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Abstract

Despite being widely used for industrial applications, thermoset polymers arguably offer a
major challenge to modern society due to the near impossibility of their end-of-life recycling
and reprocessing. Furthermore, there are difficulties in finding bio-based alternatives to the
fossil-based building blocks used for their production that can deliver comparable

mechanical performance. These limitations have driven growing interest in vitrimers,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

associative covalent adaptable networks capable of being recycled, welded and

reprocessed without change in cross-linking density through dynamic covalent exchange.
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Vitrimers provide a promising strategy to address both the recyclability of thermosets and

the need for more sustainable materials. The use of bio-based chemicals in vitrimers

(cc)

production can further help reduce the environmental impact and toxicity, supporting the
transition to circular polymer systems. This review summarizes recent advances in bio-
based vitrimer systems, with particular emphasis on renewable feedstocks such as
carbohydrates, lignin-derived aromatics, and vegetable oils, and on their translation into
functional materials. Rather focusing solely on exchange chemistry concepts, the
manuscript highlights the emerging applications of newly developed bio-based vitrimers in
composites, packaging, additive manufacturing, adhesives, electronics, and foams. By
organizing recent literature according to feedstock families and application domains, this
work provides an updated, application-oriented perspective on the development of

sustainable vitrimer technologies. Overall, bio-based vitrimers represent a promising
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platform for the development of next-generation recyclable thermosets within g circular:ard s
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sustainable polymer framework.

1. Introduction

The persistent accumulation of plastic in soils, oceans, and deep-sea environments has
become a critical global concern. Estimates of environmental half-lives remain uncertain, as
degradation depends on polymer chemistry, additives, and local conditions [1]. As plastics
fragment into micro- and nanoparticles, they integrate into ecosystems, with documented
impacts across environmental compartments and implications for climate processes [2].
Forecasts indicate that global plastic consumption may rise from 464 Mt in 2020 to nearly
884 Mt by 2050, further intensifying waste accumulation [3]. In response, advanced recycling
strategies have been developed to valorize plastic waste by converting it into new
monomers, polymers, or higher-value chemicals, thereby extending material lifetimes within
a circular economy framework [4]. From a materials perspective, plastics are classified into
two major categories: thermoplastics and thermosets. Thermoplastics are characterized by
two transition temperatures: glass transition temperature (Tg) and melting temperature (Tm,
in case of semi-crystalline polymers). Thermosets (primarily epoxies, polyesters and
polyurethanes), on the other hand, are formed when monomers (usually referred to as
resins) are covalently bonded through cross-linking agents to form amorphous cross-linked
networks characterized by a single transition temperature, T4. While this permanent cross-
linked structure imparts superior thermal, mechanical, and chemical resistance, it also
renders conventional thermosets intrinsically difficult to reprocess or recycle [5]. Thermosets
account for ca. 18 % of the polymers currently in global circulation, are predominantly
derived from fossil resources, and are widely used in many industrial applications such as
packaging, automotive, composite manufacturing, adhesives, lightweight construction, and
aviation [6]. To enhance the sustainability of this important class of materials, the
development of thermosets that are both readily recyclable and derived from renewable
resources is essential [7,8]. In this context, bio-based feedstocks (e.g. lignocellulosic
biomass, lignin-derived aromatics, vegetable oils) have been recently studied as substitutes
for fossil-based chemicals, with some already finding industrial application [9—11]. However,
despite the efforts, difficulties in matching the mechanical properties and production cost of
fossil-based raw chemicals for thermosets production have been faced so far. In fact, only
0.7 % of thermoset and thermoplastic polymers are produced from bio-based sources as
2
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stated by the 2024 report of Plastic Europe [12]. Biodegradation is another way, for reducifg s
the environmental impact of thermosets. Despite being mainly used for polyester-based
thermosets, recent studies on the biodegradation of epoxy thermosets have yielded
encouraging results as well [13—15]. In this direction, the use of bio-based feedstocks can
help biodegradation using more degradable building blocks [16,17]. Typical bio-based
platform compounds used for resin synthesis are reported in Figure 1. The high abundance
of hydroxyl groups in bio-derived molecules makes them particularly attractive for chemical

functionalization and for the synthesis of bio-based epoxy resins and cross-linkers [11].

/ Bio-based platform compounds \
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Figure 1. Bio-based platform compounds for bio-based resin production.

An alternative and increasingly powerful strategy for reducing the environmental footprint of
thermoset materials involves the deliberate modification of network chemistry to enable
reprocessing/recyclability. Two main approaches can be identified: a) the introduction of
labile bonds or linkages that can be cleaved during recycling through chemical or thermal
decross-linking, often accompanied by partial degradation of the polymer structure; b) the
development of covalent adaptable networks (CANs). CANs are materials designed using
building blocks that enable recyclable and reformable cross-linked structures based on
dynamic covalent bonds, while maintaining the advantages of conventional thermosets,

such as high chemical and thermal resistance and, in some cases, depending on the specific

3
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chemistry, good mechanical performance. A classification of recyclable thermoset materiais: '
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is showed in Figure 2.

Within the broad family of CANSs, vitrimers constitute a distinctive class of associative
dynamic networks in which bond exchange reactions occur without a change in cross-link
density. This unique behavior enables thermoset-like performance under service conditions
combined with thermoplastic-like reprocessability at elevated temperatures.

In this review, particular emphasis is placed on bio-based vitrimers derived from renewable
resources (including carbohydrates, lignin and its derivatives, and vegetable oils), with
specific attention to their emerging applications reported in recent years. While several
comprehensive reviews have examined bio-based vitrimers from the perspectives of
dynamic covalent chemistries [18-20], sustainable feedstocks and synthetic strategies
[19,20], or general progress in the field [21], a structured overview specifically centered on
the application landscape of newly developed bio-based vitrimer systems remains limited.
The present work therefore aims to summarize and critically discuss recent advances in bio-
based vitrimer formulations with demonstrated application potential, including composites,
packaging, additive manufacturing, adhesives, electronics, and foams. Rather than
reiterating well-established mechanistic aspects in detail, this review highlights how different
renewable building blocks and exchange chemistries have been translated into functional
materials tailored to specific industrial sectors. Following a brief introduction and general
description of vitrimer materials, the recent literature is organized according to feedstock
families and application domains. In doing so, we aim to provide an updated, application-
driven perspective that complements existing chemistry-focused reviews and offers a
rational framework for polymeric material design, as well as guidance for the future
development and implementation of bio-based vitrimer technologies within circular polymer

systems.
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Figure 2. Classification matrix of recyclable thermosets.

2. Dynamic polymer materials
2.1. Covalent Adaptable Networks (CANS)

CANs owe their name to the ability of their covalently cross-linked structure to reorganize
their topology in response to an external stimulus (e.g., temperature, light, or pressure) while
maintaining overall connectivity [22]. CANs can be divided into two main categories,
depending on the bond exchange reaction mechanism: dissociative and associative
systems. In dissociative CANs, dynamic bonds first cleave to generate reactive
intermediates, followed by bond reformation. During this intermediate stage, the cross-link
density temporarily decreases, leading to a transient loss of network integrity. As a
consequence, dissociative systems often exhibit a viscosity drop near the bond dissociation
temperature and may behave similarly to thermoplastics above this transition. In contrast,
associative CANs undergo bond exchange through a concerted mechanism in which a new
covalent bond is formed in a different site before the original bond is broken [23,24]. Because
bond formation precedes bond cleavage, the cross-link density remains constant throughout
the exchange process. This preservation of network connectivity prevents macroscopic
depolymerization and enables gradual stress relaxation without a distinct gel—sol transition.
Vitrimers belong to this associative category.

The fundamental distinction between these two mechanisms is illustrated schematically in
Figure 3: in dissociative systems, all dynamic groups may temporarily exist in an unbound

state, whereas in associative systems the network connectivity is continuously maintained.

View Artcle Online
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This mechanistic difference has important consequences for thermal behavior, viscoelastic,

response, and reprocessability, as discussed in the following sections.

a) Dissociative mechanism: loss of network integrity

b) Associative mechanism: retention of network integrity

Figure 3. The two CANSs categories: (a) dissociative and (b) associative. In the first case a loss of
network integrity (with a drop in cross-linking density) is observed, while in the second case there

is no loss of network integrity.

Typical reactions involved in associative CANs systems include the following [20,26], as

illustrated in Figure 4.

a) Transesterification reaction: exchange reaction between an alcohol group and an ester,
usually at high temperatures involving the use of a catalyst [27].

b) Boronic-esters based exchange: transesterification of boronic esters or metathesis of
boronic esters [28,29].

c) Amino-imine and imine—imine exchange reactions (Schiff base systems): exchange
reaction between a free amine and an imine or between an imine and an imine [30,31].

d) Vinylogous urethane/urea exchanges: Michael addition of free primary amines in
absence of catalyst [32].

e) Disulfide bond exchange: dynamic reshuffling of disulfide bonds via radical-mediated or
thiolate-mediated mechanisms, typically at moderate temperature and without catalyst
[33,34].

ine
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f) Transcarbamoylation: exchange reaction involving reversible urethane, (carbamate); s

linkages, typically occurring between sterically hindered phenolic hydroxyl groups and
carbamate moieties without catalyst [35].
g) Siloxane exchange: relatively fast base-catalyzed siloxane exchanges involving siloxane

moieties and hydroxyl groups [36,37].
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Figure 4. Reactions involved in associative CANs systems: a) transesterification, b) boronic-esters
exchange, c) imine-imine or amine-imine reaction exchanges, d) catalyst free vinylogous

urethane/urea exchanges via Michael addition of free amines, €) disulfide bond exchange, f)
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with siloxane moieties.

Vitrimers rely on associative exchange reactions that preserve cross-link density and allow
the network to change topology under heat without loss of structural integrity. At high
temperatures, these materials undergo stress relaxation and viscoelastic flow because the
rate of exchange reactions controls their viscosity, which follows Arrhenius behavior [25].
This enables vitrimers to evolve from a viscoelastic solid to a viscoelastic liquid state in an
abrupt way, allowing reprocessability/recyclability of the polymeric system while retaining
thermoset-like mechanical performance under service conditions [38]. Additionally, as seen
in the classification matrix in Figure 2, vitrimers based on certain bond chemistries, such as
imine/amine-imine or disulfide bond exchange, can also be designed to yield cleavable
thermoset networks. These systems combine the vitrimers’ thermal reprocessability with the
possibility of chemical degradation under specific stimuli, thereby offering complementary
end-of-life options and further enhancing the sustainability potential of vitrimeric materials
[39].

The viscoelastic behavior of vitrimers is governed by two characteristic transition
temperatures: (i) the glass transition temperature (Tg4), which marks the onset of long-range
coordinated segmental motion and separates the glassy and rubbery states of the polymer
network; and (ii) the topological freezing transition temperature (Tv), conventionally defined
as the temperature at which the viscosity reaches 10'2 Pals, as introduced by Leibler and
co-workers [40,41]. Ty originates from thermally activated dynamic bond exchange reactions
within the cross-linked network and corresponds to the transition from a viscoelastic solid to
a viscoelastic liquid regime.

As illustrated in Figure 5, the macroscopic behavior of vitrimers depends on the relative
positions of Tg and Tv. When Tg>Ty, the material remains rigid up to Ty and flows as a
viscoelastic liquid above this temperature. While for T4<Ty, the vitrimer behaves like an
elastomer in the range T¢<T<T,, and flows like a viscoelastic liquid for T>T,, following

Arrhenius-type kinetics dictated by the exchange reactions.
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Figure 5. lllustration of viscoelastic behavior of vitrimers depending on the position of the freezing
transition temperature, Ty, with respect to the glass transition temperature, Ty: a) with T¢g>T, the
vitrimers is rigid until T is reached and then behaves like a viscoelastic liquid; b) with T¢<Ty the
vitrimer behaves like an elastomer at T4<T<T,, and like a viscoelastic liquid at T>T, following the

Arrhenius law.

Stress relaxation measurements are widely used to characterize vitrimer dynamics. In these
measurements, the decay of stress under constant strain provides the characteristic
relaxation time (1), which reflects the rate of network rearrangement. An ideal vitrimer system
is capable of complete stress relaxation, reflecting efficient and continuous bond exchange

within the network. The activation energy (Ea) of the dynamic exchange process can be

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

determined by fitting temperature-dependent relaxation times to the Arrhenius equation. In

some systems, dual relaxation mechanisms have been reported, arising from the

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:34:31 AM.

coexistence of multiple dynamic bond chemistries within the network structure [42,43].

(cc)

Despite their dynamic nature, vitrimers retain the characteristic solvent resistance of
conventional thermosets: they typically swell but do not dissolve in common organic solvents
due to their permanent cross-linked structure. For example, Albertini et al. proved resistance
to common solvents like acetone, toluene, hexane and iso-propanol of a bio-based vitrimer

system relying on transesterification exchange reactions [44].

2.2. Application pathways toward sustainable polymer systems

Since vitrimers can be easily molded by heating due to the gradual reduction of viscosity

with temperature after the topological freezing transition temperature, there are several

chances for thermal recycling offering closed-loop circularity in plastics [44—46]. Additionally,

this property creates new processing opportunities, like extrusion, usually applied in
9
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standard thermoplastic processing [47]. For instance, Taplan et al. developed covalently
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cross-linked permanent networks producing densely cross-linked vitrimers with pronounced
viscoelastic-liquid behavior and they used these networks for extrusion processing [48].
Furthermore, chances for chemical recycling have been created thanks to the covalent
bonds’ dynamic nature: depolymerization and monomer recovery can be accomplished by
using a reactive solvent [42]. Because of this specific recyclability, these features may
contribute to extended service life and improved end-of-life management. Thermally
activated self-healing behavior can also originate from the capacity of vitrimers to rearrange
their network topology upon heating [49,50]. Through the reformation of covalent bonds
between the two pieces of material that come into contact, welding can also be readily
developed: the ability to be repeatedly welded thanks to the exchange reactions opens the
way towards joining composite parts without adhesives nor mechanical fasteners [51]. It is
interesting to note that covalent bonds can form at the interface, allowing for the welding of
dissimilar and even incompatible polymers if they share the same dynamic linkages [52].
Eventually dynamic covalent bonds can be inserted into thermoplastic materials via different
approaches. For instance, Van Zee et al. and Rottger et al. inserted dynamic covalent
functionalities through post-polymerization reactive extrusion, typically relying on radical-
initiated reactions [38,52]. Additionally, Lepage et al. designed a bis-diazirine cross-linker
capable of generating carbenes under controlled conditions, enabling double C—H insertion

and covalent network formation in otherwise inert polymers [53].

3. Approaches to sustainable bio-based epoxy vitrimers

Conventional thermoset polymers are often synthesized from fossil-based precursors that
raise significant concerns from both regulatory and life-cycle perspectives, particularly
regarding toxicity, greenhouse gas emissions, and end-of-life management [54]. For
example, diglycidyl ether of bisphenol A (DGEBA), the most common epoxy resin for high
value applications, is synthesized from bisphenol A and epichlorohydrin in the presence of
sodium hydroxide. Bisphenol A is a well-documented endocrine disruptor associated with
adverse effects on immune and reproductive functions, as well as alterations in neurological
development [55,56]. As a result, bisphenol A and related substances have become targets
of increasing regulatory scrutiny worldwide. Substituting bisphenol A-derived epoxy resins
therefore represents not only a materials innovation challenge but also a strategic pathway

to reduce hazard profiles and improve regulatory compliance across product life cycles.

10
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Similar issues arise with conventional epoxy hardeners, which are mainly fossil-based:ard s
often hazardous.

From a sustainability and life-cycle assessment (LCA) standpoint, biomass-derived
resources, including lignin, cellulose, carbohydrates, vegetable oils, terpenes, and
polyphenols, offer attractive alternatives as renewable feedstocks for thermoset synthesis.
These resources can reduce dependence on non-renewable carbon sources and, when
responsibly sourced, may lower cradle-to-gate greenhouse gas emissions. Table 1
summarizes key natural resources, representative platform chemicals, and functional
groups relevant to bio-based thermoset development. Among these, lignin, carbohydrates
and vegetable oils are particularly important platforms for bio-based epoxy resins, due to
their availability, functionality, and compatibility with existing polymer processing
technologies [57].

As stated above, integrating bio-based platform chemicals into vitrimer design also
advances sustainability at the molecular scale. Using properly functionalized bio-based
chemicals (or, in some cases, even minimally modified bio-derived compounds) with
chemical groups able to give covalent dynamic bonds help decrease the environmental
impact of thermosets by both reducing the potential impact of raw materials and improving
end-of-life options. From an LCA perspective, these features can substantially extend
service life, reduce material losses, and decrease the demand for virgin polymer production,

thereby lowering cumulative environmental impacts. Ultimately, such strategies align with

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

circular-economy principles by minimizing greenhouse gas emissions, reducing waste

generation, and mitigating biodiversity loss through prolonged resource circulation [58].

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:34:31 AM.

In the following subsections, representative examples of bio-based vitrimer systems

(cc)

synthesized from the natural feedstocks listed in Table 1 are presented. These case studies
highlight how renewable resources, when combined with dynamic covalent chemistry, can
contribute to the development of reprocessable thermoset networks with improved
environmental profiles and demonstrated application potential, offering concrete pathways
toward scalable and policy-relevant sustainable polymer technologies. It should be noted
that Table 1 does not aim to provide an exhaustive overview of all renewable resources
suitable for vitrimer synthesis. Instead, it highlights the most widely investigated and
industrially relevant biomass platforms, such as carbohydrates, lignin derivatives, and
vegetable oils, that have recently led to vitrimer systems with demonstrated functional
applications. Other renewable building blocks and niche bio-derived monomers have been

reported in the literature but fall outside the scope of the present application-oriented

11
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discussion. Chemicals primarily used for thermoplastic production are likewise pot in¢luded,"

as they are beyond the focus of this review.

Table 1. Representative renewable feedstock families, selected platform chemicals, and
associated functional groups relevant to the development of bio-based thermoset vitrimers
(adapted from [57]).

Resources Related chemicals Functional groups

Carbohydrates Itaconic acid, Furfuryl  Carboxyl, C=C double
amine, Isosorbide bond, Furan group,
Alcohols,
Diheterocycles
Lignin Vanillin, Eugenol, Aldehyde, C=C

Guaiacol/Bisguaiacol  double bond

Vegetable oils  Glyceride, Cardanoal, Ester group,
Soybean oil, Linseed  Unsaturated

oil aliphatic chain

3.1. Carbohydrates

Carbohydrates are naturally occurring organic compounds derived from plant and animal
sources and are broadly classified as simple sugars or complex polysaccharides. Owing to
their high functionality and structural diversity, carbohydrate-derived molecules have
attracted significant attention as renewable building blocks for thermoset and vitrimer
synthesis. Representative examples of carbohydrate-derived platform chemicals employed
in cross-linked thermoset vitrimer systems are depicted in Figure 6. It should be noted that
this section focuses on carbohydrate-derived molecules that have been utilized in
permanent, cross-linked vitrimer networks. Polyether- or polyethylene glycol (PEG)-based
motifs, which are more commonly associated with thermoplastic or elastomeric
architectures, are not discussed in detail unless incorporated into covalently cross-linked

vitrimer systems, as they fall outside the primary thermoset-oriented scope of this review.

12
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Figure 6. Representative carbohydrate-derived platform chemicals used in thermoset vitrimer

systems: itaconic acid, furfuryl amine, and isosorbide.

Itaconic acid is a bio-based monounsaturated organic acid, obtained through the
fermentation of sugars by the filamentous fungus Aspergillus terreus [59]. It is a potential
alternative to acrylic and methacrylic acids and was included by the U.S. Department of
Energy on its list of the most promising chemical platforms derived from sugar [60]. Its dual
functionality (i.e., two carboxylic acid groups and an aliphatic double bond) makes it
particularly suitable for dynamic covalent networks. In vitrimer design, the transesterification
pathway is frequently exploited. For instance, Albertini et al. used itaconic acid to prepare a
vitrimer based on transesterification through direct reaction between itaconic acid and a bio-
based epoxy resin mediated by zinc catalyst [44]. Pan et al. produced natural peach gum-
based epoxy vitrimers with superior mechanical properties and thermal stability, by
incorporating peach gum and itaconic acid and making it react with a bio-based epoxy resin
[61]. Itaconic acid has also been used as a structural element of the epoxy resin itself: Yang
et al. synthesized an itaconic acid-derived epoxy resin and cross-linked it by using a boron-
containing cross-linker. The cured vitrimer exhibited rapid stress relaxation (54 s at 150 °C)
with low activation energy (Ea = 31.6 kdJ/mol), and excellent repairing, welding, reprocessing,
and recycling capabilities [62]. Collectively, these examples highlight the chemical versatility
of itaconic acid for enabling vitrimer functionality through different molecular architectures.
Another relevant carbohydrate-derived compound is furfuryl amine, although its application
in vitrimer systems remains almost not explored. However, few examples of furfuryl amine
used to produce dissociative CANs exist in literature [63,64]. These studies demonstrate
how the reactivity of the furan ring can be potentially leveraged to introduce reversible
linkages into cross-linked networks.

Isosorbide, a renewable sugar-based chemical, is another key carbohydrate-based
molecule and a well-known building block for bio-based thermoset production [65]. Although
its application in vitrimers is less common, recent work has shown promising potential. A

high Tg and degradable isosorbide-based poly-benzoxazine vitrimer was obtained by
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Adjaoud at al. A two-step synthesis was investigated (see Figure 7): firstly, ispsorbide was
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esterified with phloretic acid and afterwards reacted with mono-ethanolamine and/or furfuryl
amine and paraformaldehyde. In this way, a chemical structure including a tertiary amine
able to catalyze the transesterification reaction was obtained, leading to fast dynamic bond
exchange. Furthermore, isosorbide, furan and benzoxazine moieties gave high Ty values
(from 143 to 193 °C) to the final vitrimer, combined with degradability under relatively mild
conditions [66]. In another approach, Yang et al. used a post-cross-linking technique to
produce bio-based vinylogous urethane epoxy thermosets from isosorbide. Direct
functionalization of isosorbide resulted in isosorbide-bis-acetoacetate, which could then
react with primary amines present in diamine and triethylenetetramine chemicals to produce
linear prepolymers with vinylogous urethane linkages. After that, the secondary amine from
the linear prepolymer was used to create covalent cross-linkers by ring-opening epoxy
groups of epoxidized vanillin. The bio-based vitrimers produced by combining various
diamine types had elongation at break between 9.5 to 150 % and tensile strength between
31.5 and 114.6 MPa, demonstrating the excellent versatility of the system. The incorporation
of vinylogous urethane bonds conferred recyclability: the thermoset was immersed into
ethanol with benzylamine and heated for 12 h at 50 °C to be completely dissolved (see
Figure 8) [67].

Overall, these studies demonstrate that carbohydrate-derived molecules, from fermentation
products like itaconic acid to rigid sugar-based monomers such as isosorbide, provide
versatile platforms for creating dynamic, reprocessable vitrimer networks. Their diverse
functionalities support multiple exchange chemistries, highlighting carbohydrates as a

promising feedstock class for sustainable vitrimer development.
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Figure 7. Synthesis reactions of a high Tq and degradable isosorbide-based poly-benzoxazine
vitrimer. Reproduced from ref. 66 with permission from American Chemical Society, Copyright ©
2021.
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isosorbide: by immersion in ethanol for 24 h at room temperature with benzylamine. Reproduced

from ref. 67 with permission from American Chemical Society, Copyright © 2023.
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Lignin, whose representative structure is shown in Figure 9, is the second main polymer
found in nature, accounting for approximately 25-35 % of the organic matrix of wood and
lignocellulosic biomass. It is an abundant byproduct of the paper and pulp industry, where it
is still predominantly combusted for energy recovery rather than valorized into higher-value
materials [68]. Structurally, lignin is a complex, three-dimensional aromatic biopolymer
composed primarily of guaiacyl, syringyl, and p-hydroxyphenyl units interconnected through
various ether (e.g., B—O—4) and carbon—carbon linkages. This structural diversity results in
a high density of phenolic and aliphatic hydroxyl groups, methoxy substituents, and aromatic
functionalities, offering multiple reactive sites for chemical modification. Its high carbon
content and aromatic backbone make lignin an ideal candidate to be used as platform for
the development of thermoset materials with high bio-based carbon content, thermal
stability, and mechanical robustness. However, lignin structure varies greatly with the source
and extraction conditions, leading to variability in molecular weight, functional group
distribution, and reactivity [69,70]. To overcome issues related to heterogeneity and limited
processability, refining, depolymerization, and targeted functionalization strategies have
been extensively investigated [71].

Beyond serving as a source of aldehyde or alkene functionalities, lignin can be directly
incorporated into polymer networks or selectively depolymerized into well-defined aromatic
platform chemicals such as vanillin, eugenol, and guaiacol. These derivatives constitute
versatile building blocks for epoxy resins, phenolic resins, polyurethanes, and vitrimer
systems. Comprehensive reviews have examined lignin-derived thermosets and vitrimers
from a chemistry-centered perspective [71,72]. In the present work, emphasis is placed on
lignin-derived molecules that have recently enabled bio-based vitrimer systems with
demonstrated application potential. Accordingly, vanillin-, eugenol-, and guaiacol-based

vitrimers, whose structures are depicted in Figure 9, are discussed below.
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platform chemicals: vanillin, eugenol and guaiacol.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the most well-known product of lignin
depolymerization. It is produced by controlled oxidation of lignin at strongly alkaline pH and
high temperatures with air, oxygen or metallic oxides used as oxidants [73,74]. In this way,
degradation of lignin is obtained, producing vanillin and other by-products. The resulting
vanillin can be used in the pharmaceutical sector, but it can also be used as raw chemical
for the synthesis of bio-based epoxy resins or cross-linkers with excellent mechanical and
thermal properties thanks to the high concentration of aromatic rings in the products’ cross-
linked structure [75,76]. Derivatives of vanillin have been used successfully as both polymer
resins and cross-linkers in the production of bio-based vitrimers.

When used as cross-linkers, vanillin-based imine hardeners have demonstrated the ability
to deliver thermomechanical properties comparable to those of conventional fossil-derived
counterparts while introducing dynamic covalent functionality. For example, Memon et al.
synthesized an imine-containing hardener from vanillin and compared it to an imine-
containing hardener from petroleum-based p-hydroxy benzaldehyde, for curing DGEBA.
Comparable Tg (> 120 °C), tensile strength and modulus (> 60 MPa and > 2500 MPa,
respectively) and good solvent resistance in organic, aqueous acid, and alkali solutions were
obtained with the two hardeners; the resulting cured epoxy resins showed good
reprocessability and degradability [77]. In a related study, a vanillin-imine containing

hardener was synthesized by using a simple one-step procedure combining bio-based
17
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vanillin and xylene diamine. The flexural strength (125 MPa) of the resulted yitrimer was:
similar to that one of commercially counterparts and the storage modulus (up to 3448 MPa)
was noticeably higher. The cross-linked vitrimer was able to relax stresses (relaxation time
of 35 s at 130 °C and Ea = 119 kd/mol) and was recycled repeatedly with recovery of flexural
characteristics even after three reprocessing cycles. Additionally, despite the resistance in
common organic solvents, within 12 h at 50 °C, the epoxy vitrimer broke down rapidly in
acidic conditions, allowing chemical recycling [78]. Representative imine-imine and amine-
imine exchange reactions underpinning vanillin-based vitrimer networks are illustrated in
Figure 11 [79]. Additionally, Monteserin et al. developed a series of sustainable vitrimers by
reaction between a vanillin-derived Schiff base hardener and epoxidized linseed oil. The
scheme of the condensation reaction forming the imine group is reported in Figure 10.
Different epoxy-to-hardener ratios were tested, with the stoichiometric ratio yielding the
highest glass transition temperature (Tg = 125 °C) and thermal degradation resistance (Tdeg
= 329.5 °C). All vitrimers showed good reprocessability via dynamic imine bond exchange,
maintaining or slightly improving mechanical and thermal properties after 10 cycles.
Additionally, the materials demonstrated acid solubility, supporting recyclability. Flax fiber-
reinforced vitrimer composites were also fabricated, showing strong fiber-matrix adhesion
without surface treatment, along with suitable thermal and mechanical performance for

lightweight engineering applications [80].
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Figure 10. Scheme of the condensation reaction to form the imine group in a linseed oil-based

vitrimer. Adapted from ref. 80 with permission from Elsevier Ltd, Copyright © 2023.
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Vanillin can also be epoxidized and used as polymer matrix for vitrimer production. For
example, Guggari et al. investigated the reaction between a bio-based epoxy resin from
vanillin and an aliphatic disulfide (cystamine) as cross-linker, demonstrating high reactivity
and low relaxation times (22 s at 170 °C with an activation energy of 53 kJ/mol) with possible
suitability for a wide range of applications [45]. Eventually, Yu et al. used a mono-glycidyl
derivative of vanillin to prepare vanillin-based epoxy vitrimers by reaction with isophorone
diamine. The resulting vitrimers exhibited mechanical properties and thermal stability
comparable with those of bisphenol-A epoxy cured with amine hardener, with a T4 of 121
°C. Furthermore, the high content of dynamic imine bonds in the networks resulted in fast
stress relaxation (50 s), at a temperature 30 °C higher than T4. The properties were
maintained after each reprocessing cycle and thanks to the Schiff structure, the studied

vitrimer was also degradable in acidic conditions; this result is illustrated in Figure 12 [81].
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Figure 11. Reactions involved in vanillin-based vitrimers based on imine-imine and amine-imine
exchange reactions. Adapted from ref. 79 with permission from American Chemical Society,
Copyright © 2024.
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Figure 12. Epoxidized vanillin-imine exchange reaction in dynamic epoxy networks. Reproduced

from ref. 81 with permission from Elsevier Ltd, Copyright © 2019.

Eugenol, which constitutes around 80 % of clove oil, is an example of non-toxic renewable
phenols and can be synthesized from lignin depolymerization. Its chemical structure allows
easy modification, making it suitable for obtaining a wide and versatile range of bio-based
monomers [82,83]. The terminal olefin group serves as a synthetic handle for polymerization
and chemical modification, while the aliphatic chain and methoxy group have a significant
impact on the physical properties of polymers generated from eugenol. For example, it has
been extensively used to design polymer networks exploiting self-metathesis and olefin
metathesis coupling reactions [84]. Furthermore, its hydroxyl and alkene functionalities can
be used to prepare bio-based epoxy thermosets with high performances and heat resistance
and flame-retardant properties thanks to the aromatic ring in the molecular structure [85—
88]. Eugenol has been used also as natural starting materials to prepare bifunctional
unsaturated monomers (polyethers and polycarbonates). The resulting diene terminated
ethers and carbonates can then be subjected to step-growth acyclic diene metathesis
(ADMET) polymerization obtaining unsaturated polymers [89]. These features make
eugenol interesting as building block for vitrimeric structures. For instance, Niu et al.
synthesized eugenol-based epoxy monomers for the preparation of transparent UV- and
thermally curable covalent adaptable thermosets with UV shielding properties. By adjusting
the proportion of rigid to flexible structural units, the thermomechanical properties of the
eugenol-based thermosets were controlled. The resulting vitrimer exhibited efficient stress
relaxation (Ea = 119-127 kJ/mol) and displayed thermally activated repair capability and

shape memory behavior arising from dynamic bond exchange. Furthermore, the material
20
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could be reprocessed by hot pressing maintaining 85 % of the initial mechanical properties:
[90]. Similarly, Ocando et al. used epoxidized eugenol for producing CANs based on
disulfide bond. After thermal cross-linking with disulfide bond-containing amine, the
thermoset was successfully weldable, healable and recyclable in absence of catalysts under
temperature stimulus, as shown in Figure 13. Notably, the material also displayed higher
modulus and improved thermal properties compared to its fossil-based counterpart [91]. In
a similar way, a disulfide vitrimeric material based on a bio-based cross-linker with disulfide
bond and epoxidized eugenol was obtained by Roig et al. The authors studied the effect of
addition of various fractions of tris(2-aminoethyl) amine to enhance the cross-linking density
and increase the proportion of tertiary amines, which may act as catalysts in the disulfide
bond exchange: the resulting material was able to rapidly relax the 63 % of the initial stress
in less than 8.5 min and the authors demonstrated the catalytic activity of the tertiary amine
for the exchange reaction [92]. Finally, Tannert et al. investigated the influence of epoxy
impurities, such as mono- and di-epoxidized eugenol derivatives, on vitrimer performance
and showed that variations in epoxy purity did not significantly affect the dynamic exchange

reactions [93].

Interfacial welding induced by disulfide exchange reaction during hot pressing

——

contact

Hot pressed

welding

Ay 7
Good cohesion hetween welded surfaces

Figure 13. Cutting and welding by hot pressing at 230 °C of an epoxidized eugenol-based vitrimer.
The sample was manually bent to show cohesion between the welded pieces. Reproduced from

ref. 91 with permission from Elsevier Ltd, Copyright © 2020.

Lastly, guaiacol is a non-toxic monosubstituted bio-based phenol, suitable as an alternative
to more commonly used fossil-based phenols. Its condensation with vanillyl alcohol under
acidic conditions yields a bisphenolic compound (bisguaiacol), which can be used as a

substitute for fossil-based bisphenols in thermoset and epoxy resin synthesis [94]. Several
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examples of guaiacol-derived vitrimers have been reported. For instance, thermally healabie
thiol-acrylate vitrimers, reprocessable via transesterification reaction, were synthesized by
Wong et al. starting from guaiacol and bisguaiacol F with thiol and phosphorous cross-
linkers. The authors demonstrated how the additional methoxy groups in the lignin-derived
vitrimers promoted inter-molecular interactions during UV curing by acting as extra
hydrogen-bonding acceptors, enhancing the resulted cross-linking density compared to their
fossil-based counterpart (phenol and bisphenol F), improving robustness and toughness.
Higher cross-linking density helped lignin-derivable vitrimers in the thermal healing process
probably due to the denser network facilitating bond exchange (Ea = 55 kd/mol, relaxation
time at 110 °C equal to ca. 500 s and Ty = -7 °C), demonstrating good recovery of tensile
properties [95]. Another interesting example was reported by Liu et al., who developed a
self-healable bio-based epoxy vitrimer with a high T4 by reacting a tri-epoxy monomer
synthesized from vanillin and guaiacol, as illustrated in Figure 14. The resulting resin was
thermally cured using an anhydride as a cross-linked in the presence of zinc as catalyst.
The cured epoxy thermoset showed similar mechanical properties and thermal stability to
those of the cured epoxy resin from bisphenol A, while also demonstrating good

reprocessability [96].
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Figure 14. Synthetic route of tri-epoxy resin using vanillin and guaiacol as raw chemicals. Adapted

from ref. 96 with permission from American Chemical Society, Copyright © 2018.

From a structure-property perspective, vanillin-, eugenol-, and guaiacol-derived building
blocks impart distinct effects on vitrimer dynamics due to differences in aromatic substitution
and functional group chemistry. Vanillin-based structures, featuring aldehyde and phenolic
groups on a rigid aromatic ring, readily form imine linkages that combine high T4 with fast
associative exchange kinetics, enabling efficient stress relaxation without sacrificing
stiffness. In contrast, eugenol-derived systems incorporate a flexible aliphatic side chain and
an alkene moiety, which reduce network rigidity and T4 while enhancing molecular mobility,

thereby facilitating dynamic bond exchange at lower temperatures and improving toughness
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and shape memory behavior. Guaiacol-based building blocks offer a balance bétween
rigidity and reactivity: their methoxy and hydroxyl groups promote strong intermolecular
interactions and high cross-link density, while still enabling dynamic exchange through
transesterification or disulfide mechanisms. Overall, these lignin-derived aromatics provide
a versatile toolbox for tuning vitrimer networks, allowing controlled adjustment of mechanical

performance, relaxation kinetics, and processing windows through molecular design.

3.3. Vegetable oils

Various vegetable oils derived from seeds, plants, and nuts have been widely explored as
renewable feedstocks for the synthesis of bio-based thermosets, offering sustainable
alternatives to conventional, often toxic, fossil-derived chemicals. Well-known examples
include soybean oil, linseed oil, castor oil, palm oil, tung oil, and cardanol oil. Owing to their
inherent functionality and availability, these oils have also found extensive application in the
vitrimer field, where they serve as precursors for both resin matrices and curing agents. The

chemical structures of representative vegetable oils are depicted in Figure 15.
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Figure 15. Main vegetable oil platforms for vitrimers: soybean oil, linseed ail, castor oil, tung oil

and cardanol.
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Soybean oil is probably the most used vegetable oil for vitrimer production. The presence of s
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double bonds on the aliphatic chain makes it suitable for epoxidation reactions. Once
epoxidized, it can be used in combination with other bio-based hardeners to make CANs
based, for example, on transesterification, disulfide bond and imine-imine/amine bond
exchanges [97]. For instance, Di Mauro et al. used epoxidized soybean oil in combination
with epoxidized linseed oil and itaconic acid as a hardener to obtain fully bio-based materials
with high bio-based carbon content. The materials demonstrated good recyclability via both
mechanical and chemical methods thanks to transesterification reaction. The fully
reprocessed bio-based thermosets retained nearly identical thermomechanical properties
and chemical structures [98]. Nepomuceno et al. prepared a fully bio-based epoxy vitrimer
starting from epoxidized soybean oil with a eutectic hardener made of L-tartaric acid and
ethyl lactate in aqueous solution, resulting in a fully bio-based adaptable covalent network
that can be reprocessed via transesterification reaction without requiring an external
catalyst. Furthermore, the presence of the free hydroxyl groups of tartaric acid promoted the
ring-opening of epoxides and transesterification reactions, thereby improving both the curing
process and the kinetics of covalent bond exchange [99]. Li et al. synthesized catalyst-free
fully bio-based hydroxyester vitrimers using epoxidized soybean oil and acetylated starch
succinate monoesters as raw materials. The epoxidized soybean oil was cross-linked with
the acetylated starch succinate monoesters (ratio epoxy groups:carboxyl groups = 2:1) to
form a dynamically cross-linked network where the long segments with unreacted epoxy
groups from epoxidized soybean oil acted as plasticizer. Consequently, a maximum strain
of 230 % was achieved, helping to avoid the retrogradation and brittleness commonly
observed in starch-based materials. Moreover, the mechanical properties remained stable
even after three reprocessing cycles [100]. Fully bio-based vitrimers with high biomass
content (up to 77.1 %) were also developed by Jeon et al., who synthesized bio-based di-
epoxy, tri-epoxy, and soybean oil epoxy monomers derived from natural resources including
2,5-furandicarboxylic acid, protocatechuic acid and soybean oil, respectively, and cured
them with a tetra-functional thiol cross-linker from a-lipoic acid. Resulting thermosets
demonstrated impressive mechanical properties, with tensile strengths up to 55.76 MPa,
and stress relaxation behavior (with minimum activation energy for dynamic bond exchange
equal to 123.05 kJ/mol). They reprocessed the vitrimers through thiol-epoxy reactions and
transesterification, representing a major step forward in developing sustainable alternatives
to conventional petroleum-based thermosets [101]. An interesting fully bio-based vitrimer

was also prepared by Altuna et al. by cross-linking epoxidized soybean oil with an aqueous
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citric acid solution in the absence of any catalyst. The cross-linked polymer: Wwas:s
characterized by a network of B-hydroxyester groups and a fraction of vicinal diol groups.
Stress relaxation and lap shear tests evidenced the vitrimeric properties of the system with
an Ea = 106 kd/mol and disappearance of fracture lines after mending the samples at 160
°C by compression molding[102][97]. Furthermore, Veloso-Fernandez et al. synthesized a
sustainable epoxy vitrimer by cross-linking epoxidized soybean oil with a vanillin-derived
Schiff base aliphatic diamine as dynamic hardener with 1,2-dimethylimidazole as an
accelerator. The resulting vitrimer was compared with an equivalent commercial epoxy resin
((poly(bisphenol A-co-epichlorohydrin) glycidyl end-capped). A mixture of the two epoxies
(70:30 = synthesized:commercial) gave the best results with high thermo-mechanical
properties, while retaining the material’s inherent reprocessability and recyclability (hot
pressing at 150 °C for 60 min at 10 bar), despite the decrease in T4 values by increasing the
bio-based epoxy resin content in the formulations [103]. An equivalent study was conducted
by Zhao et al. who studied a sustainable vitrimer based on epoxidized soybean oil and
vanillin-based hardener with 1,2-dimethylimidazole as accelerator. They also proved
excellent stress relaxation resulting in Ea = 39.67 kd/mol, reprocessability and weldability of
the epoxy vitrimer, as showed in Figure 16 [104]. Eventually, Thomas et al. developed
vitrimers using epoxidized norbornylized seed oils, specifically from soybean and linseed

oils for composite applications. To enhance the sustainability of the system, carbonized

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

biomass derived from sorghum was incorporated as a filler, contributing to increased bio-

based content, reduced cost, and lower weight. These sustainable materials were cured
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with an acid hardener containing a dynamic disulfide bond (dithiodibenzoic acid).

Additionally, glass-fiber-reinforced composites were fabricated with the studied vitrimer

(cc)

resin. The thermosets maintained cross-linking degree and strong tensile properties after

reprocessing [105].
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Figure 16. Sustainable epoxy vitrimer synthesis with reprocessability and weldability properties.

Reproduced from ref. 104 with permission from American Chemical Society, Copyright © 2020.

Linseed oil has been standing out as a promising alternative to petroleum-based resources
due to its distinctive composition, particularly its high linolenic content (56 %). Its significant
degree of unsaturation, averaging 6.6 double bonds per triglyceride, makes it especially
valuable as a biomass-derived building block for synthesizing prepolymers and polymers
[106]. As for the other vegetable oils, linseed oil has found some applications in epoxy
vitrimer synthesis too. Di Mauro et al. synthesized reprocessable thermosets combining
disulfide metathesis and transesterification using epoxidized linseed oil. Synthesis of
epoxidized linseed cross-linked structures and its network rearrangement by simultaneous
exchange reactions is depicted in Figure 17. Interestingly, the authors tested a series of 10
different initiators able to initiate the cross-linking reaction but also to affect the reprocessing
step. Thermosets synthesized using imidazole as initiator demonstrated excellent
reprocessability. Furthermore, they exhibited complete chemical recyclability in basic
conditions at 80 °C within three days. The reprocessed materials retained performance
comparable to the original ones, even after ten reprocessing cycles [107]. The same authors
studied a series of novel bio-based epoxy thermosets polymerizing epoxidized vegetable
oils (including linseed oil) with a disulfide aromatic dicarboxylic acid. The obtained
thermosets were able to be chemically dissolved in a solution of 2-mercaptoethanol in DMF.
Noteworthily, the authors observed also that increasing the functionality of the epoxidized
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vegetable oils leads to enhanced reactivity, greater cross-linking density, and improved:
overall performance, with Tg ranging from 34 °C to 111 °C [108]. Nardi et al. explored boronic
ester vitrimers containing lignin microparticles for adhesive applications. The adhesive was
fabricated from epoxidized linseed oil and a boronic ester dithiol cross-linker. Lignin
microparticles (20-50 wt.%) were used as reinforcing fillers to enhance thermal and
mechanical properties of the adhesive. The process was solvent- and catalyst-free, which

was advantageous for environmental and industrial reasons. The obtained vitrimers

@
§ exhibited lap shear strengths of 9-17 MPa when tested on aluminum, stainless steel, and
s J . . . .
<38 wood and demonstrated good to excellent rewelding potential, even after multiple bonding
]
S 5 cycles. Furthermore, the vitrimer maintained 83 % of initial adhesion strength after 24 hours
© <
§ % in water, indicating water resistance, although they demonstrated enhanced biodegradability
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Figure 17. Synthesis of epoxidized linseed o0il/2,2"-dithiodibenzoic acid cross-linked structures, and
network rearrangement by simultaneous exchange reactions: disulfide metathesis and
transesterification. Reproduced from ref. 107 with permission from American Chemical Society,
Copyright © 2020.

Castor oil is a vegetable oil extracted from castor seeds ranging from 45 % to 60 % of oll
content[110]. Its use in polymer production is well documented, and it has recently attracted

attention for the vitrimer production too [106,111]. Few examples are discussed in this
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section. Zhang et al. recently developed repairable and reprocessablg big:based:

8J

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:34:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

polyurethanes with robust mechanical properties using hindered urea bonds derived from
castor oil. Relaxation times of the prepared vitrimer were found to be short, ranging from
12.3 s to 221 s at 100 °C, and the vitrimers showed good healing efficiency of 88.9-100 %
at 100 °C for 10 min and recyclability too. Shape recovery was tested to be 81.3 %.
Interestingly, the polymers could undergo a rapid and reversible solid/liquid transformation
under cooling and heating treatment [112]. A castor oil-based epoxy vitrimer based on dual
dynamic bonds (disulfide and ester bonds) was also prepared by Zhang et al. Methacrylated
castor oil was used as epoxy prepolymer, glycerol methacrylate as reactive diluent, and
itaconic acid and 4,4'-dithiodiphenylamine as curing agents. A 5:5 molar ratio between the
two cross-linkers was found to give the most balanced comprehensive performance with a
storage modulus of 1715 MPa, a tensile strength of 16.8 MPa and a Tg of 44.6 °C. The
activation energy of the reversible exchange reactions was found to be 89.3 kJ/mol. The
vitrimer demonstrated a high thermally activated repair efficiency (94.6%) and efficient
reprocessability under heat and pressure, together with confirmed chemical degradability
[113]. Additionally, vitrimers from castor oil were synthesized by Zhu et al., who prepared
fully bio-based catalyst-free vinylogous urethane vitrimers using aminated DL-limonene as
cross-linker, demonstrating the possibility to generalize the used synthetic procedure to
other bio-based raw materials rich in double bonds (Figure 18). A polymer film was obtained
after cross-linking at 25 °C for 48 h, and it was able to be thermally reprocessed (130 °C
and 6 MPa for 30 min), had good shape memory properties, and showed complete
dissolution after immersion in benzylamine at 120 °C for 30 min. Furthermore, a 95 % gel
fraction in THF/acetone (v/v = 1:1) was determined. Relaxation times ranging from 179 to
595 s were registered raising the temperature from 70 to 130 °C, validating the temperature
dependency of the exchange reactions in the vitrimer network. An activation energy of 26
kJ/mol was determined, generally smaller than those of previously reported vinylogous
urethane vitrimers [114]. Eventually, Shao et al. synthesized a castor-oil derived vitrimer
incorporating dual dynamic networks through carefully designing a molecule based on ester-
imine bonds and an aromatic Schiff base-conjugated cross-linker. These vitrimers enabled
controlled self-healing triggered by photothermal conversion with an efficiency of 100 %.
Activation energy of the dynamic bond exchange was found to be 37.25 kJ/mol and the
vitrimer had a Ty of 123.13 °C. The authors found favorable dielectric properties presenting
a novel approach to the design of biomass-based epoxy vitrimers for electronic applications
[115].
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Figure 18. Vitrimer from castor oil and DL-limonene: (a) synthetic route of the vinylogous urethane

vitrimer, (b) synthesis of the aminated DL-Limonene cross-linker, and (c) dissolution reaction in
benzylamine at 120 °C. Adapted from ref. 114 with permission from Elsevier Ltd, Copyright ©
2020.

Tung oil is a nonedible oil derived from the seeds of the tung tree, and like the other
vegetable oils it has been used for the preparation of vitrimers. Chen et al. used a tung
maleic anhydride and epoxidized tung oil ethanolamides synthesized from tung oil to

prepare a vitrimer based on dynamic hydroxyl ester exchange reaction, as depicted in Figure

19. The so obtained vitrimer showed fast and excellent healing performance under

temperature stimulus and good reprocessing efficiency (94.7 %) at 160 °C for 10 min in
absence of catalyst. Furthermore, degradation experiments indicated that the vitrimer could
be hydrolyzed in alkaline solutions [116]. An adduct of tung oil based diacid and maleic
anhydride with different contents of carboxylic acid and anhydride was used by Xiao et al.

to cross-link DGEBA to fabricate vitrimers. The resulting tung oil-based vitrimers
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63.17 MPa, elongation at break of 5.34 % and bending strength equal to 92.96 MPa).
Interestingly, the presence of secondary hydroxyl groups enhanced the transesterification
reaction during the recycling step. Remolding was performed without any catalyst, and the
recycled materials retained nearly 100 % of their original tensile strength, indicating excellent
recyclability and malleability. Activation energies of the vitrimers ranged from 110 to 126.7
kJ/mol and the relaxation times were less than 1000 s [117]. More recently, Chang et al.
synthesized a tung oil-based tetrafunctional carboxylic acid curing agent through a one-pot
method and used it to cross-link DGEBA for preparing carbon fiber reinforced composites.
Tensile strength, tensile modulus and elongation at break of the bare vitrimer were 64.62
MPa, 2.55 GPa, and 4.31 % respectively. Additionally, the vitrimer exhibited excellent
thermally activated repair, shape memory behavior, and recyclability: it could undergo
reprocessing in absence of catalyst with a recovery efficiency of 91.3 % even after the third
cycle. Relaxation times ranging from 7166 to 255 s at 180 and 240 °C, respectively, were

determined and an activation energy of 106.4 kJ/mol was calculated [118].
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Figure 19. Synthesis reactions of a tung oil-based vitrimer. Adapted from ref. 116 with permission

from American Chemical Society, Copyright © 2023.
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Cardanol is an unsaturated alkylphenol derived from cashew nutshell liquid (CNSL),swhich s
accounts for 25 % of the weight of the nuts and is an important industrial byproduct. CNSL
contains four different meta-alkylphenols that vary in the degree of unsaturation of their side
chains [10]. Through thermal treatment and subsequent purification, CNSL is processed into
industrial grade cardanol. Cardanol serves as a key starting material for synthesizing
chemical building blocks for thermosetting polymers, such as epoxy resins and cross-linkers
and cardanol derivatives have also been explored for use in vitrimers. Once epoxidized, the
presence of epoxy groups provides excellent reactivity, while the aliphatic chains contribute
to flexibility. Additionally, the aromatic core of the molecule ensures high resistance to flame
and organic solvents [44]. Usually, due to the long aliphatic chains, elastomeric materials
with low Tg are obtained.

Ferretti et al. developed a vitrimer combining epoxidized cardanol and a di-boronic ester
dithiol as cross-linking agent. The reaction was carried out in absence of catalyst through a
thiol-epoxy “click” mechanism. The resulting vitrimer was characterized by short relaxation
times, around 4 s at 70 °C and 0.3 s at 110 °C, and a dynamic bond exchange activation
energy of ca. 48 kJ/mol. Furthermore, the material exhibited ready biodegradability in
seawater and demonstrated favorable characteristics under flame exposure [119]. Liu et al.
studied a cardanol-based vitrimer with self-healing, shape memory, and recyclability
properties using citric acid as cross-linking agent without catalyst. They mechanically

characterized the vitrimer for adhesion purposes; excellent thermal stability was also

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

demonstrated. Stress relaxation analysis was conducted confirming autocatalysis of

hydroxyl groups at elevated temperatures with an Ea = 34.03 kJ/mol. The studied vitrimers

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:34:31 AM.

were chemically recyclable and showed good thermally activated repairability, shape

(cc)

memory behavior and recovery of bonding strength after reprocessing, supporting their
application as curable and repairable adhesives [120]. Trejo-Machin et al. synthesized a
cardanol based polybenzoxazine vitrimer able to be recycled up to 5 times, to be reshaped
and to give reversible adhesion (adhesion strength up to ca. 2.8 MPa on aluminum) thanks
to fast stress relaxation process (18 s at 120 °C) and low activation energy (64.5 kJ/mol).
The associative nature of the CAN formed was confirmed by frequency sweep
measurements at different temperatures. At 140 °C the crossover of G' and G" occurred
around 0.19 rad/s, which corresponds to a relaxation time of 33 s. The shift in crossover
frequency of G’ and G” with increasing temperature indicated enhanced molecular mobility,
characteristic of dynamic bond exchange, while the stable storage modulus at higher

frequencies suggested preserved network cross-link [121]. Chen et al. reported a cardanol-
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based vinylogous urethane vitrimer with Tq = 42 °C and Tv = -42 °C. Being Tv < Tg thé chain
relaxation at T < 42 °C was limited by segment mobility. However, at higher T, the chain
relaxation was then governed by the exchange reactions. The vitrimers were characterized
by high reprocessability due to low Ea values (inferred from stress relaxation and creep
experiments) of 33 kd/mol and 25 kJ/mol, respectively. Investigation of shape memory
behavior demonstrated a correlation between the shape programming time and the extent
of shape recovery. This behavior was attributed to low activation energy, which allowed the
vitrimer network to reorganize quickly at the programming temperature, thereby facilitating
the dissipation of stored elastic energy resulting from the shape deformation [122].
Eventually, Bo et al. investigated a renewable benzoxazine-based vitrimer from cardanol:
the vitrimer showed excellent reprocessability, self-healing property, shape memory
behavior, and antibacterial activity, with elongation at break over 587 % and tensile strength
equal to 5.88 MPa. It was recycled many times and was also healed by temperature
exposure at 100 °C for 5 minutes. Images of the mechanical and chemical recycling are
reported in Figure 20 [123].

recoveryl THF
/_\P
F“- 2 -@

m /\f\ stretching

Figure 20. (A) Reprocessing process of benzoxazine-based vitrimer from cardanol by compression
to reform film, and proposed mechanism of cross-linking network remodeling; (B) Recycling
process of the vitrimer (called PCB1). Reproduced from ref. 123 with permission from Elsevier Ltd,
Copyright © 2022.

From a structure-property standpoint, vegetable oil-derived building blocks impart markedly
different vitrimer behaviors depending on chain architecture, degree of unsaturation, and
functional group density. Oils rich in multiple unsaturated fatty acid chains, such as soybean
and linseed oils, enable high epoxy or ester functionality after chemical modification,

favoring densely cross-linked networks with good mechanical strength and thermally
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activated exchange dynamics governed by transesterification or disulfide reagtions,/Castor;
oil, distinguished by the presence of intrinsic hydroxyl groups along the fatty acid backbone,
facilitates network formation at lower temperatures and promotes efficient dynamic
exchange, often resulting in softer, more elastomeric vitrimers with enhanced healing
efficiency. Tung oil, characterized by conjugated unsaturation, provides higher reactivity and
cross-link density, yielding vitrimers with increased stiffness and thermal resistance while
retaining reprocessability. In contrast, cardanol-based structures combine a rigid aromatic
core with a long flexible aliphatic side chain, leading to vitrimers with low Ty, high toughness,
and rapid stress relaxation. Collectively, these structural variations offer a versatile
molecular toolbox for tailoring vitrimer mechanical performance, relaxation kinetics, and

processing windows through judicious selection of vegetable oil feedstocks.

4. Application examples of bio-based vitrimers

Vitrimers have demonstrated broad applicability across key sectors including thermoset
composites, packaging, additive manufacturing, adhesives, electronics, and foams, owing
to their unique ability to combine thermoset-like mechanical and thermal performance with
dynamic covalent bond exchange. In fiber-reinforced composites, vitrimers enable damage

repair, reshaping, and recovery of reinforcement fibers, addressing critical recyclability

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

challenges. In packaging, vitrimer chemistries, particularly when derived from bio-based

feedstocks, offer a balance of processability, barrier performance, and controlled

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:34:31 AM.

recyclability. Additive manufacturing benefits from vitrimer networks that allow printed parts

to be welded, reshaped, or reprocessed after fabrication, overcoming the irreversibility of

(cc)

conventional thermosets. Adhesive applications exploit vitrimer-enabled debonding,
rebonding, and repair under thermal or chemical stimuli, while in electronics, reprocessable
vitrimer matrices support repairable circuit boards, conductive composites, and improved
electronic waste management. Vitrimer foams further extend these advantages to
lightweight, repairable, and potentially degradable cellular materials. Collectively, these
application-specific benefits stem from the ability of vitrimers to undergo network
rearrangement without loss of cross-link density, enabling extended service lifetimes, repair,
reuse, and reduced plastic waste generation within a circular economy framework [124]. For
instance, the diverse application landscape of vegetable oil-based vitrimers has been

comprehensively summarized by Chong et al. as depicted in Figure 21 [125] The following
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sections review representative vitrimer systems with emphasis on applicationsdriven;

material design, processing strategies, and functional performance.
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Figure 21. Potential applications of epoxidized vegetable oil-based epoxy vitrimers. Reproduced

from ref. 125 with permission from Elsevier Ltd, Copyright © 2022.

4.1. Composites

Thermosets are widely used for composite production, and it is therefore fundamental to

explore bio-based alternatives with low environmental and toxicological impact. The use of

bio-based vitrimer thermosets can help reduce thermoset composite waste by facilitating

recycling and repairability. Numerous applications of vitrimer thermosets in the composite

sector can be found in the literature, particularly in carbon fiber-reinforced systems [26,126—

128]. Recently, Arano et al. developed a self-healing carbon fiber-reinforced epoxy vitrimer

using bio-based carboxylic acids to cross-link DGEBA. The cross-linked vitrimer exhibited a

Tg of 94 °C and a stress relaxation time of 1.1 h at 200 °C, while the activation energy of the
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transesterification reaction was found to be in the range of 117-133 kJ/mol. Furthermiore;:
this study demonstrated that vitrimer-based resins can significantly extend the service life of
carbon fiber composites. When a damaged composite containing 50 vol.% carbon fibers
was heated to elevated temperature, the transesterification reaction enabled healing of
microcracks and scratches, as depicted in Figure 22 [129].

Xu et al. developed a self-healing, bio-based vitrimer by combining a tung oil-based
triglycidyl ester with a disulfide bond—containing molecule. The resulting material was
reinforced with carbon fibers to yield a composite exhibiting dual dynamic network behavior
involving both transesterification and disulfide metathesis mechanisms. A relatively low
activation energy for dynamic bond exchange was observed (66.51 kJ/mol), and complete
stress relaxation was achieved within 50 s at 160 °C. The composite also demonstrated
thermally triggered healing behavior and recycling capabilities, and chemical degradation
was achieved using mercaptoethanol, ethanolamine, and ethylene glycol [130]. Fang et al.
prepared a carbon fiber—reinforced bio-based epoxy vitrimer composite from camphoric acid
and epoxidized soybean oil. The cross-linked network underwent transesterification
reactions, demonstrating good reprocessability, repairability, and recyclability. Stress
relaxation measurements at elevated temperatures revealed a bond exchange activation
energy of 84 kJ/mol, with a relaxation time of 7245 s at 200 °C under an excess of hardener.
Complete recovery of the carbon fibers was achieved by dissolving the vitrimer matrix in

ethylene glycol [131]. Liu et al. developed a high-performance bio-based epoxy vitrimer and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

applied it in carbon fiber-reinforced composites. The vitrimer was synthesized using glycerol

triglycidyl ether as the epoxy resin and an imine-containing vanillin derivative as the

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 4:34:31 AM.

hardener. Excellent reprocessability and recyclability were demonstrated, and the

(cc)

mechanical properties were comparable to those of amine-cured DGEBA systems. After
curing, the carbon fiber composite was recycled by dissolving the resin in an amine solution,
enabling complete recovery of the composite constituents [132]. Hong et al. reported the
use of a ternary aqueous solution of tannic acid, boric acid, and poly(vinyl alcohol) to
produce a robust bio-based vitrimer combined with carbon fibers. The resulting composite
exhibited high mechanical performance, with a tensile strength of 570 MPa and a tensile
modulus of 21 GPa, as well as recyclability and reprocessability above Ty (78 °C) due to
dynamic covalent bonding, with an activation energy of 51.83 kJ/mol [133]. Bio-based
boronic ester vitrimers were also prepared by Sangaletti et al. starting from epoxidized
linseed oil. The resulting vitrimer was used to fabricate carbon fiber composites, showing

good mechanical properties and recyclability in ethanol via reversible hydrolysis of the
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boronic ester cross-links [134]. Dong et al. studied a guaiacol-derived epoxy vitrimethased s

8J
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on disulfide bond exchange and applied it in carbon fiber-reinforced composites. The
vitrimer exhibited fast stress relaxation (20 min at 140 °C and 15.8 s at 200 °C), could be
reprocessed at 180 °C and 10 MPa for 30 min, and showed effective thermal repair
capability. The activation energy of the dynamic bond exchange reaction was calculated to
be 95.42 kJ/mol and a Ty of 64 °C was determined [135]. Finally, Bourdon et al. investigated
bio-based benzoxazine vitrimer composites reinforced with flax and carbon fibers,
demonstrating the importance of stacking sequence and fiber selection in optimizing the

healing performance of vitrimer composites [136].

i

-

DAMAGED

EPOXY VITRIMER MATRIX

Figure 22. Thermal healing of a carbon fiber-reinforced epoxy vitrimer composite obtained from
bio-based carboxylic acids and DGEBA. Reproduced from ref. 129 with permission from American
Chemical Society, Copyright © 2024.

4.2. Packaging

Packaging represents a major share of global plastic production. Although this sector is
currently dominated by thermoplastic polymers, further research into bio-based materials
with high recyclability and biodegradability is required. In this context, the incorporation of
functional groups capable of forming dynamic covalent networks can improve both the
mechanical performance and recyclability of packaging materials. Several examples of
vitrimer-based systems for packaging applications have been reported in the literature. For
instance, Safarpour et al. synthesized a bio-based and biodegradable vitrimer using
soybean oil as a building block for packaging applications. A combination of vanillin and a

bio-based diamine was used as the cross-linker, while oleic acid was incorporated to tune
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mechanical properties and control cross-linking density. Increasing the oleic agid conterntup s
to 23 wt.% reduced the Tg4 from 0 °C to =30 °C and the tensile modulus from 2.41 to 0.66
MPa. At the same time, oleic acid addition shortened stress relaxation times and reduced
the activation energy of dynamic bond exchange due to its plasticizing effect. Without oleic
acid, Ea and Ty were 33.6 kJ/mol and -152.64 °C, respectively, whereas values of 27.89
kd/mol and -175.5 °C were obtained in its presence. The vitrimers exhibited excellent
reprocessability and recyclability, as well as good moldability and adhesion to surfaces.
Oxygen and water vapor barrier properties were comparable to those of low-density
polyethylene, with very low migration into food simulants. These combined properties make
this system a promising alternative for flexible food and general packaging applications [14].
Yiga et al. developed recyclable and biodegradable epoxy thermosets using modified rice
husk as a component. Rice husks were treated with an alkaline solution to increase cellulose
content, followed by succinylation and curing with trimethylolpropane triglycidyl ether to
produce thermoset films. These films could be thermally reprocessed by hot pressing
through transesterification reactions, achieving mechanical property recovery efficiencies
between 92% and 96%. Additionally, biodegradation levels of 80—-84% were achieved after
150 days under composting conditions [137]. Tang et al. developed a fully bio-based vitrimer
containing 70% lignin using epoxidized fractionated lignin and sebacic acid, without

additional chemical modification, for advanced packaging applications involving UV-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sensitive products. As discussed in Section 3.2, the phenolic hydroxyl content and the ratio

of flexible to rigid linkages in lignin strongly influence tensile strength, toughness, self-
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healing behavior, and reprocessability. The authors also reported a strong correlation

between lignin molecular weight, syringyl/guaiacyl ratio, and the thermal properties of the

(cc)

resulting materials [138].
4.3. 3D printing

3D printing has emerged as a high-value sector for polymer applications. Various 3D printing
techniques exist, and some of them, such as Digital Light Projection (DLP), Liquid
Deposition Modeling (LDM), and Direct Ink Writing (DIW), can be applied to vitrimer
materials [139,140].

Cortés-Guzman et al. studied a recyclable bio-based vitrimer for DLP 3D printing based on
dynamic imine exchange. The obtained vitrimer could be reprocessed in the absence of any
catalyst. Five bio-based resin formulations derived from vanillin, comprising vanillin acrylate
and vanillin methacrylate-functionalized amines, were synthesized. Complex structures
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exhibited tensile moduli ranging from 2.05 MPa to 332 MPa. These materials also
demonstrated thermally activated repair and reprocessing capabilities when heated above
their glass transition temperatures under high pressure (1500 psi at 140 °C for 3 h) [30]. Fei
et al. also synthesized bio-based UV-curable dimethacrylate vitrimers for DLP 3D printing
via the reaction of vegetable oil-derived dimer acid with glycidyl methacrylate. A resin
formulation containing a photoinitiator and a transesterification catalyst was used for 3D
printing, while ethyl acetate served as a diluent. The authors tuned the mechanical
properties of the cross-linked vitrimers through molecular design, achieving a maximum
tensile strength of 9.2 MPa and an elongation at break of 66.4%. The vitrimer showed good
reprocessability and repairability due to transesterification reactions between hydroxyl and
ester groups. Furthermore, the printed structures exhibited notable welding behavior
enabled by the dynamic covalent bonds [141]. Additionally, a bio-based epoxy
vitrimer/cellulose composite was 3D printed via LDM by Capannelli et al. The vitrimer was
prepared by mixing epoxidized cardanol with a bio-based polycarboxylic acid in the
presence of a zinc catalyst for transesterification. Cellulose was used as a rheology modifier
to impart suitable flow properties to the polymer. The formulation was successfully 3D
printed and cured at 200 °C for 6 h. Chemical recycling of the vitrimer was achieved by
immersion in ethylene glycol at 180 °C for 6 h, and an activation energy of 85 kdJ/mol and a
Tv of 71 °C were determined [142]. Finally, Shi et al. developed an epoxy vitrimer for DIW
3D printing that could be recycled and reprinted via transesterification reactions. The vitrimer
was based on DGEBA and fatty acids with a zinc catalyst, and nanoclay was incorporated
to impart rheological properties suitable for DIW processing. The vitrimer was recycled by
soaking in ethylene glycol at 180 °C for 6 h, followed by solvent evaporation and partial
repolymerization under vacuum at 180 °C for 8 h to reform an ink suitable for 3D printing.
The cross-linking/dissolution/re-cross-linking cycle of the nanoclay-reinforced vitrimer epoxy
is illustrated in Figure 23 [143].
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Figure 23. lllustration of the cross-linking/dissolution/re-cross-linking cycle for recyclable 3D
printing of a nanoclay-reinforced vitrimer epoxy. Reproduced from ref. 143 with permission from
The Royal Society of Chemistry, Copyright © 2017.

4.4. Adhesives

The adhesives sector is highly dominated by thermoset polymers. In this context, the
introduction of CANs for adhesive production can have a significant impact, and several
examples of vitrimer-based adhesives have already been reported [144—146]. Notably,
Zhang et al. studied a bio-based vitrimer with excellent adhesion properties by modifying
wheat straw—derived lignin via a catalyst-free reaction with tert-butyl acetoacetate and cross-

linking the resulting product with a fatty acid—based diamine. This approach yielded a fully
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dynamic vinylogous urethane bonds activated at temperatures above 100 °C. Relaxation
times ranging from 104 s at 150 °C to 9 s at 180 °C were recorded in the absence of a
catalyst, and an activation energy of 133.5 kJ/mol was calculated. Mechanical testing
revealed a dry shear strength of 12.7 MPa and a wet shear strength of 3.5 MPa. Importantly,
adhesive removal by heat or solvent was demonstrated, and the recovered adhesive was
fully recycled [147]. Lignin-based vitrimer adhesives were also investigated by Yang et al.,
who produced a polyphenol lignin-based vitrimer adhesive with photothermal conversion
capability and a wood lap shear strength of 12.87 MPa. Lap shear strength was maintained
even under extreme environmental conditions. Furthermore, owing to lignin’s efficient light-
to-heat conversion, phenol-lignin-based vitrimers could be repaired using infrared laser
irradiation, with the repaired adhesive retaining approximately 93% of its original strength
after reprocessing [148]. In related work, Du et al. developed a vitrimer adhesive using
epoxidized lignin and a lignin-based carboxylic acid curing agent obtained via reaction with
maleic anhydride. The rigidity of lignin’s aromatic structure increased the mechanical
strength up to 68 MPa, while incorporation of polyethylene glycol significantly improved
elongation at break and eliminated the need for metal catalysts during recycling. The vitrimer
exhibited excellent solvent resistance and recyclability through multiple methods, including
hot pressing at 160 °C and 4 MPa for 15 min and chemical recycling in ethylene glycol. The
activation energy of the bond exchange reaction was calculated to be 18.12 kJ/mol [149].

Adhesive materials were also developed by Ma et al. starting from soybean oil. Soybean
oil-based polymers with hydrogen-bonded cross-linked networks were formed under UV
irradiation via random polymerization. Adhesives were obtained through ammonolysis of
soybean oil with ethanolamine, esterification of N-hydroxyalkyl fatty amides with methacrylic
anhydride, and free-radical polymerization with allyl thiourea. The resulting networks
demonstrated effective adhesion to various substrates, including wood, metal, rubber, glass,
and PTFE, with dry shear strengths of 2.21 MPa on wood and 2.06 MPa on steel. These
materials exhibited thermal repair capability, reprocessability, shape memory behavior, and
tunable adhesion. Solubility tests showed complete dissolution in tetrahydrofuran after 12 h,
confirming chemical recyclability [150]. Finally, Tratnik et al. studied starch-based reversible
adhesives relying on transesterification reactions. By varying the epoxy-to-cross-linker
molar ratio, the authors evaluated its effect on vitrimer properties. An excess of cross-linker
reduced Ty, cross-link density, Ty, and activation energy. Notably, increasing the ratio from

1:1 to 1:1.5 lowered the activation energy from 90 to 31 kJ/mol. Adhesion tests on wood
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revealed that a 1:1.5 ratio yielded the highest adhesion strength (3.02 MPa), with adhesion s
recovery up to 91%. These results highlight the critical role of dynamic bond density and

functional group concentration in designing bio-based vitrimer adhesives [151].

4.5. Electronics

Vitrimers can help reduce the environmental impact of electronic waste owing to their
reprocessability and reparability. While many vitrimer applications in electronics have been
reported, examples of fully bio-based vitrimers in this field remain limited. Reprocessable
vitrimers for electronic applications were studied by Biswal et al. Starting from adipic acid
and glycerol, a cross-linker was synthesized and combined with DGEBA to form a CAN
exploiting transesterification reactions. These vitrimers exhibited high elongation at break
(up to 250%) and toughness (466 J/m), with Ty values between 185 °C and 248 °C
depending on catalyst concentration and chain length. The authors demonstrated a
functional USB cable for power and data transfer (Figure 24), highlighting both repairability
and recyclability via a solvent-based process [152]. Zhang et al. developed a printed circuit
board using a transesterification-based vitrimer and conducted a life cycle assessment
showing a significant reduction in environmental impact compared to conventional boards.
Fractures and holes were effectively repaired while maintaining consistent performance over
multiple cycles. A non-destructive recycling method based on polymer swelling with small-

molecule solvents was also introduced, preserving material integrity and enabling the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

fabrication of new printed circuit boards without performance loss [153]. Ho et al.

investigated recyclable and healable electronic materials based on vitrimer—liquid metal
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microdroplet composites, combining the electrical conductivity of liquid metals with the
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mechanical robustness of thermosets. The composites exhibited a glass transition
temperature of 130 °C and a topology freezing temperature of 165 °C. Ty was determined
from strain response under constant stress via dynamic mechanical analysis. The materials
showed strong solvent resistance, high electrical conductivity, and reprocessability (170 °C,
1.5 metric tons, 30 min, up to four cycles). The activation energy derived from stress
relaxation was 45.3 kcal/mol. With only 5 vol.% liquid metal loading, conductive pathways
enabled the fabrication of vitrimer-based circuit boards incorporating sensors and LEDs
[154]. Notably, Wang et al. used carbon nanotube sheets to fabricate electricity-triggered
healing conductive vitrimers. The sheets were attached to liquid crystal elastomer
composites, enabling healing under an applied voltage of 1.18 V. mm™. Electrical healing

arose from nanotube reconnection, while mechanical healing was driven by
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acid)-modified liquid metal as a cross-linker to fabricate sustainable epoxy composites with
high thermal conductivity (0.82 W/m-K). Dynamic disulfide bonds anchored the liquid metal
to the polymer matrix, enabling reprocessing while maintaining thermal conductivity and
allowing degradation under mild reducing conditions [156]. Finally, Xu et al. engineered high-
Tg vitrimers for electronic packaging through molecular design of thermoset precursors,
incorporating rigid moieties and CAN functionalities. The resulting materials exhibited Tg
values above 125 °C and Ty around 230 °C, with slow and fast stress relaxation below and
above Ty, respectively. Thermally activated repair efficiencies exceeded 80%,

demonstrating a promising strategy for advanced electronic packaging materials [157].
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Figure 24. Example of a vitrimer application in electronics. Reproduced from ref. 152 with

permission from American Chemical Society, Copyright © 2025.
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View Article Online
4.6. Foams DOI: 10.1039/D5LP00408]

Thermoset foams are extensively used in industrial sectors such as automotive, aviation,
and electronics. However, they are predominantly fossil-based and difficult to recycle. For
these reasons, vitrimers have been investigated as potential alternatives. Tian et al. reported
the production of a fully bio-based degradable vitrimer foam using epoxidized malepimaric
anhydride, 1,5-diaminopentane, and 1,5-diaminopentane carbamate as a latent curing—
blowing agent. The foam was cured at 50 °C and exhibited excellent mechanical
performance, with a compressive strength of 2.86 MPa. The vitrimer showed catalyst-free
thermally activated repair via dynamic B-hydroxy ester bonds and tertiary amine
autocatalysis, as well as shape memory behavior and chemical degradability in
ethanolamine or NaOH under mild conditions. The activation energy was 73.82 kJ/mol, with
a relaxation time of 285 s at 180 °C [158]. Tian et al. also developed a degradable tung oil—
based vitrimer foam using a latent foaming—curing agent combined with triglycidyl ester of
eleostearic acid maleic anhydride and isophorone diamine. The cured foam exhibited good
compressive strength (3.55 MPa) and thermal stability. Tertiary amine groups catalyzed
dynamic hydroxyl ester exchange, enabling thermally triggered healing behavior,
degradability in ethanolamine, and shape memory behavior. Complete stress relaxation
occurred between 140 °C and 180 °C, with relaxation times ranging from 1045 to 105 s and

an activation energy of 89.29 kJ/mol [159]. Liu et al. studied polyurethane foams with

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

vitrimeric properties by replacing up to 50% of fossil-based polyols with soy polyols.

Dibutyltin dilaurate catalyzed bond exchange reactions, allowing mild reprocessing at 160
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°C. The resulting foams exhibited improved stress relaxation and satisfactory
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reprocessability [160]. Finally, Han et al. developed a bio-based, catalyst-free poly(ethylene
2,5-furandicarboxylate)/poly(trimethylene carbonate) blend vitrimer with good foamability,

high mechanical performance, thermal stability, and excellent reprocessability [161].

5. Conclusions and outlook

Bio-based vitrimers have emerged as a highly promising class of materials capable of

addressing two of the most critical limitations of conventional thermosets: their reliance on

fossil-derived feedstocks and their near-impossibility of reprocessing and recycling. By

combining renewable building blocks with associative CAN structure, vitrimers enable

thermoset-like mechanical and thermal performance together with reprocessability,

repairability, and, in some cases, controlled chemical degradation. As highlighted
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lignin-derived aromatics, and vegetable oils, can be successfully integrated into vitrimer
architectures, enabling application-driven tuning of properties for sectors such as
composites, packaging, additive manufacturing, adhesives, electronics, and foams. These
advances position bio-based vitrimers as strong candidates for next-generation materials
aligned with circular economy principles.

Despite this significant progress, several scientific and technological challenges must still
be addressed before bio-based vitrimers can be implemented at industrial scale. Achieving
mechanical, thermal, and long-term durability comparable to or exceeding that of benchmark
fossil-based thermosets under demanding service conditions (e.g., elevated temperatures,
aggressive chemical environments, and cyclic loading) remains non-trivial. In this context,
the intrinsic variability of biomass-derived feedstocks, including differences in lignin origin
and extraction methods or variations in vegetable oil composition, introduces additional
complexity in ensuring reproducibility, consistency, and quality control.

Equally critical is the precise control of vitrimer dynamic behavior. The density and kinetics
of dynamic covalent bonds must be carefully balanced: while fast exchange reactions
enhance reprocessability, healing, and welding, they may also promote creep or
dimensional instability during service; conversely, overly sluggish exchange kinetics can
limit recyclability and repair. Designing vitrimers with an optimal separation and positioning
of Tg and Ty for specific applications therefore remains a central challenge in molecular and
network design.

Formulation strategies also require further refinement. Many current vitrimer systems rely
on metal-based catalysts or non-benign additives to activate bond exchange reactions,
which may restrict their use in sensitive applications such as food packaging, biomedical
devices, or electronics, and complicate end-of-life management. The development of
catalyst-free systems, self-catalyzing networks, or vitrimers based on inherently benign
components is thus a key research direction for improving safety, regulatory acceptance,
and sustainability.

From a processing perspective, translating bio-based vitrimer chemistries to industrially
relevant manufacturing routes (e.g., reactive extrusion, resin transfer molding, prepregging,
additive manufacturing, and foaming) requires formulations that tolerate realistic processing
windows, temperature profiles, and residence times. In parallel, compatibilization with
existing polymer and composite waste streams will be essential to fully exploit vitrimer

recyclability within current industrial infrastructures.
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Finally, robust sustainability validation is indispensable. Experimental advances myst be s
increasingly coupled with LCA and techno-economic analysis to quantify the true
environmental benefits of bio-based vitrimer technologies, identify trade-offs, and guide
rational selection of feedstocks, chemistries, and processing routes. Such integrated
assessments will be crucial to avoid burden shifting and to ensure that vitrimer solutions
deliver measurable improvements over incumbent materials.

Looking ahead, the convergence of molecular design, processing science, and sustainability
assessment will be decisive for the future of bio-based vitrimers. The combination of
renewable feedstocks, advanced dynamic covalent chemistries, including dual-exchange
and multi-network systems, and scalable manufacturing strategies has the potential to move
these materials beyond laboratory demonstrations toward real-world, high-value
applications. Successfully addressing the remaining challenges would establish bio-based
vitrimers as key enablers of circular thermoset technologies and as an important pillar of

sustainable polymer materials development.
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