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Abstract: The aim to achieve sustainable development goals (SDG) and cut CO2-emission is forcing
researchers to develop bio-based materials over conventional polymers. Since most of the established
bio-based polymeric materials demonstrate prominent sustainability, however, performance, cost,
and durability limit their utilization in real-time applications. Additionally, a sustainable circular
bioeconomy (CE) ensures SDGs deliver material production, where it ceases the linear approach from
production to waste. Simultaneously, sustainable circular bio-economy promoted materials should
exhibit the prominent properties to involve and substitute conventional materials. These interceptions
can be resolved through state-of-the-art bio-vitrimeric materials that display durability/mechanical
properties such as thermosets and processability/malleability such as thermoplastics. This article
emphasizes the current need for vitrimers based on bio-derived chemicals; as well as to summarize
the developed bio-based vitrimers (including reprocessing, recycling and self-healing properties) and
their requirements for a sustainable circular economy in future prospects.

Keywords: circular-economy; sustainable vitrimers; recycling; self-healing polymers

1. Introduction

Thermoset polymers exhibit excellent thermal and mechanical properties; however,
due to their permanent covalent crosslinked networks [1–4], thermoset polymers exhibit a
lack of recycling and reusability behavior [5]. An enormous amount of synthetic polymer
product has been used by modern society, most of which are derived from fossil fuels (also
known as petro based polymers) [6]. This continuous requirement of synthetic polymers
accelerated the fossil fuel exhaustion, and the disposal of these synthetic polymers causes
severe damages to the environment [7]. Thus, biobased monomers have been deployed
to control synthetic production. In addition, most available natural materials have been
promising components to produce bio-based polymers in an efficient manner. However,
the renewability of nature materials is still a concern for their utilization pervasively,
where constant extraction was not able to restore the natural environment. Owing to this,
severe concern is required to develop bio-based monomer-derived polymeric systems [8].
Significantly, the utilization of bio-based waste usage for polymer production would retain
the environment effectively and reduce the waste processing problems. Globally, many
government and non-government organizations are taking serious measures to reduce the
use of synthetic polymers and devise natural feedstocks utilizing polymer materials with
the advantages of reusability, reprocessability and recyclability [9,10]. The significance of
polymeric materials can also be increased by their reusability and self-repairable properties,
where the effective healing is helpful to regain the materials properties (mechanical, thermal,
electrical) which are helpful in deferring the waste [11,12]. The self-healing of polymers can
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be achieved in two effective ways vis-à-vis intrinsic [13–19] and extrinsic [20–24] concepts,
with intrinsic self-healing fascinating many investigators, [18,19,25] due to the absence of
external agents (vascular and capsule-based networks). Intrinsic self-healing was attained
via physical means [16,26–31]; hydrophobic, ionic, and hydrogen, etc.) and chemical [32–34]
reversible reactions.

To promote the healing and mechanical properties, Wu et al. has developed polydimethy
lsiloxane–dithiothreitol block polymer chains, where ultrahigh mobility to promote healing
speed and formed high density of hydroxyl and boronate ester dynamic cross-link ensures
good mechanical strength (0.43 MPa) and 1500% stretchability. Along with fast healing (30 s
after damage) at room temperature, the elastomer demonstrates excellent self-adhesiveness
to various surfaces both in air and under water [35]. However, the conductivity of these
conductive composite electrodes after healing is limited, and so therefore, the authors have
further incorporated silver nanowires in a polyborosiloxane (PBS)/polydimethylsiloxane
(PDMS) double-network (DN) matrix. The double network matrix is able to move not only
silver nanowires on the composite surfaces, but also heavier conductive fillers such as silver
microflakes embedded inside the bulk due to the highly viscous flow of PBS, yielding a bulk
resistivity as low as 0.002 Ω cm and achieving 100% restoration of its original conductivity
after damage without any external stimulus [36].

However, owing to higher bonding strength, chemical interactions are being investi-
gated more often. Dissociative dynamic covalent adaptive network exchange (DDCAN)
based Diels–Alder reaction is often studied, where developed thermosets exhibit self-
healing functions; however, a loss in network integrity was observed [37–39]. To display
structural integrity via a controlled density of cross-linking along with reprocessability and
self-healing properties, associative dynamic covalent adaptive network exchanges (AD-
CAN) have recently been focused upon by researchers. The major difference and advantage
of vitrimeric dynamic covalent adaptive networks have impeded network breakage due
to their associative processing mechanism. At the same time, the disassociative process
mechanism would relax the chain linkages during the presence of the stimulus and then
rearrange their network structure. Thus, the ADCAN vitrimer system could have the
maximum possibility of doing the exchanges without dimension failures [39–43].

In 2011, ADCAN exchange-based new polymers “vitrimers” were reported via trans-
esterification exchange reaction [42]. This introduction by Leibler et al. has extended the
thermal-based classification (thermoplastic and thermoset) in polymer material, where
these materials exhibit durability/mechanical properties such as thermosets and process-
ability/malleability such as thermoplastics [44–46]. In the case of vitrimers, the bonds get
reform without failure, owing to their dynamic network, and the temperature at which
chain exchange takes place, as well as crosses 1012 Pa.S viscosity denotes (Tv) topology tran-
sition temperature [47,48] where a slow exchange reaction below Tv and a faster exchange
reaction above Tv was observed. Therefore, Tv describes a lower and upper-temperature
limit required for recycling and service of materials [49]. Depending on the position of Tv
(after or before Tg) tends to follow the Williams Landel Ferry (WLF) equation (before Tg)
and the Arrhenius equation (Equation (1)) (Figure 1) (after Tg), where Ea denotes the mini-
mum energy required to start the exchange reaction [50]. The covalent adaptive network
exchange (ADCAN) behaviour of vitrimers allows for their reprocessing/recycling in most
of the performed material [51–53].

τ* = τ0 exp (Ea/RT)

where, Ea = activation energy; τ0 = characteristic relaxation time; τ* = relaxation time;
T = temperature; R = gas constant.

An abundant valorization of biomass wastes (like food, agriculture, etc.) would be
the prominent resource to perform or produce the bio-based polymer and the greater
substitution for the conventional polymers. On account of the availability of monomers
and their eco-friendly nature, bio-derived polymers have gained much attention in the past
decade [54–57].
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Figure 1. Temperature dependent phase transitions of vitrimers. (a) Tg below Tv and (b) Tv above Tg.
Reproduced with permission [52].

Furthermore, biopolymers have been developed using different bio-derivatives obtained
through various pathways including resources such as plant oils, [58,59] lignite [60–62] sac-
charides, [63] and isosorbides [64,65]. Generally, biopolymers (or) bio-plastics are derived
from different pathways like (a) extraction/ modification of bio-mass; (b) polymerization of
bio-monomers; and (c) extraction from bio-organisms (Figure 2) [66]. For example, natural
rubber is collected from “Hevea braziliensis” trees, where collected rubber requires process-
ing with hardener to attain commercial products such as tires [67], whereas starch-derived
polymers are prepared via a “gelatinization” process [68]. Moreover, the starch granules
processed bio-polymers have been widely used in packaging industries, along with differ-
ent plasticizers like glycerol, polyol and sorbitol [69]. Researchers have also focused on the
development of bio-composites, including bio-derived or bio-blends consisting of different
percentages of bio/synthetic derivatives [70,71].
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However, the properties of bio-based monomer-derived polymer are still showing
vulnerability in front of synthetic polymer. Owing to this, several research findings have
been reckoned to achieve a better bio-based polymer. In that scenario, developed bio-based
vitrimer material is providing an adequate commitment to reach the commercial polymer-
like properties. Several reports have been discussed regarding the vitrimeric behavior
in various polymers [50,72]; however, a limited discussion has been reported about the
bio-derived chemicals/monomers based vitrimers, which may herald a sustainable circular
bioeconomy. This review article covers bio-derived vitrimeric materials, including their
source materials, their recycling and self-healing properties, including future perspectives
aiming to attain a sustainable circular bioeconomy.
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2. Sustainable Circular Bioeconomy

The traditional polymer circular economy (CE) continues to be challenging due to its
reprocessing/recycle ability; also, at the same time, newly developed substitute materials
have not expressed similar performance to conventional materials involved in contempo-
rary applications. Hence, linear approaches such as “take-make-use-waste” have severely
affected sustainability modules where non-renewable resources have been used at max-
imum levels [73]. In addition, sustainability is termed along with the circular economy
paradigm in recent times, although material sustainability differs from CE material. The
circular economy mainly focuses on the economic, environmental and social impacts,
whereas sustainability is more about an ecological importance [74]. Globally, frameworks
have been formed to enhance the sustainable environment. The United Nations (UN) has
designed 17 sustainable development goals to be enforced in all countries in order to reach
the goal of a sustainable society by 2030 [75]. The 12th goal therein meticulously described
responsible production and consumption, which would be a stimulating factor for moving
toward a sustainable circular economy [76]. Thus, to achieve a sustainable circular economy,
the material should demonstrate ecologic inwardness for circular economy competence.
Substantially, the circular economy provides sustainability as a small quotient; however, in
the vast notion, major fossil resource utilization impacts the ecology. Thus, a sustainability
circular bioeconomy has been recommended in recent times to perpetuate bio waste as a
producible medium, where the waste burning could cause the severe CO2 emissions [77].
Owing to this, several bio polymer-related studies have been reported to be in-line with
reuse, repair, recycle and reprocess ability. Significantly, 3R’s (Reduce-Reuse-Recycle) stated
CE materials are inadequately included at real-time application than the reported materials,
where it has occurred due to their lack of properties. Overall, a subtle approach is required
to manufacture the sustainable circular bioeconomy to determine material for real-time ap-
plication needs [78]. In that scenario, biovitrimer performance gives the strength to envision
a sustainable circular bioeconomy. In the pinnacle, transcend that the close loop material
has also extended its frontiers with an upcycle treatment for better results [79]. Overall,
different bio-based vitrimer material details could diversify the field of vitrimer based
sustainable circular bioeconomy; thus, this report describes the bio-vitrimers classification
for the future embedment.

3. Classification of Bio-Vitrimers

Based on the involvement of renewable sources, vitrimeric materials can be classified
as labelled in Figure 3 [55], where fully bio-based vitrimers are synthesized using only
bio-derived chemicals, whereas in the case of partial bio-vitrimers, the network formation
can be achieved using petroleum based molecules along with bio-derived chemicals.
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3.1. Fully Bio-Based Vitrimer
3.1.1. Lignin Derivatives

Lignin based materials have covered a large section of bio-vitrimeric materials, where
in a very first report zinc catalyzed fully bio-based vitrimers were developed using epoxy
monomers derived from sebacic acid, cured with lignin molecules decorated with ozone
functional groups, and covalent network exchanges were achieved through transester-
ification reaction exchanges [80]. An increment of lignin content is useful to enrich
hydroxyl/ester groups in crosslink network, helpful to improve the mechanical and
thermal properties. The generated epoxy vitrimer exhibits a prevailed shape memory
and self-healing behaviors at 190 ◦C (5 min; healing efficiency = 70%), and at 80 ◦C
(recovery ratio = 87–97%), respectively, and hence demonstrated fast stress relaxation at
above 160 ◦C through transesterification reaction. Furthermore, recovering adhesive behav-
ior was investigated through lap shear test, where aluminum sheets were joined together.
The epoxy vitrimer adhesive joint exhibited sufficient strength (6.5 MPa) comparable to
commercially available EPO glues (8 MPa), where after breaking, the separated sheets
were joined together at 190 ◦C. The repaired material (recovered via transesterification
exchange) shows 5 MPa shear strength [80]. In addition, zinc acetylacetonate (Zn (acac)2)
prompted poly (ethylene glycol) diglycidyl ether (PEG-epoxy) were treated with lignin
derived polycarboxylic acid (L-COOH).

Rana et al. has reported a sustainable vitrimer, prepared by incorporating biomass-
derived activated carbon (AC) filler into the epoxy matrix [81]. The epoxy vitrimer has
been prepared in single step reaction with bisphenol A diglycidyl ether (BADGE) and 2-
aminophenyl disulfide (2-AFD) at 80 ◦C for 15 min and then added a different percentage
of activated carbon dispersed solution into that. Subsequently, the mixture was poured
into the mould and cured at 150 ◦C for 5 h. After that, the disulfide exchanges promoted
temperature-dependent self-healing observed at 80 ◦C for 5 min in pristine epoxy vitrimer,
and the material had demonstrated a lower temperature self-healing at 70 ◦C for 5 min
upon the addition of activated carbon. Healing efficiency evaluated via flexural studies
highlighted a prominent recovery in vitrimer biocomposites with 1 wt% of AC, where 85%
and 70% efficiency was exhibited after two consecutive healings (Figure 4). The obtained
vitrimers were used as a coating material, displaying thermal self-healing via a transes-
terification process. The performed vitrimer was optimized with different percentages of
PEG-epoxy/L-COOH (1:1, 1:1.5, 1:2) [82]. The prepared sample relaxation was analyzed
through stress relaxation studies, where 1:1.5 composition exhibited slower relaxation than
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the 1:1 and 1:2 samples. Thus, higher hydroxyl and carboxyl content contained epoxy
vitrimer 1:1 and 1:2 samples were helpful to achieve a self-healing efficiency 90% and 100%,
respectively, at 200 ◦C for 30 min. At the same time, epoxy 1:1.5 had resulted 60% healing
efficiency at same conditions, with an extrapolated activation energy (Ea) of the epoxy
vitrimer 1:1 of 54.42 kJ/mol.

To demonstrate removability and repairability, the developed vitrimer polymer was
coated onto tin plates, where the coating demonstrates almost 90% self-healing efficiency.
To avoid the presence of toxic catalyst, a catalyst free mechanism has been developed [83].
In addition, lignin-based disulfide promoted catalyst free (vanillin-derived dialdehyde
and amine monomers involved) bio-based vitrimer was demonstrated with prominent
reprocessability and self-healing ability. The performed catalyst free vanillin vitrimer was
optimized with different hardener molar ratios of tris (2-aminoethyl) amine and (4,4′-
disulfanediyldianiline) [84].
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Figure 4. (a) Self-healing of the epoxy vitrimer (i) pristine EP-p, (ii) cut into two pieces, and (iii)
rejoined. Healing efficiency of vitrimer was calculated via the stress-strain relationship for (b) EP-p
and (c) EP-1. Reproduced with permission [81].

3.1.2. Fructose Derivatives

Fructose derived furan dialdehyde based vitrimers were developed when crosslinked
with furan dialdehyde via imine exchange reactions, where vitrimeric materials demon-
strate a fast stress relaxation (at r.t.) owing to imine reversible bonds (dynamic exchange).
The activation energy (Ea = 64 KJ/mol) of the vitrimer network follows Arrhenius behaviour
exhibited an energy lower than the reported polyimine dynamic [85–91] and vitrimer [41]
networks activation energies, whereas Tg (−10 ◦C) of bio-based polyimine vitrimer was
higher than the Tv (−60 ◦C). Reprocessing was demonstrated three times (at 120 ◦C for
10 min) without any significant loss of the mechanical properties [50]. Subsequently, sugar
derived dimethyl-2,5-furan dicarboxylate (DMFD) include polyester-hydroxy urethanes
was prepared without isocyanate. Transcarbomylation reactions based covalent dynamic
exchange was observed for the developed non-isocyanate polyester-urethane (NIPHEU)
vitrimer (Figure 5) [92].
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The reported polymer exhibits good thermal stability including melting temperature
(93 and 110 ◦C), as well as the onset degradation temperatures ranging from 170 to 220 ◦C,
prompted by thermally-induced bond exchanges via transcarbamoylation mechanism.

3.1.3. Soybean and Castor Oil

Owing to their abundant availability and better biocompatibility, plants oil derived
polymers have often been discussed, with epoxidized soybean oil, a soybean oil derived
commercially available at low cost. The design of a plant oil derived vitrimer with high
glass transition temperature and mechanical strength represents a significant challenge.
Liu and coworkers demonstrated a fully bio-based epoxy vitrimer, where the performed
epoxy vitrimer was prepared from ESO and rosin derived Fumaropimaric acid (FPA) with
zinc acetylacetonate catalyst, demonstrating exchange via transesterification reactions. The
materials properties were optimized based on the involvement of FPA in network (ESO-
FPA1.0, ESO-FPA0.8 and ESO-FPA0.6), with the ESO-FPA1.0 cured network exhibiting
the higher Tg (65 ◦C). FPA derived ESO-FPA1.0 in vitrimer network attained a higher
tensile strength (16.62 MPa) than the conventional citric acid cured ESO (0.6 MPa) networks.
This might be due to the presence of a rigid hydrogenated phenanthrene ring and more
reactive groups of FPA, resulted in higher crosslinking density. Shape memory behavior
was described at 80 ◦C (which was above Tg) for 30 min and deformation of the shape was
analyzed at 160 ◦C for 30 min, resulting in the shape fixity ratio (Rf) and shape recovery
ratio (Rr) of 98% and 89%, respectively. The performed vitrimer material was degraded
with ethanol at 120 ◦C for 2 h, where ethanol hydroxyl groups were reacted with the ESO-
FPA ester groups, and curing happened without the involvement of a catalyst. However,
recycled vitrimer exhibits a reduction in Tg (65 ◦C to 30 ◦C) and it reproduces only 88%
(16 MPa to 10.5 MPa) of its initial mechanical strength [93]. In addition, a catalyst free
vegetable oil derived (epoxidized soybean oil (ESO) cured with 4,4′-dithiodiphenylamine
(APD)) epoxy vitrimer network was demonstrated. Varying percentage of crosslinked
networks were investigated including the different curing time at 180 ◦C. However, the
ESOV-28 (28 h cured) specimen demonstrates prominent tensile strength owing to its high
crosslink density. All the performed samples displayed a similar thermal stability (without
constrain of gel fraction); hence, described catalyst-free bio vitrimer material promoted
their exchanges via disulfide exchanges and reprocessed efficiently at 180 ◦C for 10 min
under 20 MPa pressure [94].

3.2. Partially Bio-Based Vitrimers
3.2.1. Lignin Based Derivatives

Lignin-derived eugenol-based epoxy vitrimers have been prepared by Zhang and
coworkers, where transesterification reaction promoted covalent adaptive network ex-
changes were achieved. The synthesized eugenol epoxy was further reacted with succinic



Polymers 2022, 14, 4338 8 of 14

anhydride (SA) in the presence of zinc catalyst [95]. The performed eugenol derived epoxy
vitrimer demonstrates self-healing at 190 ◦C, and shape memory and fast stress relaxation
at 80 ◦C and 200 ◦C, respectively. Hence recycling of the material was achieved through
physical and chemical principles, where the epoxy vitrimers were pocessed at 160 ◦C for
1h in hot press, and further the chemical degradation/decomposition of the polymer took
place at 160 ◦C in the presence of ethanol (Figure 6). In another study, lignin derived
vanillin based di-aldehyde monomer was treated with conventional diamine to obtain the
corresponding bio-based vitrimers, where imine covalent exchange enables the physical
reprocessing and chemical recycling. The dynamic imine metathesis reaction promotes
self-healing at 180 ◦C for 1h. Cut sample shows optimal mechanical recovery after healing
at 150 ◦C for 1 h (healing efficiency = 74.5%). At the same temperature, physical reprocess-
ing was performed for 10 min, and the efficiency of reprocessed vitrimer was evaluated
obtaining a 71.2% tensile strength and 72.8% elongation at break after three hot-pressing
cycles. The chemical recycling was observed under an acidic environment at 50 ◦C, and the
obtained aldehyde monomer can be reused again for the preparation of vitrimers [96].
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3.2.2. Isosorbide Derivative

Isosorbide derived monomers were reacted with aromatic diamines (4,4′-disulfanediyl
dianiline (MDS)) to obtain a ADCAN induced vitrimer material, where covalent network
exchange takes place through a disulfide metathesis reaction. The resulting material
demonstrate excellent thermomechanical properties in comparison to the conventional
epoxy cured using 4,4′-methylenedianiline (MDA). The material exhibited a prominent
reprocessing/self-healing at 100 ◦C for 60 min and shape memory at 80 ◦C for 1 min. The
materials degrade in 5 wt% NaOH aqueous solution, owing to the presence of isosor-
bide [72].

4. Bio-Based Vitrimer Composites

The addition of carbon based nanofillers are helpful to obtain the thermal and photo
induced transesterification based covalent exchanges in the bio-based epoxy networks. The
addition of nanofillers is also helpful to rapid up the shape recovery, where NIR induced
shape memory was observed even after fifth cycle (Recovery ratio = 100%), as well as a
reduction in recovery time was observed due to light energy absorbed capacity of CNTs
(which get convert into the thermal energy; Ea = 40.73 to 54.91 kJ/mol) [97]. The addition
of nanofiller is not only helpful to improve the mechanical and thermal properties, it is
also helpful to improve the adhesive fracture energy, as well as stress relaxation. The tran-
scarbonation exchange based materials demonstrate prominent mechanical properties, as
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well as exhibiting reprocessing, self-healing and shape memory properties (Table 1), where
tensile strength can be controlled based on the ratio between 1,3-Propanediol (PD) and bis
(6-membered cyclic carbonate) (BCC). This change in tensile strength was observed due
to their crosslink density, where PD soft segments were included in less; hence, the paper
cellulose fiber network made the hydrogen bond interaction with covalently crosslinked
vitrimer network helpful to enhance the mechanical properties. The reported material
exhibits self-healing and shape memory at 150 ◦C, whereas, separately cut samples were
reconnected together at 170 ◦C at 4 MPa, resulted a 80% healing efficiency [98].

Table 1. Different bio-based vitrimers.

Bio-Based
Derivatives Material Recycling/

Reprocessing Self-Healing Shape Memory Ref.

Lignin based

Epoxy derived from eugenol
with succinic anhydride

190 ◦C for 1 h,
Low efficiency a,#

190 ◦C for 1 h,
90% b

80 ◦C for less than
minute, 100% c [95]

Dialdehyde monomer derived
from vanillin with
conventional diamine

150 ◦C for 10 min,
71.2% a,*

150 ◦C for 1 h,
74.5% b - [96]

Dialdehyde derived from
vanillin and amine monomers

60 ◦C for 20 min,
Maximum
efficiency a,#

Addition of
ethylene diamine - [84]

Epoxy derived from sebacic
acid and ozone crafted lignin - 190 ◦C for 5 min,

70% b
80 ◦C for less than
minute, 87–97% c [80]

Fructose Furan dialdehyde and fatty
acid-based diamine/ triamine

120 ◦C for 10 min,
Nearly 100% a,* - - [50]

Soybean &
Castor oil

Fumaropim-aric acid (FPA)
derived from Rosin and
epoxidized soybean oil (ESO)

120 ◦C for 2 h, 88% a,* 180 ◦C for 60 min,
Nearly 100%

80 ◦C for 30 min,
89% [93]

4,4′-dithiodiphenylamine
(APD) cured Epoxidized
soybean oil (ESO)

180 ◦C for 10 min
under 20 MPa,
80% a,~

- - [94]

Vinylogus urethane vitrimer
derived from aminate
DL-limonene (AL)

160 ◦C, 6 MPa for
30 min - 70 ◦C for 1 min,

100% [99]

Isosorbide Isosorbide derived epoxy and
aromatic diamines

100 ◦C for 1 h,
82.6% a,*

100 ◦C for 1 h,
100% b

80 ◦C for 1 min
100% [72]

Natural rubber

Dodecanedioic acids (DAs)
and aniline trimer (ACAT)
derived epoxidized natural
rubber

200 ◦C for 20 min,
88% a,#

NIR and 200 ◦C for
30 min, 80% b

NIR and 80 ◦C for
less than minute,
95% c

[100]

Composite

Cellulose paper from
1,3-Propanediol (PD) and bis
(6-membered cyclic carbonate)
(BCC) and

HCl at 90 ◦C for 36 h

160 ◦C for 10 s,
75% b,*,ˆ and
170 ◦C for 2 h,
4 MPa, 80% b,*,$

150 ◦C for less than
minute c [98]

Carbon nano tubes (MWNT)
with epoxy/cashew
nutshell liquid

- -
NIR and 60 ◦C for
less than minute,
100% c

[97]

[a]-recovery efficiency. [b]-healing efficiency. [c]-shape recovery ratio. [*]-tensile strength. [#]-stress-strain.
[ˆ]-scratch. [$]-cut and overlapped. [~]-elongation at break.

5. Research Gap and Limitations

Prudently, bio-vitrimer is a promising material to achieve the sustainable circular bio-
economy; however, more investigation is required to include these materials in real-time
applications. Constantly, several polymer materials have been experimented with vitrimer
mechanisms, though the performed material excessively carried out their exchanges via
trans esterification reaction; specifically, some of them required the catalyst to exhibit the
covalent exchanges. Owing to this, more relevant vitrimer mechanism executed material
should be performed with a bio-based monomer. A material with extensive properties is
always required to epitome for future perpetuation. On account of this, bio-based vitrimer
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material would have been only prepared with the bio feedstocks, and their wastes could
not be part of an efficient practice to achieve a sustainable circular bio-economy. Along
with that, catalyst free self-healing, recycling and reusability of the vitrimer mechanism-
included upscaling is highly demandable. Altogether, for the upcoming requirements of the
material world, these bio-based vitrimer materials could be developed with the catalyst-free
exchange mechanism with low-temperature self-healing. Also, nanofiller addition-based
studies would enhance their inclusion in a wide range of applications.

6. Outlook and Prospective

Renewable resource based materials are gaining much attention in an attempt to
achieve sustainability objectives [54]. These bio-based recyclable polymeric materials are
highly recommendable as a solution for plastic pollution. Instead of the conventional
(thermoset and thermoplastic) synthetic polymers, bio-based vitrimers could be a future
generation sustainable polymer, helpful in resolving the disposal challenges of polymeric
materials. However, for practical applications, the poor mechanical and thermal stability of
bio-polymers is prejudicial. Therefore, it is desirable to develop a catalyst free controlled
cross-linked density bio-polymers including stress-relaxation ability, softening temperature,
and activation energy for bond exchange with good thermal and mechanical properties.
Given the large amount of thermoset-materials in polymer technology, the perspective to
use recyclable materials in the vitrimeric concept is attractive, as modern regulations for
polymers, their recyclabilities, together with the need to reduce CO2-emission, is pressing.
Catalyst-free vitrimers can provide a temperature dependent recycling of many of the
thermosetting polymers currently in use. Specifically, for accomplishing sustainability
development goals and also predominantly for the sustainable circular bio economy, more
efforts are required for the development of new smart materials with 3R’s (Reduce-Reuse-
Recycle) properties. Society has opined that self-enrichment is inadequate to make for a
better life; consequently, the concern about sustainability leads the globe toward a grave
situation. Measures, however, have been taken to overcome this, as well as to ensure a
flourishing future environment. Altogether, bio vitrimer systems are a promising material
for achieving sustainable circular bioeconomy goals.

7. Conclusions

Comprehensively, this article covers bio-based vitrimer and provides research insights
into the sustainable circular economy and future needs. To be precise, bio-based derived
material and their incorporation with a vitrimer mechanism have been detailed here with
evident outcome properties in a certain condition. Additionally, bio-based vitrimeric com-
posite exhibited enhancements in properties and thus could be further explored. Adequate
research is required in this area to meet and establish a sustainable circular bioeconomy.
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References
1. Shiota, A.; Ober, C.K. Rigid rod and liquid crystalline thermosets. Prog. Polym. Sci. 1997, 22, 975–1000. [CrossRef]
2. Raquez, J.-M.; Deléglise, M.; Lacrampe, M.-F.; Krawczak, P. Thermosetting (bio)materials derived from renewable resources: A

critical review. Prog. Polym. Sci. 2010, 35, 487–509. [CrossRef]
3. Rutz, B.H.; Berg, J.C. A review of the feasibility of lightening structural polymeric composites with voids without compromising

mechanical properties. Adv. Colloid Interface Sci. 2010, 160, 56–75. [CrossRef]
4. Kaiser, T. Highly crosslinked polymers. Prog. Polym. Sci. 1989, 14, 373–450. [CrossRef]
5. Sharma, H.; Kumar, A.; Rana, S.; Guadagno, L. An Overview on Carbon Fiber-Reinforced Epoxy Composites: Effect of Graphene

Oxide Incorporation on Composites Performance. Polymers 2022, 14, 1548. [CrossRef]
6. Meier, M.A.R.; Metzger, J.O.; Schubert, U.S. Plant oil renewable resources as green alternatives in polymer science. Chem. Soc. Rev.

2007, 36, 1788–1802. [CrossRef]
7. Zhang, C.; Show, P.-L.; Ho, S.-H. Progress and perspective on algal plastics—A critical review. Bioresour. Technol. 2019, 289, 121700.

[CrossRef] [PubMed]
8. Owusu, P.A.; Asumadu-Sarkodie, S. A review of renewable energy sources, sustainability issues and climate change mitigation.

Cogent Eng. 2016, 3, 1167990. [CrossRef]
9. Zhang, X.; Fevre, M.; Jones, G.O.; Waymouth, R.M. Catalysis as an Enabling Science for Sustainable Polymers. Chem. Rev. 2018,

118, 839–885. [CrossRef]
10. Hong, M.; Chen, E.Y.X. Future Directions for Sustainable Polymers. Trends Chem. 2019, 1, 148–151. [CrossRef]
11. Guadagno, L.; Vertuccio, L.; Naddeo, C.; Calabrese, E.; Barra, G.; Raimondo, M.; Sorrentino, A.; Binder, W.H.; Michael, P.; Rana, S.

Reversible self-healing carbon-based nanocomposites for structural applications. Polymers 2019, 11, 903. [CrossRef]
12. Son, D.H.; Kim, G.Y.; Jeong, J.E.; Lee, S.H.; Park, Y.I.; Kong, H.; Cheong, I.W.; Kim, J.C. Influence of Material Properties on the

Damage-Reporting and Self-Healing Performance of a Mechanically Active Dynamic Network Polymer in Coating Applications.
Molecules 2021, 26, 2468. [CrossRef]

13. Yuan, Y.C.; Yin, T.; Rong, M.Z.; Zhang, M.Q. Self healing in polymers and polymer composites. Concepts, realization and outlook:
A review. Express Polym. Lett. 2008, 2, 238–250. [CrossRef]

14. Sordo, F.; Michaud, V. Processing and damage recovery of intrinsic self-healing glass fiber reinforced composites. Smart Mater.
Struct. 2016, 25, 84012. [CrossRef]

15. Guimard, N.K.; Oehlenschlaeger, K.K.; Zhou, J.; Hilf, S.; Schmidt, F.G.; Barner-Kowollik, C. Current trends in the field of
self-healing materials. Macromol. Chem. Phys. 2012, 213, 131–143. [CrossRef]

16. Raimondo, M.; Calabrese, E.; Binder, W.H.; Michael, P.; Rana, S.; Guadagno, L. Tunneling Atomic Force Microscopy Analysis of
Supramolecular Self-Responsive Nanocomposites. Polymers 2021, 13, 1401. [CrossRef]

17. Herbst, F.; Döhler, D.; Michael, P.; Binder, W.H. Self-healing polymers via supramolecular forces. Macromol. Rapid Commun. 2013,
34, 203–2020. [CrossRef]

18. Chen, S.; Mahmood, N.; Beiner, M.; Binder, W.H. Self-Healing Materials from V- and H-Shaped Supramolecular Architectures.
Angew. Chemie Int. Ed. 2015, 54, 10188–10192. [CrossRef]

19. Herbst, F.; Schröter, K.; Gunkel, I.; Gröger, S.; Thurn-Albrecht, T.; Balbach, J.; Binder, W.H. Aggregation and Chain Dynamics in
Supramolecular Polymers by Dynamic Rheology: Cluster Formation and Self-Aggregation. Macromolecules 2010, 43, 10006–10016.
[CrossRef]

20. Zhu, D.Y.; Rong, M.Z.; Zhang, M.Q. Self-healing polymeric materials based on microencapsulated healing agents: From design to
preparation. Prog. Polym. Sci. 2015, 49–50, 175–220. [CrossRef]

21. Thakur, V.K.; Kessler, M.R. Self-healing polymer nanocomposite materials: A review. Polymer 2015, 69, 369–383. [CrossRef]
22. Blaiszik, B.J.; Sottos, N.R.; White, S.R. Nanocapsules for self-healing materials. Compos. Sci. Technol. 2007, 68, 978–986. [CrossRef]
23. Rana, S.; Döhler, D.; Nia, A.S.; Nasir, M.; Beiner, M.; Binder, W.H. ‘Click’-Triggered Self-Healing Graphene Nanocomposites.

Macromol. Rapid Commun. 2016, 37, 1715–1722. [CrossRef] [PubMed]
24. Neumann, S.; Biewend, M.; Rana, S.; Binder, W.H. The CuAAC: Principles, Homogeneous and Heterogeneous Catalysts, and

Novel Developments and Applications. Macromol. Rapid Commun. 2020, 41, 1900359. [CrossRef]

http://doi.org/10.1016/S0079-6700(97)00014-2
http://doi.org/10.1016/j.progpolymsci.2010.01.001
http://doi.org/10.1016/j.cis.2010.07.005
http://doi.org/10.1016/0079-6700(89)90007-5
http://doi.org/10.3390/polym14081548
http://doi.org/10.1039/b703294c
http://doi.org/10.1016/j.biortech.2019.121700
http://www.ncbi.nlm.nih.gov/pubmed/31262543
http://doi.org/10.1080/23311916.2016.1167990
http://doi.org/10.1021/acs.chemrev.7b00329
http://doi.org/10.1016/j.trechm.2019.03.004
http://doi.org/10.3390/polym11050903
http://doi.org/10.3390/molecules26092468
http://doi.org/10.3144/expresspolymlett.2008.29
http://doi.org/10.1088/0964-1726/25/8/084012
http://doi.org/10.1002/macp.201100442
http://doi.org/10.3390/polym13091401
http://doi.org/10.1002/marc.201200675
http://doi.org/10.1002/anie.201504136
http://doi.org/10.1021/ma101962y
http://doi.org/10.1016/j.progpolymsci.2015.07.002
http://doi.org/10.1016/j.polymer.2015.04.086
http://doi.org/10.1016/j.compscitech.2007.07.021
http://doi.org/10.1002/marc.201600466
http://www.ncbi.nlm.nih.gov/pubmed/27644037
http://doi.org/10.1002/marc.201900359


Polymers 2022, 14, 4338 12 of 14

25. Chen, S.; Binder, W.H. Dynamic Ordering and Phase Segregation in Hydrogen-Bonded Polymers. Acc. Chem. Res. 2016, 49,
1409–1420. [CrossRef]

26. Brunsveld, L.; Folmer, B.J.B.; Meijer, E.W.; Sijbesma, R.P. Supramolecular Polymers. Chem. Rev. 2001, 101, 4071–4098. [CrossRef]
27. Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Self-healing and thermoreversible rubber from supramolecular assembly.

Nature 2008, 451, 977–980. [CrossRef]
28. Guadagno, L.; Vertuccio, L.; Naddeo, C.; Calabrese, E.; Barra, G.; Raimondo, M.; Sorrentino, A.; Binder, W.H.; Michael, P.; Rana, S.

Self-healing epoxy nanocomposites via reversible hydrogen bonding. Compos. Part B Eng. 2019, 157, 1–13. [CrossRef]
29. Tamate, R.; Hashimoto, K.; Horii, T.; Hirasawa, M.; Li, X.; Shibayama, M.; Watanabe, M. Self-Healing Micellar Ion Gels Based on

Multiple Hydrogen Bonding. Adv. Mater. 2018, 30, 1802792. [CrossRef]
30. Tian, K.; Bae, J.; Suo, Z.; Vlassak, J.J. Adhesion between Hydrophobic Elastomer and Hydrogel through Hydrophilic Modification

and Interfacial Segregation. ACS Appl. Mater. Interfaces 2018, 10, 43252–43261. [CrossRef]
31. Schneider, H.-J.; Yatsimirsky, A.K. Selectivity in supramolecular host–guest complexes. Chem. Soc. Rev. 2008, 37, 263–277.

[CrossRef] [PubMed]
32. Pramanik, N.B.; Nando, G.B.; Singha, N.K. Self-healing polymeric gel via RAFT polymerization and Diels–Alder click chemistry.

Polymer 2015, 69, 349–356. [CrossRef]
33. Kötteritzsch, J.; Geitner, R.; Ahner, J.; Abend, M.; Zechel, S.; Vitz, J.; Hoeppener, S.; Dietzek, B.; Schmitt, M.; Popp, J.; et al.

Remendable polymers via reversible Diels–Alder cycloaddition of anthracene-containing copolymers with fullerenes. J. Appl.
Polym. Sci. 2018, 135, 45916. [CrossRef]

34. Khan, N.I.; Halder, S.; Gunjan, S.B.; Prasad, T. A review on Diels-Alder based self-healing polymer composites. IOP Conf. Ser.
Mater. Sci. Eng. 2018, 377, 12007. [CrossRef]

35. Tang, M.; Li, Z.; Wang, K.; Jiang, Y.; Tian, M.; Qin, Y.; Gong, Y.; Li, Z.; Wu, L. Ultrafast self-healing and self-adhesive polysiloxane
towards reconfigurable on-skin electronics. J. Mater. Chem. A 2022, 10, 1750–1759. [CrossRef]

36. Tang, M.; Zheng, P.; Wang, K.; Qin, Y.; Jiang, Y.; Cheng, Y.; Li, Z.; Wu, L. Autonomous self-healing, self-adhesive, highly
conductive composites based on a silver-filled polyborosiloxane/polydimethylsiloxane double-network elastomer. J. Mater. Chem.
A 2019, 7, 27278–27288. [CrossRef]

37. Fuhrmann, A.; Broi, K.; Hecht, S. Lowering the Healing Temperature of Photoswitchable Dynamic Covalent Polymer Networks.
Macromol. Rapid Commun. 2018, 39, 1700376. [CrossRef]

38. Jurowska, A.; Jurowski, K. Vitrimers—The miracle polymer materials combining the properties of glass and plastic? Chemik 2015,
69, 389–394.

39. Denissen, W.; Winne, J.M.; Prez, F.E.D. Vitrimers: Permanent organic networks with glass-like fluidity. Chem. Sci. 2016, 7, 30–38.
[CrossRef]

40. Hansen, C.J.; White, S.R.; Sottos, N.R.; Lewis, J.A. Accelerated self-healing via ternary interpenetrating microvascular networks.
Adv. Funct. Mater. 2011, 21, 4320–4326. [CrossRef]

41. Zheng, H.; Liu, Q.; Lei, X.; Chen, Y.; Zhang, B.; Zhang, Q. A conjugation polyimine vitrimer: Fabrication and performance. J.
Polym. Sci. Part A Polym. Chem. 2018, 56, 2531–2538. [CrossRef]

42. Capelot, M.; Montarnal, D.; Tournilhac, F.; Leibler, L. Metal-Catalyzed Transesterification for Healing and Assembling of
Thermosets. J. Am. Chem. Soc. 2012, 134, 7664–7667. [CrossRef] [PubMed]

43. Chakma, P.; Konkolewicz, D. Dynamic Covalent Bonds in Polymeric Materials. Angew. Chemie Int. Ed. 2019, 58, 9682–9695.
[CrossRef]

44. Krishnan, B.P.; Saalwaechter, K.; Adjedje, V.K.B.; Binder, W.H. Design, Synthesis and Characterization of Vitrimers with Low
Topology Freezing Transition Temperature. Polymers 2022, 14, 2456. [CrossRef]

45. Alabiso, W.; Schlögl, S. The Impact of Vitrimers on the Industry of the Future: Chemistry, Properties and Sustainable Forward-
Looking Applications. Polymers 2020, 12, 1660. [CrossRef]

46. Altuna, F.I.; Hoppe, C.E.; Williams, R.J.J. Epoxy vitrimers: The effect of transesterification reactions on the network structure.
Polymers 2018, 10, 43. [CrossRef] [PubMed]

47. Ediger, M.D.; Angell, C.A.; Nagel, S.R. Supercooled Liquids and Glasses. J. Phys. Chem. 1996, 100, 13200–13212. [CrossRef]
48. Dyre, J.C. Colloquium: The glass transition and elastic models of glass-forming liquids. Rev. Mod. Phys. 2006, 78, 953–972.

[CrossRef]
49. Yang, Y.; Zhang, S.; Zhang, X.; Gao, L.; Wei, Y.; Ji, Y. Detecting topology freezing transition temperature of vitrimers by AIE

luminogens. Nat. Commun. 2019, 10, 3165. [CrossRef]
50. Dhers, S.; Vantomme, G.; Avérous, L. A fully bio-based polyimine vitrimer derived from fructose. Green Chem. 2019, 21, 1596–1601.

[CrossRef]
51. Li, A.; Fan, J.; Li, G. Recyclable thermoset shape memory polymers with high stress and energy output: Via facile UV-curing. J.

Mater. Chem. A 2018, 6, 11479–11487. [CrossRef]
52. Krishnakumar, B.; Sanka, R.V.S.P.; Binder, W.H.; Parthasarthy, V.; Rana, S.; Karak, N. Vitrimers: Associative dynamic covalent

adaptive networks in thermoset polymers. Chem. Eng. J. 2020, 385, 123820. [CrossRef]
53. Krishnakumar, B.; Sanka, R.S.P.; Binder, W.H.; Park, C.; Jung, J.; Parthasarthy, V.; Rana, S.; Yun, G.J. Catalyst free self-healable

vitrimer/graphene oxide nanocomposites. Compos. Part B Eng. 2020, 184, 107647. [CrossRef]

http://doi.org/10.1021/acs.accounts.6b00174
http://doi.org/10.1021/cr990125q
http://doi.org/10.1038/nature06669
http://doi.org/10.1016/j.compositesb.2018.08.082
http://doi.org/10.1002/adma.201802792
http://doi.org/10.1021/acsami.8b16445
http://doi.org/10.1039/B612543N
http://www.ncbi.nlm.nih.gov/pubmed/18197343
http://doi.org/10.1016/j.polymer.2015.01.023
http://doi.org/10.1002/app.45916
http://doi.org/10.1088/1757-899X/377/1/012007
http://doi.org/10.1039/D1TA09096H
http://doi.org/10.1039/C9TA09158K
http://doi.org/10.1002/marc.201700376
http://doi.org/10.1039/C5SC02223A
http://doi.org/10.1002/adfm.201101553
http://doi.org/10.1002/pola.29232
http://doi.org/10.1021/ja302894k
http://www.ncbi.nlm.nih.gov/pubmed/22537278
http://doi.org/10.1002/anie.201813525
http://doi.org/10.3390/polym14122456
http://doi.org/10.3390/polym12081660
http://doi.org/10.3390/polym10010043
http://www.ncbi.nlm.nih.gov/pubmed/30966078
http://doi.org/10.1021/jp953538d
http://doi.org/10.1103/RevModPhys.78.953
http://doi.org/10.1038/s41467-019-11144-6
http://doi.org/10.1039/C9GC00540D
http://doi.org/10.1039/C8TA02644K
http://doi.org/10.1016/j.cej.2019.123820
http://doi.org/10.1016/j.compositesb.2019.107647


Polymers 2022, 14, 4338 13 of 14

54. Babu, R.P.; O’Connor, K.; Seeram, R. Current progress on bio-based polymers and their future trends. Prog. Biomater. 2013, 2, 8.
[CrossRef] [PubMed]

55. Dotan, A. Biobased Thermosets. In Handbook of Thermoset Plastics, 3rd ed.; Dodiuk, H., Goodman, S.H., Eds.; Elsevier: Boston,
MA, USA, 2014; pp. 577–622.

56. Auvergne, R.; Caillol, S.; David, G.; Boutevin, B.; Pascault, J.-P. Biobased Thermosetting Epoxy: Present and Future. Chem. Rev.
2014, 114, 1082–1115. [CrossRef] [PubMed]

57. Bobade, S.K.; Paluvai, N.R.; Mohanty, S.; Nayak, S.K. Bio-Based Thermosetting Resins for Future Generation: A Review. Polym.
Plast. Technol. Eng. 2016, 55, 1863–1896. [CrossRef]

58. De Espinosa, L.M.; Meier, M.A.R. Plant oils: The perfect renewable resource for polymer science?! Eur. Polym. J. 2011, 47, 837–852.
[CrossRef]

59. Niknam, R.; Ghanbarzadeh, B.; Ayaseh, A.; Hamishehkar, H. Plantago major seed gum based biodegradable films: Effects of
various plant oils on microstructure and physicochemical properties of emulsified films. Polym. Test. 2019, 77, 105868. [CrossRef]

60. Grossman, A.; Vermerris, W. Lignin-based polymers and nanomaterials. Curr. Opin. Biotechnol. 2019, 56, 112–120. [CrossRef]
61. Lin, X.; Wu, L.; Huang, S.; Qin, Y.; Qiu, X.; Lou, H. Effect of lignin-based amphiphilic polymers on the cellulase adsorption and

enzymatic hydrolysis kinetics of cellulose. Carbohydr. Polym. 2019, 207, 52–58. [CrossRef]
62. Hamada, T.; Yamashita, S.; Omichi, M.; Yoshimura, K.; Ueki, Y.; Seko, N.; Kakuchi, R. Multicomponent-Reaction-Ready Biomass-

Sourced Organic Hybrids Fabricated via the Surface Immobilization of Polymers with Lignin-Based Compounds. ACS Sustain.
Chem. Eng. 2019, 7, 7795–7803. [CrossRef]

63. Miura, Y. Design and synthesis of well-defined glycopolymers for the control of biological functionalities. Polym. J. 2012, 44,
679–689. [CrossRef]

64. Hult, D.; García-Gallego, S.; Ingverud, T.; Andrén, O.C.J.; Malkoch, M. Degradable high Tg sugar-derived polycarbonates from
isosorbide and dihydroxyacetone. Polym. Chem. 2018, 9, 2238–2246. [CrossRef]

65. Saxon, D.J.; Nasiri, M.; Mandal, M.; Maduskar, S.; Dauenhauer, P.J.; Cramer, C.J.; LaPointe, A.M.; Reineke, T.M. Architectural
Control of Isosorbide-Based Polyethers via Ring-Opening Polymerization. J. Am. Chem. Soc. 2019, 141, 5107–5111. [CrossRef]

66. Rudin, A.; Choi, P. Biopolymers. In The Elements of Polymer Science & Engineering; Elsevier: Amsterdam, The Netherlands, 2013;
pp. 521–535.

67. Ciesielski, A. An introduction to rubber technology. Choice Rev. Online 2000, 37, 37–5118.
68. Mondragón, M.; Arroyo, K.; Romero-García, J. Biocomposites of thermoplastic starch with surfactant. Carbohydr. Polym. 2008, 74,

201–208. [CrossRef]
69. Carvalho, A.J.F. Starch: Major sources, properties and applications as thermoplastic materials. In Monomers, Polymers and

Composites from Renewable Resources; Elsevier: Amsterdam, The Netherlands, 2008; pp. 321–342.
70. Garrison, T.; Murawski, A.; Quirino, R. Bio-Based Polymers with Potential for Biodegradability. Polymers 2016, 8, 262. [CrossRef]

[PubMed]
71. Helanto, K.; Matikainen, L.; Rojas, O.J.; Talj, R. Bio-based polymers for sustainable packaging and biobarriers: A critical review.

BioResources 2019, 14, 4902–4951.
72. Ma, Z.; Wang, Y.; Zhu, J.; Yu, J.; Hu, Z. Bio-based epoxy vitrimers: Reprocessibility, controllable shape memory, and degradability.

J. Polym. Sci. Part A Polym. Chem. 2017, 55, 1790–1799. [CrossRef]
73. Wautelet, T. Exploring the role of independent retailers in the circular economy: A case study approach. Eur. Univ. Econ. Manag.

2018, 10, 177.
74. Velenturf, A.P.M.; Purnell, P. Principles for a sustainable circular economy. Sustain. Prod. Consum. 2021, 27, 1437–1457. [CrossRef]
75. De Miguel Ramos, C.; Laurenti, R. Towards the Agenda 2030: A Quantitative Analysis of Synergies and Trade-Offs between the

SDGs of Spain during 2000–2019. Sustainability 2020, 12, 10506. [CrossRef]
76. Alarcón, F.; Cortés-Pellicer, P.; Pérez-Perales, D.; Sanchis, R. Sustainability vs. Circular economy from a disposition decision

perspective: A proposal of a methodology and an applied example in SMEs. Sustainability 2020, 12, 10109. [CrossRef]
77. Tan, E.C.D.; Lamers, P. Circular Bioeconomy Concepts—A Perspective. Front. Sustain. 2021, 2, 701509. [CrossRef]
78. Muscat, A.; de Olde, E.M.; Ripoll-Bosch, R.; Van Zanten, H.H.; Metze, T.A.; Termeer, C.J.; van Ittersum, M.K.; de Boer, I.J.

Principles, drivers and opportunities of a circular bioeconomy. Nat. Food 2021, 2, 561–566. [CrossRef]
79. Kim, S.; Rahman, M.A.; Arifuzzaman, M.; Gilmer, D.B.; Li, B.; Wilt, J.K.; Lara-Curzio, E.; Saito, T. Closed-loop additive

manufacturing of upcycled commodity plastic through dynamic cross-linking. Sci. Adv. 2022, 8, eabn6006. [CrossRef] [PubMed]
80. Zhang, S.; Liu, T.; Hao, C.; Wang, L.; Han, J.; Liu, H.; Zhang, J. Preparation of a lignin-based vitrimer material and its potential

use for recoverable adhesives. Green Chem. 2018, 20, 2995–3000. [CrossRef]
81. Krishnakumar, B.; Bose, D.; Singh, M.; Sanka, R.V.; Gurunadh, V.V.; Singhal, S.; Parthasarthy, V.; Guadagno, L.; Vijayan, P.P.;

Thomas, S.; et al. Sugarcane Bagasse-Derived Activated Carbon- (AC-) Epoxy Vitrimer Biocomposite: Thermomechanical and
Self-Healing Performance. Int. J. Polym. Sci. 2021, 2021, 5561755. [CrossRef]

82. Hao, C.; Liu, T.; Zhang, S.; Brown, L.; Li, R.; Xin, J.; Zhong, T.; Jiang, L.; Zhang, J. A High-Lignin-Content, Removable, and
Glycol-Assisted Repairable Coating Based on Dynamic Covalent Bonds. ChemSusChem 2019, 12, 1049–1058. [CrossRef]

83. Krishnakumar, B.; Singh, M.; Parthasarthy, V.; Park, C.; Sahoo, N.G.; Yun, G.J.; Rana, S. Disulfide exchange assisted self-healing
epoxy/PDMS/graphene oxide nanocomposites. Nanoscale Adv. 2020, 2, 2726–2730. [CrossRef] [PubMed]

http://doi.org/10.1186/2194-0517-2-8
http://www.ncbi.nlm.nih.gov/pubmed/29470779
http://doi.org/10.1021/cr3001274
http://www.ncbi.nlm.nih.gov/pubmed/24125074
http://doi.org/10.1080/03602559.2016.1185624
http://doi.org/10.1016/j.eurpolymj.2010.11.020
http://doi.org/10.1016/j.polymertesting.2019.04.015
http://doi.org/10.1016/j.copbio.2018.10.009
http://doi.org/10.1016/j.carbpol.2018.11.070
http://doi.org/10.1021/acssuschemeng.8b06812
http://doi.org/10.1038/pj.2012.4
http://doi.org/10.1039/C8PY00256H
http://doi.org/10.1021/jacs.9b00083
http://doi.org/10.1016/j.carbpol.2008.02.004
http://doi.org/10.3390/polym8070262
http://www.ncbi.nlm.nih.gov/pubmed/30974537
http://doi.org/10.1002/pola.28544
http://doi.org/10.1016/j.spc.2021.02.018
http://doi.org/10.3390/su122410506
http://doi.org/10.3390/su122310109
http://doi.org/10.3389/frsus.2021.701509
http://doi.org/10.1038/s43016-021-00340-7
http://doi.org/10.1126/sciadv.abn6006
http://www.ncbi.nlm.nih.gov/pubmed/35658043
http://doi.org/10.1039/C8GC01299G
http://doi.org/10.1155/2021/5561755
http://doi.org/10.1002/cssc.201802615
http://doi.org/10.1039/D0NA00282H
http://www.ncbi.nlm.nih.gov/pubmed/36132387


Polymers 2022, 14, 4338 14 of 14

84. Guo, Z.; Liu, B.; Zhou, L.; Wang, L.; Majeed, K.; Zhang, B.; Zhou, F.; Zhang, Q. Preparation of environmentally friendly bio-based
vitrimers from vanillin derivatives by introducing two types of dynamic covalent C N and S–S bonds. Polymer 2020, 197, 122483.
[CrossRef]

85. Taynton, P.; Zhu, C.; Loob, S.; Shoemaker, R.; Pritchard, J.; Jin, Y.; Zhang, W. Re-healable polyimine thermosets: Polymer
composition and moisture sensitivity. Polym. Chem. 2016, 7, 7052–7056. [CrossRef]

86. Zhang, H.; Wang, D.; Liu, W.; Li, P.; Liu, J.; Liu, C.; Zhang, J.; Zhao, N.; Xu, J. Recyclable polybutadiene elastomer based on
dynamic imine bond. J. Polym. Sci. Part A Polym. Chem. 2017, 55, 2011–2018. [CrossRef]

87. Zhang, Y.; Dai, C.; Zhou, S.; Liu, B. Enabling shape memory and healable effects in a conjugated polymer by incorporating
siloxane via dynamic imine bond. Chem. Commun. 2018, 54, 10092–10095. [CrossRef]

88. Taynton, P.; Yu, K.; Shoemaker, R.K.; Jin, Y.; Qi, H.J.; Zhang, W. Heat- or water-driven malleability in a highly recyclable covalent
network polymer. Adv. Mater. 2014, 26, 3938–3942. [CrossRef] [PubMed]

89. Chao, A.; Negulescu, I.; Zhang, D. Dynamic Covalent Polymer Networks Based on Degenerative Imine Bond Exchange: Tuning
the Malleability and Self-Healing Properties by Solvent. Macromolecules 2016, 49, 6277–6284. [CrossRef]

90. Wang, S.; Ma, S.; Li, Q.; Yuan, W.; Wang, B.; Zhu, J. Robust, Fire-Safe, Monomer-Recovery, Highly Malleable Thermosets from
Renewable Bioresources. Macromolecules 2018, 51, 8001–8012. [CrossRef]

91. Feng, Z.; Yu, B.; Hu, J.; Zuo, H.; Li, J.; Sun, H.; Ning, N.; Tian, M.; Zhang, L. Multifunctional Vitrimer-Like Polydimethylsiloxane
(PDMS): Recyclable, Self-Healable, and Water-Driven Malleable Covalent Networks Based on Dynamic Imine Bond. Ind. Eng.
Chem. Res. 2019, 58, 1212–1221. [CrossRef]

92. Quienne, B.; Kasmi, N.; Dieden, R.; Caillol, S.; Habibi, Y. Isocyanate-Free Fully Biobased Star Polyester-Urethanes: Synthesis and
Thermal Properties. Biomacromolecules 2020, 21, 1943–1951. [CrossRef] [PubMed]

93. Yang, X.; Guo, L.; Xu, X.; Shang, S.; Liu, H. A fully bio-based epoxy vitrimer: Self-healing, triple-shape memory and reprocessing
triggered by dynamic covalent bond exchange. Mater. Des. 2020, 186, 108248. [CrossRef]

94. Liu, Y.Y.; He, J.; Li, Y.D.; Zhao, X.L.; Zeng, J.B. Biobased, reprocessable and weldable epoxy vitrimers from epoxidized soybean oil.
Ind. Crops Prod. 2020, 153, 112576. [CrossRef]

95. Liu, T.; Hao, C.; Wang, L.; Li, Y.; Liu, W.; Xin, J.; Zhang, J. Eugenol-Derived Biobased Epoxy: Shape Memory, Repairing, and
Recyclability. Macromolecules 2017, 50, 8588–8597. [CrossRef]

96. Geng, H.; Wang, Y.; Yu, Q.; Gu, S.; Zhou, Y.; Xu, W.; Zhang, X.; Ye, D. Vanillin-Based Polyschiff Vitrimers: Reprocessability and
Chemical Recyclability. ACS Sustain. Chem. Eng. 2018, 6, 15463–15470. [CrossRef]

97. Kasemsiri, P.; Lorwanishpaisarn, N.; Pongsa, U.; Ando, S. Reconfigurable Shape Memory and Self-Welding Properties of Epoxy
Phenolic Novolac/Cashew Nut Shell Liquid Composites Reinforced with Carbon Nanotubes. Polymers 2018, 10, 482. [CrossRef]
[PubMed]

98. Zhao, W.; Feng, Z.; Liang, Z.; Lv, Y.; Xiang, F.; Xiong, C.; Duan, C.; Dai, L.; Ni, Y. Vitrimer-Cellulose Paper Composites: A New
Class of Strong, Smart, Green, and Sustainable Materials. ACS Appl. Mater. Interfaces 2019, 11, 36090–36099. [CrossRef] [PubMed]

99. Zhu, Y.; Gao, F.; Zhong, J.; Shen, L.; Lin, Y. Renewable castor oil and DL-limonene derived fully bio-based vinylogous urethane
vitrimers. Eur. Polym. J. 2020, 135, 109865. [CrossRef]

100. Feng, Z.; Hu, J.; Zuo, H.; Ning, N.; Zhang, L.; Yu, B.; Tian, M. Photothermal-Induced Self-Healable and Reconfigurable Shape
Memory Bio-Based Elastomer with Recyclable Ability. ACS Appl. Mater. Interfaces 2019, 11, 1469–1479. [CrossRef]

http://doi.org/10.1016/j.polymer.2020.122483
http://doi.org/10.1039/C6PY01395C
http://doi.org/10.1002/pola.28577
http://doi.org/10.1039/C8CC05410J
http://doi.org/10.1002/adma.201400317
http://www.ncbi.nlm.nih.gov/pubmed/24677455
http://doi.org/10.1021/acs.macromol.6b01443
http://doi.org/10.1021/acs.macromol.8b01601
http://doi.org/10.1021/acs.iecr.8b05309
http://doi.org/10.1021/acs.biomac.0c00156
http://www.ncbi.nlm.nih.gov/pubmed/32175728
http://doi.org/10.1016/j.matdes.2019.108248
http://doi.org/10.1016/j.indcrop.2020.112576
http://doi.org/10.1021/acs.macromol.7b01889
http://doi.org/10.1021/acssuschemeng.8b03925
http://doi.org/10.3390/polym10050482
http://www.ncbi.nlm.nih.gov/pubmed/30966516
http://doi.org/10.1021/acsami.9b11991
http://www.ncbi.nlm.nih.gov/pubmed/31487144
http://doi.org/10.1016/j.eurpolymj.2020.109865
http://doi.org/10.1021/acsami.8b18002

	Introduction 
	Sustainable Circular Bioeconomy 
	Classification of Bio-Vitrimers 
	Fully Bio-Based Vitrimer 
	Lignin Derivatives 
	Fructose Derivatives 
	Soybean and Castor Oil 

	Partially Bio-Based Vitrimers 
	Lignin Based Derivatives 
	Isosorbide Derivative 


	Bio-Based Vitrimer Composites 
	Research Gap and Limitations 
	Outlook and Prospective 
	Conclusions 
	References

