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Thermosets play a critical role in aerospace, automotive, electronics, and construction industries due to
their mechanical strength, thermal stability, and chemical resistance. Advanced thermoset materials, such
as epoxy resins, phenolic resins and unsaturated polyester resins, have significantly contributed to in-
dustrial innovation. However, these traditional thermosets heavily rely on petroleum-based resources and
suffer non-recyclability and even high flammability. Last years have witnessed the use of many renew-
able chemicals for developing advanced bio-based thermosets with tunable physical properties, such as
recyclability and reprocessability enabled by dynamic covalent chemistries, fire retardancy, mechanical
and thermal properties. This review aims to summarize recent advances in recyclable, flame-retardant,
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Recydab“‘it‘y bio-based thermosets, and highlights their molecular structures and design strategies for achieving high
Keg?d‘ip‘l‘ty performances. We also discuss intrinsic flame-retardant modes of action, and degradation/recycling mech-
pplications

anisms based on dynamic covalent chemistry. Following discussions on their applications, some key chal-
lenges and opportunities are also proposed for the development of next-generation advanced thermosets.
This work is expected to expedite the creation of high-performance recyclable thermosets and to advance
the sustainability transition of traditional thermosets.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Thermosets are a class of polymers with three dimensional
crosslinking networks [1]. Representative examples of thermoset-
ting resins include phenolic resins, melamine formaldehyde resins,
unsaturated polyesters, vinyl esters, polyimides, and thermoset-
ting epoxy resins. Thermosetting resins exhibit great mechani-
cal properties, electrical insulation, chemical resistance, and di-
mensional stability, which allow them to find extensive applica-
tions in various industries, such as aerospace, transportation, con-
struction, and electronics [2-4]. The current annual production
of thermosetting resins is about 65 million tons, accounting for
~20 % of total polymer production [5,6]. At present, thermoset-
ting resins are mainly synthesized from petroleum-based chemi-
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cals. Despite ubiquitous applications, these petroleum-based ther-
mosets encounter significant challenges, primarily stemming from
three major drawbacks: (i) Their mass production leads to exces-
sive consumption of petroleum resources and a series of environ-
mental issues [7,8]; (ii) Their intrinsic flammability poses a fire
threat to the environment and human beings [9-11]; and (iii) Their
non-degradability/recyclability causes the generation of abundant
plastic waste and great damage to the ecological system [12,13].
Hence, it is of vital importance to create advanced bio-based ther-
mosets to meet the needs of modern industry as well as sustain-
able development.

The concerns about over-consumption of petroleum resources,
which account for the highest global energy consumption at
53,620 TWh [14], have stimulated the development of bio-based
materials. Many bio-based feedstocks have been applied in the
fabrication of high-performance thermosets, such as lignin-derived
chemicals, vegetable oils, bio-based acids, and furan-based organics
[15]. Obviously, the structural diversity of these renewable feed-
stocks offers a unique opportunity to develop sustainable, ad-
vanced thermosets, which are expected to find ubiquitous applica-
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tions in various industries and meet environmental needs (Fig. 1).
To address the flammability issue, many flame-retardant structures
have been built into the cross-linked networks of bio-based ther-
mosets, including phosphorus (P)-containing [16], bio-based nitro-
gen (N)-containing [17], and bio-based benzene/C=C-rich [18]. The
dynamic covalent chemistry, e.g, transesterification [19-22], Diels-
Alder (DA) exchange [23], imine metathesis [24], and disulfide ex-
change [25], has been widely utilized to create recyclable and
degradable thermosets [26].

Research on bio-based flame-retardant and recyclable ther-
mosetting materials has made certain progress [27-30], but there
is still a lack of comprehensive review articles covering the entire
field, especially from the perspective of molecular engineering to
deeply explore the performance of these materials. Existing studies
mostly focus on flame-retardant properties, recyclability, and the
basic characteristics of the materials, while systematic explanations
of the relationship between material structure and performance re-
main insufficient. Additionally, there is a lack of exploration and
summary of the practical applications of bio-based flame-retardant
and recyclable thermosetting materials.

In this review, the recent development of bio-based, fire-
retardant, recyclable thermosets is thoroughly introduced, and the
internal relationship between their chemical structure, flame retar-
dancy and recyclability is carefully analyzed. Moreover, the term
"bio-based content" refers to the ratio of carbon derived from
biomass to the total carbon in the product, as defined by ISO
16620-2:2019 [31-33]. In this review, the bio-based content of
the reported bio-based thermosets is calculated and compared.
Additionally, the flame-retardant properties, as well as the recy-
cling and degradation mechanisms, are comprehensively discussed.
Therefore, this review is mainly focused on the exploration of the
structure-performance relationships and practical applications of
bio-based, fire-retardant, recyclable thermosets [34]. Finally, this
review presents some key challenges associated with these bio-
based, fire-retardant, recyclable thermosets, and proposes their fu-
ture development directions and opportunities for industrial appli-
cations.

2. Bio-based feedstocks for recyclable fire-retardant bio-based
thermosets

Various chemicals can be derived from biomass through dif-
ferent biological, physical, and chemical processes, and bio-based
chemicals used to manufacture advanced thermosets primarily
come from lignin, cellulose, bio-based acids, vegetable oils, and
similar sources [35]. These chemicals are environmentally friendly
and renewable. Utilizing these bio-based feedstocks for recyclable
flame-retardant thermosets not only helps mitigate the oil cri-
sis but also reduces environmental pollution, and thus they show
great potential in replacing petroleum-based raw materials in the
production of thermosets. A summary of bio-based feedstocks for
recyclable flame-retardant thermosets is shown in Fig. 2.

2.1. Lignin-derived chemicals

Lignin is a biopolymer with a three-dimensional network struc-
ture formed by three phenylpropane units linked via ether and
carbon-carbon bonds, which is primarily derived from wood herba-
ceous plants and agricultural by-products [36]. Lignin contains a
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Fig. 1. Illustration of the transition from traditional thermosets to advanced thermosets [26], Copyright 2022. Adapted with permission from Royal Society of Chemistry.
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Fig. 2. Sources and representatives of (A) lignin-derived, (B) furan-derived, (C) biomass acid-derived, and (D) vegetable oil-derived chemicals.

rich array of aromatic rings, as well as aliphatic and aromatic hy-
droxyl, aldehyde, and amino groups. Common lignin derivatives
used to fabricate recyclable flame-retardant thermosets include
vanillin [37], syringaldehyde [38], protocatechualdehyde [39], and
eugenol [40]. Eugenol, containing reactive phenolic hydroxyl and
allyl groups, offers potential for chemical modification. The al-
lyl group can undergo “click chemistry” [41] with reagents and
epoxidation reactions [42], enabling the introduction of functional
groups. Vanillin, syringaldehyde, and protocatechualdehyde struc-

tures contain two reactive groups: phenolic hydroxyl and alde-
hyde. The aldehyde group can react with amines to form Schiff
bases, which show certain flame-retardant effect due to the high-
temperature self-crosslinking characteristic and impart recyclabil-
ity and antibacterial properties [43-45]. Additionally, the phenolic
hydroxyl groups in lignin-derived compounds can undergo epoxi-
dation [46], ring-opening reactions with epoxides [47], and substi-
tution reactions to incorporate flame-retardant groups [48]. Obvi-
ously, the lignin-based chemicals with different reactive groups can
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be applied in the production of bio-based thermosets by various
chemical reactions, making lignin an excellent bio-based platform
compound.

2.2. Furan-derived chemicals

Furan derivatives are also widely used bio-based chemicals,
which are derived from cellulose, hemicellulose, agricultural by-
products, and wood waste. The chemical structure of the furan ring
is similar to that of the benzene ring, and thus the furan-derived
thermosets exhibit comparable properties to traditional thermosets
[49]. Furfuryl alcohol, furfuryl amine, 2,5-furandimethanol, and
2,5-furandicarboxylic acid can undergo epoxidation due to their
hydroxyl, amino, and carboxyl groups [50-52], and thus they can
be used in the fabrication of bio-based epoxy thermosets. Mean-
while, a variety of bio-based amine curing agents are synthesized
by using furfuryl amine as a raw material and utilized to prepare
advanced thermoserts [53-55]. Additionally, the DA reaction be-
tween furan (as a diene) and maleimide (as a dienophile) provides
an efficient pathway for synthesizing high-performance, recyclable
thermosets [23].

2.3. Biomass acid-derived chemicals

Biomass acid-derived chemicals produced from wood fibers,
plant fibers, fruits, vegetables, and agricultural by-products can be
used as the precursor or curing agent to prepare recyclable flame-
retardant epoxy thermosets. The common biomass acid-derived
chemicals include cinnamic acid, itaconic acid, phytic acid (PA) and
citric acid.

Itaconic acid, phytic acid and citric acid have hydroxyl or car-
boxyl groups, which can react with epoxy resins (EPs) to form a
cross-linked network with abundant ester groups [56-58], thereby
achieving recyclability through transesterification. In addition, the
high content of hydroxyl groups in these structures can be epoxi-
dized to produce bio-based epoxy resins [59], and the correspond-
ing bio-based epoxy thermosets prepared after curing usually have
good mechanical strength due to high crosslinking density. In addi-
tion, these bio-based resins have lots of ester groups in their struc-
tures, which have the potential for recycling due to the transester-
ification [60]. Cinnamic acid and itaconic acid have not only car-
boxyl groups, but also carbon-carbon double bonds, which allow
other functional groups to be introduced [61].

2.4. Vegetable oil-derived chemicals

Vegetable oil-derived chemicals applied to manufacture bio-
based, recyclable, fire-retardant thermosets mainly include soybean
oil, castor oil, and glycerin, which are derived from soybean, castor,
plant seeds, carbohydrates, and biodiesel.

Natural glycerin is primarily extracted from plant and animal
fats. Glycerol contains three hydroxyl groups, and they can be
epoxidized to produce glycerol diglycidyl ether (GDE) and glycerol
triglycidyl ether (GTE), which are both suitable for the fabrication
of high-performance thermosets [37,62]. During curing, these com-
pounds can form two-dimensional chain and three-dimensional
network structures, endowing the obtained thermosets with supe-
rior mechanical properties.

Soybean oil, as a renewable, biodegradable, and soybean seed-
derived material, can serve as an alternative to petroleum-derived
raw materials for fabricating thermosets. Soybean oil is a highly
unsaturated oil with an average of 4-5 non-conjugated double
bonds per molecular chain, but it usually suffers from low reactiv-
ity. However, it can be modified by epoxidation to produce epoxi-
dized soybean oil (ESO), which can be applied in high performance
thermosets [63-65]. Compared to conventional epoxy resins, ESO
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has a higher degree of epoxidation, offering enhanced film forma-
tion, chemical resistance, and heat resistance.

Castor oil, extracted from castor seeds, contains a high concen-
tration of ricinoleic acid and includes olefinic double bonds, ester
groups, hydroxyl groups, and other reactive sites, allowing it to un-
dergo various chemical modifications to produce bio-based ther-
mosets, such as esterification, hydrogenation, epoxidation, dehy-
drogenation, dehydration, alcoholysis, and transesterification [66-
68]. The uniform distribution of hydroxyl groups along its main
chain facilitates the formation of a consistent cross-linked struc-
ture within the bio-based thermosets, thus realizing high tough-
ness.

3. Flame-retardant structures for recyclable fire-retardant
bio-based thermosets

Thermosets are highly flammable, posing risks to the envi-
ronment, humans, and property [69-71]. Improving their flame-
retardant properties can expand their use in specialized fields.
Flame retardant modifications include (i) additive and (ii) intrin-
sic methods [72,73]. Additive flame retardants often reduce me-
chanical properties and may leach over time [74]. In contrast, in-
trinsic modification integrates flame-retardant structures into the
cross-linked networks, addressing the limitations of additive meth-
ods [75]. The structures and mechanisms of recyclable bio-based
flame-retardant thermosets are shown in Fig. 3. Additionally, com-
monly used flame-retardant tests include: (a) limiting oxygen in-
dex (LOI), which measures the minimum oxygen concentration re-
quired to sustain combustion under specified conditions; (b) verti-
cal burning test (UL-94), which evaluates the flammability of mate-
rials by assessing their self-extinguishing ability when ignited ver-
tically; and cone calorimetry test (CCT), which evaluates the fire
behavior of materials by measuring their heat release, smoke pro-
duction, and mass loss under controlled heat exposure. In the CCT,
APHRR, ATHR, and ATSP refer to the reduction in peak of heat
release rate (pHRR), the reduction in total heat release (THR), and
the reduction in total smoke production (TSP), compared to control
samples.

3.1. Phosphorus-containing structures

Phosphorous-containing structures are the most commonly in-
troduced flame-retardant components into cross-linked network
of thermoset (Fig. 3A). The phosphorus is a multivalent ele-
ment and can exist in any valance from -3 to 5. The flame-
retardant mechanisms of P-containing structures are usually de-
termined by the oxidation states of phosphorus in the flame
retardants. The structures with P in a higher oxidation state,
such as trimethyl phosphate [76,77], triazatriphosphinine [78], and
dimethyl phenoxyphosphate [4,79,80], exhibit a condensed-phase
mechanism via promoting the carbonization of the thermoset ma-
trix (Fig. 3F). The structures with P in a lower oxidation state,
such as dimethyl phenylphosphonate [81,82], methyldiphenylphos-
phine oxide [83-85], and phosphaphenanthrene [86-91], primarily
display a gaseous-phase mechanism through producing PO-, HPO-
and HPO,- radicals to capture high-energy radicals from the ma-
trix [92] during the combustion. For many P-containing structures,
both gaseous- and condensed-phase mechanisms coexist.

3.2. Bio-based nitrogen-containing structures

Chemically introducing bio-based N-containing structures
(Fig. 3B) into the cross-linked network is another effective method
to enhance fire retardancy of bio-based thermosets. Curing
bio-based N-containing epoxy resins (An) with furan/aromatic
amine hardeners (Cm, Fig. 3D) can obtain fire-retardant bio-based
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Fig. 3. Flame-retardant structures and mechanisms for recyclable fire-retardant bio-based thermosets. (A) Phosphorus-containing structures, (B) bio-based N-containing
structures, (C) bio-based benzene/C=C-rich structures, and (D) furan/aromatic amine curing agent structures. Schematic of (E) the cross-linked (An/Bn + Cm) network, and
(F) flame-retardant mechanisms for different structures (phosphorus-containing, bio-based nitrogen-containing, and benzene/C=C-rich).

thermosets (An+Cm, Fig. 3E) [93-95]. The -C=N- bonds within
the cross-linked network of bio-based thermoset can generate
N-containing six-membered heterocyclic compounds by rearrange-
ment and cyclizing at high temperatures, which leads to the
formation of stable char layers to inhibit heat-oxygen exchange.
Furthermore, the nitrogen-containing structures can produce inert
nitrogen-derived gases to exert diluting effect in the gas phase.

3.3. Bio-based benzene/C=C-rich structures

Curing bio-based benzene/C-C-rich epoxy resins (Bn, Fig. 3C)
with rigid hardeners (Cm) can also produce the fire-retardant bio-
based thermosets (Bn+Cm, Fig. 3E). During combustion, the phenol
radicals derived from the benzene/C-C-rich structures can interrupt
the free radical chain reaction in the gas phase [96-98]. Besides,
the benzene/C=C-rich structures can form stable and compact char
layers on the thermoset surface, thus suppressing the heat release
and smoke generation in the condensed phase [99-101].

4. Dynamic covalent chemistry for recyclable fire-retardant
bio-based thermosets

Covalent adaptable networks (CANs) with dynamic covalent
bonds endow thermosets with recyclability and degradation under

external stimuli [102-104]. Additionally, the topological transfor-
mation of CANs enables thermosets to reprocess [105-109]. Based
on the reaction mechanisms, CANs can be broadly categorized into
two types: dissociative exchange and associative exchange (Fig. 4A
and B) [110-113].

For dissociative exchange [114], the dynamic covalent bonds are
initially broken and then reformed within the CANs (Fig. 4A). Dur-
ing dissociative exchange, the crosslink density of thermosets de-
creases because the breakage and reformation of dynamic covalent
bonds occur separately, potentially causing a loss of network con-
nectivity and even complete depolymerization. The best-known ex-
amples of dissociative dynamic linkages are thermally reversible
DA adducts. The DA addition reaction, as a typical dissociative
exchange, generally occurs between electron-deficient dienophiles
and electron-rich conjugated dienes, forming cyclohexene adducts
via [4+42] cycloaddition (Fig. 4A;) [115-117]. This reaction is favor-
able under mild conditions, while the reverse Diels-Alder (r-DA)
reaction can occur at high temperatures [118]. Bio-based flame-
retardant recyclable thermosets based on DA cycloadducts between
furan and maleimide have been widely explored. As previously
mentioned, the CANs with DA adducts may result in gel-to-sol
transitions or reduced crosslink density during reprocessing, po-
tentially impacting mechanical properties and recyclability [119].

For associative exchange, dynamic bond breakage and regener-
ation occur simultaneously, thus the CANs can maintain a constant
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crosslink density under external stimuli (Fig. 4B) [120]. Unlike dis-
sociative CANs, the associative CANs (named vitrimers) exhibit a
constant crosslink density. Under external stimuli, their network
topology can be rearranged through dynamic bond exchange, en-
abling a transition from viscoelastic solid to viscoelastic liquid. This
allows vitrimers to flow when heated, enabling reshaping with-
out compromising material integrity [121]. Representative associa-
tive exchanges include transesterification (Fig. 4B;), Schiff base ex-
change (Fig. 4B,), and disulfide bond exchange (Fig. 4B3).

Ester groups are common groups within the cross-linked net-
work of thermosets, typically formed through the reactions be-
tween epoxy/hydroxy groups and carboxyl/phosphoric acid groups
[122]. Under external stimuli, the transesterification within the
cross-linked network allows vitrimer to realize topology rear-
rangement but maintain a constant crosslink density. Notably, the
carboxylate-based transesterification vitrimers usually require a
catalyst to induce the associative exchange, but the phosphate-
based transesterification vitrimers do not.

Schiff base is usually formed through the dehydration conden-
sation between aldehyde and amino groups [123], and it can be
hydrolyzed into aldehyde and amino groups. The degradation of
Schiff base-containing thermosets primarily relies on the hydrol-

ysis of Schiff base. Additionally, Schiff bases can undergo substi-
tution reactions with amino groups in anhydrous conditions, and
exchange reactions can occur between Schiff bases, thus the Schiff
base-containing vitrimers can be reshaped through hot-pressing.

Disulfide bonds can be broken into thiols and exchanged under
external stimuli [124], and thus they can be applied in the man-
ufacture of recyclable thermosets. Notably, due to the relatively
low bond energy of disulfide bonds (251 kJ/mol, approximately
40 % lower than C-C/H bonds), the topology rearrangement of
disulfide-containing vitrimers can be stimulated under mild con-
ditions [125].

The viscoelastic characteristics of vitrimers are governed by two
critical temperatures: the glass transition temperature (Tg) and the
topological freezing transition temperature (Ty,) [126-128]. The sig-
nificance of these two transition temperatures, which are funda-
mental to vitrimers, can be effectively illustrated through two spe-
cific examples. In the first case, the vitrimer exhibits a Tg that is
lower than T, (Fig. 4C). When heated to a temperature between
Ty and Ty, the glassy vitrimer first transitions into a rubbery state,
behaving as an elastomer. At this temperature, the exchange reac-
tions are relatively slow, allowing the network to remain largely
intact. When the temperature rises further to above T,, the ex-
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change reactions accelerate and become significant, resulting in the
conversion of the elastomer into the viscoelastic liquid, where the
flow is primarily governed by the kinetics of exchange reaction,
leading to a typical Arrhenius decrease in viscosity. In the second
case, a rapid exchange reaction is integrated within a rigid ther-
moset matrix that has a Tg higher than T, (Fig. 4D). In this sit-
uation, T, can be estimated through the extrapolation of stress-
relaxation or creep tests, rendering this transition theoretical. The
network remains constrained not by the reaction kinetics but by
the absence of segmental motion linked to T,. Below Tg, segmen-
tal motion does not occur, preventing any exchange reactions and
thus fixing the network (this relates to the diffusion limit). As
the material is heated beyond its Tg, segmental motion begins
to occur gradually, while the exchange reactions are already oc-
curring at a fast rate. Initially, the kinetics of network rearrange-
ment are diffusion-controlled, with segmental motions predomi-
nating the topology changes, which yields Williams-Landel-Ferry
equation viscosity behavior [129,130]. As heating continues, the ex-
change kinetics transition from being diffusion-controlled to being
governed by the exchange reactions, adhering to Arrhenius behav-
ior [131].

4.1. Diels-Alder reaction

The bio-based furan and maleimide groups readily undergo DA
reaction, enabling the construction of flame-retardant, recyclable
bio-based thermosets. For instance, Zhao et al. [132] fabricated a
recyclable flame-retardant DA-based thermoset (re-CP-co-BMI) us-
ing a bio-based eugenol/cyclotriphosphazene-containing monomer
(CP-3AF, Fig. 5A) and N,N'-(4,4’-methylenediphenyl)dimaleimide
(BMI). The resulting re-CP-co-BMI demonstrated a high bio-based
carbon content (56.3 %, Fig. 5]) and desirable flame retardancy
due to the incorporation of eugenol- and cyclotriphosphazene-
containing structures. Moreover, re-CP-co-BMI can maintain its
structural stability in trichlorobenzene at room temperature for 48
h, but it can be fully degraded in high temperatures because of the
r-DA reaction (Fig. 5E). However, re-CP-co-BMI suffered from poor
thermal stability, with low Tg of 82.9 °C and temperature of r-DA
(Ty.pa) of 125 °C. The tensile strength of re-CP-co-BMI was 7.5 MPa,
indicative of unsatisfied mechanical properties. Bio-based amines
are rare in type and quantity, and furfuryl amine stands out for its
high application value. Its amino group can be epoxidized to pro-
duce diglycidyl furfurylamine (DGFA, Fig. 5B), which contains reac-
tive furan and epoxy groups. Based on DGFA, Chen et al. [133,134]
synthesized two phosphorus-containing DA adducts (Fig. 5C and
D), which were respectively cured with methylhexahydrophthalic
anhydride (MHHPA) for the preparation of flame-retardant recy-
clable bio-based thermosets (BMP-EP and DOPO-TMP-EP). The bio-
based carbon contents of BMP-EP and DOPO-TMP-EP were 28.6 %
and 22.0 %, respectively. BMP-EP exhibited great thermal stability,
flame retardancy, and reprocessability (Fig. 5F), attributed to the
electron-withdrawing phosphonate group. Meanwhile, DOPO-TMP-
EP, containing a phosphate spacer with a low rotational energy
barrier [135], showed improved segment mobility and dynamic re-
versibility, leading to excellent self-healing capability and repro-
cessability. The flame-retardant effect of phosphate spacer also en-
hanced the fire safety of DOPO-TMP-EP (Fig. 5G). As shown in
Fig. 5H and I, compared to re-CP-co-BMI and BMP-EP, DOPO-TMP-
EP exhibited better overall performance. DOPO-TMP-EP showed
high Tg of 121°C and T,.p4 of 168 °C, demonstrating great thermal
stability. Its LOI and UL-94 classification was up to 29.8 % and V-0,
with 79.8 %, 57.4 %, and 77.2 % reductions in pHRR, THR and TSP
relative to control sample. DOPO-TMP-EP showed a tensile strength
of 92.1 MPa, and its tensile strength retention reached 94.5 % af-
ter recycling. The phosphorus atom with high oxidation state of
+5 mainly functioned in the condensed phase during combustion,
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and the DA cycloaddition structures played a synergistic role. In
addition, the phosphorus atom with an oxidation state of +3 in
the 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)
contributed to gas-phase flame retardancy through interrupting the
combustion reaction of the polymer matrix by the capturing ef-
fect of its P-containing radicals, and to condensed-phase flame re-
tardancy through promoting the formation of compact char lay-
ers on the matrix surface by the catalyzing effect of its pyrophos-
phate derivatives [136-138]. These findings suggest that construct-
ing DOPO-containing neighboring group in the DA-based epoxy
resins contributes to achieving high-performance, flame-retardant,
bio-based recyclable thermosets.

In summary, re-CP-co-BMI mainly achieves cross-linking
through DA reaction, and thus it suffers from poor thermal
and mechanical properties due to the existence of abundant
DA crosslinking points. Although it has high recyclability, its
unsatisfied overall performance limits its practical applications.
In contrast, BMP-EP and DOPO-TMP-EP, with limited DA groups,
show better comprehensive performances. Meanwhile, due to the
presence of ester and tertiary amine groups, both BMP-EP and
DOPO-TMP-EP can undergo transesterification at high tempera-
tures, thus they exhibit great reprocessability and recyclability.
To enhance the performances of DA/bio-based thermosets, more
research should be focused on controlling the content of DA
adducts within the crosslinked network. One promising strategy
is to introduce DA adducts into the prepolymer, such as epoxy
resin, prior to crosslinking [139,140]. Another approach involves
synthesizing curing agents containing DA adducts and using them
in the preparation of DA-based thermosets [141-143]. These
strategies offer new approaches for developing recyclable, flame-
retardant, bio-based thermosets. In addition, considering the low
bio-based carbon contents of these three systems, using bio-based
furan compounds and bio-based unsaturated compounds to create
DA/fully bio-based, recyclable thermosets can further support
sustainable development.

4.2. Transesterification

Transesterification is commonly applied in the fabrication of
flame-retardant, recyclable bio-based vitrimers, typically involv-
ing B-hydroxyl ester exchange and phosphate ester exchange
(Fig. 6A and B). Many bio-based monomers containing ester bonds
(Fig. 6A1) and bio-based curing agents to form B-hydroxyl ester
(Fig. 6A,) had been reported for the preparation of fire-retardant,
bio-based vitrimers based on B-hydroxyl ester exchange. For the
vitrimers based on phosphate ester exchange, using the phosphate
ester-containing curing agents is a common approach (Fig. 6B).

For B-hydroxyl ester-based vitrimer, using bio-based ingredi-
ents to synthesize ester-containing resin monomers contributes to
enhancing the bio-based carbon content of the vitrimer, as these
monomers make up a significant proportion of vitrimer. Further-
more, chemically incorporating flame-retardant structures, such as
nitrogen-containing, phosphorus-based, and benzene/C=C-rich, can
impart excellent intrinsic flame-retardant properties to the result-
ing vitrimer. However, a major drawback is the use of numerous
toxic solvents in the synthesis of resin monomers, which poses
significant risks to human health and the environment. Moreover,
since the ester bond is located on the main chain, it negatively im-
pacts recyclability, particularly in mechanical recycling, which of-
ten exhibits low recovery efficiency.

In addition to introducing ester units into resin monomers, the
B-hydroxyl ester units can also be formed when the bio-based car-
boxylic acids are used as hardeners to cure epoxy resins. Further-
more, anhydrides are frequently employed alongside bio-based car-
boxylic acids as curing agents, and this process is typically solvent-
free. Due to the high B-hydroxyl ester content, the resulting vit-
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mission from Elsevier Science Ltd, (C) BMP DA adduct [133], Copyright 2023. Adapted with permission from John Wiley & Sons Inc, and (D) DOPO-TMP DA adduct [134],
Copyright 2023. Adapted with permission from John Wiley & Sons Inc. (B) Synthesis of bio-based DGFA [133], Copyright 2023. Adapted with permission from John Wiley
& Sons Inc. (E) Degradation behaviors of re-CP-co-BMI [132], Copyright 2021. Reproduced with permission from Elsevier Science Ltd. (F) Reprocessing procedure of BMP-EP
[133], Copyright 2023. Reproduced with permission from John Wiley & Sons Inc. (G) Burning process of DOPO-TMP-EP during UL-94 test [134], Copyright 2023. Repro-
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rimers have high recycling efficiency. However, when curing EP
with carboxylic acid, a catalyst, such as zinc acetate and imidazole,
is necessary to facilitate the ring-opening reaction of the epoxy
group, thus improving both the reaction rate and curing efficiency
[144]. However, during prolonged use, external catalysts may leach
from the vitrimer matrix, potentially resulting in irreversible dam-
age to both the environment and human health [106]. Besides, due
to the incorporation of acids and anhydrides, which often intro-
duce a substantial quantity of aliphatic chains, the resulting vit-
rimers tend to be highly flammable. Typically, a phosphorus con-
tent of over 2 wt% is necessary to attain satisfactory flame retar-
dancy [19,21,145,146].

Finally, phosphate esters can undergo transesterification and
thus many phosphate ester-based vitrimers have been developed.
Notably, the transesterification of phosphate esters occurs at a
faster rate with a lower activation energy compared to those of S-
hydroxyl esters, even in the absence of a catalyst. The formation of
phosphate esters typically takes place through a ring-opening reac-
tion between P-OH and epoxy groups without the usage of solvent.
In addition, due to the high content of phosphate, the resulting
vitrimers exhibit excellent flame retardancy. However, due to the
inherent instability of phosphate ester bonds, the phosphate ester-
based vitrimers usually exhibit poor solvent resistance, leading to
degradation under both weak alkaline and neutral conditions. This
instability significantly restricts their practical applications.

4.2.1. Bio-based monomer containing ester bond

Wei et al. [147] fabricated ester-containing recyclable flame-
retardant bio-based thermosets (FREPs, Fig. 7A) using bio-based
itaconic acid-derived hyperbranched EP (IA-EHBP) and bisphenol
A- diglycidyl ether (DGEBA) as prepolymers and (1,3,5-hexahydro-
s-triazine-1,3,5-triyl) benzyl mercaptan as a curing agent. FREP10
(IA-EHBP: 10 wt%, bio-based carbon content: 20 wt%) demon-
strated excellent flame-retardant performance, as indicated by an
LOI of 33.4 % and a UL-94 V-0 rating. The self-extinguishing be-
havior of FREP10 during UL-94 test is presented in Fig. 7B, demon-
strating the significant role of DOPO group. Furthermore, the FREP
specimen can be chemically recycled in the tetrahydrofuran (THF)
solution (Fig. 7C) due to the presence of hexahydro-s-triazine and
ester structures in its network. Both P-containing and N-containing
building blocks can be recycled and reused to reform FREP10. As
shown in Fig. 7F, the reformed FREP10 (r-FREP10) exhibited simi-
lar flame retardancy and mechanical properties to original FREP10,
with retention of tensile strength (o), impact strength (IS), and
flexural strength (oq) reaching 99.9 %, 77.2 %, and 95.9 %, respec-
tively.

Cao et al. [95] developed an aromatic N-heterocycle-derived,
ester-containing, bio-based epoxy monomer and cured it with
4,4-diaminodiphenylmethane (DDM) to construct recyclable flame-
retardant bio-based thermosets (CSPZ-EP/DDM, Fig. 7D). The bio-
based carbon content of CSPZ-EP/DDM reached 62.1 % (Fig. 7H).
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Because the stiff aromatic pyridazinone structure contributes to
carbonization at high temperatures, CSPZ-EP/DDM exhibited excel-
lent flame retardancy, achieving a UL-94 V-0 rating. Additionally,
it showed remarkable acid/base resistance (Fig. 7E) due to the low
content of ester group. CSPZ-EP/DDM can be chemically degraded
by ethylene glycol, and the resulting chemicals can be repolymer-
ized into CSPZ-EP/DDM. As presented in Fig. 7G, the recycled CSPZ-
EP/DDM possessed similar hardness and Young’s modulus (398 and
5088 MPa) to original CSPZ-EP/DDM (412 and 5176 MPa), demon-
strating its outstanding recyclability.

4.2.2. Bio-based curing agents to form (-hydroxyl ester

Huang et al. [148] fabricated a recyclable flame-retardant bio-
based vitrimer with B-hydroxyl ester groups (EV IADPPO 3P,
Fig. 8A) by using partially bio-based diphenylphosphine oxide ita-
conic anhydride (IADPPO) and citric acid to cure DGEBA. The phos-
phorus and bio-based carbon contents of EV IADPPO 3P were 3 and
31.2 wt%, respectively. EV IADPPO 3P achieved a UL-94 V-0 classifi-
cation (Fig. 8B) with an LOI of 27.0 %. The combustion behavior of
EV IADPPO 3P was further investigated by CCT. The pHRR and THR
of EV IADPPO 3P were reduced by 33.4 % and 33.2 %, respectively,
relative to those of citric acid-cured DGEBA (EV). Additionally, the
recycled EV IADPPO 3P presented a higher flexural strength than
the original EV IADPPO 3P (Fig. 8C), reaching 58 MPa, and its flex-
ural modulus was well preserved.

Zhang et al. [149] synthesized a bio-based epoxy monomer
(E) containing phosphonate groups from magnolol and cured it
with 1,4-cyclohexanedicarboxylic acid (CA) and dodecanedioic acid
(DCA) to fabricate a flame-retardant recyclable bio-based ther-
moset (E/1C/2D, Fig. 8B, the mole ratio of CA to DA = 1:2). The
bio-based carbon content of E/1C/2D was up to 51.8 wt%. Com-
pared to EV IADPPO 3P, E/1C/2D exhibited superior flame-retardant
efficiency, attributed to its higher phosphorus content. E/1C/2D

achieved a UL-94 V-0 rating and an LOI of 31.0 %. The pHRR and
THR of E/1C/2D were reduced by 54.0 % and 56.2 %, respectively,
compared to those of DCA-cured E (E/DCA). E/1C/2D can form
dense and continuous char layers during combustion (Fig. 8E),
which led to great flame retardancy. However, duo to the long
aliphatic chain in the network of E/1C/2D, it possessed a lower Tg
(67 °C) than EV IADPPO 3P (107 °C). The tensile strength and elon-
gation at break of E/1C/2D were 97 MPa and 6.3 %, which were
both higher than those of E/DCA, demonstrating superior mechan-
ical property. The E/1C/2D debris can be reconstructed into a com-
plete sheet by heat pressing at 170 °C (Fig. 8F) because of the
transesterification at high temperatures. The tensile strength and
elongation at break of the recycled E/1C/2D reached 110 MP and
6.2 %, respectively, confirming great recyclability (Fig. 8I).

4.2.3. Bio-based curing agents to form phosphate ester

Liu et al. [57] utilized a bio-based epoxy monomer synthesized
from itaconic acid to crosslink with phytic acid to generate flame-
retardant recyclable bio-based thermosets (EIA-PA, Fig. 9A) with
phosphate ester groups. When the molar ratio of epoxy group
to P-OH was 1:1, the resultant EIA-PA-1 exhibited a high bio-
based carbon content of 100 % (Fig. 9F), and it featured great
flame retardancy with a UL-94 V-0 rating and an LOI of 33.5 %
(Fig. 9E), attributing to the formation of high-quality char layers
during combustion (Fig. 9B). Furthermore, the retention of ten-
sile strength of EIA-PA-1 after one reprocessing cycle was 83.9 %
(Fig. 9C) due to the rapid phosphate exchange (Fig. 9D). Addi-
tionally, Liu et al.[150] developed a flame-retardant recyclable bio-
derived thermoset (EHPT, Fig. 9G) based on dynamic phosphate
exchange by reacting ESO with 2-hydroxyethyl methacrylate phos-
phate (HEMAP) and tannic acid (TA). When the contents of HEMAP
and TA both reached 24.1 wt%, the bio-based carbon content of
EHP(;Tog7 was 58.9 % (Fig. 9F). As presented in Fig. 9E, EHPy;Tg 7
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achieved a UL-94 V-0 rating and an LOI of 26.7 %. Additionally,
the pHRR, THR, and TSP of EHP;To; were decreased by 54.0 %,
10.6 %, and 18 %, respectively, compared to EHPq ;T (HEMAP con-
tent: 21.9 wt%, and TA content: 0 wt%). Furthermore, the compact
char layer of EHP(;Tg; after CCT test (Fig. 9H) indicated that the
phosphorus with a high oxide state in EHPy;Tg7 played a signif-
icant role in the condensed phase. Due to the flexible segments
and low crosslinking density, EIA-PA-1 and EHP( ;T 7 both had low
Ty values of 69.0 and 68.6 °C, respectively (Fig. 9E). Furthermore,
EHPy;Ty7 can be applied as a reusable adhesive due to the dy-
namic phosphate exchange under external stimuli, and its shear
strength can be restored to 75 % of its original value after one re-
cycling cycle.

Table 1 summarizes the comprehensive performances of the
bio-based fire-retardant transesterification vitrimers. For bio-based
monomer containing ester bond, the resulting vitrimers (CSPZ-
EP/DDM and FREP10) possessed abundant rigid structures, lead-
ing to outstanding flame retardancy and mechanical properties.
However, due to the steric hindrance and low ester content,
the transesterification was hindered, making mechanical recy-
cling unprocurable, but chemically recycling can be achieved.
Thus, increased attention should be given to incorporate a
higher concentration of ester bonds or synergize with other dy-
namic covalent bonds (DCBs) to further regulate dynamic be-
havior, achieving a balance among flame retardancy, mechani-
cal performance, and recyclability in the resulting vitrimers. Ad-

10

ditionally, introducing other flexible constructions such as DCBs
with lower bond energies (S-S) or chain structures into the
rigid network, which work together with high bond-energy es-
ter bonds and rigid structures, could effectively enhance recy-
clability. For instance, by combining dynamic non-covalent in-
teractions with covalent bonds, our group [151] developed self-
healing, strong, recyclable, and fire-safe epoxy vitrimers. This was
achieved by curing a commercial epoxy monomer containing es-
ter groups, bis(2,3-epoxypropyl) cyclohex-4-ene-1,2-dicarboxylate,
with a phosphorus/silicon-containing polyethyleneimine.

For bio-based curing agents to form S-hydroxyl ester, the re-
sultant systems (EV IADPPO 3P and E/1C/2D) contained flexible
carboxylic acid curing agents and rigid resin monomers, thus ef-
fectively balancing overall performance. The primary limitation
is the requirement for 1,5,7-triazabicyclo [4,4,0] dec 5-ene (TBD)
as a transesterification catalyst. Firstly, designing the prepolymer
monomers with tertiary amines for self-catalysis is an effective
solution. For example, Xu et al. [152] prepared a catalyst-free,
self-healing bio-based vitrimer (EMDA-AA) by curing menthane
diamine-based epoxy monomers with adipic acid. Due to the au-
tocatalytic effect of tertiary amines in the EMDA-AA vitrimer,
the vitrimer network achieved topological rearrangement through
dynamic transesterification reactions without the need for addi-
tional catalysts. The resulting vitrimer demonstrated excellent self-
healing, shape memory, and reprocessing properties. Besides, the
incorporation of a suitable ‘modifier’ containing abundant primary
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hydroxyl groups or tertiary amines is another effective solution,
which can chemically link to the cross-linked network and cat-
alyze dynamic transesterification reactions under external stim-
uli. For example, Chen et al. [145] utilized DHH as a multifunc-
tional transesterification modifier to develop a fire-safe, catalyst-
free epoxy vitrimer. This approach effectively achieved “two goals
with one solution,” as the resulting epoxy vitrimer demonstrated
both recyclability and fire safety. Through incorporating a rationally
designed tertiary amine/phosphorus-containing reactive oligomer
into EP, our group [153] had also developed a catalyst-free, closed-
loop recyclable transesterification vitrimer, which exhibited supe-
rior mechanical properties, durability, and fire retardancy. Besides,
amino acids are abundant biological resources, primarily derived
from protein hydrolysis, with amino and carboxyl groups that can
serve as latent curing agents. The ester bonds and tertiary amines
in the cross-linked network offer extensive potential for degra-
dation and recyclability, marking a promising direction for future
development of bio-based, flame-retardant, and recyclable ther-
mosets [154,155].

For phosphate ester-based vitrimers, the transesterification of
phosphate esters demonstrates high reactivity, providing EIA-PA-
1 and EHPy;Tg7 with excellent overall performance. However, the
primary challenges of these phosphate ester-based vitrimers in-
clude low thermal stability, poor solvent resistance, and suscep-
tibility to degradation. Future research should be thus focused

1

on improving the solvent resistance of phosphate ester-based vit-
rimers, with partial modification of phosphate groups as a poten-
tial solution. For instance, Song et al. [156] prepared a curing agent
(ammonium hydrogen phytate), by modifying PA with urea, to cure
melamine-urea-formaldehyde resin and applied the resultant ther-
moset as a wood coating. The resulting coating exhibited compara-
ble Tg, hardness, adhesion, and water resistance. Yu et al. [157] de-
veloped a bio-based latent curing agent through the reaction of PA
and imidazole, which was then used to cure DGEBA. The resulting
thermosets exhibited high thermal stability and flame retardancy.

4.3. Imine exchange

Due to their dynamic and flame-retardant properties, the imine
bonds are widely utilized in the preparation of flame-retardant
recyclable bio-based thermosets through the strategies of (i) bio-
based monomers containing Schiff base (Fig. 10A), (ii) bio-based
curing agents containing Schiff base (Fig. 10B), and (iii) polyimides:
polyaldehydes (P) + diamines (D) (Fig. 10C).

The advantages and disadvantages of prepolymer monomers
containing Schiff bases are like those of prepolymer monomers
with ester groups, primarily because the properties of the resulting
thermosets are significantly influenced by structural elements be-
yond the dynamic covalent bonds. It has a high bio-based carbon
content, and due to the flame-retardant effect of the Schiff base,
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Table 1

Summary of comprehensive performances of the bio-based fire-retardant transesterification vitrimers.
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the thermosets, typically cured by rigid aromatic curing agents, ex-
hibits excellent flame retardancy without requiring the presence
of other flame-retardant elements. Meanwhile, this design involves
the use of toxic solvents, and recycling efficiency is relatively low,
typically relying on solvent degradation to achieve recycling.

Similarly, the preparation process for Schiff base-containing cur-
ing agents involves green solvents, facilitating an environmentally
friendly approach. Additionally, the rapid stress relaxation enabled
by imine bond exchange reactions endows the resulting thermosets
with excellent reprocessability. Simultaneously, its primary draw-
back is the low reactivity between the phenolic hydroxyl group and
the epoxy group, necessitating the addition of a catalyst to enhance
the reaction rate and accelerate the curing process.

The cross-linking of polyimides relies solely on the imide bonds
formed through the condensation of aldehydes and amines, elim-
inating the need for a catalyst. At the same time, because poly-
imides have multiple cross-linking sites, the content of Schiff base
is high, which makes polyimides have good recyclability.

To achieve a polyaldehyde structure, it is common to introduce
a flame-retardant component, typically a phosphorus-containing
structure. However, the production of a polyaldehyde structure
usually requires a toxic solvent. Consequently, the resulting poly-
imide exhibits strong flame-retardant properties due to the pres-
ence of phosphorus-based flame-retardant structures and Schiff
bases. However, due to the relatively low cross-linking density, the
mechanical properties are often undesirable.

4.3.1. Bio-based monomers containing Schiff base

Yang et al. [158] prepared a flame-retardant recyclable bio-
based thermoset (A;P3-D230, Fig. 11A) from vanillin-based epoxy
monomer (VAD-EP), vanillin/DOPO-containing epoxy monomer
(VDP-EP), and O, O’-bis(2-aminopropyl) polypropyleneglycol (D230,
curing agent). A;P3-D230 with a bio-based carbon content of
40.3 % (Fig. 111) exhibited outstanding flame retardancy due to the
synergistic effect between DOPO and Schiff base groups. The blow-
off effect observed during UL-94 test (Fig. 11B) demonstrated the
gas-phase flame-retardant effects of DOPO and Schiff base groups
in A;P3-D230. Additionally, A;P3-D230 possessed excellent repro-
cessability due to the high content of Schiff base and the flexible
chain structure from D230, which enhanced the segment mobility.
Due to outstanding recyclability, the tensile strength of the recy-
cled A;P3-D230 reached 86.1 % and 66.8 % of the original value
after one and two reprocessing cycles, respectively (Fig. 11C).

Furthermore, Li et al. [93] synthesized an imine-based epoxy
monomer from a guaiacol derivative and vanillin, and cured it
with DDM to fabricate a flame-retardant recyclable bio-based ther-
moset (GV-EP/DDM, Fig. 11D). The bio-based carbon content of
GV-EP/DDM was up to 76.4 % (Fig. 111). In comparison to A;P3-
D230 in Fig. 11E, GV-EP/DDM exhibited higher T, and greater
flame-retardant performance due to the higher phenyl content and
crosslinking density. GV-EP/DDM achieved an LOI of 35.5 % (cal-
culated based on char yield), and a UL-94 V-0 rating. Accord-
ing to CCT results, the pHRR and THR of GV-EP/DDM were re-
duced by 86.4 % and 48.1 %, respectively. The rigid configuration
may hinder the dynamic exchange of imine bonds, adversely af-
fecting the recycling performance of GV-EP/DDM. However, due to
the high crosslinking density of GV-EP/DDM, the material demon-
strated high acid resistance. In Fig. 11F, the hardness and Young’s
modulus of the recycled GV-EP/DDM R-GV-EP/DDM increased by
53.7 % and 24.8 % compared to those of the original one, which
was attributed to self-crosslinking reactions between Schiff base
groups at high temperatures.

The GV-EP/DDM system demonstrates high mechanical strength
and excellent char-forming capability due to its robust main chain
with conjugated imine bonds on benzene rings; however, it ex-
hibits limited dynamic performance. Conversely, A;P3-D230 incor-
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porates an excess of flexible segments, necessitating the addition of
phosphorus-containing components to achieve adequate flame re-
tardancy, which compromises its originally phosphorus-free flame-
retardant characteristics. Ding et al. [159] proposed a strategic de-
sign that incorporated rigid vanillin with flexible siloxane spacers
to synthesize a monomer achieving an optimal balance of rigidity
and flexibility. Upon curing with DDM, a novel, robust, imine-based
EP trimer (VNTMSi-EP/DDM, bio-based carbon content: 57.1 %)
was formed, as shown in Fig. 11G. Due to the presence of the
siloxane segments and the aromatic Schiff base structures, the
PHRR and THR values of VNTMSi-EP/DDM were reduced by 51 %
and 25 %, respectively, compared to DDM-cured (DGEBA/DDM),
as shown in Fig. 11E. Additionally, the flexible siloxane segments
within the thermosetting network provided high segmental mo-
bility and enabled rapid imine bond exchange, endowing VNTMSi-
EP/DDM with efficient chemical and physical recyclability, as illus-
trated in Fig. 11H. After 1-3 hot-pressing cycles, the retention of
tensile strength and modulus remained above 98 %. This integrated
rigid-flexible design strategy enables the development of high-
performance, recyclable, flame-retardant bio-based thermosets.

4.3.2. Bio-based curing agents containing Schiff base

To fabricate recyclable flame-retardant thermosets using bio-
based imine-containing curing agents, Tian et al. [160] synthe-
sized a vanillin-derived Schiff base-containing hardener to cure
bio-based GTE, and introduced a catalyst and DOPO as a flame re-
tardant to produce a flame-retardant bio-based recyclable system
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(BEVs, Fig. 12A). The resulting BEV-6 containing 6 wt% of DOPO
and 69.6 wt% of bio-based carbon (Fig. 12G) exhibited excellent
flame retardancy (Fig. 12B), degradability (Fig. 12C), and recyclabil-
ity (Fig. 12I). Additionally, in another study, Tian et al. [161] utilized
the same hardener to cure DGEBA with a catalyst and DOPO-HQ as
a flame retardant to construct recyclable flame-retardant bio-based
thermosets (EVHQ, Fig. 11D). Compared to BEV-6 in Fig. 12H, the
obtained EVHQ2.0 (DOPO-HQ content: 22 wt%, and bio-based car-
bon content: 27.6 wt%) demonstrated higher Tg and better flame
retardancy, which was attributed to the presence of the phenyl
structure in DGEBA. The blow-off phenomenon observed during
UL-94 tests (Fig. 12B and E) for both EVHQ2.0 and BEV-6 can be
attributed to the gas-phase flame-retardant effect of DOPO group
The ApHRR and ATHR of EVHQ2.0 reached -54.0 % and -43.2 %
respectively, and the dense char layer surface in Fig. 12C after CCT
of EVHQ2.0 further confirmed that the aromatic imine structures
formed stable char residues through cross-linking and rearrange-
ment reactions at elevated temperatures. Moreover, from Fig. 12I,
both thermosets exhibited high tensile strength, with negligible
changes in tensile strength observed after three reprocessing cy-
cles, which was attributable to the rapid imine exchange at high
temperatures.

4.3.3. Bio-based polyimides

To prepare recyclable flame-retardant bio-based polyimides, the
biomass vanillin derivatives and 5-hydroxymethyl-2-furanaldehyde
were utilized to synthesize phosphorus-containing multi-aldehydes
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(TMP, HVP, and TMFP), which subsequently reacted with diamines
to yield polyimides (Fig. 13A). Among various TMP-based poly-
imides, the TMP-DDM (Tg: 178 °C, LOI: 30.9 %) and TMP-PACM (Tg:
128 °C, LOI: 30.4 %) exhibited higher Ty and LOI values (Fig. 13B).
This indicates that the rigid diamines significantly improve the
thermal stability and flame retardancy of polyimides. As presented
in Fig. 13C, due to the high cross-linking density, the tensile
strengths of HVP-D230, TMP-PACM, and TMP-DDM reached 57.9,
54.3, and 69.2 MPa, respectively. However, an excessively rigid con-
figuration may hinder the dynamic imine exchange. Consequently,
the retention rate of tensile strength for HVP-D230 (97.2 %) sur-
passed those for TMP-PACM (95.8 %) and TMP-DDM (94.2 %) after
physical recycling. Furthermore, after two physical recycling cycles,
the tensile strength retention rates of TMP-PACM and TMP-DDM
only had 106.8 % and 91.3 %, but that of TMP-HDA reached 148.7 %
due to the presence of flexible segments and self-crosslinking of
Schiff bases. The chemical recycling rate of different polyimides
in Fig. 13D further supports this observation. The polyimides with
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flexible diamines, such as HVP-D230 and HVP-DFDA, exhibited HVP
recycling rates of 100 % and 91.4 %, respectively. In contrast, TMP-
PACM and TMP-DDM only achieved TMP recycling rates of 76.6 %
and 69.3 %. Thus, more attention should be directed toward incor-
porating flexible structures to modulate the overall performance of
bio-based polyimides.

Additionally, a furan-derived polyimide was prepared by the re-
action between TMFP and a furan-derived diamine (DFDA) [166].
The resultant TMFP-DFDA vitrimers can be recycled by chemical
decomposition in hydrochloric acid (HCI)/THF solution. Moreover,
the 15t- recycled and 5™- recycled vitrimers exhibited LOI val-
ues of 35.0 % and 33.5 %, respectively, and both achieved a UL-
94 V-0 rating (Fig. 13F) due to their excellent char-forming abil-
ities, stemming from the Schiff base/furan/phosphorus-rich struc-
tures. As shown in Fig. 13E, the 15t- recycled and 5t- recycled vit-
rimers displayed low tensile strength and elongation at break (ap-
proximately 2 MPa and 0.4 %), which may be attributed to the low
cross-linking density of the original TMFP-DFDA.
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Table 2 summarizes the comprehensive performances of the
recyclable bio-based fire-retardant thermosets based on imine
metathesis. For bio-based monomers containing Schiff base, due
to the dense rigid structures and high crosslinking density, GV-
EP/DDM exhibited excellent flame-retardant properties without the
need for additional flame-retardant groups. However, the rigid
structures also impacted dynamic exchange, making degradation
and recycling challenging. To address this issue, the A;P3-D230
system was constructed based on flexible D230 curing agent, but
it needed the introduction of additional flame retardants. Conse-
quently, greater emphasis should be placed on exploring flexible
flame-retardant structures as curing agents or incorporating them
into the main chain of the matrix.

For bio-based curing agents containing Schiff base, these find-
ings demonstrate that these curing agents, when catalyzed by 4-
dimethylaminopyridine, can cure EPs to yield high-performance re-
cyclable thermosets. However, the low chemical reactivity of phe-
nolic hydroxyl groups and the high melting points of these cur-
ing agents (usually solid) resulted in poor processability. Addition-
ally, the imine-containing chemicals are prone to hydrolysis and
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challenging to purify and store, significantly limiting their practical
applications. Future research should therefore focus on developing
imine-containing curing agents with high curing activity and en-
hanced hydrolysis resistance. Utilizing secondary amines as curing
agents in non-catalytic systems presents a promising approach. For
instance, Daglar et al. [167] designed a liquid imine monomer with
secondary amine functionality to address these issues, which then
reacted with commercially available epoxy monomers to produce
high-performance thermosets. Peng et al. [168] synthesized a sec-
ondary amine curing agent for the catalyst-free curing of GDE. The
resulting thermosets exhibited excellent thermal stability, mechan-
ical properties, flame retardancy, and reprocessability.

For bio-based polyimides, current research on obtaining
polyaldehyde structures primarily involved substitution reactions
with phosphorus-containing compounds. Therefore, greater em-
phasis should be placed on developing environmentally friendly
synthesis and achieving phosphorus-free intrinsic flame retardancy.
Additionally, the diamines currently selected are predominantly
derived from petroleum sources, highlighting the need to ex-
plore bio-based diamines. For instance, the rigidity of bio-based
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Table 2

Summary of comprehensive performances of the bio-based, recyclable, fire-retardant thermosets based on imine exchange.

Bio-based carbon Ty Flame-retardant performance Mechanical properties Recycling efficiency after different cycles
Specimens content (%) Strategy (°C)
Flame-retardant UL-94 ApPHRR ATHR One Two Three
structure LOI (%) rating (%) (%) o (MPa) og (MPa) (%) (%) (%)
GV-EP-DDM 76.4 Monomer containing 220.0 Schiff base, 35.5 V-0 -86.4 -48.1 NA NA 153.6 NA NA
[93] Schiff base (DSC) DDM (Hard-ness)
A;P3-D230 403 Monomer containing 80.3 DOPO, 28.7 V-0 -48.0 -32.0 75.5 NA 86.1 66.8 NA
[158] Schiff base (DSC) Schiff base (o1) (o1)
VNTMSi-EP 571 Monomer containing 72.0 Siloxane, NA NA -51.0 -25.0 54.9 111.0 97.8 99.1 102.6
[159] Schiff base (DSC) aromatic Schiff base (o) (o¢) (ot)
EVHQ2.0 27.6 Curing agent containing 146 DOPO 325 V-0 -54.0 -43.2 83.5 NA 106.4 102.6 102.6
[161] Schiff base (DMA) (o) (o) (o)
BEV-6 69.6 Curing agent containing 105 DOPO 26.4 V-0 -32.7 -31.2 82.8 NA 98.8 108.8 88.9
[160] Schiff base (DMA) (o1) (o1) (o)
TMP-HDA 72.7 Polyimide 87 Trimethyl phosphate  29.8 V-1 NA NA 35.2 NA 85.7 148.7 NA
[165] (DSC) (o1) (o1)
TMP-PACM 55.2 Polyimide 128 Trimethyl phosphate  30.4 V-1 NA NA 54.3 NA 95.8 106.8 NA
[165] (DSC) (o1) (o1)
TMP-DDM 55.2 Polyimide 178 Trimethyl phosphate  30.9 V-0 NA NA 69.2 NA 94.2 91.3 NA
[165] (DSC) (o1) (o1)
TMP-APDS-D230  62.7 Polyimide 58 Trimethyl phosphate  28.0 V-0 NA NA 45.2 NA 91.2 NA NA
[162] (DSC) (ov)
HVP-DFDA 92.9 Polyimide 63.8 Triazatriphosphinine  28.8 NA NA NA 28.5 NA 91.9 NA NA
[169] (DSC) (o0)
HVP-D230 69.6 Polyimide 98.4 Triazatriphosphinine  28.6 NA NA NA 57.9 NA 97.2 NA NA
[163] (DSC) (o1)
HVP-HDA 72.7 Polyimide 96.7 Triazatriphosphinine  27.5 V-0 NA NA 40.9 NA 53.0 NA NA
[164] (DSC) (o)
TMFP-DFDA 92.9 Polyimide NA Trimethyl phosphate  35.0 V-0 NA NA 213 NA NA NA NA
[166]
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Fig. 14. Two recyclable fire-retardant thermosets based on disulfide exchange and their comprehensive properties. Illustration of cross-linked network of (A) EPTMP/APDS
[40], Copyright 2024. Adapted with permission from Elsevier Science Ltd, and (D) HMF-DDDS-EP/DFA [171], Copyright 2023. Adapted with permission from Elsevier Science
Ltd. (B) Degradable behavior of EPTMP/APDS [40], Copyright 2024. Reproduced with permission from Elsevier Science Ltd. (C) Reprocessing procedure of EPTMP/APDS [40],
Copyright 2024. Reproduced with permission from Elsevier Science Ltd. (E) Comparison of T,, LOI, UL-94, ApHRR, AHRC and ATHR between EPTMP/APDS and HMF-DDDS-

EP/DFA. (

F) Degradable behavior of HMF-DDDS-EP/DFA [171], Copyright 2023. Reproduced with permission from Elsevier Science Ltd. (G) Burning process of HMF-DDDS-

EP/DFA during UL-94 test [171], Copyright 2023. Reproduced with permission from Elsevier Science Ltd. (H) Bio-based carbon content of EPTMP/APDS and HMF-DDDS-
EP/DFA. (I) Retention of mechanical properties (tensile strength and Young’s modulus) for EFTMP/APDS after physical recycling at different reprocessing temperatures for

2 h.

menthane diamine lies between that of phenylcycloamines and
aliphatic amines, which may help balance flame retardancy, me-
chanical properties, and recyclability of polyimides.

4.4. Disulfide exchange

Although sulfur (S) is recognized for its potential role in flame
retardancy, the inherent instability of disulfide bonds within cross-
linked thermoset networks significantly compromises the thermal
stability. This instability poses a challenge in improving the flame
retardancy of thermosets. Despite its promise, only limited studies
have reported on flame-retardant recyclable bio-based thermosets
based on disulfide exchange, which primarily introduced disulfide
bonds into the thermoset network using curing agents such as 4-
aminophenyl disulfide (APDS) and cystamine [170].

Li et al. [40] synthesized a novel disulfide-containing bio-based
flame-retardant epoxy vitrimer (EPTMP/APDS, Fig. 14A), and its
bio-based carbon content was 67.5 % (Fig. 14H). EFTMP/APDS ex-
hibited excellent flame retardancy, with an LOI of 28.4 % and a UL-
94 V-0 rating, which was probably because of the synergistic ef-
fect between N and S. Due to the low crosslinking density and the
presence of flexible groups such as thioether, ester, and disulfide in
EPTMP/APDS, it demonstrated low Tg, reduced mechanical proper-
ties, degradability (Fig. 14B) and recyclability (Fig. 14C). Moreover,
the recycled EPTMP/APDS showed tensile strength/Young’s modu-
lus recovery rates of 17.6 %/53.0 % and 83.92 %/94.4 % after physi-
cal reprocessing at 120 and 200 °C for 2 h, respectively (Fig. 14F).
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However, the tensile strength and elongation at break of the recy-
cled EPTMP/APDS could not be fully restored to their original levels
after physical reprocessing, which was mainly due to the thermal
decomposition occurred at high reprocessing temperatures.

Nabipour et al [171] reported the fabrication of a bio-
based epoxy thermoset (HMF-DDDS-EP/DFA, Fig. 14D) by us-
ing a furan-derived epoxy monomer (HMF-DDDS-EP) and 5’-
methylenedifurfurylamin (DFA), and its bio-based carbon content
was 64.8 % (Fig. 14H). Compared to EPTMP/APDS, HMF-DDDS-
EP/DFA exhibited higher Ty and better flame retardancy, owing to
the abundance of phenyl and furan structures (Fig. 14E). The HMF-
DDDS-EP/DFA system achieved a UL-94 V-0 rating and an LOI of
36.0 %, with pHRR and THR reductions of 88.5 % and 71.9 % rel-
ative to those of DGEBA/DDM. The self-extinguishing behavior of
HMF-DDDS-EP/DFA during UL-94 test (Fig. 14G) was due to the
gas-phase fire-retardant effects of Schiff base and sulfur-containing
structures. Furthermore, due to the presence of Schiff base and
disulfide bonds, the HMF-DDDS-EP/DFA system demonstrated ex-
cellent chemical degradability (Fig. 14F). Notably, the high-purity
raw materials can be recycled after the chemical degradation of
HMF-DDDS-EP/DFA.

Based on the findings presented above, it is evident that an
excessive number of disulfides and relatively flexible chains con-
tribute to the poor flame retardancy, thermal stability, mechan-
ical properties, and weather resistance of the thermosets. Con-
versely, an overly rigid configuration may impede the dynamic in-
terchange of disulfide bonds. Therefore, careful consideration must
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be given to the selection and proportion of flexible segments to
achieve a balance between the flame retardancy and other perfor-
mances of the disulfide-based thermosets. Furthermore, by utiliz-
ing low bond energy disulfide bonds in conjunction with certain
high bond energy DCBs, a synergistic effect can be achieved, re-
sulting in recyclable thermosets with enhanced overall properties.
For example, Cui et al. [172] applied flexible thioctic acid as a cur-
ing agent to cure rigid 4,4'-methylene bis(N,N-diglycidylaniline),
allowing the disulfide/ester-containing thermosets to achieve ex-
cellent mechanical properties, self-repair capabilities, recyclability,
and geometric stability. Similarly, Ma et al. [173] combined flexible
thioctic acid and rigid bis(p-aminocyclohexyl) methane as curing
agents for commercial bis(p-aminocyclohexyl)methane, producing
disulfide/ester-containing, recyclable thermosets that exhibited ex-
ceptional thermal, mechanical, and dynamic properties. However,
the flame-retardant properties of these materials have not been
thoroughly investigated, and thus, it is necessary to introduce ad-
ditional flame-retardant groups and achieve a balance among the
overall properties.

4.5. Overview of the CANs

In this section, the advantages and disadvantages of CANs are
summarized in Table 3. The advantages of bio/DA-based ther-
mosets include ease of preparation, accessibility to bio-based
sources, and certain flame retardancy. The advantages of bio-
based recyclable transesterification thermosets include easy con-
struction and abundant potential bio-based ingredients. Imine ex-
change benefits from abundant potential bio-based ingredients, in-
trinsic flame retardancy, and mild reaction conditions. Lastly, disul-
fide exchange is advantageous due to its presence in natural com-
pounds and mild recycling conditions.

However, the bio/DA-based thermosets usually show relatively
low crosslinking density, which diminishes thermal and mechan-
ical performances, limits stability at elevated temperatures, and
increases susceptibility to hydrolysis in humid environments. Al-
though the dynamic nature of DA bonds facilitates recyclabil-
ity, it compromises heat resistance, but high crosslinking den-
sity may restrict reprocessability. For transesterification, the es-
ter bonds generally exhibit low thermal stability, contributing
to flammability and susceptibility to hydrolysis, thereby reduc-
ing their applicability in high-temperature and moisture-rich set-
tings. The transesterification-based thermosets commonly present
low-density networks and often require catalysts to induce ex-
change reaction, potentially compromising long-term performance.
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Imine bonds are highly sensitive to hydrolysis, especially in hu-
mid or acidic/alkaline conditions, and exhibit limited thermal sta-
bility, which constrains their utility in the materials that may face
high temperatures. Imine-containing networks also tend to have
low crosslinking density and are vulnerable to environmental fluc-
tuations, adversely affecting durability over time. For disulfide ex-
change, its low thermal stability and slower exchange rate limit re-
processability in complex network structures. Disulfide bonds are
moisture-sensitive and prone to hydrolysis, impacting durability in
wet conditions. Moreover, these bonds form low-density networks
that may lack sufficient strength for high-stress applications.

5. Potential applications of recyclable fire-retardant bio-based
thermosets

5.1. Carbon fiber-reinforced polymer composites

Carbon fiber-reinforced polymers (CFRPs) are extensively used
in various industries due to their superior strength and lightweight
properties [174-178]. However, most CFRPs are composed of ther-
mosetting resins, which, once cured, cannot be remelted or re-
shaped [179]. Conventional recycling methods (mechanical, ther-
mal, and chemical) require harsh conditions, such as high tem-
perature, pressure, and cutting. Mechanical recycling reduces CFRP
size to 50-100 mm but compromises the structural integrity of
the recycled CFs, leading to performance loss [180]. Thermal re-
cycling degrades the polymer matrix at high temperatures, caus-
ing CF loss [181]. Chemical recycling uses acids, bases, or sol-
vents to break down the polymer matrix, reducing the mechani-
cal properties of the recycled CFs [182]. By incorporating dynamic
covalent bonds, such as ester bonds, Schiff base bonds, and DA
bonds, the resin matrix can be effectively degraded by chemical
methods, allowing for high-quality recovery of CF (Fig. 15A) [183-
185]. Furthermore, the fire safety is a critical requirement in CFRPs
for applications, e.g, wind turbines, automotive, and aerospace
[186-188]. As a result, there is an increasing focus on introduc-
ing flame-retardant structures containing nitrogen and phosphorus
into CFRPs due to their proven high efficacy. Given the depletion
of fossil fuel resources, the use of bio-based materials instead of
petroleum-derived alternatives is of growing significance for devel-
oping flame-retardant, recyclable CFRPs [189,190].

Bio/polyimide-based CFRPs (CV/HEXA-CF [191] and HVP/D230-
CF [163]) were prepared by utilizing vanillin, and they exhibited
LOI values of 28.8 % and 34.2 %, respectively, with a UL-94 V-
0 rating. The self-extinguishing behavior of HVP/D230-CF during

Table 3
Overview of the CANs with their corresponding advantages and shortcomings.
CANs Advantages Limitations
DA reaction / Ease of preparation 4 Hydrolysis sensitivity
/ Accessible bio-based sources < Low thermal stability
/ Certain flame retardancy < Low crosslinking density
< Limited tunability

Transesterification / Ease of preparation

/ Abundant potential bio-based ingredient

Imine exchange

Disulfide exchange

/ Abundant potential bio-based ingredient
/ Intrinsic flame retardancy
/ Mild reaction conditions

./ Exist in natural compounds
/ Mild recycling conditions

Low thermal stability
Low crosslinking density
Sensitivity to hydrolysis
Catalyst required

R

Hydrolysis sensitivity
Low crosslinking density
Low heat resistance

¢+ o

Hydrolysis sensitivity

Poor thermal stability

Low crosslinking density
Poor mechanical properties
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Fig. 15. Application of recyclable fire-retardant bio-based thermosets on carbon fiber-reinforced polymer (CFRP) composites. (A) Comparison between traditional and recy-
clable CFRPs [163], Copyright 2021. Reproduced with permission from Elsevier Science Ltd. (B) Burning process of HVP/D230-CF during UL-94 test [163], Copyright 2021.
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combustion, as shown in Fig. 15B, was primarily attributed to its
Schiff base structures. Additionally, the DA/bio-based CFRPs, such
as BMP-EP-CF [133] and DOPO-TMP-EP-CF [134], demonstrated low
heat release during combustion. Notably, as presented in Fig. 15C,
DOPO-TMP-EP-CF achieved a 53.1 % reduction in pHRR and a
43.0 % reduction in THR, outperforming previously reported flame-
retardant CFRPs. The synergy between high- and low-oxidation
state phosphorus contributed to flame retardancy through the
formation of pyrophosphate derivatives and free-radical quench-
ing, effectively acting in both condensed and gas phases during
combustion. Furthermore, maleimide derivatives from the retro-
DA reaction promoted crosslinking and dehydration in the ma-
trix, generating a high-quality char layer that reduced the release
of combustible volatiles and suppressed heat transfer. The flexu-
ral strength of HVP/D230-CF and DOPO-TMP-EP-CF and the tensile
strength retention of CFs after chemical recycling of these systems
are presented in Fig. 15D. Due to the high crosslinking density of
the polymer matrix in DOPO-TMP-EP-CF, it exhibited a high flexu-
ral strength of 1179.6 MPa. In addition, both systems showed great
recyclability, and their tensile strength retentions of CFs were close
to 100 %.

5.2. Coatings

Bacterial contamination in food processing, medical equipment,
and public facilities presents significant challenges to both indus-
trial operations and public health [192-194]. Due to their hydroxyl
groups, EPs generally exhibit high hydrophilicity, which can pro-
mote bacterial growth. Currently, 90 % of traditional commercial
thermosets still rely on the extraction of petroleum resources, giv-
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ing rise to issues such as nonrenewable raw materials, flammabil-
ity and non-recyclability [195]. Therefore, the development of ad-
vanced thermosets with recycling, flame-retardant, and antibacte-
rial properties, has become increasingly important. The Schiff base,
known for its potential antibacterial activity, has been explored in
various forms to achieve recyclable, flame-retardant, and antibac-
terial thermoset coatings (Fig. 16A).

Bio-based monomers containing aldehyde groups, such as
vanillin, eugenol, and protocatechualdehyde, are commonly used
for synthesizing Schiff base-containing recyclable coatings. How-
ever, aromatic amines required for the formation of Schiff bases
are predominantly derived from non-renewable sources, with bio-
based amines being scarce. In one study, GV-EP, synthesized from
the reaction of vanillin and 5-amino-guaiacol, was used as a pre-
cursor for producing recyclable flame-retardant antibacterial coat-
ings (GV-EP/DDM) [93]. Due to the flame-retardant effect of the
Schiff base, the GV-EP/DDM system achieved a UL-94 V-0 rating
(Fig. 16F) and demonstrated excellent recyclability by hot-pressing
at 230 °C and 10 MPa (Fig. 16D). Additionally, after co-culturing
Escherichia coli with the original GV-EP/DDM and recycled GV-
EP/DDM (R-GV-EP/DDM), the bacterial population significantly de-
creased, with antibacterial rates of 75.2 % and 91.5 %, respectively
(Fig. 16B and E). This suggests that the integration of the Schiff
base and methoxyl groups into the coating network markedly en-
hances the antibacterial performance. Another promising approach
raised by our group [3] involved the development of vanillin-based,
Schiff base/phosphorus-containing vitrimer (CIP; ), which similarly
exhibited flame retardancy, recyclability, and antibacterial proper-
ties, with an antibacterial rate exceeding 82.5 % against Escherichia
coli. Compared with the control sample (CI) without phosphorus,
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Fig. 16. Application of recyclable fire-retardant bio-based thermosets as antibacterial coatings. (A) Illustration of recyclable fire-retardant bio-based coatings. (B) Comparison
of antibacterial efficiency for Escherichia coli among different coatings. (C) Top- and side-view digital images of residual chars for CI and CIP1.0 [3], Copyright 2024. Repro-
duced with permission from Elsevier Science Ltd. (D) Reprocessing procedure of GV-EP/DDM [93], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (E)
Digital photographs of the antibacterial test results [93], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (F) Burning process of GV-EP/DDM during
UL-94 test [93], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (G) Chemical degradation procedure of GDE/HVPA in 1 M HCI/THF (2/8, v/v) solution

[168], Copyright 2022. Reproduced with permission from Elsevier Science Ltd.

the CIP1.0 formed highly intumescent and dense char layers during
combustion (Fig. 16C), which demonstrated the synergist between
the Schiff base and phosphorus in the condensed phase. Further-
more, the bio-based HVPA hardener was used to cure GDE to pro-
duce a recyclable flame-retardant antibacterial coating (GDE/HVPA)
[168]. Due to the synergistic effect of the Schiff base and phos-
phonitrile structure, the GDE/HVPA system displayed outstand-
ing flame retardancy, chemical recyclability/degradability (Fig. 16G)
and antibacterial performance. The antibacterial rate of GDE/HVPA
was up to 100 % for Escherichia coli, which was higher than that of
previously reported Schiff base-containing antibacterial coatings.

5.3. Aerogels

Organic aerogels are an intriguing class of highly porous and
ultralight materials with broad applications in thermal insulation,
energy storage, and chemical absorption [196-198]. However, tra-
ditional organic aerogels, typically made from fossil-based feed-
stocks, raise environmental concerns since it is difficult to re-
cycle them back to their original monomers [199]. Additionally,
they suffer from low thermal stability and pose potential fire haz-
ards [200]. To address these challenges, the bio-based polyimide
aerogels with covalent adaptable networks and flame-retardant
groups offer a promising alternative for the development of next-
generation sustainable and fire-safe aerogels.

Wang et al. [201] developed bio-based flame-retardant recy-
clable polyimide aerogels (PIAs, Fig. 17A) using amines and cy-
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clophosphazene derivatives (HVP and HBP) sourced from bio-
based chemicals, including vanillin and 4-hydroxybenzaldehyde.
In terms of flame retardancy (Fig. 17C), PIA-A1 (HVP + TREN)
and PIA-A2 (HVP + 70 wt% TREN + 30 wt% 2-EHA) extinguished
rapidly after ignition due to the formation of dense char layers
(Fig. 17D). In contrast, PIA-B1 (HBP + TREN), PIA-B2 (HBP + 70 wt%
TREN + 30 wt% 2-EHA), and a reference material continued to burn
for slightly longer (9-15 s), as depicted in Fig. 17C. To evaluate re-
cyclability, the samples were cut into small pieces and immersed
in a 0.1 M HCI solution at room temperature for 24 h (Fig. 17B).
In the acidic conditions, the hydrolysis of imine bonds occurred,
leading to the selective breakdown of the polymer networks, with
aldehyde monomers precipitating and primary amines dissolving
in the solution. Filtration enabled the effective isolation of solid
HVP and HBP monomers, achieving recovery yields of 83 % to 95 %.
The acidic filtrate was then treated with an ion exchange resin to
remove chloride ions, producing neutral amines. Pure TREN was
obtained from PIA-A1 and PIA-B1 after water removal, whereas for
PIA-A2 and PIA-B2, 2-EHA and water were separated from TREN
via reduced pressure distillation. Pure 2-EHA was further extracted
with ethyl acetate and dried, with recovery rates of 41 % to 51 %,
and the recovery rates of TREN ranged from 77 % to 91 %.

The application of flame-retardant bio-based recyclable ther-
mosets in carbon fiber-reinforced polymer composites, antibacte-
rial coatings, and aerogels demonstrates significant advantages, in-
cluding excellent flame retardancy and recyclability. Furthermore,
these materials exhibit multifunctional properties, such as antibac-
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Fig. 17. Application of recyclable fire-retardant bio-based thermosets on aerogels. (A) Synthesis route of polyimide aerogels [201], Copyright 2022. Reproduced with permis-
sion from John Wiley & Sons Inc. (B) Chemical recycling procedure of polyimide aerogels [201], Copyright 2022. Reproduced with permission from John Wiley & Sons Inc.
(C) Burning process of polyimide aerogels [201], Copyright 2022. Reproduced with permission from John Wiley & Sons Inc. (D) Digital photographs of char residues for PIAs
after burning tests [201], Copyright 2022. Reproduced with permission from John Wiley & Sons Inc.

terial activity and thermal insulation, making them highly suit-
able for fields requiring high performance and sustainable devel-
opment. Potential future applications encompass high-performance
composite materials, such as lightweight flame-retardant structural
components for aerospace, automotive, and rail transit. In the con-
struction and building sector, these materials can serve as flame-
retardant insulation materials for green buildings, environmentally
friendly coatings, and decorative panels. In electronics and electri-
cal applications, they can be used as battery pack protective mate-
rials and flame-retardant casings for electronic devices. Additional
applications include the medical and healthcare fields, (e.g., flame-
retardant and antibacterial medical devices, and recyclable protec-
tive equipment), energy and energy storage systems (e.g., thermal
management materials for energy storage and protective compo-
nents for new energy equipment) [202], environmental protection
and marine engineering (e.g., degradable fireproof materials and
protective materials for marine equipment), and functional textiles
(e.g., fire-resistant clothing, industrial protective wear, and house-
hold textiles).

Although flame-retardant bio-based recyclable thermosets offer
advantages such as flame retardancy, environmental sustainability,
and recyclability in practical applications, they still encounter sev-
eral bottlenecks. These challenges include high production costs,
difficulties in achieving large-scale production, complex recycling
processes, the lack of standardized industry norms, and insufficient
long-term durability and environmental adaptability.

6. Conclusions and perspectives
6.1. Conclusions

Incorporating multifunctional properties such as intrinsic flame
retardancy and recyclability into thermosets will significantly ex-
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pand their application ranges and improve usage safety. In the con-
text of ‘carbon neutrality’ and ‘multifunctionality’, the development
of recyclable, flame-retardant, bio-based thermosets not only min-
imizes environmental impact but also extends their practical ap-
plications. This review explores how material selection and struc-
tural design influence the flame retardancy, recyclability, and other
performance characteristics of bio-based thermosets. The strategies
and action modes of different CANs for the construction of recy-
clable, fire-retardant, bio-based thermosets are summarized. Bio-
based thermosetting materials, designed with specialized struc-
tures, exhibit unique properties such as high mechanical strength,
flame retardancy, degradability, recyclability, and antibacterial ac-
tivity. Consequently, these materials are well-suited to meet the
demands of various fields, including CFRPs, antibacterial coatings,
and aerogels. Understanding the relationship between bio-based
feedstocks, structures, and performances offers valuable insights
for the design of these materials and the promotion of their prac-
tical applications.

6.2. Challenges

Despite significant advancements in the field of bio-based recy-
clable flame-retardant thermosets, several challenges remain:

(1) Low bio-based content and high costs: Currently, most recy-
clable, bio-based, flame-retardant thermosets exhibit a low bio-
based content. Additionally, the high cost of bio-based raw ma-
terials, primarily due to the complexity of their extraction, re-
sults in elevated production costs for these thermosets.

(2) Trade-off between fire retardancy and other properties: The
fire-retardant thermosets reported in many studies are achieved
through the introduction of flame-retardant groups or additives.
However, this often complicates the preparation process of the
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thermosets and leads to reduced performances, such as me-
chanical strength.

(3) Dependency on petroleum-based curing agents: Most curing
agents used in the construction of these recyclable, bio-based,
flame-retardant thermosets are derived from petroleum-based
chemicals, which hinders the development of entirely bio-based
high-performance thermosets.

(4) Weak DCBs: Most DCBs have low bond energy, leading to un-
satisfied mechanical properties and durability of these recy-
clable bio-based thermosets. Furthermore, DCBs, such as Schiff
base bonds, are prone to hydrolysis, which negatively impacts
the weather resistance of the Schiff base-containing recyclable
thermosets.

6.3. Opportunities

(1) Innovative screening methods for bio-based raw materials:
Artificial intelligence and machine learning technologies can
offer effective and innovative screening methods for bio-
based raw materials. Beyond traditional experimental meth-
ods, artificial intelligence and machine learning [203-205]
employ data-driven approaches to analyze the relationships
between feature parameters and material properties. These
advanced technologies offer powerful tools for material se-
lection and design, providing predictive insights that can ac-
celerate the discovery of bio-based raw materials that can be
applied for fabricating recyclable, fire-retardant thermosets,
thereby reducing development costs.

Exploration of intrinsically flame-retardant structures from
nature: Further exploration of intrinsically flame-retardant
structures from natural sources is crucial. As previously
mentioned, the bio-based compounds containing benzene or
C=C-rich structures, when incorporated into thermoset net-
work, can provide satisfactory flame retardancy without the
need for additional additives. Thus, more benzene or C=C-
rich bio-based chemicals should be explored for the prepa-
ration of bio-based, recyclable, fire-retardant thermosets.
Utilization of bio-based curing agents: Bio-based curing
agents is critical for the fabrication of bio-based thermosets,
such as plant oil-based curing agents, amino acid-based cur-
ing agents, lignin-based curing agents, chitosan-based cur-
ing agents, furfural-based curing agents, and tannin-based
curing agents. The performance optimization and function-
alization of these curing agents play a pivotal role in
the development of fully bio-based thermoset systems, en-
abling enhanced sustainability and material properties. In
addition, amine curing agents are relatively rare in na-
ture, highlighting the significance of developing bio-based
amine curing agents. For instance, Wu et al. [206] obtained
4,4’-methylenebis(cyclohexylamine) from industrially rele-
vant lignin side streams and demonstrated its effectiveness
as a curing agent in the development of high-performance,
recyclable thermosets.

Development of stable DCBs: In addition to the mentioned
DCBs, more efforts should be put into developing new DCBs
that can only undergo bond exchange under specific stim-
uli, such as light of specific wavelengths and specific chemi-
cals. For example, azobenzene derivatives can undergo a re-
versible cis-trans isomerization reaction when exposed to
light of specific wavelengths [207]. Additionally, the CAN,
composed of B-amino amide with a high activation en-
ergy, demonstrates excellent structural stability, resistance
to hydrolysis and creep, and high temperature-dependent
viscoelasticity (activation energy of approximately 230 to
270 k] mol-1) [208]. With these DCBs, the developed bio-
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based thermosets can keep stable in daily usage and be re-
cycled in certain conditions.
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