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Abstract: The development of epoxy resins is mainly dependent on non-renewable petroleum
resources, commonly diglycidyl ether bisphenol A (DGEBA)-type epoxy monomers. Most raw
materials of these thermoset resins are toxic to the health of human beings. To alleviate concerns
about the environment and health, the design and synthesis of bio-based epoxy resins using biomass
as raw materials have been widely studied in recent decades to replace petroleum-based epoxy resins.
With the improvement in the requirements for the performance of bio-based epoxy resins, the design
of bio-based epoxy resins with unique functions has attracted a lot of attention, and bio-based epoxy
resins with flame-retardant, recyclable/degradable/reprocessable, antibacterial, and other functional
bio-based epoxy resins have been developed to expand the applications of epoxy resins and improve
their competitiveness. This review summarizes the research progress of functional bio-based epoxy
resins in recent years. First, bio-based epoxy resins were classified according to their unique function,
and synthesis strategies of functional bio-based epoxy resins were discussed, then the relationship
between structure and performance was revealed to guide the synthesis of functional bio-based epoxy
resins and stimulate the development of more types of functional bio-based epoxy resins. Finally, the
challenges and opportunities in the development of functional bio-based epoxy resins are presented.

Keywords: bio-based epoxy resin; flame retardant; recyclable; shape memory; antibacterial

1. Introduction

Epoxy resin is a three-dimensional polymer network with insoluble and insoluble
properties generated after the cross-linking reaction of epoxy monomer or oligomer with
a curing agent [1-3]. Epoxy resin has the advantage of excellent thermal and mechanical
properties, chemical resistance, and dimensional stability, and it can be applied in aerospace,
coatings, high-performance composites, electronic encapsulants, and other fields [4-7].
At present, more than 90% of the world’s epoxy resin is composed of bisphenol A diglycidyl
ether (DGEBA), formed from bisphenol A (BPA) and epichlorohydrin (ECH) [1]. Among
them, commercial ECH is derived from bio-based glycerol. However, BPA is derived
from non-renewable petroleum resources, and excessive use will cause an energy crisis [8].
In addition, BPA is harmful to our health [9]. Due to concerns about health, energy, and the
environment, finding suitable biomass as raw materials to replace petroleum-based BPA
has become a research hotspot. At present, vegetable oil, itaconic acid (IA), cardanol, and
other biomass have been used for the preparation of bio-based epoxy resins [10-14].

For a long time, the purpose of studying the preparation of bio-based epoxy resin
was to find suitable biomass raw materials, so that the performance of the prepared bio-
based epoxy resin is comparable to that of petroleum-based epoxy resin, so as to replace
petroleum-based epoxy resin. Under the above purpose, some bio-based epoxy resins with
similar properties to petroleum-based epoxy resins have been designed [15-21]. A typical
example is the trifunctional epoxy monomer from IA denoted TEIA. TEIA monomer is
liquid and has low viscosity (0.92 Pa s, 25 °C) for easy processing. The methylhexahy-
dropthalic anhydride was used as a curing agent to cure TEIA and a petroleum-based
epoxy monomer to obtain the corresponding resin. The experimental results showed that
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TEIA had higher reactivity, and TEIA-based epoxy resin exhibited a higher glass transi-
tion temperature (Tg, 135.2 °C vs. 109.5 °C) and a higher flexural strength (157.2 MPa
vs. 131.6 MPa) than that of the DGEBA system [18]. More efforts have been made in the
research and development of bio-based epoxy resins, as well as the gradual improvement
of the requirement for material performance. More and more bio-based epoxy resins with
better performance (high Tg, high degradation temperature, high tensile strength, high
energy storage modulus) than petroleum-based epoxy resin have been reported [22-28].
These bio-based epoxy resins mainly use magnolol, resveratrol, vanillin, ferulic acid, etc.,
as raw materials [22-28].

Although bio-based epoxy resins with better thermal and mechanical properties have
been designed and prepared, there are some drawbacks in bio-based epoxy resin that make
it impossible to produce on a large scale, such as the high cost of biomass feedstock and
the difficulty of processing bio-based epoxy monomers [29-37]. In order to overcome these
drawbacks and improve competitiveness, bio-based epoxy resins should not only meet the
requirements of better thermal and mechanical properties, but also should be designed to ex-
plore their unique functionality, including flame-retardant performance [29-32], degradability,
recyclability, reprocessability [33-35], shape memory function [33-35], antibacterial proper-
ties [36], etc. [37]. This class of bio-based epoxy resins with unique functions has attracted
wide attention, and a lot of studies have been conducted in recent years [29-37]. Although
there are a large number of reviews on the preparation of bio-based epoxy resins from biomass,
most of the reviews focus on their high performance rather than on their functions [2-7,10-12].
Some reviews only focus on one kind of function, such as flame retardancy, of bio-based
epoxy resins [29-32]. A comprehensive review of the functional bio-based epoxy resins is still
lacking. This review aims to summarize the recent development of bio-based epoxy resins
with different functions derived from biomass (Scheme 1). On this basis, there is a need to
summarize the structural characteristics and synthesis methods of functional bio-based epoxy
resins, and reveal the relationship between structure and function to provide methods for the
design and synthesis of functional bio-based epoxy resins in the future. Finally, the challenges
and opportunities of functional bio-based epoxy resins are discussed.
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Scheme 1. The process from bio-based platform compounds to functional bio-based epoxy resins.

2. Synthesis Methods of Various Functionalized Bio-Based Epoxy Resins

The synthesis of commonly used epoxy monomers is shown in Scheme 2. One
approach to obtaining the bio-based epoxy monomers is the glycidylation reaction be-
tween plant phenols and excess ECH using a phase transfer catalyst in alkaline conditions
(Scheme 2A). Another method for the preparation of bio-based monomers is the peroxida-
tion of a carbon—carbon double bond in biomass employing the H,O, or stronger oxidative
reagents such as m-chloroperbenzoic acid (m-CPBA) (Scheme 2B) [29].
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Scheme 2. Synthesis of epoxy resins from phenolic compounds via glycidylation reaction (A) and
double-bond oxidation (B).

The synthesis of functional bio-based epoxy monomers is also achieved by the above
two methods. For the synthesis of flame-retardant bio-based epoxy resins, flame-retardant
elements such as phosphorus [30], or specific structures that can produce a high char yield at
high temperatures, such as rigid and conjugate structures or heterocyclic structures, need to be
introduced in the intermediate [31]. For the synthesis of recyclable/degradable/reprocessable
bio-based epoxy resins, in the first method, polyphenol intermediates containing dynamic
chemical bonds, such as imine bonds, disulfide bonds, etc., are usually synthesized first, and
then react with ECH [33-35]. In the second approach, the introduction of a bio-based epoxy
curing agent with dynamic covalent bonds or the formation of reversible dynamic covalent
bonds (such as ester bonds) during the curing process are also valid methods to prepare
recyclable bio-based epoxy resins [33-35]. In addition, the introduction of dynamic bonds is
also a common method to prepare bio-based epoxy resins with shape memory function [33-35].
Moreover, the introduction of long alkyl chains in the network structure of epoxy resins can
also be used to design shape memory epoxy resins [36]. The synthesis of antibacterial bio-based
epoxy resins is usually achieved by introducing groups with antibacterial effects such as a
hydroxyl group and Schiff base [36].

3. Functional Bio-Based Epoxy Resins
3.1. Flame Retardant

Bio-based epoxy resins have the same or better performance than petroleum-based
epoxy resins, but they also suffer from the disadvantage of being flammable, which limits
their application in areas, such as the electrical and electronic industries where flame re-
tardancy is needed [29-32]. Therefore, new bio-based epoxy resins with flame retardancy
have been widely developed. The bio-based epoxy resin with intrinsic flame retardancy
refers to giving itself flame-retardant properties by introducing suitable biomass or a
flame-retardant monomer into the epoxy resin network by covalent bonds. The main
methods usually include (1) introducing flame-retardant elements such as P [30], and
(2) introducing biomass having a high char yield [31]. The bio-based flame-retardant epoxy
resins exert their flame-retardant effect through several mechanisms, such as capturing
gas-phase free radicals, coverage effect, dilution effect, endothermic effect, and synergy
effect. Generally, many bio-based flame-retardant epoxy resins achieve the flame-retardant
effect through the joint action of several mechanisms [29-32]. When burned, a compact
and continuous char layer covering the surface of polymeric materials is formed, which
has the functions of heat insulation, oxygen isolation, and preventing flammable gas from
escaping outward, to achieve the purpose of flame retardancy. In this process, a large
number of non-combustible gases (CO,, Ny, NHj3, etc.) can be produced, so that the
concentration of oxygen and other combustible gases produced by the decomposition of
epoxy resins are diluted and cannot reach the lower limit of the combustion concentra-
tion range in the combustion zone. Furthermore, epoxy resins undergo decomposition or
other endothermic reactions under high-temperature conditions, which reduce the tem-
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perature of epoxy resins and combustion zone, and effectively inhibit the generation of
combustible gas and continuous combustion reaction [29-32]. For phosphorus-containing
flame-retardant bio-based epoxy resins, active free radicals such as POe, PO,e, and HPO, e
are generated during thermal decomposition and combustion process, which capture free
radicals such as He and HOe in the gas phase to generate table compounds, reducing the
concentration of combustible free radicals in the gas phase and hindering the continuous
combustion of epoxy resin [30]. At present, flame-retardant bio-based epoxy resins are
divided into two categories: phosphorus-containing and phosphorus-free according to the
flame-retardant mechanism.

3.1.1. Phosphorus-Containing Flame-Retardant Bio-Based Epoxy Thermosets

Flame retardants containing phosphorous, for instance, 9,10-dihydro-9-oxo-10-
phosphaphenanthrene-10-oxide (DOPO) [38—43], hexachlorocyclotriphosphazene (HCCP) [44,45],
and various phosphates [46-57] (Scheme 3), have gained great popularity in contemporary
society due to their low toxicity, high efficiency, multiple flame-retardant mechanisms, and
molecular diversity. Some research advances about phosphorus-containing flame-retardant
bio-based epoxy thermosets are shown in Table 1 (yellow part), and some typical examples
are briefly described. The research progress of phosphorus-containing flame-retardant
bio-based epoxy resin is classified and discussed below, according to the different sources
of phosphorus.
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Scheme 3. Chemical Structure of commonly used phosphorus-containing flame retardants.

Phosphaphenanthrene-based bio-based epoxy resin. DOPO is one of the most
commonly used phosphorus-containing flame-retardant compounds, with high thermal
stability and good oxidation resistance. DOPO and its derivatives are often used to syn-
thesize phosphorus-containing epoxy resins due to its structure containing an active P-H
bond [38-43] (the chemical structure of some bio-based epoxy monomers containing DOPO
is shown in Scheme 4). For example, Liu et al. used a simple method to synthesize a
phosphorous-containing bio-based epoxy monomer of DGEBDB from vanillin and guaia-
col, as shown in Scheme 4 [39]. Then, DGEBDB was mixed with petroleum-based epoxy
DGEBA and cured with 4,4-diaminodiphenyl methane (DDM) to obtain cured epoxy resin.
The results showed that DGEBDB and DGEBA have good compatibility, and when the
weight ratio of DGEBDB and DGEBA reached 2/8, the cured epoxy resin exhibited good
flame retardancy and passed the UL-94 V-0 rating, and the combustion results are summa-
rized in Table 1. Moreover, the mechanical properties of epoxy resin after adding DGEBDB
are obviously improved (Figure 1). The mechanism of DGEBDB in improving the flame
retardancy of cured resin was attributed to the char layers in the condensed phase. If the
DOPO-containing epoxy resin is modified with other functional groups, the epoxy resin can
possess both flame retardancy and other functions. For example, Ma and co-workers syn-
thesized two novel epoxy monomers of VAD-EP and VDP-EP from vanillin (Scheme 4) [43].
Then, two epoxy monomers were mixed in different proportions and cured with a D230
diamine curing agent to obtain epoxy resin. When the ratio of VAD-EP and VDP-EP is
8/2, the cured epoxy resin has good flame retardancy, which has passed the UL-94 V-0 test
(Figure 2a1), and the combustion results are summarized in Table 1. The flame retardancy
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is attributed to the condensed phase and free radical capture. When the weight ratio of
VAD-EP and VDP-EP is 7/3, the cured epoxy resin is not only flame-retardant but also has
good self-healing and reprocessing ability (Figure 2a;,b,c), and 86.1% of the tensile strength
of the material can be retained after one reprocessing. And this resin was completely
degraded by stirring in 1M HC1/THF(2/8) solution at 60 °C for 1 h. The recyclability of the
resin enables it to be applied to carbon-fiber-reinforced composite materials to achieve the
non-destructive recovery of carbon fiber.

Table 1. Summary of studies on phosphorus-containing (yellow part), phosphorus-free (blue part)
flame-retardant epoxy resins and their counterpart of DGEBA (red part).
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Note: Yy indicates char yield at a certain temperature, and Tg4s9, indicates decomposition temperature at 5%
weight loss; THR and pHRR values are shown by the reduced ratio compared to the DGEBA counterparts. The
red part shows the research data of the DGEBA-based epoxy resin in the corresponding references.
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Figure 1. Mechanical properties of all the cured resins with different weight ratios of DGEBDB/
DGEBA. Reproduced with permission from ref. [39]. Copyright 2020 Elsevier.
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(a,) 1% ignition

2% jgnition (a,) 1"ignition 2%t ignition

Figure 2. Digital photographs of vertical combustion of cured epoxy VAD-EP(8)-VDP-EP(2)-D230 (a1)
and VAD-EP(7)-VDP-EP(3)-D230 (az); Digital photos demonstrating self-healing (b, subscript 1, 2 and
3 represent 0 h, 12 h and 24 h, respectively) and reprocessability (c) of VAD-EP(7)-VDP-EP(3)-D230.
Reproduced with permission from ref. [43]. Copyright 2022 Elsevier.

Cyclotriphosphazene-based bio-based epoxy resin. It is well known that P and N
play a synergistic role in flame retardancy and have an obvious self-extinguishing effect.
In addition, flame retardants containing P and N are considered environmentally friendly.
Therefore, HCCP with alternating P and N in the ring structure (Scheme 3) has been
extensively studied for the synthesis of flame-retardant polymers [44,45]. For example,
Lei and co-workers synthesized six functional epoxy monomers of EHEP (Scheme 5) with
eugenol and HCCP as raw materials, and a cured EHEP monomer with a D230 diamine
hardener. The results showed that the resin of EHEP-D230 had good flame retardancy,
passing the UL-94 V-0 rating, because the expanded carbon-layer structure formed during
the combustion process played a role in flame retardancy and smoke suppression. In
addition, EHEP-D230 has higher tensile strength (64.2 vs. 56.7 MPa) and better heat
resistance (Tg = 119 vs. 85 °C) compared to the commercial epoxy of E51-D230 [44]. Soon
afterward, Hu and co-workers also synthesized bio-based epoxy resin with flame-retardant
properties using cardanol and HCCP as raw materials [45], and the structure of this
cardanol-derived epoxy monomer of HECarCP is shown in Scheme 5, and the combustion
results are summarized in Table 1.

o
o—P-N ¢ Ry B Nep
ALLSrY ¥ Oligy™ :
P=N = i
0 — P, i o—
L o\o o~ o_ 0" o Re= o o
o o o
R;
o R,
EHEP HECarCP

Scheme 5. The chemical structure of some bio-based epoxy monomers containing HCCP.

Phosphonate- and phosphate-based bio-based epoxy resin. Phosphonate- and
phosphate-based epoxy monomers have been synthesized for the development of epoxy
resins with inherent flame-retardant properties (the chemical structure of some phosphonate-
and phosphate-based bio-based epoxy monomers is shown in Scheme 6) [46-57]. For exam-
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ple, Guo et al. synthesized a novel epoxy monomer named PPDEG-EP (P-E) from eugenol
and phenylphosphonic dichloride, as shown in Scheme 6. And the results showed that the
cured PPDEG-EP by DDM, PPDEG-EP/DDM, has a lower reaction activation energy (E,)
than commercial epoxy resin. This bio-based epoxy resin containing phosphorus could be
used as a coating for wood (Figure 3), which not only retained the physical and chemical
properties of commercial epoxy thermoset but also exerted flame-retardant properties [48].
In another work, Zhu et al. reported the synthesis of two epoxy monomers (EP1 and
EP2, Scheme 6) from vanillin, two diamines, and diethyl phosphate. The results showed
that the reactivities of these two epoxy monomers are similar to that of commercial epoxy
monomers, and both the cured epoxy resins of EP1 and EP2 have flame-retardant properties
(UL-94 V-0), and EP2 has higher T (214 vs. 166 °C), tensile strength (80.3 vs. 76.4 MPa) and
tensile modulus (2709 vs. 1893 MPa) compared to those of the commercial epoxy resin [54].
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Scheme 6. The chemical structure of some phosphonate- and phosphate-based bio-based epoxy

monomers.

 EP/DDM+W

P-E/DDM+W

Figure 3. Photographs of pure wood splines and different epoxy-coated splines before, during, and
after the UL-94 test. W is short for wood, EP is short for BPA-based epoxy resin. Reproduced with
permission from ref. [48]. Copyright 2022 Elsevier.

3.1.2. Phosphorus-Free Flame-Retardant Bio-Based Epoxy Thermosets

Although the main components of phosphorus-free bio-based epoxy resin are C, H,
O, and N, which do not contain flame-retardant elements (P, Si, etc.), the flame-retardant
performance can still be endowed to the phosphorus-free bio-based epoxy resin through
appropriate selection or design of biomass structure [29,31]. Some research advances about
phosphorus-free flame-retardant bio-based epoxy thermosets are shown in Table 1 (blue
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part), and some typical examples are briefly described. The key to the flame-retardant
performance of bio-based epoxy resin is to embed a special structure that produces a
high char yield at high temperatures in the polymer networks. When the flame-retardant
bio-based epoxy resin is heated or burned, the release of non-flammable gases (CO,, NHj3,
etc.) will dilute the oxygen and take away some of the heat to inhibit combustion. The
dense and stable char layer formed during the combustion process acts as a barrier to
heat transfer and protects the interior of the resin [29]. Biomass containing rigid and
conjugated structures usually possesses a higher char yield at high temperatures [31].
According to the chemical structure, flame-retardant bio-based epoxy resins are divided
into rigid /conjugated structure and heterocyclic structure, and the recent research progress
is summarized and discussed, respectively.

Rigid and conjugated structure. Some of the bio-based epoxy monomers with a
rigid and conjugated structure are directly synthesized from biomass raw materials in-
cluding magnolol, resveratrol, ferulic acid, etc. [58-63,75-79]. The chemical structure of
some representative epoxy monomers with a rigid and conjugated structure is shown
in Scheme 7. Magnolol, containing symmetrical and reactive allyl groups and phenolic
hydroxyl groups, is extracted from the bark of magnolia officinalis. Because of its rigid and
conjugated structure, it has been used many times to synthesize flame-retardant bio-based
epoxy resins [58,59,75,76]. For example, Weng et al. synthesized magnolol-derived epoxy
monomer of DGEM (Scheme 7) by reacting magnolol with excessive epichlorohydrin. The
cured DGEM/DDS was obtained after curing with DDS. The DGEM/DDS resin exhibited
a high char yield of 42.8% and showed excellent flame-retardant performance (UL-94
V-0 rating) due to the dense and stable carbon layer produced during combustion. In
addition, the resin also has a higher Ty (279 vs. 231 °C) and higher mechanical modu-
lus and strength compared to the commercial epoxy DGEBA /DDS [58]. Moreover, the
same authors also fabricated the tetra-functional epoxy monomer of MTEP derived from
magnolol by successive reactions of magnolol with epichlorohydrin and epoxidation of
allyl. The cured MTEP/DDS with higher cross-linking than DGEM/DDS also possessed
outstanding intrinsic flame retardancy, and the combustion results are summarized in
Table 1 [59]. Resveratrol with conjugated stilbene structure is extracted from grape skin,
peanuts, giant knotweed, etc. There are three phenolic hydroxyl groups in the structure
of resveratrol, which react with epichlorohydrin to synthesize epoxy monomer [60,78,79].
Zheng and co-workers reported a resveratrol-based epoxy resin (RESEP, Scheme 7) cured
by DDM. The T and the char yield (800 °C) of RESEP/DDM were higher than those of
DGEBA/DDM (335 °C vs. 168 °C, 38.6% vs. 16.9%). Typically, RESEP/DDM displayed
a UL-94 V-0 rating [60]. Biomass that has similar conjugated structure of phenylidene to
resveratrol and has been used for the synthesis of flame-retardant bio-based epoxy resins
also includes ferulic acid [61], 4-coumaric acid [62], curcumin [63], and so on. Moreover,
they have a lower initial degradation temperature (Table 1) due to the presence of easily
broken bonds in the structure at high temperatures [61-63].
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Scheme 7. The chemical structure of some representative epoxy monomers with a rigid and conju-
gated structure.

The direct use of biomass to prepare bio-based epoxy resin can no longer meet the
material requirements, so the design of bio-based epoxy resin with good comprehensive
properties through molecular modification has been widely reported. Inspired by the direct
use of biomass to prepare flame-retardant bio-based epoxy, a rigid and conjugated structure
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plays an important role in flame retardants, so the molecular design with conjugated
structure is carried out [64-66,80-83]. Schiff bases, which refer to compounds with the
structure of R,C=NR'(R'H) formed by the addition reaction of aldehyde or ketone with
primary amine, are commonly used to introduce into polymers for the preparation of
flame-retardant bio-based epoxy resins. At high temperature, the internal -CH=N- bonds of
the bio-based epoxy-containing imine bonds will be rearranged and cyclized, resulting in
nitrogen-containing six-membered heterocyclic compounds. These heterocyclic compounds
can make polymer chains self-crosslink, thus enhancing the char-forming ability of materials
and improving the flame-retardant properties of materials [64-66,80]. For example, Weng
et al. synthesized a bifunctional epoxy monomer of GV-EP (Scheme 7) containing a Schiff
base using vanillin and guaiacol as raw materials. Then, GV-EP was cured with DDM to
obtain the GV-EP/DDM. This epoxy resin network with a dynamic Schiff base structure (GV-
EP/DDM) exhibited a higher T (220 vs. 187 °C) char yield (44.9% vs. 12.8% at N3 at 800 °C)
and storage modulus (3602 MPa vs. 2604 MPa) than commercial bisphenol A-based epoxy
resin, and possessed inherent flame-retardant properties (UL-94 V-0 rating). Furthermore,
GV-EP/DDM also has satisfactory degradability, reprocessing, and antibacterial properties
due to the introduction of the Schiff base structure [64].

Heterocyclic structures. The most representative biomass containing a heterocyclic
structure is flavonoids including daidzein, apigenin, genistein, and luteolin. Flavonoids,
which contain two or more phenolic hydroxyl groups, have been directly reacted with
epichlorohydrin to prepare bio-based epoxy monomers [67-69,84-86]. For example, Hu
and co-workers synthesized an apigenin-based epoxy monomer (DGEA) using an efficient
one-step process (Scheme 8), and cured it with DDM. The results indicated that the cured
DGEA /DDM system possessed the Tg of up to 232 °C (156 °C for DGEBA/DDM), and
showed higher storage modulus and tensile strength than those of cured DGEBA /DDM,
which was ascribed to the high cross-link density of cured DGEA caused by the dimerization
of the benzopyrone ring and the active role of intramolecular hydrogen bonds. The cured
DGEA /DDM system demonstrated excellent flame-retardant properties, showing a resid-
ual char of 45.1% at 700 °C, limiting oxygen index (LOI) of 37.0%, and flammability rating of
V-0 in the UL-94 test [85]. Other flavonoid-derived epoxy resins also exhibited outstanding
flame-retardant properties, and the related data about their performance are summarized in
Table 1. Heterocyclic structure embedding in bio-based epoxy resin through molecular mod-
ification can also be used to prepare flame-retardant bio-based epoxy resin [70-74,87-91].
Furan and its derivatives are often used to design flame-retardant bio-based epoxy resins
containing a heterocyclic structure [71,87-91]. For example, Guo et al. designed a bis-furan
diepoxide called OmbFdE (Scheme 8), which was eco-friendly. The flame retardancy of the
cured OmbFdE/2,2’-(ethane-1,2-diylbis(oxy)) bis(ethan-1-amine) (TEGA) was investigated,
and the results exhibited that the OmbFdE/TEGA possessed outstanding flame retardancy
(Figure 4), which was attributed to a comparable lower heat release [87]. Additionally,
Weng et al. synthesized an epoxy monomer of GSPZ-EP containing a heterocycle structure
(Scheme 8) using biomass guaiacol and malanhydride as raw materials. After the curing
process with DDM, the obtained GSPZ-EP/DDM showed higher T (187 vs. 173 °C), stor-
age module (3327 &+ 38 MPa vs. 1952 & 20 MPa, at 30 °C), and char yield (42.3% vs. 17.8%,
in N at 700 °C) compared with commercial DGEBA /DDM. Moreover, GSPZ-EP/DDM
has excellent inherent flame-retardant properties, and its flame-retardant rating is close to
UL-94 V-0 [72].
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Scheme 8. The chemical structure of some representative epoxy monomers with heterocyclic structure.
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5
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OmbFdE/TEGA

Figure 4. Burning test of OmbFdE/TEGA furan-based epoxy resin. Reproduced with permission
from ref. [87]. Copyright 2019 The Royal Society of Chemistry.

3.2. Recyclable/Reprocessable/Degradable Bio-Based Epoxy Thermosets

Epoxy resins have a lot of advantages, such as excellent mechanical properties, chem-
ical resistance, weather resistance, good electrical insulation, and dimensional stability;,
so it has been widely used in composite materials [1-3]. However, they suffer from un-
sustainability because of their non-reprocessability, being difficult to recycle, and being
excessively dependent on petroleum chemicals [33]. The recent development of bio-based
epoxy resins containing dynamic bonds provides an alternative solution for the sustainable
development of conventional petroleum-based epoxy resins, because they are not only in-
dependent of petroleum chemicals but can be reprocessed and recycled by dynamic bonds
under suitable conditions [33-36]. Various dynamic bonds have been employed, such as
ester bonds [92-109] and similar structures [110-112], Schiff bases [113-124], acetal struc-
tures [125-127], Diels—Alder addition structures [128-134], and disulfide bonds [135-141].
The transesterification of the ester bonds occurs easily through the breaking of C-O bonds
at high temperature. In addition, hydrolysis of the ester bond can be catalyzed in an acidic
or alkaline environment. Therefore, the ester bond is one of the dynamic covalent bonds
usually used to prepare recyclable thermosetting resins [92-109]. The Schiff base is also
one of the dynamic covalent bonds commonly used to prepare recyclable thermosetting
resins. Schiff bases promote the recyclability /degradability of epoxy resin mainly through
three dynamic reactions, including imine-amine exchange (transamination), imine—-imine
exchange (imine metathesis), and imine condensation/hydrolysis [113-124]. The acetal
structure is unstable under acidic conditions and decomposes into the original aldehydes
(ketones) and alcohols, thus achieving the degradability of the epoxy resin [125-127]. D-A
reaction occurs at a lower temperature (50-80 °C) to generate a cyclohexene adduct, and
the reverse reaction of the D-A reaction, retro-D-A reaction, occurs at higher temperatures
(110-140 °C) to form the starting material adiene and conjugated diene. The introduction
of the D-A structure into the epoxy resin makes the epoxy resin recyclable by changing the
temperature [128-134]. The mechanical force can cause the disulfide bond to break and
produce the thiol radical, which can be quickly exchanged with other disulfide bonds to
achieve the reprocessability of the cross-linked network [135-141]. In this part, we summa-
rize the recent progress on the design and synthesis of bio-based epoxy resins containing
various dynamic bonds.

3.2.1. Ester Bonds and Similar Structures

Ester bonds are reversible covalent bonds that are unstable under high-temperature,
acidic, or alkaline conditions [92-109]. Transesterification occurs through the breaking
of the C-O bond at high temperature [99-109], and the hydrolysis of ester bonds can be
catalyzed in an acidic or alkaline environment [92-98]. Therefore, the degradation and
recycling of epoxy resin can be achieved under certain conditions by introducing an ester
bond structure in the molecule [92-109].

For example, Ma et al. prepared a dicarboxylic acid oligomer named MI from isosor-
bate and maleic anhydride by the route shown in Scheme 9, which was then used as a
curing agent for epoxidized sucrose soybean meal (ESS) to obtain the thermosetting resin
called EMI 1. At 50 °C, EMI 1 was stable in 1 m HCl aqueous solution; in contrast, it was
degraded and completely dissolved at 12 min in 1 M NaOH aqueous solution, as shown
in Figure 5. The carboxylic acid resulting from the hydrolysis of the ester bond under
alkaline conditions was neutralized by the alkali to form the carboxylate, so the epoxy resin
containing the ester bond has better degradability under the catalysis of the base. In the
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cured epoxy resin, the hydroxyl group produced by the ring-opening reaction can undergo
a dynamic transesterification reaction with the ester bond at high temperature (>150 °C),
which makes the material repairable and reprocessable [96]. In addition, excessive zinc
salts are usually used to catalyze transesterification in industry [99-106]. For example, Liu
et al. synthesized a bio-based triepoxy called TEP from vanillin and guaiacol, and the cured
TEP by an anhydride exhibited high performance and rapid self-healing capability through
dynamic transesterification. The width of the crack from cured TEP can be effectively re-
paired within 10 min without pressure (Figure 6). It is worth noting that a zinc catalyst was
chosen to catalyze the curing reaction and also used as the catalyst for transesterification in
the cured TEP (Scheme 10) [100].
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Scheme 9. Synthetic route of a dicarboxylic acid oligomer (MI).

48 h
50 °C

Figure 5. Appearance of EMI1 before and after immersing in 1 M NaOH aqueous solution (top) or

1 M HCl aqueous solution (bottom). Reproduced with permission from ref. [96]. Copyright 2016
American Chemical Society.
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¥

Figure 6. Thermal repairing of cured TEP by clipping the samples between two metal plates and heating

in a convection oven without press (stoichiometric ratio between epoxy group and anhydride group is
1/1). Reproduced with permission from ref. [100]. Copyright 2018 American Chemical Society.

o OH
\_‘&OH
o —— O"’ B ———
0 200 °C Y 5
Anhydride curing agent \0 \.—@70 o HO o
O
\—OO o HO ? \J\—o
—(_ o
OH
Scheme 10. Curing reaction of TEP and anhydride and the illustration of dynamic transesterification

reactions in the cross-linked network structure.

If the cured epoxy material structure contains tertiary amines, the transesterification
reaction can be performed without a metal catalyst, and the recycle reaction can also
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occur under mild conditions [107-109]. For example, Chen and co-workers prepared a bio-
based epoxy resin of epoxidized menthane diamine-adipic acid (EMDA-AA, Scheme 11)
containing ester bonds from menthane diamine and adipic acid biomass. The EMDA-AA
resin can be rearranged in the network structure by the dynamic transesterification reaction
without additional catalyst (Scheme 11). And the EMDA-AA matrix in the composite
material can be degraded into polyols by amination reactions under mild conditions, and
realize the recycling of fibers [107].
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Scheme 11. The curing reaction of the EMDA-AA vitrimer. An illustration of dynamic transesterifica-
tion reactions in the cross-linked network structure.

The borate ester bond (B-O-C), as a dynamic reversible chemical bond, has similar
properties to the ester bond. On the one hand, the boron ester, performing an associative
transesterification reaction in the permanent cross-linked network, enables the rearrange-
ment of the network that contributed to the reprocessing of cured resins in the solid state.
On the other hand, borate ester bonds are sensitive to reactive oxygen species, and in acidic
media with pH much lower than its pKa, borate ester bonds are more easily hydrolyzed
into boric acids and diols, which is conducive to the recycling of resins containing borate
ester bonds [110-112]. Therefore, the boron ester bond provides a path for designing
recyclable/reprocessable/degradable bio-based epoxy resin.

For example, Zeng et al. fabricated a bio-based epoxy vitrimer called C-FPAE, con-
taining dynamic reversible boronic ester bonds using rosin derivative (FPAE) as an epoxy
monomer and 2,2'~(1,4-phenylene)-bis(4-mercaptan-1,3,2-dioxaborolane) (BDB) as a hard-
ener (Scheme 12) [110]. The C-FPAE has superior thermostability and thermomechanical
properties due to the presence of the structure of the rosin derivative, enhanced covalent
cross-linker, and the hydrogen bond in the networks (Scheme 12). Moreover, C-FPAE
possesses recyclable and self-healing properties through the transesterification reaction
of boron ester bonds in the network structure (Figure 7a). For example, a 20% C-FPEA
(x% C-FPAE refers to cured FPAE with x mol% of BDB) sheet sample with a thickness
of 0.7 mm was cut into a width of 117 um. The cut samples were healed at 170 °C in an
oven for 30 min. As shown in Figure 7b, the cut 20% of C-FPEA samples achieved 80%
recovery after healing treatment, showing good self-healing ability. And the 20% C-FPAE
solid was ground into powder and hot-pressed at 200 °C for 60 min to obtain a uniform
sample, exhibiting good reprocessing properties (Figure 7c). In addition, C-FPEA samples
can also be degraded in active oxygen and acidic conditions. At 30 °C, 20% C-FPAE powder
samples were soaked in THF/H0O, /HCI mixture with different pH and stirred for 48 h.
As pH decreases from 6.5 to 0.0, the degradation weight percentage increases from 10%
to 90%, and the degradation mechanism is shown in Scheme 13. It follows that C-FPAE
samples are more easily degraded in strong acid solution [110].
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Scheme 12. Synthesis of a C-FPAE cross-linking network.
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Figure 7. (a) Schematic representation of the transesterification reaction of boronic ester linkages,
optical microscope images of self-healing performance (b) and thermal recycling performance of 20%
C-FPEA (c). Reproduced with permission from ref. [110]. Copyright 2021 MDPI.

HO,

Scheme 13. Schematic representation of C-FPAE degradation.

Similarly, Zhang et al. also utilized BDB as a curing agent to cure the cardanol-derived
epoxy monomer of EHCPP (the synthetic route and structure of EHCPP are shown in
Scheme 14) to prepare EHCPP-BDB epoxy polymer networks containing borate ester
bonds [112]. EHCPP-BDB polymer was cut into small pieces and then placed into the mold
and remolded to new samples by hot-pressing at 150 °C under a pressure of 10 MPa for
10 min, and the EHCPP-BDB was remolded to form a continuous and uniform sample
(Figure 8b), and dynamic mechanical analysis (DMA) studies showed that the original



Molecules 2024, 29, 4428

16 of 40

and remolded samples had a similar Tg and storage moduli (at 25 °C), exhibiting excellent
reprocessability (Figure 8a). The reversible mechanism of boron ester in the cardanol-based
epoxy polymer network is shown in Figure 8c. In addition, immersing the EHCPP-BDB
polymer in 10% NaOH resulted in a 30% increase in the weight of the network. This is
because the dynamically reversible boron oxygen bond is hydrolyzed into boric acid in an
aqueous solution, which then forms borate in the presence of sodium hydroxide.
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Scheme 14. Synthetic route of EHCPP.
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Figure 8. (a) DMA of the original and recycled EHCPP-BDB polymer networks (b) photographs
of original and reshaped EHCPP polymer networks; (c) Schematic illustration of the reversible
mechanism of boron ester in BDB (SH monomer) of the cardanol-based epoxy polymer networks.
Reproduced with permission from ref. [112]. Copyright 2021 American Chemical Society.

3.2.2. Schiff Bases

A Schiff base refers to a compound with the structure of R,C=NR'(R'H) formed by the
reaction between an aldehyde and amine group. A Schiff base provides a promising process
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for the design of recyclable/degradable bio-based epoxy resins due to its three dynamic
reactions, including imine—amine exchange (transamination), imine—imine exchange (imine
metathesis), and imine condensation/hydrolysis [113-124]. Unlike transesterification,
there is no need for metal catalysts during reprocessing, reducing the complexity of the
reprocessing process. For example, M. Abu-Omar et al. synthesized the imine-embedded
bisphenol intermediate of VAN-AP used to prepare the epoxy monomer (GE-VAN-AP)
from vanillin and aminophenol (Scheme 15a) [116]. The cured epoxy thermosetting resin
with diamine can be soluble in water or organic solvents under mild conditions (Figure 9A),
which is conducive to achieving molecular closed-loop recyclability, and the recycled
resin can maintain the original properties, and the dissociative mechanism is shown in
Scheme 15b. Through the imine—amine exchange mechanism (Scheme 15c), the cured
GE-VAN-AP is weldable and repairable at a sufficient temperature, as shown in Figure 9B.
In addition, the cured resin has properties comparable to conventional high-performance
thermosetting materials made of bisphenol A.
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Scheme 15. Synthesis of GE-VAN-AP and cured EN-VAN-AP (a), dissociative mechanism (b), and
associative mechanism (c) of imine bond.
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Figure 9. (A) Effects of solvent, HCl concentration, and temperature on the depolymerization and
solubility of EN-VAN-AP. (B) Weldability of EN-VAN-AP: (a) Two thermoset films were overlapped
and welded at 120 °C for 4 h, (b) Side view of the welded sample. Reproduced with permission from
ref. [116]. Copyright 2018 American Chemical Society.

Epoxy curing agents containing a Schiff base structure can also be utilized to prepare
polymer network structures with recyclable properties [119,120]. For example, Zeng and
co-workers also synthesized VAN-AP and acted as a curing agent for glycerol triglycidyl
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ether (Gte) to form a polymer network structure (Gte-VA) embedded in the Schiff base
structure [119]. The Young’s modulus and tensile strength of the Get-VA polymer network
structure are close to the value of the amine-cured bisphenol A diglycidyl ether. The Get-VA
polymer network structure has good degradation properties and reprocessing ability due to
the embedding of Schiff base structures (Figure 10). In addition, Get-VA can also be used in
the matrix of carbon fiber (CF) composite material. The carbon fiber in the composite material
can be recycled without damage, and the recombination of the recycled carbon fiber and the
degraded resin matrix has similar properties to the original composite material (Figure 11).
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Figure 10. (a) Recycling process of Gte-VA in 0.1 mol-L~! ethylenediamine solution (solvent: DMF),
(b) digital photos of Gte-VA through cutting and compression molding. Reproduced with permission
from ref. [119]. Copyright 2021 American Chemical Society.
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Figure 11. (A) Recycling of Gte-VA-CF in 0.1 mol-L~1 ethylenediamine solution (solvent: DMF),
(B) (a) Stress-strain curves of Gte-VA-CEF, and recycled Gte-VA-CE, (b) SEM for original CF and recycled
CF and cross-sectional views of original Gte-VA-CF and recycled Gte-VA-CF, (c) Raman spectra of
original CF and recycled CF, (d) Histogram of Young’s modulus and stress of original and recycled CF.
Reproduced with permission from ref. [119]. Copyright 2021 American Chemical Society.



Molecules 2024, 29, 4428

19 of 40

The introduction of Schiff base into polymer networks not only solves the degradability
of bio-based epoxy but also improves the mechanical properties. And the Schiff base
structure can be formed in situ between the epoxy monomer and the curing agent during
curing. For example, Liu et al. also synthesized an epoxy monomer of DADE containing
an aldehyde group from vanillin and cured it with a curing agent containing two primary
amines group (D230) to form a polymer network (DADE-D230) containing Schiff base
structure in situ (Scheme 16) [121]. This polymer network has a higher T (106 °C) and
tensile strength (57.4 MPa) than the bisphenol A-based epoxy resin (98 °C, 45.1 MPa). The
shattered polymer was remodeled after hot pressing at 150 °C for 10 min (Figure 12), and
the reprocessed sample has comparable properties with the conventional bisphenol A-
based epoxy resin. And the mechanisms involved in the reprocessing process are illustrated
in Figure 12, including imine-amine exchange (via the excess amine in the network) and
imine-imine exchange.
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Scheme 16. Synthesis route of the epoxy monomer of DADE containing aldehyde group from vanillin
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Figure 12. Reprocessing of DADE-D230 in a hot pressing and reprocessable mechanism of DADE-
D230. Reproduced with permission from ref. [121]. Copyright 2020 Elsevier.

In addition, the introduction of Schiff base structures usually functionalizes polymer
materials, such as flame-retardant and antibacterial properties [122-124]. At high tempera-
ture, the internal -CH=N- bonds of the bio-based epoxy-containing imine bonds will be
rearranged and cyclized, resulting in nitrogen-containing six-membered heterocyclic com-
pounds [71,90,91]. These heterocyclic compounds can make polymer chains self-crosslink,
thus enhancing the char-forming ability of materials and improving the flame-retardant
properties of materials. It provides a new possibility for degradable and flame-retardant
epoxy resin. This category is described in detail in the antibacterial and flame-retardant
functionalization Section.
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3.2.3. Acetal Structure

Aldehydes or ketones react with polyols under acidic conditions to form an acetal
structure that is stable under alkaline conditions, but decomposes into the original aldehy-
des (ketones) and alcohols under acidic conditions. Therefore, the introduction of acetal
structure into the epoxy resin network makes the epoxy resin degradable [125-127]. More-
over, the resin introducing this structure has excellent thermal and mechanical properties
due to the high rigidity of the acetal structure.

For example, Songqi Ma et al. used the spiro diacetal structure to prepare recyclable
high-performance bio-based epoxy resin from vanillin. The synthetic route is shown
in Scheme 17 [126]. The related epoxy resin cured with isophorondiamine exhibited
outstanding degradability. As shown in Figure 13, the epoxy resin can be completely
dissolved in 1 M HCl (acetone/H,O =9/1, v/v) solution within 183 min at 23 °C. At 50 °C,
the degradation time is reduced to 19 min, and the degradation time can be achieved in
11 min and 9 min, respectively, in solutions with concentrations of 0.5 M and 1 M HCl. The
tensile strength of the vanillin-based CF composite is 731 MPa, while that of the BPA-based
CF composite is 661 MPa. It is worth noting that the resin in the vanillin-based epoxy
matrix composite can be completely dissolved in the 1 M HCI solution within 30 min, and
maintain its carbon fiber properties. Similarly, the same authors synthesized a bisphenol of
HMDO containing acetal from natural resources of vanillin and glycerol through solvent-
free acetalization as in Scheme 18 [127]. HMDO can be degraded to non-toxic vanillin and
glycerol very quickly under mildly acidic conditions similar to the acidity and temperature
of human gastric juice in the human stomach (Scheme 19). Therefore, the obtained epoxy
resins possess outstanding degradability, which facilitates the recyclability of the epoxy
resin. An epoxy thermoset of DGHMDO-DDM sample with dimensions of 8§ mm x 8 mm
x 1 mm was completely degraded after being immersed in 0.1 M HCl acetone/water
(9/1, v/v) solution at 50 °C for 5.5 h (Figure 14). In addition, compared to the commercial
counterpart based on bisphenol A (BPA), DGHMDO-DDM showed higher mechanical
properties and comparable thermal properties.
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Scheme 17. Synthetic route to spiro diacetal triggered from a renewable resource.
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Figure 13. The degradation times (completely dissolved in acid solutions) under different conditions.
Reproduced with permission from ref. [126]. Copyright 2019 The Royal Society of Chemistry.
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Figure 14. Chemical degradability of the HMDO-based thermosetting plastic. Reproduced with
permission from ref. [127]. Copyright 2019 The Royal Society of Chemistry.

3.2.4. Diels—Alder Addition Structures

The D-A reaction (Diels—Alder reaction) occurs between an electron-rich conjugated
diene and an electron-poor electrophilic diene, generating a cyclohexene adduct through
a [4 + 2] cycloaddition reaction that occurs at a lower temperature (50-80 °C) and has
the advantage of mild reaction conditions, catalyst-free requirement, and producing no
byproducts in the reaction. The reverse reaction of the D-A reaction, retro-D-A reaction,
occurs at higher temperatures (110-140 °C) to form the starting material adiene and con-
jugated diene [128-134]. Therefore, the introduction of the D-A addition structures into
the thermosetting resin gives the material the self-healing and recyclable ability to make
it sustainable. Furan derivatives and dimaleimide are often used as electron-rich and
electron-poor feedstocks, respectively, in the design of bio-based thermosetting resins con-
taining D-A structures. For example, Liu et al. Liu et al. prepared compounds containing
D-A structures from furan and bismaleimide and grafted them onto a commercial epoxy
monomer (as shown in Scheme 20) [131]. The results showed that the cured epoxy resin
can completely self-heal its cracks. The resin is combined with unidirectional fiberglass
cloth to form a fiber-reinforced plastic (FRP) material. Under the appropriate temperature
stimulation, the resin matrix of FRP can also completely self-heal the crack through the
dissociation and reassociation of D-A bonds (Scheme 21), and the mechanical properties of
FRP after two self-healing are close to that of the original composite material. Therefore, the
introduction of the D-A bond into polymer networks is a promising route for synthesizing
epoxy resin with self-healing and recyclable properties.
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3.2.5. Disulfide Bonds

The dynamic reaction of disulfide bonds involves multiple mechanisms. When the
external force mechanically breaks the disulfide bond and produces the thiol radical, which
can quickly exchange with other disulfide bonds, it achieves the self-healing ability and
reprocessability of the cross-linked network. The dissociation nature of the disulfide
bond provides a new solution for the degradation of the epoxy resin under reducing or
alkaline conditions. Using dynamic disulfide bonds, many polymers with reprocessable
and degradable properties have been synthesized and reported [135-141]. Wang et al. used
traditional aromatic diamine and structurally similar aromatic diamine containing dynamic
disulfide bonds as curing agents, respectively, to cure isosorbide-derived epoxy monomers
to form polymer networks. Experimental studies showed that the epoxy resin-containing
dynamic disulfide bond (MDS-EPO) exhibited comparable thermomechanical properties to
the epoxy resin cured by the traditional curing agent (MDA-EPO). The cracked MDS-EPO
was heated at 100 °C, above its Tg, the crack gradually disappeared, and the crack was
completely repaired after heating for 60 min (Figure 15a). The MDS-EPO broken into a
powder can also be reprocessed into a uniform and transparent film at 100 °C for 60 min
(Figure 15b). Moreover, the sample after one cycle of reprocessing has similar mechanical
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properties to the original sample, and the recovery efficiency of mechanical properties
after the two and three cycles of reprocessing remained more than 80% (Figure 15¢,d).
The contrast of MDA-EPO broken into a powder had only physical adhesion without
mechanical properties under the same thermal pressure conditions (Figure 15b) [138].
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Figure 15. (a) Optical microscopic images of cracked MDS-EPO treated at 100 °C for various times,
(b) reprocessing of MDA-EPO and MDS-EPO through a hot press at 100 °C for 1 h, (c) typical
stress—strain curves and virgin and reprocessed MDS-EPO, (d) mechanical recovery efficiency of
reprocessed MDS-EPO. Reproduced with permission from ref. [138]. Copyright 2017 Wiley-VCH.

The self-healing and reprocessing of the polymer networks containing a dynamic bond
are generally slow, and the synergetic incorporation of multiple dynamic bonds can accel-
erate the stress relaxation of the polymer chains, enabling the polymer chains to complete
the self-heal quickly at a moderate temperature at short period [139-141]. For example,
Wang and co-workers used BDB as a curing agent to cure epoxidized soybean oil (ESO),
epoxidized linseed oil (ELO), epoxidized rubber seed oil (ERSO), and epoxidized olive
oil (EOOQ), respectively, to prepare bio-based epoxy resin, which contains three dynamic
bonds including borate ester bond, ester bonds, and disulfide bonds (Scheme 22) [139].
These samples were cut into small pieces and remolded by hot-pressing at 160 °C and
40 MPa for 20 min to obtain the reprocessed samples, which maintain the original integrity
and color (Figure 16), and the mechanical properties of the recycled samples are main-
tained even after nine times of cutting/recycling (Figure 16). These samples also have
good self-healing properties. In addition, the introduction of a tricyclic dioxaborolane
rigid structure improves the mechanical properties of vegetable oil-based epoxy resins,
and the introduction of dynamic bonds gives the polymer self-healing and reprocessing
properties. This example opens a new dimension to the tuning of polymer performance
through multiple dynamic bonds.
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Figure 16. Reprocessing of cross-linked bio-based epoxy resins and mechanical properties of the
reprocessed epoxy resins. Reproduced with permission from ref. [139]. Copyright 2021 The Royal
Society of Chemistry.

3.3. Shape Memory

Shape memory polymers (SMPs) are materials that can be deformed into their shape under
a certain condition (usually with external mechanical stress), and can recover to their permanent
shape by applying external stimuli. Bio-based SMPs are primarily thermo-responsive, and
their shape change is generally achieved by thermal stimulation [142-154] and they possess
a transition temperature. Above the transition temperature, chain migration is activated and
deformation occurs under external stress. Upon cooling with the load, the shape of the de-
formation is fixed. When heated to above transition temperature, it can be recovered to a
permanent shape due to the entropy nature of the shape change. Because the long and flexible
fat chain contributes to the chain segment migration, bio-based SMPs are typically made from
bio-based feedstocks that contain flexible structures, such as vegetable oil, jatropha oil, and
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castor oil. For example, Aung and co-workers prepared epoxy polymers (SMPs) from jatropha
oil (Scheme 23), which are in a thermally stable state at 150 °C. Above the Ty temperature, the
polymers are in a rubbery state that is easily deformed, and they can return to their original
shapes after cooling, and they have a good ability to recover their shapes (Figure 17) [145].
Cardanol is also often used in the preparation of bio-based epoxy polymers with shape memory
due to its internal phenolic hydroxyl group, C=C carbon bonds, and long alkyl chain structure.
Wang and co-workers synthesized two cardanol-derived curing agents (Car-DCP-MAH and
Car-DPC-MAH, Scheme 24) and used them to cure DGEBA. The DGEBA /Car-DCP-MAH and
DGEBA /Car-DPC-MAH epoxy thermosets not only have good shape memory (shape recovery
efficiency of 98.6% and 96.3%, respectively), but also have high flame retardancy (LOI values of
29% and 28%, respectively, and a flame-retardant rating of V-0) [146].
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Scheme 23. Schematic view of the preparation of jatropha oil-based shape memory polymer (SPM).
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Figure 17. A demonstration of the shape memory recovery behaviors of EJO/MHHPA polymers
reported in this paper. Reproduced with permission from ref. [145]. Copyright 2021 MDPL
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Scheme 24. Synthetic processes of cardanol-based curing agents (Car-DCP-MAH and Car-DPC-MAH).

Thermal stimulation can be achieved not only by direct heating but also indirectly by
light-converted heat [148,149]. The traditional photo-responsive materials are realized by
doping photothermal fillers, such as black pigment, graphene, and nanosilver. However,
photothermal fillers can aggregate in polymers and reduce the mechanical properties of the
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materials [149]. Therefore, finding photothermal groups from bio-based feedstocks and
introducing them into the epoxy polymer network can improve this defect very well. A
commonly used bio-based raw material is furfural [148,149]. For example, Rimdusit et al.
reported epoxy polymers with near-infrared light-responsive shape memory function but
without any photothermal fillers in the material [148]. A benzoxazine/epoxy copolymer
(V-fa/ECO) with shape memory ability was made from furfurylamine. Within 30 s of near-
infrared irradiation (laser power density of 2.5 W/cm?), the temperature of the copolymer
increased from room temperature to 100 °C, resulting in a photothermal effect inducing
shape recovery (Figure 18). This is due to the highly conjugated m-bonds in the furfuryl
amine, which endow the furfural-based materials with excellent light absorption [148]. In
addition, the aldehyde group in furfural is easily oxidized and exhibits a dark brown color
making it a good light absorber [149].
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Figure 18. NIR laser-induced shape recovery of V-fa/ECO copolymers with different percent weight
ratios of V-fa:ECO. Reproduced with permission from ref. [148]. Copyright 2020 Elsevier.

However, all of these materials above can only hold a single permanent shape and
cannot be reconfigured once formed. The introduction of dynamic covalent bonds enables
the bio-based shape memory thermosetting network to be topologically arranged through
the exchange of dynamic bonds, and the permanent shape of the material can be further
reconfigured [150-153]. Other than the transition temperature, the SMPs with reconfigured
permanent shapes possess the topology freezing transition temperature, above which the
dynamic covalent bonds are activated and the networks are topologically arranged through
bond exchange, forming new permanent shapes. In addition, the introduction of dynamic
bonds also provides a new idea for the development of recyclable and repairable shape
memory epoxy polymers. The dynamic bonds commonly introduced are the Diels—Alder
bond, disulfide bond, and ester bond [134,150-153]. For example, Xu and co-workers used
ESO and rosin derivative fumarhippoic acid (FPA) as raw materials to synthesize a new
fully bio-based vitrimer (ESO-FPA) with Tg higher than room temperature (Figure 19A).
This polymer network can realize heat-induced triple-shape memory well (Figure 19B).
Firstly, the shape memory of the ESO-FPA vitrimer based on the transition temperature
was confirmed, as shown in Figure 19B. In an oven at 80 °C, the permanent rectangular
sample was heated under external force so that it took a temporary “N” shape, which
then was cooled and fixed. The temporary “N”-shaped sample can be recovered to its
original permanent shape when heated at 80 °C. Then, the shape memory of the ESO-
FPA vitrimer based on the transesterification was explored, as shown in Figure 19B. The
permanent rectangular sample was heated at 160 °C (above the topology freezing transition
temperature) under an external force to achieve a deformed “IN” shape, which then was
cooled and fixed. The deformed “N” as a new permanent shape is then deformed again
at 80 °C under external stress, forming a temporary helical shape and being fixed. Since
80 °C is higher than the transition temperature and lower than the topology freezing
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transition temperature, the formation of temporary helical shapes was achieved through
molecular chain movement. The temporary helical-shaped sample can be recovered to
the new permanent “N” shape when heated at 80 °C. Finally, when heated to 160 °C,
the ESO-FPA vitrimer with the “N” shape returned to its original permanent rectangular
shape under extra stress. In addition, this new fully bio-based vitrimer also has good self-
healing and reprocessability due to transesterification reaction [151]. Similarly, Cheng and
co-workers prepared a novel bio-based recyclable phase change material (PCM) denoted
as DGEM-18/FA /MA /xBW, which is a reversible cross-linked network based on epoxide
ring-opening and Diels-Alder reactions. The D-A and retro-D-A reactions confer excellent
triple-shape memory to the material and also provide the recyclability of the cross-linking
networks [134]. Moreover, Kim et al. prepared a new type of sustainable thermosetting
material using naringenin [152]. Then, it was cured by oxidized poly(ethylene glycol)-
acid with functional groups of carboxylic acid to produce an epoxy network (Figure 20A).
Transesterification in the network not only gives the material recyclability, but also realizes
its heat-induced shape memory function. In addition, the shape change can be driven by
water, and its coiled shape can be programmed on the Ty, deformed after wetting, and
restored to the initial state after short drying, realizing the dual-response shape memory
of heat and water (Figure 20B) [152]. Further, the synergistic effect of multiple dynamic
covalent bonds also provides a new way to prepare bio-based and shape memory epoxy
resins with reprocessability, repairability, and recyclability. Mija et al. prepared epoxy
thermosetting resin with dynamic disulfide covalent bonds and transesterification synergies
using 2,2’-dithiobenzoic acid as a hardener. The obtained epoxy thermosetting has excellent
shape memory ability, and the synergistic effect of internal covalent bonds ensures the
reprocessability, repairability, and recyclability of the material [153]. This provides a new
experience for sustainable epoxy thermosetting materials with shape memory.
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v Reprocessing

A om0 ftlon
transesterification S LI

(B)
Recovery
80 °C

Deform
160 °C
Reshape
80 °C

Recovery Recovery
80 °c 160 °C

Figure 19. Chemical structure of bio-based epoxy monomer of ESO and bio-based curing agent

of FPA, and topological network rearrangements via exchange reactions in ESO-FPA (A), and the
triple-shape memory of ESO-FPA (B; (a—c) double shape memory of the vitrimer using the glass
transition temperature to fix in an ‘N’-shape, and their recovery upon heating, (c—g) triple-shape
memory of the vitrimer using the topology freezing transition temperature to fix the ‘N’-shape, and
the glass transition temperature to fix the spiral shape, and their sequential recovery upon heating.).
Reproduced with permission from ref. [151]. Copyright 2020 Elsevier.
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Figure 20. The polymer network of naringenin-based thermoset (A), and the dual responsive behavior
using water and heat (B). Reproduced with permission from ref. [152]. Copyright 2019 American
Chemical Society.

3.4. Antibacterial

Antibacterial materials usually achieve their bactericidal effect through the release of an-
tibacterial components such as metal nanoparticles, antibiotics, and other biocides, loaded
or embedded in the resin matrix. However, with the consumption of biocides, the antibac-
terial effect gradually disappears, making it difficult to maintain a long-lasting bactericidal
effect [36,155-164]. By directly functionalizing the biocidal units into the molecular chains, a
longer-lasting antibacterial effect can be achieved [156-160]. For example, phenolic compounds
(magnolol, eugenol, vanillin, protocatechuic acid, etc.) have natural antibacterial activities and
are often used as raw materials for antibacterial materials [157-160]. They act on bacterial cells
through various mechanisms, such as interacting with protein and bacterial cell walls, changing
the membrane permeability, inhibiting the synthesis of nucleic acid, or damaging DNA [161]. On
the one hand, antibacterial units can be functionalized into the main chain. Magnolol, as a natural
product containing both phenolic and allylic groups, has strong antibacterial activity. Cao et al.
synthesized a bio-based epoxy monomer (MGOL-EP) from natural magnolol (Figure 21a). A
fully bio-based and high-performance epoxy thermosetting resin (MGOL-EP-SC) was obtained
by self-curing, and its killing rate against S. aureus reached 48.4% (Figure 21b,c). The antibacterial
property was attributed to the mechanism that MGOL-EP-SC resin can damage the cell walls,
causing increased membrane permeability, leakage of cell components, and inhibition of S. aureus
growth [157]. On the other hand, antibacterial units can also be functionalized into the side
chains [158-160]. For example, Modjinou et al. designed an epoxidized eugenol network with
antioxidant and antibacterial properties using eugenol derivative (named epoxy eugenol, EE), and
the combination of eugenol derivative with a phenolic group and the addition of 70 wt% eugenol
derivative can reduce the bacterial adhesion of both S. aureus and E. coli by more than 90% [159].
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Figure 21. (a) Synthesis of epoxy monomer of MGOL-EP. (b) Staphylococcus aureus colonies survived
on the nutrient agar plates after treatment with blank, DGEBA /DDM, MGOL-EP/DDM, and MGOL-
EP-SC. (c) The antibacterial rates against Staphylococcus aureus of various samples. Reproduced
with permission from ref. [157]. Copyright 2022 Elsevier.
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In addition, new antibacterial groups can be designed by modifying bio-based monomers.
The most studied are Schiff bases formed by aldehydes/ketones reacting with amines (imine
bonds and hydrazone bonds) [155,162-165]. The antibacterial mechanism of Schiff bases
may be related to the free electrons in the nitrogen atoms, which facilitates the antibacterial
material to easily interact with the bacteria cell wall/membrane [166]. Tang et al. prepared
a bio-based thermosetting material with high performance, high flame retardancy (limiting
oxygen index 33.8%, UL-94 V-0 rating), and antibacterial properties. The Schiff bases in the
network provided 100% intrinsic antibacterial efficiency of epoxy resin, and it had good
antibacterial activity against E. coli and S. aureus. It is satisfactory that this material also has
good reprocessability and degradability due to the embedding of a Schiff base structure [163].
However, fully bio-based epoxy materials with simultaneously high mechanical, thermal,
and antibacterial properties have been rarely reported. Hu and co-workers obtained a fully
bio-based epoxy thermosetting resin (SA-GA-EP/DIFFA) from syringaldehyde-derived epoxy
monomer containing a Schiff base and curing agent of DIFFA synthesized from furylamine
(Scheme 25) [155]. Because of the Schiff base structure, SA-GA-EP/DIFFA not only has good
antibacterial activity against Gram-positive S. aureus (Figure 22), but also has a high Tg up
to 204 °C, a flame-retardant rating of UL-94 V-0, and a high limiting oxygen index (LOI) up
to 40.0%, which provides a new research avenue for the fully bio-based epoxy thermosets to
become high-performance and antibacterial materials [155].
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Scheme 25. Synthetic route to the fully bio-based epoxy thermoset from syringaldehyde-derived
epoxy monomer (SA-GA-EP) cured by a furan-derived amine (DIFFA).

In order to assess the practical viability and competitiveness of bio-based alternatives
in real applications. SA-GA-EP/DIFFA, MGOL-EP-SC, and MGOL-EP/DDM are taken as
typical representatives, and their mechanical properties, thermal stability, antibacterial, and
flame-retardant properties are summarized in Table 2 to compare with that of petroleum-
based epoxy resin. It can be seen from Table 2 that the comprehensive performance of the
SA-GA-EP/DIFFA, MGOL-EP-SC, and MGOL-EP/DDM is better than that of petroleum-
based epoxy resins, so they are promising substitutes for a DGEBA-based thermoset in
high-performance fire safe applications.

The manufacture of epoxy resin with flame retardancy, antibacterial properties, degrad-
ability, and high mechanical properties is difficult due to the contradiction between the
high cross-linking densities required for high-performance and flame retardancy, and the
mild and dynamic reversible conditions for reprocessability and degradability. Liu and
coworkers prepared a bio-based epoxy resin (HVPA /GDE) by curing the bio-based epoxy
of glycerol diglycidyl ether (GDE) with a novel vanillin-derived curing agent (HVPA)-
containing Schiff base (Scheme 26). Due to the uniform distribution of dynamic imine
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bonds in each cross-linking bond, the material not only has excellent flame retardancy (LOI
value of about 28.6%, UL-94 V-0 grade) and recyclability, but also the calculated kill rate
of both Escherichia coli and Staphylococcus aureus is about 100% (Figure 23). In addition,
HVPA /GDE has comparable mechanical properties to the epoxy resin formed by curing
GDE with a DDM curing agent. This gives the epoxy resin an excellent balance of fast self-
healing (100% within 8 min, no pressure), good shape memory, easy reprocessing (1.5 MPa,
3 min, 100 °C), mild degradation (acid hydrolysis), bacterial resistance, and acceptable
mechanical properties [164]. Furthermore, the hydrazone group as an important Schiff base
structure also has a good antibacterial effect. Xu et al. synthesized dihydrazone-containing
epoxide monomers (HBE, Scheme 27) by condensation of vanillin and hydrazine hydrate,
and prepared a novel dihydrazone-based covalent network by cross-linking. Due to the
hydrazone bond and methoxy on vanillin, the killing rate of E. coli was as high as 95.8%
(Figure 24A), and the dihydrazone covalent network still showed excellent stability and
hydrazone exchange at about 100 °C, which gave it excellent mechanical properties and
recyclability (Figure 24B) [165].

71 Ncreasing
Permeabjjjp,

S. aureus | Cell damaged

Figure 22. Antibacterial activities of (a,b) DGEBA/DDM and (c,d) SA-GA-EP/DIFFA against E. coli
and S. aureus; and (e) antibacterial mechanism of SA-GA-EP/DIFFA. Reproduced with permission
from ref. [155]. Copyright 2020 The Royal Society of Chemistry.

Table 2. Comparative analysis between these bio-based resins and traditional petroleum-based epoxy
resin.

. Curing E' (30 °C Flame Antibacterial Rate
E R T, o (° 4
poxy Tesi Agent 8 Tax CO MPa) Retardancy S. aureus E. coli Ref.
SA-GA-EP DIFFA 204 T109 =300 2188.7 V-0 antibacterial ~ antibacterial [155]
Td5% =360 low o, _
MGOL-EP-SC - 265 Tyo0, = 388 3789 flammability 48.4% [157]
TdS% =347 low 0, _
MGOL-EP DDM 204 Tyou, = 378 3884 flammability 31.98% [157]
DGEBA DDM 189 Tasy, =383 1727 no rating, 13.1% [157]

T1go, = 388 flammable
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Figure 23. Antibacterial effect of HVPA /GDE epoxy film on E. coil and S. aureus. Reproduced with

permission from ref. [163]. Copyright 2022 Elsevier.
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Scheme 27. Chemical structure of HBE containing hydrazone group.
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Figure 24. (A) Antibacterial activities of DER331-D400 (a) and HBE-D400 (b), (B) reprocessing of
HBE-D400 (DER331 is the trade name of DGEBA). Reproduced with permission from ref. [164].

Copyright 2020 The Royal Society of Chemistry.
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4. Conclusions, Challenges, and Opportunities

The raw material of bio-based epoxy resin is natural biomass, which has the ad-
vantages of being sustainable and environmentally friendly and is the most promising
substitute for petroleum resources for the preparation of bio-based epoxy resin. Bio-based
epoxy resins with different functions have their own structural characteristics. In this
review, functional bio-based epoxy resins are classified according to their structural char-
acteristics, and their synthesis is discussed. For example, the synthesis of flame-retardant
epoxy resins is usually achieved by introducing flame-retardant elements (P, Si, etc.), or
rigid and conjugated structures. For the preparation of recyclable/degradable/processable
bio-based epoxy resins, dynamic covalent bonds including ester bonds, disulfide bonds,
Schiff base structures, D-A addition structures, and acetal structures are usually introduced
into the polymer networks. Moreover, the introduction of these dynamic covalent bonds
is often used in the preparation of epoxy resins with shape memory. And the design of
antibacterial bio-based epoxy resins is usually realized by introducing antibacterial units
such as hydroxyl, Schiff base, and long alkyl chains. Then, the relationship between struc-
ture and performance was summarized and revealed. The purpose of this review is to
provide guidelines for the synthesis of functional bio-based epoxy resins and stimulate
the development of more types of functional bio-based epoxy resins. However, due to
the different chemical reactions that can occur for biomass raw materials with different
structures, a unified design and synthesis method cannot be given.

Functional bio-based epoxy resins improve their competitiveness because of their
unique properties, but there are still many problems to be solved. For example, biomass
feedstock has the characteristics of higher cost and smaller production scale. How to
improve the separation and purification technology of biomass and synthesize bio-based
epoxy resin with high purity and economic efficiency is a problem that needs to be solved
at present. In addition, most bio-based epoxy monomers are solid, and are more difficult to
process than DGEBA. For bio-based epoxy resins with recyclable/degradable/reprocessable
properties or shape memory ability, mechanical properties are often deteriorated by the
introduction of dynamic covalent bonds or flexible long chains. Therefore, seeking the
balance between mechanical properties and functional properties is a problem that needs to
be considered comprehensively in design and synthesis. However, flame-retardant epoxy
resins containing aromatic rings with a high char yield usually have brittle lack. In addition,
it should also be noted that high temperature may cause functional disappearance during
processing. Multifunctional bio-based epoxy resins should be developed, and this review
also lists several bio-based epoxy resins that are both flame-retardant and antibacterial, or
both flame-retardant and recyclable. Furthermore, more new kinds of functions need to be
developed to meet the needs of practical applications. And further research is necessary to
determine how to increase the bio-based content of epoxy resins.
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Abbreviation

Abbreviations
DGEBA

BPA

ECH

TEIA

Tg

m-CPBA
DOPO

HCCP

DGEBDB

DDM

D230

E51
PPDEG-EP
Ea

EP1 and EP2

DGEM
DDS

MTEP

DGEA
LOI
OmbFdE
TEGA
MI

ESS

TEP
FPAE

C-FPAE

BDB

EHCPP
DMA
VAN-AP
GE-VAN-AP
Get

CF

DADE
DADE-D230

HMDO

D-A reaction
FRP

MDS-EPO
MDA-EPO
ESO

ELO

ERSO

EOO

SMPs
Car-DCP-MAH
Car-DPC-MAH
PCM

Full names or Interpretation of abbreviations

Diglycidyl ether bisphenol A

Bisphenol A

Epichlorohydrin

A trifunctional epoxy resin from itaconic acid

Glass transition temperature

m-chloroperbenzoic acid
9,10-dihydro-9-oxo-10-phosphaphenanthrene-10-oxide
Hexachlorocyclotriphosphazene

A bio-based epoxy monomer containing DOPO units from vanillin

and guaiacol

4,4-diaminodiphenyl methane

Poly(propylene glycol) bis(2-aminopropyl ether) (D230, M, 230 g/mol)
commercial epoxy resin

A novel epoxy monomer from eugenol and phenylphosphonic dichloride
Activation energy

Two epoxy monomers from vanillin, two diamines and diethyl phosphate.
A fully bio-based epoxy resin precursor (DGEM) was synthesized from
a naturally occurring magnolol through a highly efficient one step process
4, 4'-diaminodiphenyl sulfone

A bio-based tetra-functional epoxy resin from a sustainable biomass
feedstock, magnolol

An apigenin-based epoxy monomer

Limiting oxygen index

A bis-furan diepoxide

2,2’-(ethane-1,2-diylbis(oxy)) bis(ethan-1-amine)

A dicarboxylic acid oligomer from isosorbate and maleic anhydride
epoxidized sucrose soybean meal

A bio-based triepoxy from vanillin and guaiacol

Rosin derivative

A bio-based epoxy vitrimer containing dynamic reversible boronic ester
bonds from FPAE
2,2’-(1,4-phenylene)-bis(4-mercaptan-1,3,2-dioxaborolane)

A cardanol-derived epoxy monomer

Dynamic mechanical analysis

An imine-embedded bisphenol intermediate

An epoxy monomer from vanillin and aminophenol used VAN-AP
Glycerol triglycidyl ether

Carbon fiber

An epoxy monomer containing aldehyde group from vanillin

a polymer network that cured DADE with D230

A bisphenol of HMDO containing acetal from natural resources of vanillin
and glycerol

Diels-Alder reaction

Fiber reinforced plastic

The epoxy resin containing dynamic disulfide bond

The epoxy resin cured by traditional curing agent

Epoxidized soybean oil

Epoxidized linseed oil

Epoxidized rubber seed oil

Epoxidized olive oi

Shape memory polymers

A cardanol-derived curing agent

A cardanol-derived curing agent

Phase change material
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EETS An epoxy monomer (EETS) from eugenol and 1,1,3,3-tetramethyldisiloxane
APDS 4-aminophenyl disulfide

FPA Fumarhippoic acid

MGOL-EP A bio-based epoxy monomer from natural magnolol

MGOL-EP-SC A fully bio-based and high-performance epoxy thermosetting resin

DIFFA A furan-derived amine

A fully bio-based epoxy thermosetting resin from syringaldehyde-derived

SA-GA-EP/DIFFA g hiff base epoxy monomer that cured with DIFFA

GDE The bio-based epoxy of glycerol diglycidyl ether
HVPA A novel vanillin-derived curing agent containing Schiff base
Dihydrazone-containing epoxide monomers by condensation of vanillin
HBE :
and hydrazine hydrate
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