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This paper discusses various chemical modifications of lignin,

and development of lignin-based vitrimers that could promote
transition from fossil-based to bio-based polymeric materials
for sustainable economy. Thermal-mechanical properties

of vitrimeric materials derived from lignin, alongside their
vitrimeric chemistry and potential applications are also
discussed.
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The research efforts directed towards addressing the environmental issues and non-recyclability of
conventional plastics has triggered great attention for vitrimers as a new type of renewable plastic.
Vitrimers are characterized by dynamic covalent linkages that impart strong chemical resistance and
strength similar to that of thermosets, while enabling reprocessability under specific conditions. The past
decade has witnessed the development of various vitrimeric chemistries that are applicable to a broad
range of bio-based prepolymers with application in vitrimer synthesis. This review aims to provide an
overview of the recently reported lignin-based vitrimers, laying emphasis on their thermal-mechanical
properties, potential applications based on their properties, and their dynamic bond exchange mechan-
isms. Furthermore, important features of bio-based vitrimers such as self-healing, shape memory,
renewability, and reprocessability will be discussed. Some key modifications of lignin, which are
necessary to improve its compatibility with other materials and targeted vitrimeric chemistry, will also be
highlighted.

1. Introduction

Since their discovery in 1907, synthetic polymers have been
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20th century whose diverse properties depend on their hier-
archy scales from the monomeric building blocks to the con-
densed matter structures. Based on internal interactions,
polymers are classified into thermoplastics and thermosets.

Peter K. Karoki obtained his BSc
and MSc in chemistry from Keny-
atta University, Kenya. He later
received his MSc in Chemical
Engineering from the University of
Tennessee, Knoxville, in 2023.
Currently, he is a graduate student
in Tickle College of Engineering at
the University of Tennessee,
Knoxville. His research is mainly
on the valorization of lignoce-
llulosic biomass to a wide range of
bio-based materials for a circular

Dr Shuyang Zhang obtained a PhD
in Chemical Engineering from the
University of Tennessee, Knoxville.
Earlier, he received a BSc in Polymer
Processing Engineering and an MSc
in Materials Engineering from Sic-
huan University, Chengdu, Sichuan,
China. He now works as a postdoc
under Dr Ragauskas at the Univ-
ersity of Tennessee, Knoxville,
performing research on a wide
range of value-added products from
lignocellulosic biomass. He has

Shuyang Zhang
and sustainable econonuy. expertise in lignin-based materials

with advanced manufacturing methods, including 3D printing,
especially on structure-processing-property relationships in lignin
composites.

© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2024, 5, 7075-7096 | 7075


https://orcid.org/0009-0009-1723-2979
https://orcid.org/0000-0002-3904-3046
https://orcid.org/0000-0003-2554-1447
https://orcid.org/0000-0002-3536-554X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma00281d&domain=pdf&date_stamp=2024-07-15
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00281d
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005018

Open Access Article. Published on 16 juli 2024. Downloaded on 23.04.2026 02.00.37.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

a) Dissociative CAN
b) Associative CAN (Vitrimers)

%

Heatmg

Cooling

(0]

R1 \O)]\O/ R2 A
?H
Rs

Fig. 1 Dissociative and associative CANs.

Thermoplastics are composed of linear chains that interact
with each other through weak intermolecular forces and
have entanglements that could be reformed at elevated tem-
perature making thermal recycling feasible. On the other hand,
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thermosets have crosslinked networks with irreversible
covalent bonds, which impart unique properties such as ther-
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Excellent thermal-mechanical properties place thermosets
as the material of choice in numerous applications such as in
household appliances and electrical insulation.? However, ther-
mosets cannot be readily reformed or recycled due to their
covalently crosslinked networks after curing,® making eradication
from the environment after use a major challenge of the 21%
century. Introduction of exchangeable covalent bonds is a
chemical approach used to develop dynamic cross-links, thereby
imparting reprocessability of the crosslinked network.>* Under
specific conditions, these covalent linkages detach and rebond
reversibly while maintaining the structure and mechanical prop-
erties of the material. Polymers that exhibit such dynamic beha-
vior are referred to as covalent adaptable networks (CANs).>

CANs are classified as either dissociative or associative
depending on the detach-rebond mechanism of the reversible
bonds. Dissociative CANs are analogous to Sy1 reactions in
which bond formation is preceded by bond dissociation, while
associative CANs result from reversible reactions in which the
original cross-links dissociate only after the new chemical
cross-links are formed (Fig. 1). A good example of a dissociative
CAN is a polymer network cross-linked by an adduct resulting
from a mildly exothermic Diels-Alder reaction between malei-
mides and furans.®™® At high temperatures, the rate of the retro-
Diels-Alder reaction exceeds the rate of the forward reaction,
and eventually net bond dissociation is observed as the equili-
brium shifts to the endothermic side of the reaction. This
results in the loss of cross-linkage in the polymer network
enabling the mobility of the molecular chains, leading to a
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decrease in viscosity for reprocessing. Upon cooling, the equili-
brium shifts to the right (Fig. 1a), leading to the reformation of
cross-links and repossession thermoset-like properties.®

In contrast, associative CANs do not depolymerize on heating,
and the bond dissociation only occurs when new bonds are
formed. As a result, such materials have fixed cross-linking density
and are covalently dynamic (Fig. 1). In 2005, Scott and coworkers
reported the first associative CAN based on photo-mediated rever-
sible cleavage involving the addition fragmentation chain transfer
reaction of free radicals using allyl sulfide moieties.>"°

The past decades have witnessed intensive development of
associative CAN materials, many of which rely on trans-
esterification, trans-carbamoylation, and acetal and imine bond
exchange reactions."’ ™ In 2011, Leibler and coworkers studied
the viscosity-temperature relationship of an associative CAN
polymer network made via the catalytic esterification of diglycidyl
ether of bisphenol A (DGEBA) and a mixture of fatty carboxylic
acids, using an epoxy : COOH ratio of 1: 1. The synthesized polyol/
polyester network exhibited a unique Arrhenius-like viscosity—
temperature relationship similar to vitreous silica.’® This
ground-breaking finding in the field of polymer science gave rise
to a new class of polymers with associative CAN cross-links which
was named ‘vitrimers’.""'® This marked one of the significant
achievements in polymer science for the generation of recyclable/
repairable thermosets.'”” However, continued reliance on
petroleum-based feedstocks has significantly contributed to envir-
onmental problems such as emission of greenhouse gases (GHGS)
and environmental degradation.
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Fig. 2 Chemical structure of lignin and its building units.2%2°
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To mitigate the environmental drawbacks that result from the
disposal of fossil-based thermosets due to their non-degradability,
non-recyclability, and non-renewability of fossil feedstock,
researchers have taken advantage of vitrimer chemistry to develop
biobased vitrimers to replace existing plastics or serve as novel
materials. Bio-based vitrimers are prepared using biomass or
biomass-derived materials as the building blocks.'**° Numerous
reviews have been conducted on bio-based vitrimers'**»?? but, to
the best of our knowledge, there is no exclusive review on lignin-
based vitrimers, despite its abundance and rigidity that makes it a
potential feedstock for thermoset-like materials. This review,
therefore, focuses on the recent and noteworthy research activities
on the utilization of lignin in bio-based vitrimers and vitrimer-like
materials. Some chemical modifications of lignin are highlighted
along with the thermo-mechanical properties of the reported
lignin-based vitrimers.

2. Lignin and its modifications

Lignin is the second most abundant naturally occurring terrestrial
polymer that typically constitutes about 15-30% by weight of
dry lignocellulosic biomass.”>** Structurally, it is a cross-linked
complex heteropolymer most often consisting of guaiacyl (G),
syringyl (S), or p-hydroxyphenyl (H) building units***® that result
from the oxidative polymerization of three monolignols, ie.
coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol, respec-
tively (Fig. 2).>°

As is well acknowledged in the literature, structural lignins
can be categorized as hardwood, softwood, or non-wood (grass)
lignin.?” Hardwood lignin is mainly composed of G and S units
while softwood lignin consists of almost exclusively G units
with small quantities of H units. In contrast, non-wood lignin is
most often derived from all the three units.>*° Moreover,
varying random inter-linkages of these monolignols by C-C
and C-O-C bonds results in structural differences exhibited by
various lignins, for instance hardwood lignin displays a linear
structure while a network structure is displayed by softwood
lignin. Whereas a higher content of f-O-4 linkage is present in
grass and hardwood lignin, higher C-C linkages (5-5, f-8, B-5,
B-1) are observed in softwood lignin as shown in Table 1.

The first step in the valorization of lignin is its isolation
from lignocellulosic biomass where several methods such as
hydrolysis, Kraft, soda, organosolv, and enzymatic hydrolysis
processes have been used.*"*7® Since different parameters
such as temperature, reagents, pH, solvents, pressure, and time
are applied in these methods, the chemical properties and

Table 1 Proportions of monolignols and inter-linkages in different lignins
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structure of a lignin are greatly dependent on the isolation techni-
que. Consequently, these conditions result in varying structures
and molecular weights of lignins.***® About 85% of total lignin
production in the world is via a Kraft process.** In this method,
white liquor (a mixture of sodium sulfide and sodium hydroxide) is
used at 150-180 °C for about 2 h.***” The isolated lignin usually
contains traces of sodium and sulfur, with molecular weights
depending on the source of biomass. In the sulfite pulping process,
sulfites of calcium or magnesium are employed at varying pH levels
and the isolated lignins (lignosulfonates) are charged, sulfonated,
and have higher molecular weights than kraft lignins.*® Organosolv
is another key isolation method where organic solvents such as
ethanol, methanol, and acetone, with or without acid catalyst, are
used at varying temperatures.* Compared to kraft and sulfonate
lignins, organosolv lignin is more chemically pure with a relatively
low molecular weight.*>*! Other methods like enzymatic hydrolysis
of lignocellulose followed by dioxane/water (94/4, v/v) extraction, co-
solvent enhanced lignocellulosic fractionation (THF/acidic water),
ammonia fiber explosion, etc. are also used.**>***** The average
molecular weights of lignin vary depending on the source and the
method of isolation as outlined in Table 2.

Owing to its rich carbon content, mechanical strength,
thermal and chemical stability, lignin is a suitable bio-based
substitute for petrochemical-derived feedstock in polymer
synthesis.*®*” Furthermore, the multifunctionality of lignin makes
it compatible with a wide range of other compounds,*®*° as well as
conversion to different functional materials through depolymer-
ization or chemical modifications.**>?

Although lignin can be utilized without modification in low-
value applications, increased focus on renewable bio-based mate-
rials has led to the development of various chemical modification
techniques aimed at improving its properties and miscibility with
other polymeric materials.”»** Lignin is modified with different
functional groups to fulfill the requirement of vitrimer synthesis.
One of the most employed modifications is the introduction of a
carboxylic acid group by taking advantage of catalytic transester-
ification reactions between the OH groups in lignin and
anhydrides.>®>” Carboxylation can also be achieved by reacting
lignin with ozone, a reaction that is accompanied by a decrease in
the molecular weight of lignin due to the cleavage of its aromatic
rings.”®*® As shown in Table 3, ozonolysis of pyrolytic lignin (PL)
and organosolv lignin (OL) under ambient temperature resulted in
a 29% and 71% decrease in the average molecular weight of PL
and OL respectively, alongside the generation of a mixture of
esters, (di)carboxylic acids, and acetals and esters, via esterifica-
tion, oxidative ring opening and acetal synthesis pathways.*® Using

31,32

Proportions of linkages (%)

Monolignol (%) C-0-C C-C

H G S B-0-4 0-0-4 4-0-5 5-5 [} B-5 B-1
Softwood <5 >95 0 43-50 5-7 4 5-7 2-6 9-12 1-9
Hardwood 0-8 25-50 46-75 50-65 <1 6-7 <1 3-12 3-11 1-7
Grass 5-33 33-80 20-54 74-84 n.d. n.d. n.d. 1-7 5-11 n.d.
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Table 2 Average molecular weights (M,, and M,), polydispersity indices (D) and OH contents of lignins as a function of the isolation process

OH content in mmol g

Species Isolation method M,, g mol " M, g mol* D Phenolic Aliphatic COOH Ref.
Miscanthus Organosolv 7060 4690 1.51 3.08 1.19 0.22 44
MWL 13700 8300 1.65 1.66 4.00 0.13
Eucalyptus EMAL 32000 8700 3.7 ~1.0 n.r. 0.03 45
MWL 6700 2600 2.6 ~0.9 n.r. 0.04
CEL 17200 5500 3.1 ~0.7 n.r. 0.04
Southern pine (normal wood) EMAL 57 600 9700 5.9 ~1.4 n.r. 0.12 45
MWL 14900 4700 3.2 ~1.6 n.r. 0.15
CEL 29600 7500 3.9 ~1.3 n.r. 0.12
White fir EMAL 52000 6300 8.2 ~1.6 n.r. 0.20 45
MWL 8300 2800 3.0 ~1.9 n.r. 0.20
CEL 21700 4700 4.6 ~1.2 n.r. 0.20
Poplar CELF lignin 1289 429 3.0 1.9 0.55 1.1 43
Organosolv 1718 652 2.7 2.65 1.25 0.70
Kraft lignin 2533 573 4.4 2.8 1.60 0.85

EMAL: enzymatic mild acidolysis lignin; CEL: cellulolytic enzyme lignin; MWL: milled wood lignin; CELF: cosolvent enhanced lignocellulosic

fractionation; n.r.: not reported.

sodium hypochlorite (NaOCI), Wang et al. demonstrated the
oxidation of steam explosion lignin to polycarboxylated lignin.
Their results exhibited a decrease in the molecular weight accom-
panied by disruption of the aromatic rings of lignin. The decrease
in molecular weight was attributed to the structural disruption and
fragmentation of the lignin structure.®*

Other reported modifications of lignin involve the introduction of
an epoxy functional group via a reaction between lignin and
epichlorohydrin in the presence of a base catalyst;®*® and the
introduction of an amino group which can be achieved by reacting
an epoxidized lignin with an amine,*® oxazolidinone followed by
decarboxylation,*” (3-aminopropyl)triethoxysilane,*® or with formal-
dehyde and an amine (Mannich reaction) in which case the amino
group is introduced at the C; position of lignin sub-units (Fig. 3).%7*

Due to its high energy content (~26.6 kJ g~ *),”” rigidity, and
renewability, the potential for industrial application of lignin is
enormous. Its rich aromatic content makes it a viable substitute
for fossil-based chemicals. During biomass pretreatment, the
waste stream is mainly composed of lignin that frequently ends
up in low-value applications such as additives, adhesives, dis-
persants, and direct combustion fuel.”> With increased demand
for cellulosic biofuel globally, alongside the growth in demand

for lignin-based products, it is estimated that the annual pro-
duction of lignin will increase to 225 million tons by 2030,”* and
thus it is important to develop valorization technologies that are
cost effective and sustainable for biorefineries. For instance,
integrating lignin valorization into biofuel production from
lignocellulosic biomass can reduce waste management cost
and generate new revenue, thereby rendering biomass-derived
fuels and other platform chemicals economically competitive.

3. Lignin-based vitrimers

In this section, reported lignin-based vitrimers will be categor-
ized and discussed based on their dynamic bond exchange
reactions (Fig. 4). The notable thermo-mechanical properties
will be highlighted alongside their potential application.

3.1 Transesterification vitrimers

Among the various chemistries enabling bond exchange in
covalent adaptable networks (CANs), thermally activated trans-
esterification reaction (TER) has attracted considerable interest.
This is partly due to the ease of implementation” and the
abundance of commercially available feedstock.>®

Table 3 Change in average molecular weights (M,, and M,,) of different lignins after ozonolysis

Before ozonolysis (g mol ™)

After ozonolysis (g mol™")

Lignin type M,, M, M,, M, % decrease in M,,  Ref.
Pine-derived pyrolytic lignin 650 420 395 325 39 62
Pyrolytic lignin 786 — 555 — 29 60
Ethanosolv (from walnut shells) 2947 — 854 — 71
Butanosolv (from walnut shells) 4464 — 1426 — 68
Alkali lignin (from hardwood pulping liquor) 14116 7146 10667¢ 5154 24 63
12474" 5384° 12
13192° 5946° 6.5
“ For ozonolysis performed at pH 3. ” At pH 7. ¢ At pH 12.
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 7075-7096 | 7079
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In 2018, Zhang and coworkers reported a fully bio-based
vitrimer from ozonated kraft lignin (Oz-L) and di-epoxidized
sebacic acid (Se-EP) using zinc acetoacetonate (Zn(acac),) as the
catalyst (Scheme 1). Ozone-oxidation of lignin resulted in the
degradation of some aromatic rings as well as the introduction
of more carboxylic acid moieties.”® The Oz-L was cured with Se-
EP at 150 °C and 190 °C for 1 h and 2 h respectively, to form
vitrimers whose glass transition temperature (T,) (95-133 °C),
storage modulus (>1 GPa) and tensile strength (5.1-12.9 MPa)
increased with increasing lignin content. This trend was related
to the rigidity of polymer backbones and crosslinking density
which have a direct relationship with lignin content. The synthe-
sized networks exhibited a clear stress relaxation at 160 °C and
200 °C, but there was no clear relaxation at a low temperature
(120 °C). At 200 °C, relaxation times decreased from 1290 s to
81 s when epoxy:(aromatic OH + carboxylic OH) ratio (R)
decreased from 1:0.75 to 1:1.5. This was attributed to the
presence of more unreacted carboxylic acid groups in higher
Oz-L content (higher R) that efficiently induced transesterifica-
tion reactions. The self-healing behavior of surface scratched
samples and physical recycling by hot press at 190 °C were

7080 | Mater. Adv., 2024, 5, 7075-7096

demonstrated in this work. The synthesized samples also exhib-
ited good shape memory behavior and potential use as recover-
able adhesives. When the Z-shaped and W-shaped samples were
flattened at 80 °C, followed by quick cooling, the samples
regained their original shapes after reheating to 80 °C. However,
the rate of recovery decreased with increased lignin content i.e.,
about 97%, 94%, and 87% for vitrimer samples with R values of
1:1.5,1:1, and 1:0.75 respectively. This trend was attributed to
the fact that as lignin content increased, there was restrained
mobility of the vitrimer networks which resulted from the
increased modulus at 80 °C. The level of Se-EP/Oz-L adhesion
on aluminum sheets was comparable to some other commercial
epoxy adhesives, with the distinct ability to thermally rebond at
190 °C after a cohesive failure. When Se-EP and Oz-L (ratio 1:1)
were loaded and cured onto the surfaces of coarsened sheets of
aluminium, 6.5 MPa of lap shear strength that was comparable
to other epoxy-based adhesives was obtained. For instance,
4-6 MPa of lap shear strength was exhibited by DGEBA epoxy-
based adhesive with aluminium A1050.”°

Zheng and coworkers took advantage of the photothermal
conversion capability of lignin to prepare a photo-remoldable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dynamic bond exchange reactions applied in te synthesis of vitrimers.

vitrimer from the reaction between epoxy modified kraft lignin
(EML) with poly(ethylene glycol) bis(carboxymethyl) ether (PEG-
Bis(CMC)) in presence of zinc acetate catalyst.”” In this work,
coniferous wood-derived kraft lignin was first modified by
epoxidation using epichlorohydrin. The introduction of the
epoxy group was demonstrated by the FTIR absorption peaks
at around 910 cm™ ' associated with C-O-C (ether) and
1030 ecm ™! for the C-O bond attached alkyl group, which was
further confirmed by thermogravimetric (TG) and 'H NMR
analyses. Using an acid-acetone titration method,”” the epoxy
value of the resultant EML was determined as 5.5 mmol g~ ". At
the epoxy/COOH ratio of 1:1, EML/PEG-Bis(CMC) mixtures

© 2024 The Author(s). Published by the Royal Society of Chemistry

were cured at 120 °C for 4 h, and the obtained vitrimers were
found to be hydrophilic with contact angles of 45.5° and 28.5°
for vitrimer with low (P600) and high (P2000) molecular weight
of PEG-Bis(CMC) respectively. The hydrophilicity was due to the
presence of PEG-Bis(CMC), whose content inversely affects the
crosslinking density and consequently the contact angle with
water. The synthesized samples demonstrated photothermal
conversion ability. When subjected to infrared laser irradiation
with 1.00 W em ™ power density, the surface temperature of the
vitrimers increased rapidly to 170-231 °C, while pure PEG-
Bis(CMC) was inert to infrared light. The conjugation and
aromatic rings in the EML were the two factors attributed to
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Scheme 1 Schematic representation of Se-EP/Oz-L vitrimer synthesis.®

this excellent photothermal property of the synthesized lignin-
based vitrimers. Reprocessing tests showed that in situ light-
controlled method was more convenient and energy efficient
compared to hot pressing. During hot pressing, 22 kW h of
electrical energy were consumed for 2 h at 150 °C to remold the
sample, whereas only 20 min and 0.02 kW h of electrical energy
were used in light-controlled remolding procedure under
808 nm IR laser with a power density of 1 W cm 2. Thermal-
mechanical properties of the vitrimer networks were performed
using TGA and tensile testing machine. The tensile strength of
the samples increased with an increase in the molecular weight
of the PEG-Bis(CMC), i.e., 1.45 MPa and 4.52 MPa for vitrimer
with P600 and P2000 PEG-Bis(CMC), respectively. The tensile
strength of the reprocessed samples was found to be 84.1% and
55% of the virgin samples for hot press and in situ light-control

7082 | Mater. Adv.,, 2024, 5, 7075-7096

method, respectively. All synthesized networks exhibited good
thermal stability with the onset and maximum degradation
temperatures of 280 °C and 374 °C, respectively for the vitrimer
with P600 PEG-Bis(CMC), and 315 °C and 392 °C respectively for
vitrimer with P2000 PEG-Bis(CMC). The potential use of the
synthesized vitrimers as an adhesive was demonstrated using
two sheets of glass that could withstand a pulling force greater
than 9.0 N. The adhesive action of this lignin-based epoxy
vitrimer was attributed to the presence of the methoxy groups,
phenolic OH groups and free C; site on the aromatic ring, with
a possibility of further cross-linking.

Apart from hot pressing, lignin-based transesterification
vitrimers can also be recycled by using chemical means. Du
and coworkers used epoxidized and carboxylated enzymatic lignin
to synthesize thermally stable vitrimers (onset degradation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature, Tgsy, Of 262.54-285.43 °C) with T, of 100-102.5 °C
and underwent dynamic reversible transformation in ethylene
glycol at high temperature (190 °C), with an activation energy of
18.12 k] mol . Epoxidized enzymatic lignin (EP-EL) and carboxy-
lated lignin (CA-EL) were obtained by modifying lignin with
epichlorohydrin and maleic anhydride, respectively. EP-EL and
CA-EL were mixed in different ratios, with the addition of
an appropriate amount of polyethyelene glycol (PEG 400).”®
The mechanical strength (48-68 MPa) and elongation at break
(60-80%) of the prepared catalyst-free vitrimers improved with
increase in EP-EL content, indicating the possibility of complete
polymerization and increased cross-linking of the material at
elevated temperature. The addition of a catalyst led to reduced
binding strength within the network, resulting in decreased
thermal stability in comparison with the catalyst-free networks.
However, the observed decrease in the energy storage modulus
upon the addition of a catalyst was not accounted for. Recycling
through hot pressing was done under 4 MPa at 150 °C for 15 min.
At the same time, solvent resistance was demonstrated using 1 M
hydrochloric acid (HCI), distilled water (H,0), dichloromethane
(DCM), ethylene glycol (EG), tetrahydrofuran (THF), toluene (TOL)
and dimethylformamide (DMF). When catalyst-free samples with
equal amounts of EP-EL, CA-EL and PEG400 (W4440) were
immersed in each of the solvent (i.e., HCl, H,0, DCM, EG, THF,
TOL, and DMF) for 24 h, they exhibited stability in most of the
solvents, which rendered them suitable for adhesion, coating, and
rubber bonding. When vitrimers were applied to glass, the coating
easily formed into different shapes without the use of a mold and
was only dislodged using 1 M NaOH at 90 °C, and recovered by
neutralizing the solution with HCl, indicating the instability (thus
chemical recyclability) of ester linkages in alkaline medium. Due
to the photothermal properties of lignin, the vitrimers demon-
strated the ability to bond to other materials and adhesively to
themselves.”®

Small units derived from oxidative polymerization of lignin
are used in the preparation of transesterification-based
vitrimers. For example, More and coworkers synthesized
lignin-derived vanillic acid (OXL-COOH) that was cured with
poly(ethylene glycol) diglycidyl ether (PEG-epoxy) to form ther-
mally stable polymer films (5% weight loss temperature at about
270 °C and a maximum weight loss rate at about 390 °C), with
noteworthy swelling in an alkaline medium.”® Vanillic acid was
obtained by oxygen-oxidation of softwood kraft lignin under
alkaline conditions, followed by ozonolysis. The optimized con-
ditions of 130 °C and 40 min were used to sequentially oxidize
kraft lignin, followed by ozone-oxidation for 2 h at 80 °C. The
application of ozone, at a rate of 5000 mg h™*, increased the
carboxylic content from 1.41 mmol g~ * to 2.06 mmol g~ after
2 h of ozone oxidation. Using various epoxy/COOH ratios (i.e.,
1.5, 1.3 and 1.0), three sets of vitrimers were synthesized by
curing a mixture of OXL-COOH and PEG-epoxy at the optimized
temperature of 110 °C for 4 h. The storage modulus (7.06 x 107~
2.08 x 10° Pa) and Ty, of the obtained films increased with the
decrease in epoxy/COOH ratio. As the OxL-COOH increased,
lignin content in the synthesized samples also increased, whose
stiffness and myriad of reactive groups contributed to the
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observed trend. The evidence for dynamic ester linkages was
demonstrated by stress relaxation of the synthesized samples at
room temperature. The sample with epoxy/COOH ratio of 1:1
exhibited the fastest rate of relaxation, while that with 1.5:1 had
the slowest relaxation rate which was reportedly due to the
presence of unreacted hydroxyl groups that resulted from epoxy
ring opening. The self-healing behavior of razor-cracked films
was studied by heating the samples at 200 °C for 30 min, and
changes in the crack were monitored by an optical microscope.
The sample with an epoxy/COOH ratio of 1:1 demonstrated a
rapid repair process with a 54.1% decrease in crack width after
30 min (from 17.5 um to 8.03 pm). The crack width of samples
with epoxy/COOH ratios of 1.3:1 and 1.5:1 decreased from
10.33 um to 5.01 pm and 8.37 pm to 6.09 um respectively. From
these results, the epoxy/COOH ratio of 1:1 represented the most
efficient trans-esterification vitrimers, which is in line with other
published studies.®*

Abu-Omar and Zhao synthesized an epoxy prepolymer
from lignin-derived 4-methylcatechol and vanillyl alcohol.®'
The product derived from the condensation reaction between
vanillyl alcohol and 4-methyl catechol yielded a mixture of
triepoxide (E;) and monoepoxide (E;) upon reaction with epi-
chlorohydrin (Scheme 2). The ratio of E; and E; was tunable by
changing the reaction conditions. The cross-linking density
and T, of vitrimers (11-23 °C) obtained by curing this epoxide
mixture with a mixture of fatty acids trimers and dimers
increased with decrease in the E;:E; ratio. For example, a
cross-linked structure was not formed from an epoxide mixture
with 14% triepoxide (i.e., E; : E; of 86:14), while networks that
exhibited stress relaxation were obtained when E; in the
epoxide mixture increased to 40% (60:40) and 64% (36:64)
after curing at 65 °C, 120 °C and 160 °C for 4 h, 18 h and 4 h
respectively. Vitrimers with E;:E; ratio of 60:40 exhibited a
relaxation time of 456 s at 120° and an activation energy (E,) of
24.3 k] mol ™, while that with E, : E; of 36:40 had a relaxation
time of 10693 s at 130 °C, and 59.5 k] mol~* of the activation
energy. The lower E, associated with samples bearing E;:E;
ratio of 60:40 was due to lower crosslinking density alongside
the higher number of free OH groups capable of accelerating
TER. As E; content increased, a higher crosslinking density
occurred and the storage modulus (> 10° MPa), tensile strength
(2.7-25.1 MPa)