell liquid) was supplied by Améndoas
do Brasil LTDA. Catechol (99%), furfurylamine (99%) and paraf-
ormaldehyde (99%) were used as received from Sigma-Aldrich. PEG
(Kollisolv® PEG E 400) was used as received from Aldrich. Ethyl
acetate, dichloromethane, methanol, sodium hydroxide and anhydrous
sodium sulphate, were used as received from LabSynth (Brazil).

2.2. Synthesis and analytical methods

2.2.1. Microwave-assisted organic synthesis

The microwave-assisted organic synthesis was performed in a
Milestone microwave reactor, model StartSYNTH, operating in an open-
vessel configuration at a frequency of 2.45 GHz. The temperature set
was controlled by a contact-less infrared sensor, and the power applied
was limited to 500W.

2.2.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra were obtained using a Perkin Elmer FTIR/NIR
FRONTIER spectrometer, using attenuated total reflectance (ATR) fix-
ture with zinc selenide crystal surface (ZnSe), and resolution of 4 cm ™!
using the arithmetic average of 32 scans in the wavenumber range of
4000-550 cm ~ .

2.2.3. 'H and *>C nuclear magnetic spectroscopy (*H and **C NMR)

The 'H NMR and '3C NMR spectra were obtained on a BRUKER,
Avance DPX model spectrometer, operated at a frequency of 300 MHz
for 'H and of 75 MHz for '3C. Deuterated chloroform (CDCl;) was used
to dissolve the samples, and tetramethylsilane (TMS) was used as an
internal standard.

2.2.4. Differential scanning calorimetry (DSC)

The DSC analyses were made using a Mettler-Toledo DSC 823e,
using 5mg samples in aluminium pans. Non-isothermal measurements
were made with a heating rate of 10 °Cmin~?, in a temperature range
of 30-400 °C, under nitrogen (N,) purge at a flow rate of 50 mLmin ",

2.2.5. Thermogravimetric analyses (TGA)

The TGA analyses were carried out using a Mettler-Toledo TGA/
SDTA851e using 5mg samples placed in an alumina pan. The mea-
surements were performed from 30 °C to 800 °C, at a scanning rate of
10°Cmin~! under nitrogen (N,) atmosphere at a flow rate of
50 mL min ™!

2.2.6. Dynamic mechanical analyses (DMA)

DMA were conducted on a Mettler-Toledo DMA-1, using a single
cantilever mode, at a heating rate of 3°Cmin~* from 30 to 250 °C, and
a frequency of 1 Hz under air. The deformation applied was within the
linear viscoelastic limit, determined by a strain sweep test.

2.2.7. Mechanical analysis

A three-point bending test was performed using a universal testing
machine Instron (Instron, model 3345, Canton, USA). The crosshead
speed was set at 0.5 mm/min and one sample of each polybenzoxazine,
with 80 mm X 4.3mm X 1.3 mm dimension, was used with a useful
length of 70 mm.

2.2.8. Method for microwave-assisted synthesis of CNSL-fu
In a 125 mL round-bottom flask equipped with a stirring bar was
added CNSL (20.00g), paraformaldehyde (5.60g, 184.8 mmol) and
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furfurylamine (7.25 g, 73.9 mmol). The flask was placed in the micro-
wave and fitted with a 50 cm Vigreux column and distillation head. The
microwave was programmed to increase from room temperature to
100 °C for 5min, using maximum power of 500 W. After the stabiliza-
tion of the temperature, the reaction continued for more 5 min. At the
end of the reaction, the material was cooled to room temperature. The
reaction mixture was diluted with ethyl acetate (250 mL) and this or-
ganic solution was washed in a separating funnel with an aqueous so-
lution of 2mol L™! NaOH (3 x 150mL) and with distilled water
(3 x 150 mL). Finally, the organic phase was collected, dried over so-
dium sulphate, filtered, concentrated under reduced pressure and a
dark brown viscous liquid was obtained 24.84 g. The chemical struc-
tures were characterized by 'H NMR, '>C NMR and FTIR and compared
with the previous published results [28] indicating the success of the
procedure.

RMN 'H (CDCls, 300 MHz, §) 7.4162 (s,1H), 6.8444 (d, 7.6 Hz,1H),
6.7315 (d, 7.7 Hz, 1H), 6.6502 (s, 1H), 6.3382 (m, 2H), 5.3567 (m, 3H),
5.0030 (m, 1H), 4.8705 (m, 2H), 3.9927 (s, 2H), 3.9282 (m, 3H),
2.7972 (m, 2H), 2.5408 (t, 7.6 Hz, 2H), 2.0476 (m, 4H), 1.5996 (m,
2H), 1.3219 (m, 15H), 0.8914 (m, 2H).

RMN '3C (CDCl;, 75MHz, §): 153.92, 153.52, 151.93, 144.35,

143.12, 142.71, 141.61, 137.00, 132.05, 130.58, 130.13, 130.02,
129.49, 128.51, 128.36, 128.20, 128.03, 127.78, 127.55, 127.02,
121.66, 121.23, 117.33, 116.91, 116.37, 115.19, 114.88, 110.53,

110.35, 109.06, 107.25, 81.96, 56.54, 49.64, 48.40, 39.06, 35.87,
31.97, 31.71, 31.49, 29.95, 29.93, 29.82, 29.59, 29.49, 29.40, 29.17,
27.42, 27.39, 25.85, 25.77, 22.98, 22.84, 14.28, 13.98.

FTIR (ATR-ZnSe, cm™!): 1578 (stretching of furan ring), 1504
(stretching of trisubstituted benzene ring), 1240 (C—O—C asymmetric
stretching), 915 (benzoxazine related mode).

2.3. Method for microwave-assisted synthesis of CT-fu (3,8-bis(furan-2-
ylmethyl)-2,3,4,7,8,9-hexahydrobenzo[1,2-e:4,3-¢']bis([1,3]oxazine)

CT-fu was synthesized using a modified method as published pre-
viously by our group [22]. In a 250 mL round-bottom flask equipped
with a stirring bar was added PEG (50 mL) and then heated until 80 °C.
Catechol (10.00g, 89.91 mmol), paraformaldehyde (13.62g,
449.55 mmol) and furfurylamine (17.64 g, 179.82 mmol) were added
into the hot PEG and then stirred for 3min to form a light red sus-
pension. The flask containing the mixture was placed in the microwave
and fitted with a 50 cm Vigreux column and distillation head. The
Microwave was set to a maximum power of 500 W, temperature was
programmed to increase from 60 to 120 °C in a period of 2 min; and
kept at this temperature for additional 5min, totalling 7 min under
microwave irradiation. After the completion of the reaction, the mix-
ture was put to cool till room temperature forming a bulky solid phase.
The reaction mixture was washed with 100 mL of methanol and
transferred to an Erlenmeyer (250 mL). The mixture was sonicated in an
ultrasound bath (40 kHz) at 40 °C for 2 h and then a vacuum filtration
was performed. The residue was washed once more and then put to dry
in an oven at 80 °C to overnight for solvent evaporation, obtaining a
23.15g (72% yield) white powder. The chemical structures were
characterized by 'H NMR, '*C NMR and FTIR.

RMN 'H (CDCl3, 300 MHz, 8) 7.42 (d, 2 Hz, 1H), 6.51 (s, 1H), 6.34
(m, 1H), 6.27 (m, 1H), 4.99 (s, 2H), 4.00 (s, 2H), 3.970 (s, 2H,);

RMN '3C (CDCls, 75MHz, 8): 151.8, 142.7, 119.0, 118.7, 110.4,
109.1, 82.7, 49.3, 48.6;

FTIR (ATR-ZnSe, cm™!): 1577 (stretching of furan ring), 1478
(stretching of tetrasubstituted benzene ring), 1235 (C—O—C asym-
metric stretching), 923 (benzoxazine related mode).

2.3.1. (Co)polymerization of the bio-based benzoxazines

CNLS-fu and the combined mixtures with CT-fu, as described in
Table 1, were put in silicone molds (40 X 20 X 2mm) and melted at
140 °C in a vacuum oven. The polybenzoxazines were obtained using
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Table 1
Composition of bio-based bis-benzoxazine resins.

Sample CT-fu (wt %) CNSL-fu (wt %)
CNSL/CT10 10 90
CNSL/CT20 20 80
CNSL/CT 30 30 70
CNSL/CT 40 40 60
CNSL/CT 50 50 50

the following heating ramp: 140 °C for 1 h, 160 °C for 1 h, 180 °C for 1 h
and 200 °C for 2 h. A post-cure treatment was performed at 220 °C for
2h and 240 °C for 2 h. The sample mass used in the polymerization was
approximately 1.5 g.

3. Results and discussion
3.1. Microwave-assisted synthesis of CNSL-fu and CT-fu

Bearing in mind the wide application of the benzoxazines resins in
the industrial and academic sectors for polymeric materials, which
usually require large quantities of starting material for its production
and considering this with environmental concerns, the use of widely
available eco-friendly resources has induced great interest [29-32]. In
this sense, CNSL and catechol were chosen as starting materials for the
development of polybenzoxazines in this work.

The benzoxazines monomers derived of CNSL and catechol syn-
thesized with the furfurylamine were obtained by means of a one-step
reaction and under microwave irradiation (Scheme 1).

Microwave-assisted synthesis of bio-based benzoxazines has been
reported in the literature as highly efficient procedure. This synthesis
has low reaction times and similar or higher yields when compared to
traditional heating [22,33].

The efficiency of the microwave-assisted synthesis can be attributed
to the interaction between organic molecules with the electric compo-
nent of the microwave irradiation. The phenomenon of warming pro-
moted by irradiation of microwaves resides in the dielectric heating,
which is the ability of some compounds to transform electromagnetic
energy into heat [34]. This ability is closely related to the polarity of
these compounds.

CNSL is mainly composed by cardanol (81%), cardol (15%) and
minor quantities of 2-methyl cardol, compounds that present an ali-
phatic side-chain containing up to 3 unsaturations [16]. For the CNSL
employed in this work, the majority of cardanol was found as mono-
unsaturated (80%) compound, while cardol as triunsaturated (63%)
one. Therefore, CNSL-fu was composed by both mono- and bis-ben-
zoxazines, as depicted in Scheme 1.

The bio-based benzoxazine resin CNSL-fu was obtained from CNSL,
furfurylamine and paraformaldehyde in conditions of complete absence
of solvents, since, except for paraformaldehyde, the reagents are liquids
at room temperature, providing the complete solubilization of the re-
action medium. The fast synthesis of CNSL-fu under microwave irra-
diation in just 7 min proved to be very promising, once it is reported in
the literature that the synthesis of benzoxazines monomers from car-
danol are usually obtained with reaction times lasting hours or days
[23,25,28].

Catechol-based benzoxazine (CT-fu) was obtained as related in the
literature [22], starting from catechol, furfurylamine and paraf-
ormaldehyde, and with the use of PEG as a nontoxic solvent. The
synthesis of catechol-based benzoxazine under microwaves irradiation
proved again to be very promising, due to shorter reaction time (7 min),
compared with other bis-benzoxazine syntheses using traditional
heating methods and toxic solvents, with reaction times of around 24 h
[35].

It is worth emphasizing the importance of obtaining benzoxazines
resins in large quantities, once it is used in the field of polymer and
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Scheme 1. Synthesis of benzoxazine monomers CNSL-fu and CT-fu.

materials science. The use of sources with a high amount of feedstock to
obtain new bio-based benzoxazines, and a versatile methodology that
requires a few minutes of reaction and generates good amounts of
material, is a promising study with great potential to be exploited in a
vast area of the science of polymers and materials.

3.2. Structural characterization of bio-based benzoxazines

In order to determine the purity and the chemical structure of
benzoxazines synthesized from CNSL and catechol, the obtained pro-
ducts were investigated by FTIR and 'H NMR.

Fig. 1 shows the FTIR spectra of the CNSL and its respective ben-
zoxazine. In the spectrum of the benzoxazine monomer (CNSL-fu), the
absence of the band at 3351cm™’, assigned to the O—H bond
stretching, indicated the transformation of the hydroxyl group. The
band at 1578 cm ™! was attributed to the vibrational mode of the furan
ring [35]. The absorption band at 1504 cm ™! was referred to the C=C
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Fig. 1. FTIR spectra of CNSL, catechol (CT) and their benzoxazine derivatives
(CNSL-fu and CT-fu).
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stretching of the trisubstituted benzene ring [36] of the cardanol-de-
rived benzoxazine of CNSL-fu. In addition, the formation of the fused
oxazine ring on the benzene ring was confirmed by the appearance of
the absorption bands at 1239 cm ™%, referred to the =C—0O—C group,
and by the band at 915cm ™!, a vibrational mode characteristic to
benzoxazines [36].

The structure of the benzoxazine monomer CT-fu was also con-
firmed by FTIR (Fig. 1). The absence of the broad band at 3441 cm”},
attributed to the of the O—H bond stretching, indicates the transfor-
mation of the hydroxyl group. The 1579 cm ™! band is attributed to the
vibrational mode of the furan ring [35], and the presence of the oxazine
ring is indicated by the bands 1478, 1235 and 923 cm ™! assigned to the
C=C stretch of the tetra-substituted benzene ring, to asymmetric
stretching =C—O0—C and to benzoxazine related mode, respectively.

More detailed structural information was obtained of the synthe-
sized monomers, CNSL-fu and CT-fu, through 'H NMR analyses.

For the benzoxazine characterization by "H NMR, the identification
of the methylene hydrogens of the oxazine rings are of most im-
portance. The peaks observed at 4.79 to 4.93ppm and at 3.90 to
3.96 ppm are attributed to the O-CH,-N and the Ar-CH,-N hydrogens,
respectively, which indicated the formation of the oxazine rings. The
aliphatic chains of the benzoxazines were observed by the peaks at the
range of 0.80-2.90 ppm, representing the alkyl groups, and by the
peaks at the range of 4.95-5.95 ppm, representing the olefinic groups.
The peaks observed at 6.20-7.50 ppm are referred to the aromatic hy-
drogens (Fig. 2).

Analyzing the aromatic region (Fig. 2), it was possible to perform a
semi-quantitive analysis of the composition of cardanol- and cardol-
based benzoxazines in CNSL-fu. Specific individual peaks related to
each of the two monomers were identified by the doublet at 6.87 ppm,
referred to the hydrogen i of the cardanol-based benzoxazine, and the
singlet at 6.31 ppm, referred to the solely benzene hydrogen g’ of the
cardol-based bis-benzoxazine [28]. After comparing the integrals of the
peaks related to hydrogen i with hydrogen g’ of 1.00 and 0.35, re-
spectively, it was estimated that CNSL-fu was composed of around 26%
(mol/mol) of cardol-based benzoxazine. This estimated composition of
the bis-benzoxazine was also confirmed by analyzing the integrals of
the peak of hydrogen i with the peaks referred to the a- and f-hydro-
gens of the furan groups (a, a’, b, b’, ¢ and ¢’) of the two monomers.

3.3. Sustainable metrics of benzoxazine syntheses

Looking forward to evaluating the “greenness” of these two ben-
zoxazine monomers, we also investigated their synthetic processes
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Fig. 2. 'H NMR spectra of CNSL-fu.

Table 2 based on the two most known sustainable metrics: Atom Economy (AE)
Sustainable metrics of the syntheses of benzoxazine resins. and Environmental Factor (E factor) [37]. The detailed calculations of
Benzoxazine AE (%) E-factor these sus.tamable metrics are avalllabl(.a as Supporting Information while
the obtained values are summarized in Table 2.
CNSL-fu ~ 90 11.23 To the best of our knowledge, this is the first time in which sus-
CT-fu 83 10.05

tainability indicators are applied for the syntheses of benzoxazine re-

sins.
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Fig. 3. DSC and TGA curves of CNSL-fu and CT-fu monomers and mixtures.

3.3.1. Atom Economy (AE)

Being part as one of the twelve principles of Green Chemistry, Atom
Economy is the simplest and most known sustainable metric [38]. Ac-
cording to Trost, AE can be understood as how much of the reactants is
part of the product [39], in other words, it is the ratio of the molar
weight of the product by the sum of the molar weights of the reactants.

The ideal AE value is 100%, meaning that all the reactants used
ended up in the product. Using this concept for the benzoxazine
syntheses of this work, it was observed that their AE values were at least
83%. Because of the loss of at least two water molecules, it can be
concluded that benzoxazine reactions can be overall quite sustainable.
And the higher the molecular weights of the chosen phenolic compound
and/or primary amine, the higher the AE values, as it was observed for
the synthesis of CNSL-fu.

3.3.2. Environmental factor (E factor)

Atom Economy has one main disadvantage, which is, it cannot de-
termine the amount of waste produced during a reaction. Therefore,
another sustainable index was used in order to overcome this drawback
and provide more consistent information about benzoxazine synthesis
sustainability.

Prof. Roger Sheldon came up with an interesting metric called
Environmental Factor, or also known as the “E factor”, which is a useful
way to quantify the waste production of a chemical process [37,40].
The E factor is calculated by taking into account the mass of all mate-
rials used in the whole process, minus the mass of the desired product,
divided by the mass of the desired product. An exception that has been
taken is water, since counting this would lead to very high and un-
reasonable E factor results [37]. The lower this factor, the more sus-
tainable the process is considered. The ideal E factor value would be
zero.

This sustainable metric was used for the two benzoxazine syntheses
of CNSL-fu and CT-fu, demonstrating that their E factors were around
11, classifying them in the industry segment of fine chemicals [37].

539

Unfortunately, the E factors of the two benzoxazine syntheses methods
may not be compared between them, as the processes used and the
obtained products are not the same. However, the production of ben-
zoxazine resins can be highly sustainable for thermoset applications,
where further purifications of these resins are not necessarily required.
Using as an example the benzoxazine synthesis method of H-Fa and R-
Fa of Dumas and coworkers [27], no work up were performed after the
completion of the reactions, demonstrating that benzoxazine synthesis
can reach very low E factors.

Using Atom Economy and Environmental factor for the benzoxazine
syntheses of CNSL-fu and CT-fu demonstrated to be important to have
an idea how sustainable these methods are. And it was also under-
standable which variables can be altered when seeking for a more
sustainable pathway to synthesize the resin of choice.

Nevertheless, some parameters of the benzoxazine syntheses of
CNSL-fu and CT-fu were not considered in these metrics but are worth
to be mentioned, since they indicate that these resins and methods can
be even more sustainable than as demonstrated by the metrics, which
are:

1. CNSL and lignocellulosic feedstocks as starting materials (low-cost,
widely available, no food-chain hampering issues);

. Methods employed solvent-free system or atoxic PEG as solvent;

. Microwave-assisted heating (effective and fast heating, meaning
higher energy saving);

. Recyclability of solvents used (ethyl acetate and methanol).

3.4. Polymerization behavior of bio-based copolymers

Non-isothermal differential scanning calorimetry (DSC) analyses
were performed of CNSL-fu and its mixtures with CT-fu, prepared in
various molar ratios, to provide a better understanding of the poly-
merization behavior of each sample (Fig. 3). CT-fu monomer was not
analyzed for this work, as it has already been reported previously [22].
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Table 3

DSC and TGA data from CNSL-fu and its mixtures with CT-fu.
Monomers DSC TGA

Tm (°C) T. (°C) T, Q) Oxazine ring (mmol/g) AH (J/g) T. Q) Ts (°C) Char yield (%)

CNSL-fu - 233 253 2.66 16.8 209 221 0
CNSL/CT10 - 205 225 2.95 49.0 206 218 5.4
CNSL/CT20 - 201 217 3.25 77.2 203 215 17.0
CNSL/CT30 165 199 212 3.56 95.5 201 209 20.7
CNSL/CT40 164 197 209 3.87 118.8 201 208 27.7
CNSL/CT50 168 195 206 4.17 136.4 201 207 29.8
CT-fu?? 198 213 220 5.7 381.0 192 199 47.6

The initial (T,) and maximum (T},) polymerization temperatures as well
as the melting points (T,,) of bio-based benzoxazines and mixtures are
summarized in Table 3.

In the DSC thermograms of CNSL-fu it was observed two exothermic
events as expected for typical cardanol-based benzoxazines. The first
exothermic event, between 220 and 280 °C, is regarded to the ring-
opening polymerization of the oxazine ring and the second event, be-
tween 280 and 400 °C, is referred to the polymerization of the olefinic
groups of the aliphatic chains. The T, of CNSL-fu was 10 °C lower than
the Ca-FA-BOX of Ambrozi¢ and co-workers [25], which used pure
cardanol and furfurylamine as starting materials. Despite that CNSL-fu
is mainly constituted of cardanol-based benzoxazines, the presence of
cardol-based benzoxazines, which are bis-benzoxazines, may be pro-
moting the polymerization to occur at lower temperatures.

Considering that CNSL-based benzoxazines demonstrate low me-
chanical properties and CT-fu is extremely difficult to be homo-
polymerized due to its narrow processing window, as reported in a
previous work [22], it was proposed to mix the liquid CNSL-fu and the
solid CT-fu in different ratios, looking forward obtaining a more pro-
cessable high-performance bio-based polybenzoxazine. The relation of
the ratios of the mixed resins and the thermal and thermomechanical
properties of their respective copolymers was also investigated.

Analyzing the polymerization behavior of the mixtures, no en-
dothermic events were observed on CNSL/CT10 and CNSL/CT20, de-
monstrating that CT-fu was well dissolved in CNSL-fu, and the good
compatibility between monomers. On the other hand, the DSC curves of
the other systems (CNSL/CT30, CNSL/CT40 and CNSL/CT50) pre-
sented small endothermic events at around 150-180 °C, indicating the
presence of insoluble CT-fu in the mixtures. Nevertheless, as the
melting enthalpy of these mixtures are very low, it is possible that these
resins will provide imperfect-free copolymers after curing.

After analyzing the exothermic events of the mixtures, it was ob-
served that by increasing their CT-fu content, the initial polymerization
temperature (T.) and maximum (T,) temperature of the mixtures de-
creased gradually, demonstrating that the ROP process is initiated
predominantly by CT-fu reacting further with the other monomers
(Scheme 2). This behavior was also observed in a previous work [22].

Another interesting observation was the increase of the poly-
merization enthalpy (AH) of the systems with the increasing content of
CT-fu. This results can be correlated to the oxazine-ring concentration
of each system (Tab. 3), since CT-fu has an elevated concentration of
oxazine rings (mmols/gram) of monomers.

A previous work correlated the increase/decrease of the enthalpy of
copolymerization of benzoxazine monomers with the formation of vo-
latiles during the polymerization process [41]. In our work it is not the
same case, since CNSL-fu, which has a lower AH, presented a higher
boiling point than CT-fu, as observed by TGA analysis (Fig. 3 and
Table 3).

After the thermal characterizations of the monomers and the mix-
tures, they, except for CT-fu, where (co)polymerized and then put to be
post-cured as described in the Experimental section.
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3.5. Evaluation of the thermal and mechanical properties of (co)
polybenzoxazines

3.5.1. Thermogravimetric analysis (TGA)

The thermal stability of the CT-fu/CNSL-fu polybenzoxazines was
studied by thermogravimetric analysis (TGA) under inert atmosphere
(N,) and their TGA curves are shown on Fig. 4. The obtained results of
the polybenzoxazines are expressed in Table 4.

In the literature is described that cardanol-based benzoxazines have
superior thermal stability when compared with BPA-based benzox-
azines [42]. This observation was also confirmed in this work.

It was observed that Poly(CNSL-fu) had an impressive high thermal
stability as it can be observed by its 5% weight loss temperature (Ts) of
381 °C, which was not expected as its polymer structure possesses a
large number of aliphatic groups. By analyzing the influence of CT-fu in
the copolymers (Table 3), it was observed that as the CT-fu content
increased, the lower the Ts of the polymers. Even though that Poly
(CNSL/CT50) had de lowest Ts among the polybenzoxazines, the 50%
(w/w) increment reduced its 5% weight loss temperature only with
17 °C when compared with Poly(CNSL-fu).

These fully bio-based polybenzoxazines possess good thermal sta-
bilities in the initial phase of degradation when compared with BPA-
based polybenzoxazines. For example, furan-BPA-based poly-
benzoxazines P-BPA-FBz [35] and Poly(BA-fu) [22] had a Ts of 347
and 361 °C, respectively. And aniline-BPA-based polybenzoxazine of the
commercially available XU 35610 had a Ts of 313°C [43].

The insertion of the CT-fu monomer demonstrated that all the co-
polymers had an increase in the carbonization yield when compared to
Poly(CNSL-fu). For example, the Poly(CNSL/CT50) had a 36% in-
crease in char yield when compared with Poly(CNSL-fu). The Poly
(CNSL/CT40) and Poly(CNSL/CT50) had higher char yields (at 800 °C)
than of Poly(BA-a), which ranges from 28.5 to 30.0% [44-46]. The fact
that Poly(CNSL/CT40) and Poly(CNSL/CT50) possess high char yields
could indicate that these copolymers have high flame retardancy
properties.

And indeed, by using the van Krevelen equation [47] it was noticed
that the estimated LOI values for Poly(CNSL/CT40) and Poly(CNSL/
CT50) are 30.3 and 33.5, respectively. Knowing that materials with LOI
values of > 28 are considered self-extinguishing [48], these two co-
polymers can be considered as a BPA-, halogen-, phosphor-, and silane-
free fully bio-based flame retardants.

3.5.2. Mechanical analysis

The mechanical properties of the polybenzoxazines were analyzed
using a 3-point bending mode and their respective stress-strain curves
are shown in Fig. 5 and their data summarized on Table 5 and Fig. 7.

The stress-strain curves of the polybenzoxazines demonstrated only
an elastic region, which is typical for brittle thermoset materials. Their
high maximum flexural deformation (&) could be attributed to the
aliphatic chain which provides plasticity for the matrices. It was ob-
served that with the increment of CT-fu in the polymer matrices, the
higher was the flexural modulus (Ep) (Fig. 7), which was expected as
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Fig. 4. TGA thermograms of (co)polybenzoxazines.
Table 4
Thermal properties of (co)polybenzoxazines obtained by TGA.
Polymer Ts (°C) Tiax CC) Char Yield (%) LOI
Poly(CNSL-fu) 381 441 4 19.1
Poly(CNSL/CT10) 376 438 19.9
Poly(CNSL/CT20) 374 433 15 23.5
Poly(CNSL/CT30) 374 433 24 27.1
Poly(CNSL/CT40) 370 434 32 30.3
Poly(CNSL/CT50) 364 435 40 33.5

CT-fu is composed mainly of aromatic groups which increase the ri-
gidity of the polymer. With the 50% increment of CT-fu in poly(CNSL/
CT50), the Ef of the polymer matrix was increased with 80%, when
compared with poly(CNSL-fu).

3.5.3. Dynamic mechanical analysis (DMA)

The thermo-mechanical properties of the polymers were analyzed
by DMA (Fig. 6) and their data are expressed in Table 6, and Figs. 7 and
8.

It was observed that Poly(CNSL-fu) had a storage modulus (E") at
30°C of 0.83 GPa, which is higher than the cardanol-based poly-
benzoxazine pCDN-a which had an E’ of 0.54 GPa [23]. This increase of
the storage modulus is due to the presence of the cardol-based
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Fig. 5. Stress-strain curves obtained from 3-point bending of polybenzoxazines.

Table 5

Mechanical properties of polybenzoxazines obtained by 3-point bending mode.
Polymer E; (GPa) of (MPa) &5 (%)
Poly(CNSL-fu) 0.81 48 6.4
Poly(CNSL/CT10) 0.90 50 6.2
Poly(CNSL/CT20) 1.20 65 6.0
Poly(CNSL/CT30) 1.22 68 6.1
Poly(CNSL/CT40) 1.34 69 5.4
Poly(CNSL/CT50) 1.47 67 4.9

benzoxazines, which is a bis-benzoxazine, as determined by "H NMR
(Fig. 2) [28].

The presence of CT-fu in the copolymers altered significantly the
mechanical properties of the polybenzoxazines. The higher the CT-fu
content of the copolymers, the higher their storage modulus. At 30 °C
(Figs. 6 and 7), all the copolymers demonstrated to have a E’ above 1
GPa. By replacing 50% in weight the CNSL-fu with CT-fu, the storage
modulus of the polymer was duplicated, as Poly(CNSL/CT50) showed a
E’ of 1.70 GPa. This fully bio-based copolymer presents itself as a
promising BPA-free high-performance material. Analyzing the storage
modulus of Poly(CNSL/CT50) at higher temperatures, it was observed
that at 100 °C the E’ of the polymer was still above 1 GPa, which is quite
remarkable for cardanol-based polybenzoxazines.

The glass transition temperature (T) was determined by the peak
maximum of the a-transitions (Fig. 6). By correlating the CT-fu/CNSL-
fu concentrations with the T, of their respective polymers (Fig. 6), it
was observed that the higher the CT-fu insertion, higher the T, of the
polymers (Fig. 7).
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The glass transition temperature of Poly(CNSL-fu) was 129°C,
which is higher than the other cardanol-based polybenzoxazines that
range from 85 to 106 °C [23,25]. By adding CT-fu content in the
polymer, it was demonstrated that Poly(CNSL/CT20) had a similar T,
of Poly(BA-a), which is 158 °C [43]. With further addition of CT-fu in
the polymer composition, it was possible to reach T, above 200 °C, as
shown by Poly(CNSL/CT40)_ The glass transition temperature of Poly
(CNSL/CT50) could not be determined accurately, as no clear a-tran-
sition was observed. Even so, due to the linear increase tendency of CT-
fu concentration from 10 to 40% with the T, of their respective poly-
benzoxazines, it can be estimated that Poly(CNSL/CT50) had glass
transition temperature above 250 °C.

Other relaxation activities were observed in the temperature range
of 50-100°C (Fig. 6), which is considered as pf-transitions [49],

Table 6
Thermo-mechanical properties of polybenzoxazines obtained by DMA analyses.
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Fig. 8. Correlation of CT-fu/CNSL-fu concentration with o transitions of the
(co)polybenzoxazines.

probably associated with pendant group movements [50]. These spe-
cific relaxations could be associated mainly by the mobility of aliphatic
chains from cardanol and cardol.

The stiffness, determined by the maximum tan § value of the a-
transition, of the polymers was also analyzed. The lower the tan § value,
higher the stiffness of the polymer. It was observed that the polymers
had tan & values varying between 0.08 and 0.11 (Fig. 8). The higher the
CT-fu content, higher the stiffness of the polymer, which is expected
since this monomer is composed mainly of aromatic groups. As it was
not possible to observe an a-transition of Poly(CNSL/CT50), its max-
imum tan § value was not defined. Even so, the fact that the tan § value
of this polymer did not reach a tan § value higher than 0.08 indicate
that Poly(CNSL/CT50) possesses a very high stiffness.

The cross-linking density (p,) of the each polybenzoxazine was also
determined by using the storage modulus at the rubbery plateau (E.") in
Eq. (1) proposed by Nielsen [51].

Log(E'c/3) = 7 + 293p, )]

It was observed that as the CT-fu content increased in the polymer
matrix, the higher cross-linking density, which was expected as bis-
benzoxazine provides higher cross-linking than mono-benzoxazines. It
was not possible to determine the cross-linking density of Poly(CNSL/
CT40) and Poly(CNSL/CT50) as their respective storage modulus
curves didn’t reach the rubbery plateau till 250 °C.

Comparing the thermal properties of the polymers of the renewable
resins of this work with the bisphenol A-based (BA-a) and other bio-
based benzoxazine resins (Table 6), it was concluded that the fully bio-
based CNSL-fu/CT-fu resins are very promising.

The polybenzoxazines containing 20-50% of CT-fu had similar or
higher T, and T5 than of the commercial available BA-a and Poly
(CNSL/CT40) and Poly(CNSL/CT50) had higher thermal stability than
Poly(BA-a) as it can be observed by their CY’s. This possibility to mix
the CNSL-fu with CT-fu in different ratios can be seen as an advantage,
since the thermal and mechanical properties of the polymers can easily
be tuned for a desired application.

Other high-performance bi-functional bio-based benzoxazines, such
as C-pPDA, H-Fa and R-Fa, demonstrated similar or higher thermal and
thermo-mechanical properties than the CNSL-fu/CT-fu resins (Table 7).
Unfortunately, the synthesis of these benzoxazines has one drawback.
Their renewable starting materials, disregarding furfurylamine, are not

Polymer E'at 30 °C (GPa) E'at 100 °C (GPa) T, (°C) tan § px (0.10° mol/cm®)
Poly(CNSL-fu) 0.83 0.37 129 0.110 4.98
Poly(CNSL/CT10) 1.02 0.51 138 0.099 5.34
Poly(CNSL/CT20) 1.32 0.69 156 0.098 5.48
Poly(CNSL/CT30) 1.48 0.82 178 0.096 5.72
Poly(CNSL/CT40) 1.52 0.93 202 0.084 N/D
Poly(CNSL/CT50) 1.70 1.12 > 250 < 0.07 N/D
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Table 7
Comparison of thermal properties of catechol- and CNSL-based poly-
benzoxazines with reported (bio-based) polybenzoxazines.

Polybenzoxazines T, (°C) Ts (°C) CY at 800 °C (%)

Poly(CNSL/CT20) 156 374 15

Poly(CNSL/CT30) 178 374 24

Poly(CNSL/CT40) 202 370 32

Poly(CNSL/CT50) > 250 364 40

Poly(BA-a) [45] 156-157 279 30
(BPA and Aniline)

C-pPDA [52] ~ 220 - -
(Chavicol and 1,4-diaminobenzene) 350 413 ~ 45

p(R-Fa) [27] 270 335 ~ 65
(Resorcinol and furfurylamine)

p(H-Fa) [27] 230 310 ~ 65
(Hydroquinone and furfurylamine)

U-da [53] 135 350 25

(Urushiol and DDM)

* Cured at 250 °C.
** Cured at 300 °C.

commercially and widely available as CNSL and catechol.
4. Conclusion

Cashew Nutshell Liquid (CNSL) and lignocellulose are interesting
renewable starting materials for large scale production of bio-based
high-performance thermosetting resins as they are inexpensive and
widely available. In this work CNSL, catechol and furfurylamine proved
to be potential starting materials for the sustainable production of high-
performance bio-based benzoxazine resins, CNSL-fu and CT-fu, since
efficient eco-friendly methods were employed as determined by the
sustainable metrics, E-factor and Atom Economy. As the liquid CNSL-
based benzoxazine resins provide usually polybenzoxazines with low
thermomechanical properties and the solid CT-fu possess poor proces-
sability issues, one resin can be used as a complement with the other,
reaching copolymers with increased mechanical properties, highly
stable thermal properties, glass transition temperatures above 200 °C
and good flame retardancies. As the results demonstrate, these bio-
based benzoxazine resins are interesting competitors against the BPA-
based benzoxazine and other fossil-based thermosetting resins.
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