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Abstract

At present most of epoxy thermosets is dependenpeairoleum-based resources
especially diglycidyl ether bisphenol A (DGEBA)-gypeepoxy monomers produced
from epichlorohydrin (ECH) and bisphenol A (BPA)widg to the limitation of the
greenhouse gas emission, development of the bredbegoxy thermosets is gaining
increasing attention to substitute the petroleusedaones. However, the bio-based
epoxy thermosets possess similar high flammabitiy their petroleum-based
counterparts. It is thereby necessary to endow theth flame retardancy. This
review article aims to summarize the most relevantd up-to-date advances in
intrinsically flame-retardant bio-based epoxy thesets. First, the approaches to
synthesis of bio-based intrinsically flame retatdepoxy monomers are introduced
briefly. Subsequently, the review focuses in paticon partly bio-based intrinsically
flame retardant epoxy thermosets from either bisedaepoxy monomers or bio-based

curing agents in terms of their flame retardanpprty as well as mechanical property



and thermal stability. Additionally, the fully bisased intrinsically flame retardant
epoxy thermosets are also reviewed. Finally, we pribvide a brief comment on
opportunities and challenges for future growth ab-tbased intrinsically flame
retardant epoxy thermosets.
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1. Introduction

Epoxy thermosets, as one of the most importantntbsets, possess many
favorable performances including excellent mectadrpcoperties, good chemical and
electrical resistance, superior moisture resistianhd high dimensional stability [1-5].
These favorable performances make epoxy thermasdétsble for various end-use
applications such as Electrical & Electronics, pmirand coatings, adhesives,
fiber-reinforced advanced composites, etc [6-9].cdkding to the Business
Communications Company (BCC) Research report, fbbafy market for epoxy
thermosets was valued at USD 7.0 billion in 2018 iarforecasted to reach USD 10.2
billion in 2021 at a compound annual growth rate6#% between 2016 and 2021
[10]. Currently, 90% global demand of epoxy theretes originate from
petroleum-based diglycidyl ether bisphenol A (DGBBye epoxy monomers,
which are prepared from reaction between epichigoh (ECH) and bisphenol A
(BPA) in the presence of sodium hydroxide [11]. s of these favorable

performances of DGEBA aforementioned, the productid DGEBA-type epoxy



monomers is mainly dependent on fossil resourcdschwis unfavorable to limit
greenhouse gas emission [12, 13].

In this context, a large amount of efforts has beeme to develop bio-based
epoxy thermosets from renewable resources sucHaas @il, furan, lignin, rosin,
vanillin, itaconic acidgtc, to substitute petroleum-based epoxy thermoseits 14].
These bio-based epoxy thermosets display compargbtgerties to their
petroleum-based counterparts but eliminate the lmaks of petroleum-based
counterparts. However, like petroleum-based epdng;based epoxy thermosets
suffer from high flammability, which hinder theipplications in the fields of cars,
trains and airplanes, construction, and electrapgiance. It is thereby imperative to
impart flame retardant property to bio-based epthgrmosets. Generally, flame
retardant technology can be divided to two primeayegories: additive-type and
reactive-type. The former one involves the physioknding of flame retardant
additives to polymers, which usually requires hilglading of flame retardant
additives resulting in migration and leaching otliiges that could have harmful
effect due to human exposure, as well as deteivorah mechanical strength and
thermal stability [16]. The latter one, also knows intrinsically flame retardant
technology, involves the incorporation of flameardant monomers into polymer
networks through covalent bonds, which overcomesdifawbacks of additive-type
flame retardants. In this review, we are focusimg intrinsically flame retardant
bio-based epoxy thermosets.

The objective of this review is hence to provide awerview of the field by



highlighting and discussing the state-of-the a#t,weell as future perspectives of
intrinsically flame retardant epoxy thermosets &t from renewable resources. The
synthetic approaches are mentioned to optimizedésgn of intrinsically flame
retardant bio-based epoxy thermosets. Special esigohall be focused on partly
bio-based intrinsically flame retardant epoxy thesets from either bio-based epoxy
monomers or bio-based curing agents in terms af fleme retardant property as
well as mechanical property and thermal stabikyrthermore, the fully bio-based
intrinsically flame retardant epoxy thermosets algo reviewed. Finally, we will
provide a brief comment on opportunities and cingiés for future growth of
bio-based intrinsically flame retardant epoxy thesets.

2. Approaches to synthesis of bio-based intrinsically flame retardant epoxy
monomer s

The synthetic routes of bio-based intrinsicallyrfaretardant epoxy monomers
are very similar to the traditional ones, which suenmarized as follows.
2.1. From epichlorohydrin (ECH)

The production of epoxy monomers from ECH resuitsnf the condensation
reaction between phenols and ECH using sodium kidleo as catalyst, as
diagrammatically shown in Scheme 1. According te fitevious report [17], the
condensation reaction between the phenate ion jJAn@ ECH has two competitive
mechanisms: (i) nucleophilic substitution (mechani§2) with removal of the
sodium chloride; (i) ring opening of ECH with pleea ion followed by

intramolecular cyclization (@) of the corresponding alcoholate. In this apphyaicis



crucial to synthesize phenols with flame retardel@ments such as phosphorus,
silicon and nitrogen, followed by reaction with ECHhis approach is the most
popular to design bio-based intrinsically flamerdant epoxy monomers.
2.2. From double bond oxidation

Another approach to the production of bio-basednsically flame retardant
epoxy monomers is the peroxidation of a carbon-arartbouble bond (Scheme 2).
The reactivity of the carbon—-carbon double bondfedsf from the chemical
surroundings of the double bonds. The oxidatiothefdouble bonds in the aliphatic
chains just requires the use of hydrogen peroxi@®. [However, stronger oxidative
reagents such as m-chloroperbenzoic acid (m-CPB&)naeded when the double
bonds belong to glycidyl type [19]. Additionallyelective epoxidation method for
internal and terminal carbon—carbon double bonds ailso reported by Colladon et al.
[20]. Hydrogen peroxide together with a Pt(ll) cdexypshowed high selectivity in
epoxidation for terminal carbon—carbon double bongisile m-CPBA only favors
epoxidation for internal double bond. The productiof the intrinsically flame
retardant epoxy monomers derived from bio-mass @HB double bonds are usually
adopted by this method.
3. Partly bio-based intrinsically flame retardapoxy thermosets

Epoxy thermosets are prepared through formation tloee-dimensional
cross-linking networks from chemical reaction bedswepoxy monomers and curing
agents. In this review, if the resultant epoxy mheset is obtained from bio-based

epoxy monomer plus petroleum-based curing agentpeiroleum-based epoxy



monomer plus bio-based curing agent, we call itlpdmo-based epoxy thermoset.
The following section will review partly bio-bas&trinsically flame retardant epoxy
thermosets from either bio-based flame retardanxyemonomers or bio-based flame
retardant curing agents.
3.1 Bio-based flame retardant epoxy monomers femntlosets

This section will highlight and discuss the statéhe-art of thermosetting epoxy
monomers derived from a wide variety of renewalelgources including fatty acid,
eugenol, vanillin, daidzein, furan, itaconic acetc. According to the chemical
structure, the bio-based flame retardant epoxy mmeme are divided into three
categories: Bio-based aromatic epoxy monomersbased epoxy monomers derived
from terpenes and bio-based aliphatic epoxy monsmer
3.1.1 Bio-based aromatic epoxy monomers

Daidzein-based epoxy monomers. Daidzein is a natural bisphenol compound
that can be isolated from soybeans [21]. It hasvegarded as a green product for
wide applications in the food and pharmacy indug®3j. Very recently, Dai et al.
synthesized a diglycidyl ether of daidzein (DGEDjough glycidylation reaction
between daidzein and ECH (Scheme 3) [23]. The D@&B subsequently cured by 4,
4’-diaminodiphenylmethane (DDM) to obtain a thereftisg epoxy, and DGEBA
cured by DDM was prepared as a comparative sariitbout the incorporation of
additional flame retardants, the DGED/DDM thermssdisplayed a relatively high
limiting oxygen index (LOI) of 31.6% and V-O clasation in UL-94 vertical

burning test, whereas the DGEBA/DDM showed a LO2456% and no classification



in UL-94 vertical burning test. The superior flametardancy of the DGED/DDM
thermosets could be attributed to the excellent-tdraning ability of the DGED, as
evidenced by the char yield of 43% at 800 °C umdi&ogen. The notably enhanced
T4 and mechanical properties were ascribed to thie dngss-link density of the cured
DGED resulted from the dimerization of benzopyroing. As far as the outstanding
integrated properties are concerned, daidzeinrisidered to be an ideal candidate for
synthesis of high-performance epoxy thermosetstHaibnly negative outcome is the
lower initial thermal degradation temperature of tRGED/DDM thermosets than
that of the DGEBA/DDM thermosets.

Eugenol-based epoxy monomers. Eugenol is a major component of clove oll,
which is less toxic and relatively cost-effective4]. The chemical structure of
eugenol simultaneously contains reactive phenojirdxyl group and allyl group,
which could be used to synthesize bio-based epbxgyugh either glycidylation
reaction with ECH or oxidation of double bond. Dtoets unique structure, eugenol
has gained considerable attention in the field wdparation of bio-based epoxy
thermosets [15, 25-30]. Among these studies, thezeseveral eugenol-based epoxy
thermosets with intrinsical flame retardancy [29-3A eugenol-based difunctional
epoxy monomer named TPEU-EP was synthesized by aWvah through two steps
(Scheme 4a), and then cured by 3, 3’-diaminodiphseaifone (33DDS) [29]. The
TPEU-EP/33DDS system revealed a higher LOI of 26tB&%n the DGEBA/33DDS
(23.5%). In the microscale combustion calorimeMC(C) measurements, the peak

heat release rate (PHRR) and the total heat reld@$R) of the TPEU-EP/33DDS



were decreased by 68% and 40%, respectively, cadpao those of the
DGEBA/33DDS. In the UL-94 vertical burning test,etiPEU-EP/33DDS could
self-extinguish in 24 s, while the DGEBA/33DDS bednout finally (Fig. 1),
indicating intrinsic flame retardancy of the TPEB/B3DDS. In Wan’s next work
[30], another eugenol-based difunctional epoxy nmo&o named DEU-EP was
synthesized (Scheme 4a) and cured by DDM. The PHRB THR of the
DEU-EP/DDM were reduced by 55% and 38%, respegtivaad compared to those of
the DGEBA/DDM in the MCC measurements. As well, bEU-EP/DDM could
self-extinguish in 10 seconds, whereas the DGEBAVDE»uld not in the horizontal
burning test. However, in Wan’s studies, thereti space to further improve the
performances of eugenol-based epoxy thermosetg, fiddure in UL-94 V-0
classification as well as deterioration in therrability in terms of lower J and
initial thermal degradation temperature.

In order to further improve the flame retardancytloé eugenol-based epoxy
thermosets, flame retardant elements like phosghand silicon are considered to
incorporate into eugenol-based epoxy monomers. &agleco-workers synthesized an
eugenol-based epoxy monomer, tri(epoxized-eugemy$yphate (TEEP) (Scheme 4b)
[31. The TEEP cured by meta-xylylenediamine (MXDA)and
2,2’-(Ethane-1,2-diylbis(oxy)) bis(ethan-1-amineEDR-148) displayed a 4T of
84 °C and 62 °C, respectively, whereas the DGEBAIMX and the
DGEBA/EDR-148 exhibited a much higheg @f 116 °C and 98 °C. The presence of

the methoxy groups in the TEEP was believed togadindesirable effect on thg. T



Due to the presence of the phosphate esters seudhe TEEP/MXDA and the
TEEP/EDR-148 also showed lower thermal stabiligntitheir DGEBA counterparts.
But a much higher char yield at 680 was observed for the TEEP/MXDA (33%) and
the TEEP/EDR-148 (36%) in TGA test. Such a highrclield is favorable for
improving flame retardancy. In another work, Miaacak also synthesized the TEEP
thermosets cured by DDM [32]. The LOI increase®104% and the UL-94 vertical
burning behavior enhanced to V-0 classification tftte TEEP/DDM system. In the
MCC measurements, the PHRR and the THR of the TBEEW® were 63.1% and
57.4% lower than those of the DGEBA/DDM. Furthermothe TEEP/DDM
presented lower dielectric constant and dieledtrss than the DGEBA/DDM, which
is suitable for electrical and electronic appliocat. Very recently, Li et al. reported
three kinds of silicone-containing eugenol-baseakgpnonomers (SIEEP2, SIEEP4,
and SIEPEP) (Scheme 4c) [33]. The LOI of the DGE&&ed by 4, 4’-diamino
diphenyl sulfone (DDS) was 22.8%, whereas thatiierSIEEP2/DDS, SIEEP4/DDS
and SIEPEP/DDS was 26.0%, 28.0% and 31.0%, respfctiAlthough the PHRR
and the THR of the SIEEP2/DDS, the SIEEP4/DDS, thedSIEPEP/DDS measured
by cone calorimeter decreased obviously compargkose of the DGEBA/DDS, the
time to ignition (TTI) shifted to lower temperatunéhich was undesirable for flame
retardant materials. Moreover, these silicone-domg eugenol-based epoxy
monomers also displayed a relatively lower visgo§#2.5 Pa-s) than the DGEBA
(10.7 Pa-s) which was attractive for composites @egregs applications. Ecochard

et al. synthesized three kinds of phosphorylated eugeaséd epoxy thermoset



(TEEP, DEEP and DEEP-Ph, Scheme 4b and 4d) curddXiyA [34]. In the MCC
measurements, although the PHRR and the THR oT#teP, DEEP and DEEP-Ph
thermosets were reduced significantly compare dsdlof the DGEBA, no significant
difference was observed between the TEEP, DEEP BB&P-Ph thermosets,
suggesting phosphate and phosphonate groups adettiequally to promote char
and reduce flammaubility.

Furan-based epoxy monomers. Owing to a lot of merits including high
bio-safety, ready availability and desirable biadeigbility, furan-based chemicals
have been identified as the top value-added byldidocks for technology
development by the U.S. Department of Energy [B&iran-based chemicals have
also been considered to potentially substituteopeim-based phenyl building blocks
in synthesis of thermosetting materials becaughef aromatic structures. Over the
past decades, furan-based chemicals have widely leed as starting materials for
synthesis of bio-based epoxy thermosets [36, 3@{veéver, only a limited number of
furan-based epoxy thermosets focus on the flanaeda@tcy. Miao et al. synthesized a
bis(2-methoxy-4-(oxiran-2-ylmethyl)phenyl) furarbzjicarboxylate (EUFU-EP)
(Scheme 5a) [38]. The MCC tests manifested thdt tiet PHRR and the THR of the
EUFU-EP cured by methyl hexahydrophthalic anhydritdHHPA) were 19.0%
lower than those of the DGEBA/MHHPA (Fig. 2), whiefas attributed to the higher
char yield. The highly compact aromatic rings inFELJEP accounted for the higher
char yield that induced condensed-phase flamedatarmechanism. The dynamic
mechanical analysis (DMA) measurements indicatedat ththe cured
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EUFU-EP/MHHPA thermoset had higheg 7153 °C) than the DGEBA/MHHPA
thermoset (144 °C), owing to the presence of thga mod-like aromatic ester and
furan structures in EUFU-EP. Similar to other baséd epoxy thermosets, however,
the cured EUFU-EP/MHHPA thermoset exhibited lowaritial degradation
temperature than the DGEBA/MHHPA thermoset, which unfavorable for
applications that require high thermal resistance.

Another two furan-based epoxy monomers, 2,5-biskzanylmethoxy)
methyl]furan (BOF) and bis-furan diepoxide (OmbFd&gre reported very recently,
as illustrated in Scheme 5b [39]. The BOF and tinebEdE were cured with three
different  curing  agents: 2, 2’-oxybis(ethan-1-amine (DEGA), 2,
2’-(ethane-1,2-diylbis(oxy))bis(ethan-1-amine) (TEG and 2,
2’-((oxybis(ethane-2,1-diyl))bis(oxy))bis(ethan-ireme) (TGDE) (Scheme 5b).
Comparison between the OmbFdE/amine and the BORéawwere studied to evaluate
the effect of both furan cores and the ether matfsthe thermal property and the
flame retardancy of the thermosets. In the burriegj, the BOF/DEGA and the
BOF/TEGA burnt out, while the OmbFdJE/TEGA can setfinguish within 30
seconds (Fig. 3). DSC thermograms indicated that @mbFdE/amine and the
BOF/amine showed a relatively lowy T7~25°C), which may allow their potential
application as thermo-responsive polymers betwedrient and body temperatures.

Vanillin-based epoxy monomers. Vanillin is a non-toxic and renewable product
which can be produced from depolymerization ofiligrit contains an aromatic ring
structure with hydroxyl and aldehyde functionalgws, which enables it to be served
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as a fascinating building block for preparatiorbai-based epoxy thermosets [40-42].
Until now, vanillin-based epoxy with intrinsic flamretardancy has been rarely
reported. Wangt al. synthesized two vanillin-based epoxy monomers (&RILEP2),
as illustrated in Scheme 6 [42]. The cured EP1/Dkd EP2/DDM showed
excellent flame retardancy compared to the curedEB&DDM. Specifically, the
LOI value for the EP1/DDM and the EP2/DDM was 31.4%d 32.8%, respectively,
while that for the DGEBA/DDM was 24.6%; moreoveqti the EP1/DDM and the
EP2/DDM achieved UL-94 V-0 classification. The auth attributed the excellent
flame retardancy to the intumescent and densefatraation ability of the EP1/DDM
and the EP2/DDM (Fig. 4). Additionally, the EP1/DDénid the EP2/DDM possessed
relatively high T value of 183 and 214C, much higher than the cured
DGEBA/DDM with Ty of 166 °C. The properties of vanillin-based eptixgrmosets
could be easily tailored by adjusting the chemstalictures of diamines serving as
coupling agent in the synthesis process.

Cardanol-based epoxy monomers. Cardanol is a cost-effective and available
by-product of the cashew industry, which could Iseduas a versatile platform for
bio-based polymers and additives [43]. Ecochar@l. reported a phosphorylated
cardanol based epoxy thermoset (TECP, Scheme &dchy MXDA [34]. As
observed by cone calorimeter test, the TECP/MXDésritoset showed a PHRR of
708 kW/nf, which was much lower than the DGEBA/MXDA (1486 kW), but its
THR (20.4 kJ/g) was very close to the DGEBA/MXDA2(2 kJ/g), which was
assigned to the aliphatic chains of cardanol. Ubtlmlly, these aliphatic chains

12



consisted of a high amount of carbon and hydrogentributing to heat release. It
was also found that the phosphorylated eugenoldoagexy exhibited superior flame
retardancy over the phosphorylated cardanol based o
3.1.2 Bio-based epoxy monomers derived from terpene

Rosin-based epoxy monomers. As an abundant and natural product, rosin is
produced by heating fresh tree resin to removevtthatile liquid terpenes [28]. The
production of rosin is approximately 1.2 millionn® every year [44]. It has rigid
hydrogenated phenanthrene ring in the moleculactstre which makes it suitable as
an alternative to DGEBA. Although the use of roaim its derivatives in preparation
of bio-based epoxy thermosets has been extensinegstigated [15, 45, 46], the
flame retardant rosin-based epoxy thermosets hasdyreeported up to now. One
example is a rosin-based siloxane epoxy monomeS@Ehat was prepared by the
reaction of ethylene glycol diglycidyl ether moeédi acrylpimaric acid (AP-EGDE)
with polymethylphenylsiloxane (PMPS) (Scheme 8)][4&ble 1 lists the LOI value
of the samples. It can be seen that the incormoratf PMPS results in the
improvement in the LOI value compared to the AP-EEAMHHPA thermosets. The
highest LOI value of 30.2% is observed for the ABG®IHHPA (the number
represents the PMPS weight percentage in the ABBiONg the samples. Note that
the char yield for both the AESE40/MHHPA and theSE50/MHHPA is much higher
than that for the AESE30/MHHPA, but their LOI valig lower than that of the
AESE30/MHHPA. The authors attributed this abnorpte&@nomenon to that the initial
decomposition temperature for the AESE40 and th&R&D was too high to form a
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protective layer. Moreover, the LOI value of AESH@BIHPA (chemical bonding
between AP-EGDE and PMPS) is higher than that dE$A30/MHHPA (physical
mixture of AP-EGDE and PMPS). Owing to the preseoicie flexible chains of the
PMPS, all the AESE/MHHPA thermosets display a reddy low tensile strength (<
15 MPa) but a much larger breaking elongation (®h0demonstrating good
toughening effect of the PMPS in the AESE monorBereby, it is suitable to be
used as a modifier for petroleum-based epoxy momeiilee DGEBA that need to
improve toughness and flame retardancy simultarigous
3.1.3 Bio-based aliphatic epoxy monomers

Fatty acid-based epoxy monomers. Fatty acids are the major components of
the triglyceride oils, which possess C-C doubledsoim their chemical structures [48].
These double bonds could be used as reactivefsit@sodifications. Epoxidation is
one of the most important modifications of theseitdle bonds leading to fatty
acid-based epoxy monomers. Lligadas et al. rep@atedvel phosphorous-containing
fatty acid-based epoxy monomer (DOPO-III) and sgbeatly cured with DDM and
bis(maminophenyl) methylphosphine oxide (BAMPO) (Sche#)e[49]. The LOI
values of the DOPO-I1II/DDM and the DOPO-III/BAMP@ermosets were 31% and
32%, respectively, implying good flame-retardarioyanother study [48], Lligadas et
al. synthesized two fatty acid derived epoxy mon@nepoxidized 10-undecenoyl
triglyceride (UDTGE) and epoxidized methyl 3,4,5{t0-undecenoyloxy)benzoate
(UDBME) (Scheme 9). The UDTGE or the UDBME was camell with the
DOPO-III and cured by DDM or BAMPO. The LOI valuetthe cured thermosets
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are listed in Table 2. It can be seen that thet@ddof DOPO-III increased the LOI of
the cured thermosets obviously. The improved flaatardancy is attributable to the
formation of a protective phosphorous-rich charetaghat inhibits the combustible
volatiles from the degraded polymer to fuel theniga Unfortunately, because of the
flexibility of long chain of fatty acids, thegyIvalues of the DOPO-III/DDM and the
DOPO-III/BAMPO thermosets are 108 and %5 [49], respectively, which are much
lower than those of the DGEBA-based thermosetgparted previously. As a result,
fatty acid-based epoxy monomers remain limited @a-structural applications like
paints and coatings.

[taconic acid-based epoxy monomers. Itaconic acid (ITA) is produced from the
fermentation of carbohydrate (like glucose) in pinesence ofspergillus terreus [50].
It has two carboxyl groups as well as one C-C debloind in the molecular structure,
which makes it greatly suitable as a versatilefptat for preparation of polymeric
materials. Thereby, ITA has been regarded as otteedbp twelve potential bio-based
platform chemicals by the US Department of Ener§%].] Ma and co-workers
synthesized a phosphorus-containing ITA-based epoxyomer (EADI) (Scheme 10)
[50]. The EADI/MHHPA showed intrinsic flame retardzy with a V-0 classification
in the UL-94 vertical burning test, whereas the BBABVIHHPA burned out finally.
Undoubtedly, the improvement in flame retardancgtisibutable to the presence of
phosphorus-containing structure in EADI, but therthal stability in terms of the
initial degradation temperature is deterioratedval.

Sebacic acid-based epoxy monomers. Sebacic acid (SA), also known as

15



1,10-decanedioic acid, is normally made from casibrOwing to the presence of
two carboxyl groups in the molecular structure, §As been widely used in
production of engineering plastics like polyest&?2][ and nylon [53, 54]. A
phosphorus-containing SA-derived epoxy monomer @)S#as recently synthesized
(Scheme 11), and mixed with a petroleum-based epoxyomer (CE) at different
ratios [55]. These mixtures were subsequently cbsedolyamide hardener. The LOI
value increased gradually with the increase ofRBAE loading in the thermosetting
system. The LOI value reached 27% for the PSAE8ROCi&rmulation (the number
represents weight percentage). In the UL-94 vdrtitaurning test, the
self-extinguishing phenomenon within a period di(bseconds was observed for the
formulations of PSAE40/CE60, PSAEG60/CE40 and PSAEBQO. Moreover, no
dripping phenomenon was observed, suggesting goadtwal stability of the
residual char. However, the SA has long aliphaliaims similar to the fatty acid,
which induces low § and strength. As a consequence, such phosphontzitog
SA-based epoxy monomers remain limited to flamardaint coating applications.
Based on these bio-based flame retardant epoxy mensoaforementioned in
this section, several phosphorus-containing bieth&poxy monomers are selected to
compare their flame retardant efficiency, as sunmedrin Table 3. It can be seen that
char yield is roughly proportional to phosphorusitent if epoxy monomers and
curing agents have similar structures. Generallyhdr char yield results in better
flame retardancy for polymers [56]. If taking thikemical structures into account,
epoxy monomers and curing agents with more aronsticctures is favorable to

16



higher char yield, while those with aliphatic stires seems to generate lower char
yield. In addition, epoxy thermosets with more aatim structures possess high
rigidity and Ty which are suitable for heat resistant thermosgdiGations, whereas
those with aliphatic structures exhibit excellefexibility which could serve as
toughening agents.

3.2 Bio-based flame retardant curing agents foxgploermosets

Generally, the curing agents for epoxy thermosatdude amines, amides,
anhydrides, phenols, and polyphenols [57]. Thesenguagents contain reactive
functional groups such as amino, hydroxyl and caybgroups, which can react with
epoxide group to form three-dimensional cross-lkhketworks. This section will
review bio-based flame retardant curing agents. éd@n only a few studies have
been reported for bio-based flame retardant cLagents.

Mao and co-workers reported a castor oil-basedrpinaid as flame-retardant
epoxy curing agent (IDDRA) (Scheme 12) [58]. TheDRA was combined with
methyl nadic anhydride (MNA) as co-curing agent RGEBA. The LOI, tensile
property and § of the samples are listed in Table 4. Althoughli®e value increased
gradually with the increase of the IDDRA loadingtfbthe tensile strength and thg T
dropped significantly. The elongation at break lo¢ tepoxy thermosets increased
obviously as the IDDRA loading increased, indicgtgood toughening effect which
originated from the long aliphatic chains of thetoa oil species in the IDDRA. The
low tensile strength and the low Testricted the application of the IDDRA in high
performance epoxy thermosets.
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Guo et al. synthesized a cardanol-based phosphorus-contaimemgoxazine
(CBz) as a curing agent for DGEBA, as depicted ichetne 13 [59]. The
incorporation of 15 wt% CBz into DGEBA exhibitechagh LOI of 32% as well as
UL-94 V-0 rating, but the reduction in the PHRR a@&hd THR was limited, and the
thermal stability was lowered. Thereby, CBz was bwmd with boron doped
graphene (BG) nanosheets to improve the flamedatarefficiency and the thermal
stability of the epoxy thermosets. With the additmf 13 wt% CBz and 2 wt% BG,
the resulting DGEBA thermoset exhibited 48% and 1@8%er PHRR and THR than
the un-modified DGEBA thermoset, respectively. Rarinore, the impact strength of
the DGEBA thermoset with 13 wt% CBz and 2 wt% BGre@ased by 22% relative to
that of the un-modified DGEBA thermoset. The imgdvlame retardant efficiency
could be attributed to that the presence of BGaauprove the resistance to thermal
oxidative degradation of the char layers, and tifeaaced toughness was assigned to
the flexible aliphatic chains of cardanol moieties.

Another two phosphorus-containing vanillin-basediray) agents (TP and MP)
(Scheme 14) were reported for flame retardant DGEiAMOosets very recently [60].
The TP and MP were used as co-flame retardants awtmonium polyphosphate
(APP) in the DGEBA/DDM thermosets. With 10 phr oPR the DGEBA/DDM
thermoset showed no classification in UL-94 burniegt. By contrast, when TP or
MP was combined with APP, the resulting DGEBA/DDstem passed UL-94 V-0
classification and the LOI value was around 29%e Th of the epoxy thermosets
with the co-addition of TP or MP with APP was comgide to or even higher than the
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control sample, while that for APP alone-modifigubey thermoset compromised a
lot. Thereby, these vanillin-based curing agenéssaiitable to be used in fabrication
of high-performance epoxy thermosets.

Yang et al. reported two bio-based phosphorus-atnta curing agents
(MMDOPO and MAPDGR) (Scheme 14) [61]. Owing to thaique chemical
structure, the DGEBA/MMDOPO was a brittle materialvhereas the
DGEBA/MAPDGR was very flexible, as shown in Fig. Hhereby, these two curing
agents were mixed with different weight ratios aonfi the cured DGEBA thermosets
with balanced properties. This work provides a otuto tailor comprehensive
properties of the cured epoxy thermosets by comgidifferent bio-based curing
agents.

4. Fully bio-based flame retardant epoxy thermosets

Fully bio-based flame retardant epoxy thermosetgdafined as bio-based epoxy
monomers cured by bio-based curing agent in thisewe Owing to the increasing
concern on sustainable development, the biomadgsmoim the materials is expected
as high as possible. Given this, it is desirabledéwelop fully bio-based flame
retardant epoxy thermosetShis section will discuss the fully bio-based epoxy
thermosets with intrinsic flame retardancy.

Menard and co-workers prepared a fully bio-baseind retardant epoxy
thermoset through phloroglucinol-based epoxy moneniE3EP and P2EP1P) and
furan-based curing agent (DIFFA) (Scheme 15) [62). comparison, DGEBA and
petroleum-based curing agents (IPDA and DA10) (8&hd5) were also used to
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fabricate the control samples. The MCC results destrated that the flammability of
the epoxy thermosets was mainly dominated by thaaricty ability of the epoxy
monomers and the curing agents (Fig. 6). Geneithlgycharring ability was affected
by the aromaticity and the phosphorus content oferies. Thereby, the fully
bio-based epoxy thermoset based on P3EP and DIR6#ext much lower PHRR
(119 W/qg) than partly bio-based epoxy thermoseb (88g for P3EP/IPDA and 185
W/g P3EP/DA10) and petroleum-based epoxy thermoges4 W/g for
DGEBA/IPDA). The co-addition of P3EP and P2EP1Rher decreased the PHRR
value of the epoxy thermoset. However, the incafpon of P2EP1P into the epoxy
thermosets led to decreased fBecause of the decreased crosslink density. The
introduction of P2EP1P also decreased the thertahllisy of the epoxy thermoset,
but increased the char yield that accounted foetttenced flame retardancy.
5. Summary and perspective

With the increasing awareness about sustainablelof@went and environmental
protection, bio-based epoxy thermosets made fromows renewable products
including fatty acid, eugenol, vanillin, daidzeifuran, itaconic acid, rosin, lignin,
tannin, vegetable oils, etc, have attracted extensattention to substitute
petroleum-based counterparts over the past dechilesnost of synthetic polymeric
materials, bio-based epoxy thermosets encounterser®us drawback of high
flammability. It is thereby imperial to endow thesith high flame retardancy. Up to
now, intrinsically flame-retardant bio-based epothermosets have not widely
reported, suggesting that the research on thigl fiel just beginning. Generally,
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intrinsically flame-retardant bio-based epoxy thesets can be designed by two
approaches: (i) selecting bio-based chemicals dh charring ability and abundant

aromatic structures; (ii) incorporating flame ref@mt elements such as phosphorus,
silicon, boron, etc into the molecular structure bid-based epoxy monomers or

curing agents.

Currently, although very high flame retardancy haen achieved for several
bio-based epoxy thermosets, the thermal stahiligyglass transition temperature and
the strength are found to be inferior to their D@E®unterparts. Additionally, the
relatively high cost of bio-based materials for tegsis of bio-based epoxy
thermosets restricts the scalable production. Owontpese problems, there is still a
long way for commercialization of bio-based epolgrinosets in replacement of the
DGEBA ones. Considering the development trend ims thield, increasing
functionality of bio-based epoxy monomers or curegents, improving bio-mass
content and bio-degradation ability are several kagtors for developing high
performance bio-based epoxy thermosets in thedutur
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Fig. 5. The tensile strain-stress curves of cured DGERAMosets with different

MMDOPO/MAPDGR weight ratios [56].

42



700 -

600 -
.
= 500 -
g 400 4 A
L '
g o
S 300 P
) P 1 —— DGEBA/IPDA
z 200 - - O L P3EP/IPDA
x H ' Al
o R 2 % — = P3EP/DIFFA
= B, % - == P3EP/DA10
100 - IL'*\ .
,', .-
/
0 “

250 300 350 400 450 500 550 600 650
Temperature (°C)

Fig. 6. Heat release rate versus time plots from MCC festihe cured P3EP/IPDA,

P3EP/DIFFA, P3EP/DA10 and DGEBA/IPDA thermosetd [57
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Table 1. Effect of the AP-EGDE/PMPS ratio on the LOI and thsidue of the cured

samples [42].

Sample AP-EGDE/PMPS ratio LOI (%) Residue at 70q¥"
AP-EGDE/MHHPA 100/0 21.6 0
AESE20/MHHPA 80/20 30.0 8
AESE30/MHHPA 70/30 30.2 13
AESE40/MHHPA 60/40 28.6 19
AESE50/MHHPA 50/50 28.3 25
PAESE30/MHHPA 70/30 25.3 16

a: determined by TGA, air atmosphere,’0dmin; b: PAESE means physical mixture

of AP-EGDE and PMPS.
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Table 2. Formulations and LOI values of the fatty acid-baspdxy thermosets [43,

44).

Sample Molar ratio of epoxy Phosphorus contentLOI (%)
monomers (%)

UDTGE/DDM / 0 21.9
UDTGE/DOPO-III/DDM 1/E 1.8 27.7
UDBME/DDM / 0 23.5
UDBME/DOPO-III/DDM 1/1° 19 28.5
UDBME/BAMPO / 2.5 30.2
DOPO-III/DDM / 3.9 31.0
DOPO-III/BAMPO / 5.7 32.0

a: UDTGE/DOPO-III = 1/1; b: UDBME/DOPO-III = 1/1.
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Table 3. Comparison of flame retardant propertgederal phosphorus-containing

bio-based epoxy monomers

Epoxy Curing Pcontent Char LOI UL-94 PHRR Reference

monomers agents (%) yield (%) reduction
(%)° (%)’

TECP MXDA 2.4 12 / / 52 [29]

TEEP MXDA 4.5 43 / / 56 [29]

DEEP MXDA 5.8 41 / / 60 [29]
DEEP-Ph  MXDA 5.8 35 / / 55 [29]

EP1 DDM 6.5 53 314 V-0 / [37]

EP2 DDM 7.2 58 32.8 V-0 / [37]
DOPO-IIl  DDM 3.9 18 31 / / [44]
DOPO-III BAMPO 5.7 16 32 / / [44]

EADI MHHPA 4.4 5.3 22.8 V-0 / [45]

a: Measured by TGA under nitrogen; b: Measured twyeccalorimeter under 35

KW/m?.
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Table 4. The formulations, LOI and tensile property of theed samples [53].

Sample IDDRA/MNA LOI  Tensile Elongation
ratio (%) strength at break
(MPa) (%)

DGEBA/IDDRA/MNA-1 60/40 22.8 34.2 93.9
DGEBA/IDDRA/MNA-2 70/30 23.0 21.9 135.7
DGEBA/IDDRA/MNA-3 80/20 23.6 1.7 314.1
DGEBA/IDDRA/MNA-4 90/10 24.2 0.9 348.0
DGEBA/IDDRA / 24.8 0.3 400.0
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