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ABSTRACT

The concept of circular economy has prompted the scientific community to explore innovative
strategies for enhancing the sustainability of polymeric materials. One such approach involves utilizing
lignin biopolymer, the primary source of earthbound phenolic precursors, to create bio-derived
thermosets. However, like conventional thermosets, their permanent cross-linked network impedes their
recyclability and reprocessability, resulting in significant waste for the environment.

To overcome this issue, researchers have developed a method to introduce reversible bonds into
thermoset structures, to make possible their recyclability. These new polymers, known as vitrimers, rely
on activable associative exchange reactions that bridge the gap between recyclable thermoplastics and
permanent thermosets. In particular, benzoxazine-based thermosets offer significant potential for
developing lignin-derived thermosets and vitrimers. Indeed benzoxazines contain tertiary amines, which
are particularly useful for creating catalyst-free vitrimers relying on transesterification reactions.
Benzoxazine functions could be added on the chemical structure of lignin, if it were not counting on its
insufficient number of ortho-free phenols. Further investigations are thus needed to explore this route.

The objective of this thesis was to investigate if and how lignin could be modified to create
vitrimers via the formation of benzoxazine rings. To address this research question, two main research
axes were followed: (1) the development of an approach to promote the modification of lignin with
benzoxazine groups and (2) the development of benzoxazine-based vitrimers. In (1), a sustainable
approach was developed to enhance the functionality of lignin via its esterification with a phenolic acid.
In (2), the evidence that benzoxazine-based vitrimers can be developed was given, highlighting a
remarkable effect of neighbouring group participation of the tertiary amines groups on transesterification.
The combination of the two approaches ultimately enable the production of catalyst-free lignin-derived
benzoxazine vitrimers relying on transesterification exchanges.

This thesis is presented as a cumulative work consisting of a comprehensive literature review and
five chapters, each corresponding to a publication addressing the research axes. The first section of the
thesis provides an overview of thermosets derived from lignin and details the strategies to develop lignin-
derived vitrimers. The second publication highlights the development of benzoxazine monomers from
model lignin-derived phenolic compounds. In the third publication, the process of increasing the
reactivity of soda lignin by esterification with a bio-based phenolic acid, phloretic acid, is established and
optimized. The fourth and fifth publications demonstrate that benzoxazines can be used to design catalyst-
free vitrimers relying on transesterification exchange reactions. Each work focuses on a bio-based
synthon, either polyethylene glycol or isosorbide, derived from sugar cane and agricultural wheat straw
waste, respectively. The final publication addresses the core research question of this thesis, by detailing
the procedure for developing lignin-derived benzoxazines vitrimers. It also examines how adjusting the
molecular structure of the precursors can enhance properties such as hydrophobicity and fire retardancy.

In summary, this thesis examined the potential of vitrimers derived from lignin as a promising
avenue for the development of sustainable materials. It was successfully demonstrated that lignin can be
converted into benzoxazine-based vitrimers, with remarkable thermal, mechanical, and vitrimer
properties. These findings emphasize the significance of lignin as a valuable precursor for the creation of
environmentally friendly materials with enhanced performances. This thesis provides a foundation for
future advancements in lignin-derived vitrimer research, contributing to the progress of sustainable.
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GENERAL INTRODUCTION

In 2011, the UN Secretary-General urges governments during the 171" Conference of the Parties
(COP17) to undertake long-term action towards transitioning to sustainable energy, emphasizing that the
imminent threat of climate change necessitates moving away from a reliance on fossil fuels®. He
emphasized that burning our way to prosperity is not a viable option and called for a new, sustainable
path to achieve the desired future. Over a decade later, the debate is still ongoing, and the discovery of the
“eighth continent” of plastic in the Pacific has heightened the focus on the problems stemming from the
excessive production and consumption of plastic goods. Olefin and aromatic petrochemicals are essential
building blocks for commodity plastics and represent a market size value of 585 billion USD in 2022 2.
The past decades have clearly demonstrated the linear nature of the “black gold” economic flow, as
evidenced by the steady increase in the value of Brent crude oil from 23.8 USD in 1990 to 93.5 USD in
2022 3. The inflation trend will grow in the coming years as the supply is limited by the depletion of
petroleum resources and the demand is driven by the increasing worldwide population . Apart from
economic considerations which were once the dominating lever for major decisions, global awareness on
the planet and human health propels the transition toward a sustainable economy. The biggest challenge
of our generation relies on the reduction of greenhouse gas emissions. Despite a punctual decrease during
the COVID pandemic, global carbon dioxide (CO2) emissions increased steadily since the beginning of
the 21% century to reach disturbing levels (39.7 Gt in 2021)°. Commodity plastics account for a large
fraction of CO2 emissions across their lifecycle, from their production to their consumption. Of even
greater concern, mismanagement in their disposal and cost-effective recycling strategies generate long-
term pollution, especially in marine environments ©. The worrying consequences of the so-called “white
pollution” prompt scientists to find sustainable strategies to protect the environment and human health.
Following the Paris Agreement, the European Union (EU) set cross-cutting objectives to slow down
global warming and attain climate neutrality by 2050. The “Pathway to a Healthy Planet for All”
envisions the transition from a linear to a circular economy model 7. Applied to commaodity polymers, the
historical “take, make, dispose” model pivots towards the modernistic “reduce, reuse, and recycle”
philosophy® °. Concomitantly to economic considerations, the paradigm of polymers’ circularity
embraces interconnected pillars of sustainable development. Among them, the concept of “safe and
sustainable by design chemicals and materials ” supported by the European Green Deal foresee a circular

polymer bio-economy?°,

The ubiquity of plants flourishing on the surface of Earth (~ 450 GtC) ! inspired scientists to
identify eco-friendly alternatives to depleted petroleum resources. Also known as lignocellulosic biomass
(LCB), non-edible vegetal feedstocks such as wood trees, agricultural residues, and perennial grasses
afford a fertile ground for exploitable organic matters. Essentially composed of earthbound polymers,
LCB is a natural source of polysaccharides (cellulose, hemi-cellulose) and polyphenolic (lignin)
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materials. Over the past century, various industrial technologies and biorefinery processes have been
developed to lever LCB. If cellulose received considerable interest from the paper and food packaging
industries, the heterogeneity of lignin biopolymer constitutes the main lock for industrial applications.
Downstream and emerging in-situ strategies intend to convert lignin into functional precursors that can be
subsequently integrated into the design of renewable polymers. However, even if these considerations
afford for more sustainable sourcing of plastic, the issue pertaining to the end of life is generally
overlooked or not adequately addressed at this stage.

The recycling of commodity plastics remains a societal challenge. In the classification of synthetic
polymers, semi-crystalline thermoplastics differ from cross-linked thermosets stemming from their ability
to be reshaped. However, both classes of polymers are generally not designed to be degraded or
reprocessed being mostly incinerated or landfilled after their use (=80 % in 2015)'2. One pioneering
approach to address the lack of circularity in plastics focuses on labile bonds to anticipate and create a
more favorable scenario for the end-of-life of the material. More recently, the incorporation of reversible
covalent bonds in polymer networks to form covalent adaptable networks (CANSs) has opened up
possibilities for the recycling of non-reprocessable class of plastics. The elegant chemical structures
implemented in these vitrimeric materials offer the potential to mitigate the adverse impacts of plastic

pollution on the environment.

The purpose of the thesis was to apply both the sustainable-by-design and Green Chemistry
principles to develop a new family of high-performance lignin-derived vitrimers; in other words, new bio-
based and recyclable thermosets (Figure 1). The manuscript is a cumulative thesis, distributed between
six chapters, starting with chapter one presenting an extensive review of lignin-derived materials. This
chapter detailed the origin and extraction of the biopolymer to the prominent strategies deployed to
develop bio-derived and functional polymers. This chapter also reviews the research works toward the
design of lignin-derived recyclable polymers, focusing attention on the development of vitrimers.

Polybenzoxazine, an emerging class of phenolic resin, was selected as thermosetting matrix to
apply these fundamental approaches. The experimental work focuses on two primary research axis:
making benzoxazine greener through the exploration of lignin-derived benzoxazines and making
benzoxazine smarter focusing on the advancement of benzoxazine-based vitrimers (each research axis
covered in two chapters). These two research fields converge in the final chapter, showcasing the
introduction of the first lignin-derived benzoxazine vitrimers.

The second chapter focuses on the design of renewable benzoxazines from lignin-based phenols.
It addresses the investigation of the thermal behavior of lignin-based benzoxazines monomers synthesized
from depolymerized model compounds. Five ortho-methoxy phenol with different para-substitutions
were selected to understand the role played by the para-substituents on the thermal properties of
benzoxazine monomers. This preliminary study is representative of what could happen in lignin where the

great majority of phenolic units are para-substituted with non-reactive interunit linkages.
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The third chapter details an innovative chemical pathway developed specifically to increase the
reactivity of lignin toward the chemistry of benzoxazines. A design-of-experiment methodology was
employed to evaluate the influence of the reaction time, the catalyst loading, and the ratio between
reactive species on the increase of the ortho-free phenolic group content. The assessment of the structure,
its solubility, and its thermal behavior are detailed.

The following chapter, the first of the second research field dedicated to the development of
benzoxazine vitrimers, demonstrates the evidence that benzoxazines can be used to develop vitrimers
relying on transesterification reactions. While the field related to vitrimers is generally covered by epoxy
or polyurethane thermosetting materials, it is the first time that benzoxazines are sued to develop
vitrimers. The chapter related the unique synthesis protocol especially developed to this aim, as well as
the characterization of the thermal, thermo-mechanical, viscoelastic, and vitrimer properties.

The fifth chapter focuses on the degradability of a bio-based polybenzoxazine vitrimer relying on
transesterification. The dynamic networks were synthesized from the combination of naturally occurring
precursors to tailor the resin properties. Alongside the structural, thermo-mechanical, and dynamic
characterizations, the chapter also explores the mechanical and chemical reprocessing ability of the
polybenzoxazine vitrimers.

The manuscript ends with the sixth chapter, which describes a way to develop a series of lignin-
derived benzoxazines with properties that are ranging from hydrophobic coatings, fire retardant materials,
and vitrimers, depending on the selected amine-based precursors. The success of this accomplishment is

entirely dependent on the knowledge generated in the first six chapters of this manuscript.
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Figure 1 Research strategy to develop renewable and recyclable thermosets.
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Chapter one: “From-lignin-derived thermosets to lignin-
derived vitrimers: a roadmap”

Naturally occurring in wood, agricultural residues, and perennial plants, lignin is the second
largest source of renewable carbon produced on Earth. Despite its million tons scale production as
industrial wastes or as biorefinery-valuable products, its irregular and complex structure limits its use.
The state of the art mainly focuses on lignin-derived thermosets and vitrimers. Numerous chemistries
have been utilized to develop lignin-based materials, extensively discussed in various review articles.
Despite the commendable efforts of the authors in gathering, critiquing, and interpreting relevant
research, the connection between lignin chemistry to develop thermosets and the potential to create
vitrimers using these materials remained unexplored. The main objective of this state of the art is to
bridge this gap as comprehensively as possible. The document starts by introducing the foundation of
lignin background, (origin, structure, extraction, and refining), and describes the pathways explored to
design synthetic polymers from technical, refined, or chemically modified lignin. The chapter concludes
with a description of the performance of the few reported lignin-derived vitrimers thus far. To avoid
redundancy with the introductions of published research papers constituting each chapter of this
cumulative thesis, the state of the art of vitrimers and benzoxazine is intentionally not covered in this first
chapter. However, a concise review is provided at the beginning of each research axis to establish the

essential foundations necessary for understanding the rationale and conclusions of this research work.
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1. Origin of lignin

1.1. Lignocellulosic biomass

Lignocellulosic biomass (LCB) is abundantly present across the Earth’s surface and serves as an
endless source of renewable feedstock. It comprises natural lignocelluloses found in both woody (i.e.
hardwood, softwood) and non-woody plants (i.e. grasses, agricultural crops). LCB consists of three main
building-blocks: cellulose, hemi-cellulose, and lignin. The distribution of polysaccharides (cellulose and
hemi-cellulose) and polyphenols (lignin) within LCB can vary depending on factors such as the plant
species and spacetime factors such as geographical location or seasonal period®. The carbohydrate content
of lignocellulose primarily includes 25-50 wt.% of cellulose and 15-35 wt.% of hemi-cellulose?. Lignin
constitutes the remaining portion (10-30 wt.%). Each component of LCB possesses distinct
physicochemical properties and provides plant with a specific roled. Crystalline cellulose, arranged in
bundled fibrils within wood cells, is a linear glucose polymer that provides structural reinforcement in
plant cell walls. Hemi-cellulose, on the other hand, acts as an amorphous copolymer of various sugars and
functions as a physical barrier against enzymatic degradation of cellulose®. Lignin, characterized by a
heterogenous cross-linked network, forms complexes with cellulose via hydrogen bonding and covalent
linking in the extracellular network of plant cell walls. The unique aromatic structure of lignin confers
impermeability, structural integrity, and rigidity to the entire plant, while its phenolic moieties exhibit

antimicrobial and antioxidant aptitudes to prevent degradation®.

1.2. Structure of lignin

Native lignin, also known as protolignin, is bio-synthesized from the random polymerization of three
aromatic alcohol precursors (monolignols): para-coumaryl, coniferyl, and sinapyl alcohols®. The structure
of monolignols is constituted of a phenolic ring systematically para-substituted with propyl side chain
(0,8, and ), and frequently ortho-substituted with methoxyl groups (in Cs or Cs positions). In lignin,
phenolic substructures resulting from the combination of phenylpropane units are referred to as para-
hydroxyphenyl (H, methoxy-free), guaiacyl (G, monosubstituted), and syringyl (S, disubstituted) sub-
units (Figure 1.a). The distribution of lignin and monolignols varies from the biomass feedstock. The
highest content of lignin is found in softwood (20-30 %), followed by hardwood (16-22 %), agricultural
crops and grasses (10-30 %)>2. While the structure of coniferous tree-based softwood lignin is dominated
by G units, deciduous tree-based hardwood lignin is composed of a mixture of G and S units (almost in
equal proportion). Herbaceous lignin species contains all sub-units in addition to a minor amount of

hydroxycinnamates’.
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The versatility of vegetal sources has presented challenges in the elucidation of the chemical structure
of native lignin and lead to the development of various model (Freudenberg®, Adler®). In the “so-called”
phenylpropanoid pathway, enzyme-mediated dehydrogenation initiates the oxidation of monolignols into
phenoxy-radicals with various resonance structures. The electrophilic benzyl carbon of the quinone
methide intermediate undergoes nucleophilic addition forming a dimer and restoring the aromaticity of
the benzene ring’. In vivo lignification process involves oligomer—oligomer or oligomer—monomer
couplings to form a three-dimensional molecular architecture composed of phenolic substructures
interrelated by ether (C—O) or carbon (C—C) bonds. The p—O—4’ ether bond, which is the most prevalent
interunit linkage, connects the B-carbon from the aliphatic side chain to a phenolic group from another
sub-units (~ 50 % regardless of the plant species). In addition to aryl (pB—O—4’, 0—0—4’) or diaryl
(4—0O-5’) ether bonds, carbon bonds could also be formed to obtain phenylcoumaran (f-5"), 1,2-diaryl
propane (B-1’), resinol (B-PB’), and biphenyl (5-5°) linkages, as illustrated in Figure 1.b. The
heterogeneity and complexity of lignin arises from the diversity of possible interunit linkages. This
complexity is further influenced by the source of lignin. For instance, hardwood typically exhibit a higher
content of ether bonds due to its elevated content of substituted phenolic units (Figure 1.c)®. The variation
of monolignols content in plant sources not only affects lignin structural characteristics, but also alter the
processability (broad glass transition temperature: Tg= 100-160 °C)*, the thermal stability (multi-stage
thermal decomposition: Tonet= 150 °C)*, and the solubility behavior (hydrophilicity controlled by the
content of hydroxyl groups)*? of lignin-based materials.

In summary, the biosynthesis of lignin results in a branched polymer composed of various functional
groups including primary methoxyl (-OCH3s), phenolic and aliphatic hydroxyl (—OH) groups, and some
carbonyl (-C=0) moieties at a lower extent'®, Recent advances have been made in non-destructive
spectroscopic techniques, leading a significant breakthrough in the understanding of lignin chemical
structure'®. The identification and quantification of the various hydroxyl and carboxyl functionalities of
lignin have been significantly promoted by the phosphorous-31 nuclear magnetic resonance method (3'P
NMR) developed by Argyropoulos and co-workers®. Irrespective of the plant source, aliphatic hydroxyl
groups predominate over phenolic counterparts, and carboxylic moieties occur in smaller quantities
([COOH]= 0.02-0.33 mmol.gh)®3.
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Figure 1 a) Chemical structure of monolignols and resulting phenolic substructures. b) Schematic
structure of lignin and most occurrent ether (C-O) and carbon (C-C) interunit linkages. ¢) Distribution of
phenolic substructures and interunit linkages in softwood?, hardwood?, and grasses'* (* occurrence of
bonding motif adapted from 1°).
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1.3. Extraction

The valorization of LCB aims at unlocking its potential to serve as renewable feedstock for fuels,
chemicals, and materials. The first upgrading stage relies in the isolation of targeted components naturally
occurring in LCB. Various strategies have been developed to retrieve economically valuable precursors in
high yield and purity!”. The isolated lignins, generally referred as technical lignins, possess distinct
physicochemical features depending on their botanical source and their separation technique®!. Regardless
of the process used, the structural difference between technical and native lignins originates from the
cleavage of covalent links in lignin-carbohydrate complex (LCC) and from the chemical modifications
occurring during the isolation process (typically depolymerization and condensation)®. Technical lignins
can be classified according to various criteria such as the extent of structural modification from native
lignin (significant or mild)!8, the extraction solvent (alkali, organic, ionic liquid, or deep eutectic
solvents)!®, the scale of their extraction (industrial or analytical scale)?, their solubility in the pulping
media (dissolved or insoluble residue)® 2!, their pre-treatment method (physical, chemical,
physicochemical, or biological)l” 224 or the presence of sulfur in their structure (sulfur or sulfur-free
lignin)*: 227 In the context of this review, only the main isolation strategies for the industrial-scale

production of technical lignins are provided below (Figure 2)?> 2831,

1.3.1. From the pulp and paper industry

The major production of technical lignins comes historically from the papermaking, leading to
Kraft lignin and lignosulfonate. These well-established delignification technologies are primarily intended

to extract insoluble cellulosic fibers, meanwhile, degraded lignin fragments are recovered as by-products.

1.3.1.1. Kraft lignin

The Kraft process plays a major role in the production of cellulose fibers in the pulp and
papermaking industries. Kraft lignin (also known as alkali lignin) is recovered as a by-product of the
thermal treatment of wood chips in a strong alkali mixture (white liquor) composed of sodium hydroxide
(NaOH) and sodium sulfide (Na2S)°. The fragmentation of native lignin is achieved from the cleavage of
aryl ether-bonds (mainly B-O-4’) by nucleophilic reactions with hydrosulfide ions that are also

responsible for the incorporation of thiol groups (-HS) within lignin structure (< 3 wt.%, Scheme 1.a)%°.

Meanwhile, alkali-soluble fragments undergoes Cs-condensation reactions promoting lignin
repolymerization through the formation of alkali-stable carbon-carbon linkages®. The resulting liquor
pulp, more commonly known as black liquor, contains depolymerized lignin in various amounts
depending on the operation time and the biomass source. After acidification and precipitation, the isolated
Kraft lignin is hydrophobic and characterized by a polydisperse structure enriched in phenolic groups.
The renewable organic materials produced in a pulp mill (tens of millions of tons annually®?) are

traditionally burned and used as primary energy sources to provide the energy required to recover the
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pulping chemicals. Therefore, the amount of commercially available Kraft lignin accounts for a small
fraction of the worldwide volume production of black liquor (~ 2% representing 265 kt in 2018)3. The
bottleneck production of black liquor in pulp mills drives the scientific community to explore
optimization®* and valorization®® routes for the conversion of lignin into value-added chemicals.
Additionally, LignoBoost™ or LignoForce™ technologies emerge as efficient extraction strategies

reducing operation costs and improving the yield and purity of Kraft lignin3®37,

1.3.1.2. Lignosulfonate

The sulfite process is the oldest sulfur-based pulping technique. It involves the treatment of
woody biomass with a hot aqueous solution of sulfur dioxide (SO2) and/or bi-sulfite salts (e.g. calcium,
sodium, magnesium, or ammonium) under acidic conditions®. The deconstruction of lignin-cellulose
bonds occurs through a series of aryl-ether bond cleavage, condensation, and sulfonation reactions
catalyzed by sulfite (SOs*) or bi-sulfite (HSO3") ions?®. The sulfonate groups linked to the a-carbon on
the aliphatic side chains of phenylpropane units confer water-solubility, thereby promoting lignin
hydrolysis while preventing its recondensation®. Lignin fragments are further isolated from the
carbohydrates-rich liquor pulp by selective precipitation, chemical, filtration, or fermentation
techniques®®. The resulting lignin, better known as lignosulfonate, is an anionic polyelectrolyte containing
sulfonate groups (4-8 wt.% sulfur content, Scheme 1.b) and characterized by a high molecular weight and
a low purity. Although the pulp’s volume production is lower compared to the Kraft process (< tens of
millions tons annually®?), lignosulfonate represents the largest commercially available technical lignin
with a supply capacity of 1315 kt in 2018%. The preeminent solubility characteristic over almost the

entire pH range allows for the valorization of lignosulfonates in a wide range of industrial applications®.

1.3.2. From biorefinery processes

The substantial progresses in digital technologies propelled our generation into the era of
digitalization of services, thereby reducing the demand for paper and the production of technical lignins
from pulp mills?. At the same time, the concept of biorefinery raised considerable interest in leveraging
all components of biomass feedstock®. Driven by the global awareness on sustainable production (*zero-
waste policy”), biorefineries use sulfur-free processes and various biomass pretreatment to recover
separately cellulose, hemi-cellulose, lignin, and targeted chemicals*" #2. The lignin produced from the
lignocellulosic-ethanol fuel biorefinery falls in this category, and its production will significantly increase
in the coming years in light of the new environmental regulations imposing the use of renewable energy

sources (e.g. bio-ethanol)®.
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1.3.2.1. Soda lignin

The soda process is an industrial pulping technique well-suited for the treatment of non-wood
botanic species such as annual plants and agricultural crops. In comparison to Kraft pulping, the soda
delignification requires a lower amount of sodium hydroxide stemming from the easier impregnation of
non-woody materials*®. The biomass is treated under reduced pressure in a heated alkaline solution,
sometimes in the presence of anthraquinone to stabilize carbohydrates and improve lignin dissolution®.
Despite being subjected to chemical modifications during isolation (hydrolytic cleavage and condensation
reactions), soda lignin containing para-hydroxyphenyl and carboxylic acid units is known to have a
structure close to native lignin (Scheme 1.c)!*. Technical soda lignins recovered via acid precipitation are
characterized by lower macromolecular size compared to Kraft lignin or lignosulfonate (M= 800-3000,
1500-5000, and 15000-50000 g.mol, respectively)*. The lowest production capacity of industrial soda
lignin originates from the variability of the biomass feedstock that is strongly influenced by climate
conditions®. Being less contaminated and sulfur-free, soda lignin is a prime candidate for subsequent
chemical modifications and downstream catalytic processes. In this context, it is noteworthy to mention
that sulfur species are considered as poison for metal catalysts, therefore hampering the catalytic
conversion of Kraft lignin and lignosulfonate into value-added products.

1.3.2.2. Organosolv lignin

Some mature technologies such as Alcell*® or Organocell*’ processes developed at the pilot scale
have emerged as greener alternatives for the production of sulfur-free lignins. In this approach, a wide
variety of low-boiling organic solvents (e.g. alcohol, organic acids, and their combination) are used to
isolate individual streams of lignocellulosic biomass in high purity®®. Organosolv pulping is efficient to
selectively break carbohydrate-lignin bonds and stabilizing lignin structure. Organosolv lignins retrieved
under acidic conditions contain a high proportion of oxidized units such as para-hydroxybenzoates or
end-group Hibbert’s ketone (Scheme 1.d)!*. These oxidized species can improve their solubility in polar
organic solvents and their compatibility with functional polymers. In addition to benefits from milder
process conditions, organosolv lignins are less polydisperse and considered of highest purity due to lower
waste accumulation*®. However, high capital investments in the implemented technologies impede the
large-scale production of technical organosolv lignin from the paper industry®. Recently, organosolv
processes regained interest as environmentally-friendly pretreatment techniques in modern biorefineries,
especially in second-generation biorefineries (2G) producing high value-added chemicals from non-edible
feedstocks?®. Advancements in developing environmentally friendly pulping solvents and enhancing their
recovery efficiency hold great promise for the economic viability of closed-loop biorefineries®. As the
papermaking industries decline, the growing prominence of biorefineries is expected to significantly

boost the market share of sulfur-free organosolv lignin in the years to come.
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1.3.2.3. Enzymatic hydrolysis lignin

Over the past decade, there have been a significant rise in the development of ethanol biorefineries
and the pilot-scale production of enzymatic hydrolysis lignin (EHL) derived from the enzyme-mediated
degradation processes of diverse cellulosic plants. Lignin acts as a physical barrier within lignocellulose,
limiting the access to cellulose and its digestion by cellulase enzymes®’. It results in lowering the
production yield of bio-ethanol. To address this issue, most biorefineries include advanced pre-treatment
technologies (e.g. steam explosion or dilute acids) to promote the hydrolysis of carbohydrates prior their
enzymatic digestion into soluble oligo/monosaccharides?* 2. Even if the industrial production of highly-
condensed EHL is straightforward®®, the low purity of isolated lignins correlated to the strong pre-
treatment methods hampers their valorization into high-value added products®. Like the Kraft pulp,
hydrolysis lignin is primarily used as a fuel source for energy recovery. However, additional purification
methods (e.g. mild acid hydrolysis or organic solvent extraction) are employed to remove carbohydrate
impurities (7-8 %2°) and create new opportunities for the valorization in sustainable polymeric materials.
In addition to bio-ethanol, the diversification of sugar derivatives retrieved from biorefineries contributes

to the production of technical EHL.
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Scheme 1 Example of specific chemical structures find into technical lignins: a) thiol moieties in
Kraft lignin, b) sulfonate groups in lignosulfonate, c) para-coumarates in soda lignin, and d) Hibbert’s
ketones in acid-catalyzed organosolv lignin,

1.4. Refining

Pulping and biorefinery processes intend to separate lignin from carbohydrates in order to recover
dissolved or undissolved lignin macromolecules. Along with the cleavage of labile etherified linkages, the
structure of native lignin is altered by the chemicals (functionality and concentration) and the extraction
conditions (time, temperature, and pressure) employed during isolation. In most processes, in-situ
generated unstable reactive species promote lignin repolymerization through the formation of
carbon—carbon bonds. All these modifications intensify the structural heterogeneity of technical lignins
and hinder their incorporation in the synthesis of sustainable polymeric materials. Upstream pre-

treatments receive increasing interest to refine lignin macromolecules into low-molecular weight
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components with tunable properties (Figure 2). Among these upgrading technologies, depolymerization
and fractionation processes can be directly applied to technical lignins or integrated into the biorefinery

unit, hence occurring during lignin isolation from biomass (early-stage catalytic conversion of lignin®®).

1.4.1. Depolymerization

The process of depolymerization aims at converting lignin macromolecules into oligomers and
monomers. The depolymerized products are produced in various amounts and compositions depending on
the breakdown method and the plant feedstock®. Interestingly, the molecular weight and the functionality
of the lignin oil can be tailored by varying to the experimental conditions. The topic of lignin breakdown
has been covered by multiple reviews to harness lignin aromaticity for the production of bio-based
chemicals as alternatives to petroleum-based feedstock® 3 18 2L 23, 28, 5557 The great variety of
depolymerization techniques includes catalytic cracking and hydrolysis, reduction, or oxidation
reactions?, and can be classified as thermochemical and biological treatments? *’. The depolymerization
is generally conducted in a solvent at elevated temperature and pressure, and most often with catalysts
(acid, base, or metal)®’. While the reductive depolymerization of lignin macromolecules produces a
mixture of aromatic compounds that can be incorporated into the synthesis of lignin-derived polymers,
oxidation treatments convert lignin into fine chemicals. Among the wide range of depolymerization
techniques, the following section will introduce the main deconstruction strategies employed to produce

depolymerized lignin fragments of lower dispersity and higher reactivity.

1.4.1.1. Catalytic liquefaction

Hydrothermal liquefaction (HTL), also known as hydrolytic depolymerization®®, is a
straightforward thermomechanical method producing a mixture of phenolic derivatives in the form of a
crude 0il®® ¢°, Subcritical or near-critical water is used as reaction medium under controlled temperature
and pressure conditions (T= 150-350 °C, P= 0.5-25 MPa)®! to deconstruct lignocellulose or technical
lignins in short times (few minutes to few hours). When it comes to the structural modifications ensuing
catalytic liquefaction, the cleavage of the alkyl-aryl ether linkages contributes to simultaneously
increasing lignin reactivity, reducing its heterogeneity, and producing low-molecular-weight fragments
enriched in phenolic groups. Catalysts are generally added to the aqueous solution to prevent
recondensation reactions and recover depolymerized adducts in high yield®®. In some examples, acid
catalysts such as sulphuric acid (H2SO4) or phosphoric acid (HzPO4) have been used to produce a bio-oil
from hydrolysis lignin®? or waste biomass feedstock®, respectively. Being cheap and convenient for large
scale utilization, sodium hydroxide (NaOH) has been extensively studied as an alkaline catalyst
promoting lignin depolymerization®2-54, In this context, it is worth highlighting the predominant role of
the catalyst loading in the deconstruction process, with almost no depolymerization observed at low
content of alkaline catalyst (< 10 wt.% NaOH)®. Another way to improve lignin depolymerization relies
on the use of organic co-solvents which are also known to prevent the formation of char residue®®.
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1.4.1.2. Catalytic hydrogenolysis

Hydrogenolysis, also known as hydropyrolysist, hydrogenation?, hydroprocessing™ ¢,
hydrocracking®®, or reductive catalytic fractionation®; is a reductive depolymerization technique that
operates in the presence of an organic solvent, a catalyst, and hydrogen. In the context of lignin-derived
materials, relatively mild hydro-processing conditions are applied to deconstruct lignin into a liquid
mixture of oligomeric and monomeric (methoxy)phenols (T= 130-390°C, P= 10-100 bar)®®. The lignin
hydrogenolysis oil (LHO) is obtained through a series of reduction reactions and cleavage of carbon and
interunit linkages®. The choice of catalyst is motivated by various attributes such as low activity toward
ring hydrogenation or resistance toward deactivation in sulfur-containing lignins'. If acid/base catalysts
have shown effectiveness in depolymerizing lignin, heterogeneous metal catalysts such as carbon-
supported palladium, platinum, or ruthenium (Pd/C, Pt/C, and Ru/C, respectively) offers higher
selectivity toward the production of specific chemicals®. In a similar approach, nickel-based catalyst
systems are alternatives well-suited to industrial developments as they can replace expensive noble
catalysts®’. Catalytic hydrogenolysis also benefits from the radical scavenging activity of the hydrogen
source that contributes to suppressing char formation. Additionally, in situ generated hydrogen produced
via the thermal decomposition of active hydrogen-donating solvents (typically formic acid®’) emerged as

a substitute to gaseous hydrogen that is currently supplied externally from fossil fuels®®.

1.4.2. Fractionation

The broad molecular weight distribution of technical lignins arises from the structural
modifications ensuing biomass fractionation. One promising approach to attain a more uniform feedstock
relies on downstream lignin fractionation® %1, Membrane or solvent-mediated fractionation intend to
refine polydisperse lignin into high-quality fractions with tuneable and reproductible physico-chemical
properties. The subdivided lignin fractions benefits from narrow dispersion and higher functionality well-
suited for the synthesis of polymeric materials. In recent years, solvent fractionation processes such as
organic solvent and pH-dependent techniques generated interest due to their efficiency and ease of
implementation (Figure 2)".

1.4.2.1. Organic solvent extraction

Organic solvents show promise in the fractionation of biomass to retrieve low-molecular weight
lignins (c.f. 1.3.2.2). When applied to technical lignins, solvent fractionation processes take advantage of
the partial solubility of lignin into organic solvents to separate less-disperse lignin fractions in high-
purity. The selection of solvent is based on its Hansen solubility parameters ", especially with a high
hydrogen bonding contribution to facilitate lignin dissolution’2. Lignin can be dissolved in a single or a
mixture of solvents (e.g. methanol, (iso)-propanol, tert-butanol, acetone, methyl ethyl ketone, ethyl
acetate), and this strategy can be applied stepwise to retrieve various fractions of lignins. The soluble-

lignin fractions are recovered after solvent evaporation’>  or by sequential precipitation using an
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antisolvent, typically water’® or hexane™ ’®. The lignin fractions retrieved after successive extraction are
characterized by different molecular weights (high molecular weight fractions collected from solvents
with high hydrogen bonding capacity’®) and structural compositions (phenolic-rich lignin from low
molecular weight fractions®).

1.4.2.2. pH-dependent precipitation

The gradient acid precipitation is a practical method to reduce lignin heterogeneity by isolating
lignin fractions at different pH value®®. Based on the same concept as the precipitation from the black
liquor, colloidal lignin macromolecules dispersed under alkaline conditions tend to coagulate when
subjected to protonation. After the controlled addition of an acid (e.g. HCI”"®, H,SO4"" ) to the alkaline
solution, the precipitated lignin fraction is separated from the supernatant by centrifugation. The
sequential decrease of the pH (from pH~12 to pH~1) generates lignin fractions of different molecular
weight distribution, with generally lower molecular weight fractions retrieved at lower pH values. Even if
the extent of structural degradation is reduced during the fractionation process’®, the composition of the

lignin fraction depends on the nature of the acid employed for the precipitation’”.

Organic solvent extraction

pH-dependent precipitation

Pulp mill
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Figure 2 Summary of the strategies used to recover technical and refined lignins.
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2. Lignin-derived thermosets

The increasing demand from downstream markets has led to the mass production of polymeric
materials such as polyurethanes, polyesters, phenolic, and epoxy resins (Figure 3)%. However, the
depletion of fossil resources poses a significant economic threat for these materials, and the growing
awareness of sustainable development is driving the scientific community to reduce reliance on
petrochemicals. To address current and future environmental challenges, the emerging biomass refining
technologies presents a promising opportunity for a lignocellulose-to-materials valorization chain. The
use of lignin bio-polymer provides a renewable alternative to fossil-based components and can serve as an
inexpensive and renewable macromolecular scaffold in bio-derived polymers. Although technical lignins
have structural differences based on the plant source and isolation process, they possess multifunctional
reactive sites that are well-suited for a variety of cross-linking reactions. However, the heterogeneous
architecture of lignin poses some limitations on the design of regular polymers with advanced properties,
even though lignin can provide hardness and thermal resistance to bio-derived materials. Refining and
functionalization strategies aid in increasing the solubility, reactivity, and selectivity of lignin
macromolecules, thereby improving better incorporation in a cross-linked network. The following
paragraphs will illustrate the different strategies implemented to design various class of lignin-derived
thermosets from technical, refined, and chemically modified lignins. A selection of the most prominent

strategies is gathered in a summary table for each class of thermosets.
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Figure 3 Current and forecast market size value of thermosetting materials.
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2.1. Lignin-derived polyurethanes

Polyurethanes (PU) are versatile polymeric materials that can be designed to produce thermoplastics,
thermosets and elastomers to cover a wide range of applications. The production of insulating materials
for the construction market dominates the worldwide manufacture of PU thermosets®’. While flexible and
rigid PU foams play a crucial role in applications where thermal insulation is essential to reduce energy

requirements, PU resins are more used in applications such as adhesives and coatings®.

Typical PU chemistry involves the polycondensation reaction of polyols (~OH) and polyisocyanate
(-NCO) to form a cross-linked network composed of urethane bonds (carbamate, -NHCOO-).
Segmented PU backbone can be synthesized from soft macrodiol segments (telechelic polyethers and
polyesters) and rigid chain extenders (low molecular weight diols or diamines) with various structure and
functionalities depending on the raw materials®. Although vegetable oils have emerged as effective
alternatives to petroleum-based polyols, the use of edible biomass raises ethical concerns. Lignin has been
investigated as renewable and low-cost macropolyol for PU synthesis (Scheme 2)848. Comprehensive
reviews have identified the tremendous impact of lignin on PU materials, such as strengthening
mechanical performance, enhancing thermal stability, and increasing biodegradability, among other
benefits®® 80, Although lignin is often reported as a filler®® ®2, it can also be covalently incorporated into
the PU network by reacting with a stoichiometric excess of diisocyanate®®, most often in the presence of a
tin-based catalyst (typically stannous octoate, Sn(oct)2). However, the highly-condensed network of lignin
hampers the complete conversion of -OH groups, necessitating refining and functionalization pathways to
increase lignin reactivity toward urethanization. It is worth noting that aromatic methylene diphenyl
diisocyanate (MDI) and toluene diisocyanate (TDI) are commonly used —NCO precursors, despite being
classified as carcinogenic, mutagenic, and reprotoxic chemicals (CMR). However, alternative and more

sustainable approaches to designing lignin-derived non-isocyanate polyurethane (NIPU) have emerged.

_____________________________________________________________________________
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Scheme 2 Proposed scheme for the synthesis of lignin-derived polyurethane.
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2.1.1. Polyurethanes from technical lignins

Polyurethane foams and resins have been a key player in the global polymer market since the last
century®2, The foaming process involves a cross-linking reaction between polyol and polyisocyanate
precursors, along with the use of other chemicals such as co-crosslinking, blowing, catalysts, and
surfactant agents. The cellular structure can be formed either by the vaporization of a physical blowing
agent during exothermic urethanization or by the reaction of a chemical blowing agent that releases
carbon dioxide (CO2) and amine through the decomposition of in-situ generated carbamic acid. The
mechanical characteristics of PU foams, from rigid to flexible, are governed by the ratio between hard

and soft segments, while the precursors' reactivity and blowing agent control the cellular morphology.

Lignin-derived rigid PU foams (RPUF) are characterized by a closed-cell morphology and rigidity
imparted by highly-crosslinked lignin®. Pan and Sandlers conducted a study to investigate the effects of
gradually replacing a commercial polyether triol (Voranol™ 270) with lignins extracted from mixed
hardwood (Figure 4.a)°. The resulting chemically cross-linked foam prepared from ethanol-organosolv
lignin and polymeric MDI (pMDI) exhibited a high gel content level (GC= 93%) and superior mechanical
properties (25 mol.% polyol substitution, p= 105 kg.m=, ccompressive= 0.31 MPa). A similar trend was
observed when partially replacing diethylene glycol (DEG) or polyethylene glycol (PEG) with softwood
Kraft lignin®® and corncob alkaline lignin®, respectively. In both cases, the addition of wood particles® or
pulp fibers® reinforced the performance of the lignin-derived RPUF. The combination of synthetic and
natural oil-based polyol also helped to offset the rigidity of lignin segments®’-1%. Hayati et al. developed a
temperature-mediated mixing process to improve the dispersion of Kraft lignin in a polyol mixture
composed of commercially available sucrose/glycerine-initiated polyether (Voranol™ RH 360) and
glycerol®®. At a lignin content of 5 wt.% and with a slight excess of isocyanate, the enhanced
disaggregation of lignin microparticles contributed to superior compressive strength and thermal
insulation (p= 39 kg.m3, Geompressive= 0.2 MPa, K~ 0.025 W.m.K?). In a similar manner, efficient
dispersion methodologies in commercial aromatic polyester polyol/glycerol mixtures!®® or ternary deep
eutectic solvent (DES)% proved to be effective in enhancing the properties of lignin-derived RPUF.

Flexible PU foams (FPUF), characterized by an open-cell morphology and a low density, have been
widely used as cushioning materials. Lignin-derived FPUF are segmented copolymers composed of hard
lignin blocks and soft chain extenders®, and are generally characterized by a lower cross-linking density
originating from lower extent of isocyanate precursors in the PU network. A comparative study has
identified low —OH content, low-Tg, and high solubility in the co-polyol as predominant features affecting
the foam flexibility (Figure 4.b)1%,

For resin applications, the inherent rigidity of the lignin aromatic backbone can result in the formation
of brittle materials® %4, To address this, one approach involves controlling the hard-to-soft segment ratio

by adjusting co-polyol chain length, lignin content, and ratio of reactive functions (generally NCO:OH <
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1)1%, For instance, mixing lignin with rubbery cross-linker such as castor 0il'% 197 or PEG%: 19 has been
shown to facilitate the formation of PU materials with low cross-link density, which can improve their
flexibility and toughness. In another approach, synthetic polyol can be turned into isocyanate precursor
via isocyanation'!® M Bonini et al. demonstrated that isocyanate prepolymers such as polymeric 1,4-
butanediol end-capped with TDI facilitated the formation of PU network in steam-exploded lignin®!®,
Lang et al. extended the length of the polyol using PEG end-capped with TDI to prepare lignin-derived
PU films from various plant sources, resulting in a low cross-linking density material composed of 40
wt.% of lignin and properties such as E= 21 MPa and Tg= -45 °C 1,

Meanwhile various technical lignins could replace synthetic polyol in PU networks!' 112 their
intrinsic heterogeneity often limits the substitution rate. Moreover, the direct incorporation of lignin in PU
synthesis poses processability issues and can lead to brittleness in resins and to the formation of irregular

cells in foams.

2.1.2. Polyurethanes from refined lignins

Technical lignins are characterized by a broad dispersity impeding their valorization for polymeric
materials with reproducible properties. Various depolymerization and fractionation strategies endeavour

to selectively refine lignin macromolecules in low-molecular weight fractions.

2.1.2.1. Depolymerization

The depolymerization of lignin is a promising strategy to achieve a higher substitution rate of
synthetic polyol in lignin-derived polymers. The hydrothermal liquefaction operates at high temperature
and pressure under alkaline conditions''® and sometimes in the presence of co-solvents such as iso-
propanol*!* or ethanol**®. For example, depolymerized Kraft lignin (Mw= 1700 g.mol) was incorporated
in the synthesis of RPUF to partially replace polypropylene glycol (PPG) or sucrose polyol (50 wt.%
substitution, Geompressive= 0.22-0.37 MPa, K= 32-38 mW.m™.K1)!13, The depolymerization strategy also
aims to advance the production of self-supporting and shape-controllable lignin-derived PU resins. Li et
al. recovered lignin fragments with higher functionality and lower molecular weight through alkaline
depolymerization (Ma= 600 g.mol?, [OH]= 9.2 mmol.g™})'!¢. This refined lignin efficiently cross-links
with PPG-TDI soft domains, yielding homogeneous lignin-derived PU elastomer (LPUe). The enhanced
thermomechanical properties of the LPUe, as the amount of lignin increases, originate from to the
abundant number of hydrogen bonds formed between the urethane bonds and residual -OH moieties (40

wt.% lignin, E= 0.18 MPa, = 1394 %, T4= 8 °C).

Hydrothermal liquefaction has shown effectiveness in converting biomass or technical lignins into
low-molecular weight polyol well-adapted for incorporation in PU network!’. In presence of polyhydric

alcohols, the solvolytic liquefaction promotes lignin dissolution and fragmentation through a series of
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condensation reactions®. Liquefaction solvents such as DEG!8, crude glycerol*'®, PEG alone'?® or in
mixture with glycerol*?*27, form a polyol mixture with lignin adducts. Hu et Li followed a sequential
two-step liquefaction pathway using crude glycerol samples as liquefaction solvent to refine corn

stoverst!®

. After successive acid and base-catalyzed liquefaction, functional polyols react with pMDI to
form rigid and semi-rigid PU foam with promising properties (Gcompressive= 0.22-024 MPa, K= 32.2-38.9
mW.m.K?). In another example, the dispersibility of alkaline corncob lignin was improved through
acid-catalyzed liquefaction in a PEGaeo/glycerol polyol mixture'?l. The lignin-based polyols were
recovered in a short time and high yield under microwave irradiations (t= 5-30 min, Y> 97%, Mx= 460-
480 g.mol?, [OH]= 8.2-8.6 mmol.g') and incorporated effectively into lignin-derived RPUF. This
microwave-assisted pathway also showed its worth in lignin-derived FPUF*?2, Soft chain extenders with
reduced Ty and low hydroxyl content such as PPG or castor oil were added to the mixture, imparting
mobility in the network. When extended to a technical soda lignin (Protobind™ 1000)?%, the resulting

PU foam displayed an improved compression force value with densities ranging from 70-145 kg.m=.

In another approach, a lignin hydrogenolysis oil was recovered from the biorefinery process of apple
wood using ruthenium supported over silicon carbide (Ru/SiC) as chemoselective depolymerization
catalyst'?®, The residue replaced up to 50 wt.% of commercial polyether polyol in water and flame
resistant RPUF (Figure 4.c). Vendamme and colleagues comprehensively investigated the reactivity of
the various —OH groups toward urethanization with aliphatic and aromatic isocyanate precursors'?®, The
LHO retrieved from the metal-catalyzed depolymerization of softwood Kraft lignin is characterized by a
low molecular weight and a high functionality (Mn = 401 g.mol, [OH]= 8.19 mmol.g™). They found that

aromatic isocyanate cured faster, especially with the aliphatic —OH groups.

In summary, the liquefaction of lignin is a common method to generate processable, functional,
and low molecular weight lignin fractions that can be effectively incorporated into lignin-derived PU

network, from flame-retardant!'® 124 and oil- absorbent foams!?>127 to elastomeric materials?°.

2.1.2.2. Fractionation

For a long time, solvent fractionation has been used to refine lignin for its incorporation within the PU
network'%. For instance, solvent extraction and gradient precipitation processes intent to narrow lignin

heterogeneity and retrieve polyols with desirable properties.

Lignin fractionation from various organic solvents, such as acetone'®*-13 1 4-butanediol**,
dichloromethane!®, ether'® 3¢ ethyl acetate®®, methyl-ethyl ketone'®’, methanol!®4 132 133 135
tetrahydrofuran (THF)®0 138 139 ' methyl-THF°, or a mixture of them?®3 141142 js 3 commonly employed
method to recover well-defined lignin fractions. These fractions are characterized by their
physicochemical features, which determine their performance in lignin-derived PU materials®*. Griffini

and colleagues converted vanillic acid (VA), a phenolic acid produced through the oxidative
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depolymerization of lignin, into a VA-NCO precursor through a series of chemical reactions including
dimerization (1,4-dibromobutane), acyl azide conversion (sodium azide), and thermal treatment (Curtius
rearrangement). This precursor was then reacted with the acetone-soluble fraction of a hardwood
organosolv lignin (Mn= 1490 g.mol*, [OH]= 5.58 g.mol™) to produce lignin-derived PU coatings with
hydrophobic and adhesive properties (80 wt.% lignin, Or20= 89.7 °, Gadnesive,= 1.21 MPa). Researchers
showed that a sequential precipitation pathway was effective in refining softwood Kraft lignin into low-,
medium-, and high-molecular-weight fractions using a mild solvent system (room temperature, acetone-
methanol-hexane co-solvent system, Mw= 1322-65521 g.mol™)!4!, The resulting lignin-derived PU resins
had mechanical characteristics that were strongly influenced by the combined effects of hard lignin
segments and soft secondary polyols, which provided stiffness and ductility (43-60 wt.% lignin, Ev= 611-
961 MPa). Later the same research group tailored the properties of lignin-derived PU by adjusting

pretreatment reaction conditions®*® or molecular interactions with secondary polyols?#2,

Even if less reported, solvent fractionation proved nevertheless to be an effective way to refine
lignocellulosic biomass**® or technical lignin'*® into processable polyol in view of preparing PU foam
(Figure 4.d). For example, the ether-soluble (monomers/dimers) and insoluble (oligomers) fractions of
LHO retrieved from Pinus radiata wood were incorporated in the design of RPUF to replace up to 50
wt.% of sorbitol polyether polyol'®. In another study, sequential fractionation pathway reduced the
heterogeneity of technical lignin with dispersity values ranging from D= 4.44 for alkaline lignin to b=
1.67-2.92 for the refined fractions!®. Further reacted with aliphatic hexamethylene diisocyanate (HDI)
and PEGa2o00 as secondary polyol, highly resilient PU foam were produced (30 wt.% substitution, elastic

recovery after 20 compression cycle > 95%).

Klein et al. have successfully incorporated a higher amount of Kraft lignin, obtained from gradient
acid preparation, into flexible PU film under mild polymerization conditions with a stoichiometric excess
of MDI (70 wt.% lignin)**. In a similar approach, Cao et al. explored the gradient acid precipitation of
corn stover black liquor to unveil the structure-to-property relationship in lignin-derived RPUF**, The
lignin fraction recovered at pH 5 exhibited higher —OH content and molecular weight ((OH]= 7.52
mmol.gt, My= 1830 g.mol™?). Statistical analysis showed that these features play paramount roles in the
properties of RPUF. After surface functionalization with pMDI, the RPUF showed a lower density and
higher compressive strength (50 wt.% polyol substitution, p= 42 kg.m, Geompressive= 0.39 MPa).

Solvent fractionation is a commonly employed method to recover well-defined lignin fractions, which
can then be functionalized and incorporated into PU resins to enhance their mechanical'®,
anticorrosive®®®, and adhesive properties'®® “°, The mechanical properties of the resulting lignin-derived
PU resins are strongly influenced by the synergetic effects of hard lignin segments and soft secondary
polyols. These advancements in solvent fractionation are leading to advancements in lignin-derived PU
materials competitive with commercial polymeric products®®’.
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2.1.3. Polyurethanes from chemically modified lignins
2.1.3.1. Isocyanation

A series of chemical modifications have been implemented to increase the processability and the
reactivity of lignin towards urethane bond formation. Isocyanation is a process that aims to functionalize
technical or refined lignins and convert them into isocyanate precursors*#414°, When using MDI, aliphatic
—OH groups show nearly quantitative conversion towards isocyanation. Researchers have also identified a
hierarchy of reactivity between phenolic moieties, where less hindered H units are the most reactive®°.
As a result, pre-polymerization with diisocyanate precursors yields partially cross-linked lignin with
unbonded isocyanate reactive groups. Zieglowski and colleagues reacted Kraft lignin (UPM Biopiva™
100) with MDI, TDI, or HDI, to form a series of lignin-based isocyanate prepolymer with 56, 100 and 66
% free isocyanate content, respectively'#®. Aliphatic isophorone diisocyanate (IPDI) can be also used to
partly functionalized softwood Kraft lignin before foaming (Figure 4.e)**’. Partial replacement of non-
edible castor oil with functionalized lignin led to a higher open cell content and enhanced flexibility (10
wt.% polyol substitution, 39 % resilience). When mixed with phosphorus-containing polyols, the flame-
retardant property of the foam was improved by the high-melt viscosity of the degraded product, which
prevented melt-dripping!*e. Additionally, the unreacted isocyanate groups can act as covalent bridges
with —OH-terminated polymers to form sustainable PU copolymers®°.

2.1.3.2. Esterification

The partial esterification of lignin —OH groups with acetic anhydride appears as an effective strategy
to control lignin reactivity toward isocyanate precursors®®® 2. Gouveia and colleagues converted 45 and
62 % of the aromatic and aliphatic “OH groups of Kraft lignin into acetyl moieties, thereby improving its
solubility and thermal stability’®2. This strategy enables higher incorporation of the ester-capped polyol
into PU resin with lignin content ranging from 30.9 to 49.5 %. Another approach reported by Averous et
al. involves the synthesis of star-like polyol composed of soft linear chains connected to a rigid lignin
core'®. The flexible polyol block was obtained via successive esterification of hardwood organosolv
lignin —OH groups using oleic chloride, epoxidation of arm chain-double bonds with peracetic acid, and
oxirane ring-opening. When reacted with prepolymers of MDI, all lignin-derived PU architectures exhibit
elastomeric characteristics (Tq= -6 to -42 °C, &= 181-360 %, Ey= 0.2-2.8 MPa).

2.1.3.3. Hydroxyalkylation

2.1.3.3.1 Propylene oxide

The oxypropylation pathway is particularly of interest since it reduces steric hindrance and
increases the reactivity of lignin —OH groups'®%8. Under alkaline conditions, lignin aliphatic and

aromatic —OH functionalities initiate the ring opening of cyclic ethers, mainly propylene oxide (PO),
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resulting in oxypropylated lignins!'® 15415 These processable polyols are liquid mixtures composed of
low molecular weight PO oligomers and lignin-g-extended ether chains with a terminal —OH group
(Scheme 3.a). The functionality of these polyols is controlled by the lignin/PO stoichiometry®®. Li and
Ragauskas investigated the replacement of sucrose and glycerol polyols with an oxypropylated lignin
derived from softwood Kraft lignin®°. The PU foam synthesized solely from the oxypropylated lignin
had better mechanical properties due to the higher cross-linking density in the PU network (p= 30 kg.m,
Geompressive= 0.14 MPa). This approach was further extended to ethanol-organosolv lignin harvested from
pine wood chips and the reinforcement with cellulose nanowhiskers results in a foam with higher

compressive strength (p= 62 kg.m, eompressive= 0.52 MPa)*¢°.

Refining and oxypropylation techniques have been found to produce high-performance lignin-
derived PU foam!'® 161, Mahmood et al. used liquefied and oxypropylated Kraft lignin (Mw= 3600 g.mol"
! [OH]= 350 mgkon.g) as a single polyol feedstock to design lignin-derived RPUF with superior
compression strength and thermal conductivity (p= 55 kg.m=, Geompressive20%= 0.58 MPa, K= 29 mW.m"
LK1, In another study, Li et al. fractionated corn stovers into functional and low molecular weight
lignin using an ethanol/water solvent mixture (Mn= 1175 g.mol?, [OH]= 6.07 mmol.gt)!. After
oxypropylation, the functionalized lignin was incorporated in the manufacture of lignin-derived RPUF
(p= 85 kg.m3, Geompressive= 0.83 MPa, K= 37 mW.m 1.K™). Qiu and coworkers followed an alternative
pathway for the oxypropylation of a softwood alkaline lignin to produce homogeneous and resilient
lignin-derived FPUF (Figure 4.f)!%. Linear PEG2o00 chains were grafted onto lignin via successive ring-
opening of epichlorohydrin (ECH) and etherification with lignin aromatic —OH groups, converted into
aliphatic units in the lignin-based polyol ([OH]ai= 1.31 mmol.g™?). In this study, soft chain extenders
provided by PEG2o00 Or by lignin-g-PEG2000 conferred high interfacial compatibility and elasticity to the
PU foam (50 wt.% polyol substitution, p= 201 kg.m™, Geompressive= 0.27 MPa, 94% elastic recovery).

In summary, oxypropylation proved to be effective to produce lignin-derived PU foam with

improved biodegradability®® 27, rigidity!2-1%4 and thermo-responsive!®® aptitudes.

2.1.3.3.2 Carbonate

Recently, cyclocarbonate derivatives have been explored to replace PO due to its toxic
classification®’ 168 Etherification using high-boiling point cyclocarbonate is conducted under mild-basic
conditions, with the mechanism depending on the reactivity of the hydroxyl groups involved. Meanwhile
aliphatic —OH groups formed carbonate bonds upon reaction with ethylene carbonate'®’ (EC) or its
derivatives'®® the ring-opening of cyclocarbonate with aromatic —OH groups generates a mixture of
polycarbonate and polyether linkages through the nucleophilic attack on alkylene carbon and in-situ

decarboxylation (Scheme 3.b). As a result, nearly quantitative conversion is reached under short time to
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form a lignin-based polyol mixture with increased content of aliphatic —OH groups. Duval and colleagues
upscaled the non-toxic hydroxyalkylation of organosolv lignin using triethylene glycol or PEG as co-
solvent (Figure 4.9)*%°. The series of lignin-based polyols exhibit tunable hydroxyl content (los= 300-700
mgkon.g™) suited for a wide range of targeted applications. Researchers applied this environmentally-
friendly protocol for the hydroxyalkylation of softwood Kraft lignin (Indulin® AT)!°. With optimized
lignin loading in PEGaoo co-solvent (50 wt.%), the ensuing lignin-derived RPUF emphasized the potential
of EC for a clean hydroxyalkylation process (p= 58 kg.m™, ccompressive= 0.14 MPa). Similarly, propylene
carbonate (PC) was used as hydroxyalkylation reagent to produce lignin-derived PU adhesivel’* or

foam'’2,

~
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Scheme 3 Structure of oxyalkylated lignin prepared from a) propylene oxide or b) cyclocarbonate.

2.1.4. Non-isocyanate polyurethane (NIPU)

In recent years, there has been a shift towards developing safer alternative to isocyanate for the
development of non-isocyanate polyurethane (NIPU)*"® 174 Lignin-derived NIPU can be synthesized
through the step-growth reaction between a carbonate (polycondensation) 177 or a cyclocarbonate
(polyaddition)1’8-183 and an amine (Scheme 4). Various methods have been developed to attach carbonate
moieties onto lignin, such as the chemical fixation of CO, onto epoxidized lignin®’® 17 181 etherification
by glycerol carbonate ring-opening, followed by cyclocarbonation through ring-closing transesterification
of dimethyl carbonate (Scheme 5)* 182183 or direct carbonation with dimethyl carbonate!”™ ¢, In the
pioneering work of Lee et al., 3-aminopropyltriethoxysilane was used to initiate to the ring-opening of
carbonated soybean oil'”’. The resulting urethane monomer was then cross-linked with Kraft lignin
through silanization of aromatic —OH groups. Salanti et al. successfully prepared lignin-derived NIPU
from cyclocarbonated soda lignin (hard segments), cyclocarbonated PEG (soft segments), and 1,12-
diaminododecane (chain extender)'’8. Cyclocarbonated lignin was used as cross-linker in lignin-derived
NIPU resins in various applications, including bio-adhesive'’®, anti-bacterial coatings'’®, and hybrid
NIPU/epoxy composite!®l. To create high-performing lignin-derived NIPU foam, Sternberg and Pilla
developed a non-toxic process involving the polyaddition of softwood Kraft lignin bearing

cyclocarbonated moieties and dimer diamine (Priamine™ 1074) in a 1:1 ratio*®. The resulting foam had
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a density of 337 kg.m™ and compressive strength of 0.17 MPa (Figure 4.h). The authors also investigated
the chemical recycling of this bio-based foam through successive hydrolysis and glycolysis pathways!83,
Alternatively, Meng et al. introduced a new method to produce lignin-derived NIPU, where an aminated
lignin was employed as a hard segment to cross-link a carbonate terminated prepolymer'®. All these
isocyanate-free modifications emerged as a promising approach to enhance the flexibility and adhesion
performance of lignin-derived PU materials.
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Scheme 4 Proposed scheme for the synthesis of non-isocyanate lignin-derived polyurethane by a)
polycondensation or b) polyaddition.
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Scheme 5 Structure of cyclocarbonated lignin synthesized from oxyalkylated lignin (glycerol
carbonate) and ethylene carbonate.
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Figure 4 Examples of Iininderied polyuretha‘ne‘foams.

(a-d) Rigid and (e-h) flexible lignin- PU foams. a) Photographs of RPUF containing (1) hardwood
ethanol organosolv lignin or (2) hardwood kraft lignin (adapted from °4). b) Photographs of FPUF
prepared from various type of lignin (adapted from 1%). ¢) (1) Photographs RPUF prepared from LHO.
SEM micrographs of RPUF containing (2) 0 %, (3) 10 %, and (4) 50 % of LHO (adapted from 28). d)
Photographs of LPUF prepared from different fractions of alkaline lignin (adapted from %), e)
Photographs and SEM micrographs of unmodified and surface functionalized Kraft lignin (IPDI)(adapted
from 7). f) Photographs of resilient FPUF prepared from oxypropylated alkali lignin before, under, and
after compression (adapted from ). g) Photographs of RPUF prepared from carbonate-hydroxyalkylated
lignin (adapted from ¢9). h) Photograph of NIPU foam prepared from Kraft lignin (adapted from 82),

LUXEMBOURG

Ph.D. Thesis Antoine Adjaoud INSTITUTE OF SCIENCE
AND TECHNOLOGY

LISTE

35|Page




Table 1 Examples of PU foam synthesized from technical, refined, or chemically modified lignin.

Lignin source

* Foaming agents

** Manufacture process

LPUF characteristic
(control characteristic)

Ref.

BA: H,O
Hardwood . ! p=105 (118) kg.m?3
SA: Tegostab® BF 2370 Unmodified: HEL
organosolv- 2 5comp= 0.31 (0.51) MPa o
o CA: Kosmos® 29 23 % HEL /° pMDI [1.1]
ethanol lignin $K=n.c.
PO: #Voranol™
BA: Acetone/ H,O )
o . ) Depolymerized: Hydrothermal | * p= 105 (56) kg.m™
Kraft lignin SA: Silicone oil )
_ _ in NaOH (DKL50) 5 Geomp= 0.23 (0.11) MPa s
(LignoForce™) | CA: ¢ Mixture P
5O: 4 PPG 50 % DKL /¢ pMDI [1.1] K= 38 (40) mW.m*.K"
. 400
Wheat straw | BA: H,0 ) ) )
o . ) Depolymerized: Liquefaction | ¢ p=280 (n.c.) kg.m?3
soda lignin SA: Silicone oil )
_ _ in " GY/PEGuq (PPG-D) Geomp= N.C. 12
(Protobind™ | CA: " Mixture _
) 50% LL/'pMDI [< 1] K=n.c.
1000) PO: 9 PPG triol
BA: Teda-A33/ H,0O Fractionated/ Isocyanated :
Corn straw - ) ] ) T " p=42 (45) kg.m?
SA: Silicon oil gradient acid precipitation/ pre-
bagasse 8 Geomp= 0.39 (0.18) MPa 14
- CA: Stannous octoate polymer pMDI (SFL5.0)
alkali lignin ® K=39 (38) mW.m™.K*!

PO: 1 Polyether 4110 A

50 % SFL5.0 /% pMDI [n.c]

BA: H,O Fractionated/ Oxypropylated:
Corn stover . ) 10 h=85 (131) kg.m™®
SA: Silicone ail 15 % EtOH:H,0 (v:v)/ PO
organosolv _ 1 Geomp= 0.83 (0.72) MPa |
o CA: ' Mixture (B-RPF15= OFOL)
lignin K= 37 (47) mW.m™.K*
PO: ™ Polyether (" BD) 100 % OFOL /¥ pMDI [1.05]
BA: H,O Hydroxyalkylated carbonate:
Softwood N _ _ 12 p=57 kg.m
L SA: Silicone oil PEC:PEG4g mixt. (50:50 v:v)
Kraft lignin 13 5eomp= 0.14 MPa 170
_ CA: °DBTDL (OKL)
(Indulin® AT) K= n.c.
PO: n.c. 100 % OKL /9 pMDI [1.2]
BA: "PMHS Non-isocyanate PU:
Softwood ) p=337 kg.m?
o SA:n.c. Hydroxyalkylation * GC/
Kraft lignin _  Seomp= 0.17 MPa 182
) ) CA: n.c. Cyclocarbonation 'DMC (CC)
(BioChoice™) K=n.c.
PO: n.c. 100 % CC/“DD [1]

“ Foaming agents: BA= blowing agent, SA= surfactant, CA= catalyst, PO= commercial polyol (co-
crosslinking agent).

“ Nomenclature: percentage of polyol substitution by unmodified, refined, or modified lignin/ isocyanate
(or amine for NIPU) source, and molar ratio hydroxyl (or amine for NIPU): isocyanate (or cyclocarbonate
for NIPU).

2 Voranol™ 270 [OH]= 4.3 mmol.g%, ® PAPI 27™ [NCO]= 7.5 mmol.g%, ¢ tri-ethanolamine, triethylene
diamine, and dibutyltin dilaurate, ¢ polypropylene glycol Mn,= 400 g.mol?, ¢ 31.2% —NCO content,
DABCO33LV gelling catalyst and DABCOBL11 blowing catalyst, ¢ Polypropylene glycol triol, "
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Glycerol/ Polyethylene glycol Mn= 400 g.mol, " ISO 116/ 125.7 % —NCO content, | [OH]= 450 mgkon.g™2,
kK pMDI 200, ' stannous octoate and triethylenediamine, ™ polyether polyol (polyether 4110), " 1,4-
butanediol, ° dibutyltin dilaurate, P ethylene carbonate and polyethylene glycol Mna= 400 g.mol, 9 [NCO]=
7.61 mmol.g?, " poly(methylhydrosiloxane), S glycerol carbonate, ¢ dimethyl carbonate, “ dimer diamine
Priamine™ 1074 [NH]= 209 mgkon.g™.

1 Apparent density, 2 compressive strength measured according to ASTM D-1621 standard, 3 thermal
conductivity, * measured according to ASTM D-1622-03 standard, °> compression strength at 20 %
deformation measured according to ASTM D-1621-00 standard, ® Apparent density of PU foam prepared
in free expansion, ’ measured according to GB/T 6343-2009 standard, 8 measured according to GB/T
8813-2008 standard, ® measured according to GB/T 102942008 standard, *° measured according GB/T
6343-95 standard, ** compressive strength at 10 % deformation measured according GB/T 8813-2008
standard, 12 measured according to ASTM D-1622-08 standard, 3 measured according to ASTM D-1621-
10 standard, ** compressive strength at 10 % deformation.
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Table 2 Examples of PU resins synthesized from technical, refined, or chemically modified lignin.

Lignin GC Resin -
* Manufacture process - Application | Ref.
source (%) characteristic
Wheat straw -~ 1E=21 MPa
o Unmodified: WSSL 40 wt.%/
soda lignin n.c. 2SH=74 Elastomer 1l
_ 2 PPGTDI (60 wt.%) [0.31]
(Protobind™ 1000) 3$Ty=-45°C
Depolymerized: NaOH 4 Ey= 176 MPa
n.c. (600-LPUe 40 wt.%)/ PPGTDI (60 | n.c. °£=1394 % Elastomer 116
Wt.%) [0.14] T,=8°C
Fractionated: Acetone ® Gadhesive= 1.21 MPa Adhesive/
Hardwood ]
o (COL, 80 wt.%)/ ® VA-NCO (20 98 7 Q0= 89.2 ° hydrophobic | *3°
organosolv lignin _
wt.%) [0.17] T,=163°C coating
Esterified: Lignin-fatty acid based Ev=1.6 MPa
Hardwood
o polyol (LOAP, 89 wt.%)/ n.c. e=173% Elastomer 153
organosolv lignin
¢ PPGMDI (11 wt.%) [0.20] T=-7°C
Softwood Sodium Oxypropylated: ¢ PO (LS-oxy, 10 8Efiex= 1.0 GPa
lignosulfonate wt.% )/ ¢ CO (15 wt.%)/ f pMDI n.c. % eex= 4.5 % Composite | %8
(Vixilex SD) (75 wt.%) [1.20] ©T,=60°C
Hydroxyalkylated carbonate: 9 PC 1 Sadnesive= 3.40 MPa
Harwood Kraft )
o (HKL_PC, 30 wt.%)/ " CO (23 n.c. Ev=48.9 MPa Adhesive | 1
ignin _
wt.%)/ ' pMDI (47 wt.%) [1.20] e=33%
Wheat straw Non-isocyanate PU: J
soda lignin Cyclocarbonation (Ligncc, 29.9 n.c. Ty=-15.7°C Elastomer 181

(Protobind™ 1000) | wt.%)/ X PEGCC /' DAD [1.00]

“ Nomenclature: unmodified, refined, or modified lignin/ second polyol/ isocyanate (or amine for NILPU)
source, and molar ratio isocyanate: hydroxyl (or amine: cyclocarbonate for NILPU).

2 Tolylene 2,4-di-isocyanate terminated poly(propylene glycol) (M= 2300 g.mol™?), ® Vanillic acid based
o,0-diisocyanate, ¢ Methylene 4,4-di-isocyanate terminated poly(propylene glycol) (Mn= 425 g.mol™), ¢
Propylene oxide, ¢ Castor oil [OH]= 155 mgkon.g, T Desmodur® 44V20L/ 31.3 % —NCO content, ¢
Propylene carbonate, " Castor oil [OH]= 159 mgkor.g2, ' 32.9 % —NCO content, | cyclocarbonated lignin
(Mn~ 2400 g.mol?, [CC]= 1.35 mmol.g™), ¥ cyclocarbonated polyethylene glycol (Ma~ 2400 g.mol™), !
1,12-diaminododecane.

! Storage modulus (complex G), 2 Shore hardness value (type A), 3 Glass transition temperature (DSC), *
Young modulus, ° Elongation at break, ® Dry adhesive strenght wood, ’ Static contact angle with an
ultrapure water drop, ® Flexural strenght (three points system), ® Flexural deformation, ° a-relaxation
temperature, * Single-lap shear test between two wood plates.
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2.2. Lignin-derived phenolic resins

Phenolic resin, a commonly used wood adhesive in the construction industry, has piqued the interest
of diverse stakeholders due to its exceptional characteristics. This resin is synthesized via the step-growth
polymerization of phenol and formaldehyde used at different proportions to control the degree of cross-
linking®®. When there is an excess of formaldehyde over phenol, a thermoset-like resin (resole) is
formed, while an excess of phenol leads to a thermoplastic-like resin (novolac). However, the scarcity and
increasing cost of petroleum-based phenol retrieved from the cumene hydroperoxide process have
prompted the exploration of alternative bio-based sources. Polyphenolic lignin, which is abundant on
Earth, is a prime candidate for substituting synthetic phenol in the production of bio-based phenol-
formaldehyde (PF) resins'®18,  Although extensive research studies have been conducted on
incorporating lignin into PF resin'®-191  the chemical heterogeneity of lignin remains a significant
challenge, as it impedes its large-scale inclusion in PF resin without compromising the curing process
(gelation and viscosity), mechanical stability, and adhesion performance. In most of the reported cases,
the content of lignin does not exceed 50 wt.% phenol replacement independently of its origin or its

extraction process®204,

In conventional PF resins, formaldehyde substitutes phenolic ortho- and para-positions due to an
electron-donating effect. However, in the case of lignin, formaldehyde substitutes only ortho-free
positions to form a hydroxymethyl group, which is then polymerized with aromatic rings through a
methylene bridge (Scheme 6). Lignin mainly consists of methoxylated phenolic units (G and S), and
refining and functionalization strategies aim to enhance its reactivity toward formaldehyde, and increase
the percentage of lignin replacement in some cases. Recent studies also aim to make lignin-derived PF
(LPF) resins more environmentally friendly and safer by replacing formaldehyde, which is classified as a

carcinogen for humans?®.
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Scheme 6 Proposed scheme for the synthesis of lignin-derived phenolic resin
(reactive sites highlighted in blue).
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2.2.1. Phenolic resins from technical lignins

The development of lignin-based adhesives has gained attention as a promising strategy to reduce the
use of phenol and other harmful chemicals in the wood industry. The elucidation of the structure-to-
property relationship of lignins extracted from different LCB through various isolation process has been
essential to understanding the reactivity of phenolic active sites in adhesive performance?%6-2%,
Researchers have found that lignin with abundant phenolic groups, narrow molecular weight distribution,
and unsubstituted aromatic positions are the most suitable features for polymerization in wood
adhesives®®. Among various technical lignins, Kraft and soda-anthraquinone pulps display higher
reactivity toward formaldehyde condensation and the higher total phenolic content of Kraft lignin can
improve the adhesive performance ([OH]phe ~ 4 g.mol™)?%’. Furthermore, organosolv pulping has been
shown to be effective in substituting synthetic phenol in LPF resins by utilizing low-molecular-weight
lignin fractions enriched in ortho-free phenolic active sites (Figure 5.a)?% 2%,

2.2.2. Phenolic resins from refined lignins
2.2.2.1. Depolymerization

By employing different depolymerization strategies, researchers have successfully developed lignin-
based adhesives with tailored properties, such as superior bonding strength and low formaldehyde
emissions, while achieving high levels of phenol substitution. The alkaline-catalyzed HTL is known to
narrow lignin heterogeneity, increase the content of active sites (up to 48 wt.% in lignosulfonate??), and
accelerate curing kinetics?'!. Yan et al. retrieved lignin fragments from the depolymerization of corn stalk
in hot-compressed water (T= 260 °C, t= 10-30 min)?'2. They then partially substituted synthetic phenol
with liquefied lignin, which exhibited a dry adhesive strength of 1.19 MPa with 60 wt.% phenol
substitution. In an eco-friendly and cost-effective depolymerization strategy, Li et al. used aqueous
NaOH/urea mixture to cleave B-O-4’ ether bridges in alkali lignin under mild conditions (T= - 16 °C, t=
24 h), and form phenylpropane trimers with active protons in higher amounts 2*3. LPF resins containing

50 % of this depolymerized lignin met the standard for exterior-grade plywood panels.

Hydrogenolysis proved also to be effective in refining lignin into functional and low molecular-
weight fragments in view of producing LPF resins (Figure 5.0)?* 25, Cheng et al. reported the nickel-
catalyzed hydrogenolysis to convert an organosolv lignin into low-molecular-weight fragments (Mx~ 200-
600 g.mol™?)?4. The depolymerized lignin incorporates LPF resins characterized by a superior adhesive
strength and reduced free formaldehyde content (75 wt.% phenol substitution, ¢ adhesive> 1.5 MPa in dry

and wet conditions, FAfree= 0.7 % ).
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2.2.2.2. Fractionation

Solvent fractionation is a useful approach for managing the functionality and distribution of the
molecular weight of specific lignin fraction . With a potential to be sourced renewably, acetone®! 28,
ethyl acetate?'’, and various alcohol?'® were selected as extraction solvent for the one-step fractionation of
lignin in view of producing LPF resins. Arefmanesh et al. investigated acetone fractionation in the design
of phenolic resins consisting entirely of lignin!3L. The acetone soluble fraction of softwood Kraft lignin,
characterized by a narrower dispersity and a higher total phenolic content (B= 2.1, [OH]phe= 3.86 mmol.g°
1, displayed superior adhesive strength compared to the lab formulated PF resin (" aghesive,ary= 4.4 and 3.4
MPa, respectively). In comparison to the direct incorporation of Kraft lignin, the superior bonding
performance of LPF adhesives prepared from the ethyl acetate soluble fractions originates from higher
solubility and miscibility in the resin (Figure 5.c)?'’. Recently, Wang et al. employed sequential
fractionation of hardwood Kraft lignin at the refluxing temperature of organic solvents (iso-propanol,
ethanol, methanol) to obtain homogeneous and functional lignin fractions with a narrow distribution and a
tunable phenolic content (B= 1.1-1.3, [OH]phe= 3.01-3.82 mmol.g™)?8. LPF resins with customized wet
bonding strength and low formaldehyde emissions were supplied after phenolation reactivity
enhancement and formaldehyde polymerization, (Figure 5.d, Gadnesivewet= 1.00-2.16 MPa, FAemissions< 0.4
mg.L?). Kalami et al. used a patented methodology?®® to isolate low-molecular-weight phenolic
oligomers (Mn= 552 g.mol™?) from a lignin bio-residue obtained after the conversion of agricultural
biomass into ethanol?®. The isolated lignin retrieved after acid precipitation was further reacted with

formaldehyde in 100 % lignin-derived plywood adhesive (6*adnesivewet= 2.6 MPa, FAfree=7.1 %).

In summary, fractionation through solvent extraction or acid precipitation appears as an effective
refining strategy to achieve complete substitution of synthetic phenol in lignin-derived PF resins.

2.2.3. Phenolic resins from chemically modified lignins

For a considerable period of time, researchers have explored chemical modifications like
hydroxymethylation, phenolation, and demethylation to increase the reactivity of lignin toward

formaldehyde?®?!: 222,

2.2.3.1. Hydroxymethylation

Also known as Lederer-Manasse hydroxyalkylation, the base-catalyzed addition of formaldehyde on
the aromatic Cs positions of G and H units introduce hydroxymethyl to form lignin pre-polymer (Scheme
7.2)?%32%5 Taverna and colleagues identified the content of formaldehyde, the pH, and the temperature as
reaction parameters affecting the activation of various technical lignin by hydroxymethymation??. Even
though this method may not increase the degree of phenolic reactive sites??’, methylolated lignin can

substitute up to 50 wt.% of synthetic phenol in LPF resins?®® (caghesivewet= 1.16 MPa, FAfree= 0.17 %).
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2.2.3.2. Phenolation

In the phenolation pathway, the ortho- and para-positions of synthetic phenol react with the aliphatic
—OH groups of lignin under acidic?®23 or alkaline?®*2% conditions (Scheme 7.b). The acid-catalyzed
phenolation process involves the B-elimination of the y-hydroxymethyl group in the p-O-4’ interunit
linkage, resulting in phenolated lignin containing a higher content of phenolic active sites and lower
molecular weight fractions stemming from side-chain cleavage®?. In the presence of oxalic acid, the
addition of phenol on the ortho-position of lignosulfonate predominates over the para-addition adduct®®.
Podschun et al. optimized the acid-catalyzed phenolation of an organosolv lignin to reach a maximum
phenolation level of 1.8 phenols per lignin Co unit®, representing a total amount of reactive sites of 9.0
mmol.g*. The degree of phenolation correlates to the content of aliphatic —OH groups?®? and can result in

LPF resins with enhanced internal bond strength (40 wt.% phenol substitution, ¢ adnesive,ary= 0.67 MPa)?%,

Yang et al. investigated the base-catalyzed phenolation of technical lignins obtained from different
biorefinery processes, resulting in a significant increase in degree of ortho-free active sites compared to
unmodified lignins (from 0.99-1.72 to 2.20-3.14 mmol.g?, respectively)?®*. By optimizing the
phenolation of a steam-exploded lignin, LPF resins containing up to 70 wt.% of phenolated lignin can be
produced (Gadnesivewet= 0.72-1.15 MPa)*®.

2.2.3.3. Demethylation

Through the nucleophilic addition of demethylation catalysts such as enzymes?’, alkyl halides3®,
halogen acids?® or salts®*%-242, the aromatic methoxy groups of lignin backbone turn into reactive catechol
moieties (Scheme 7.c). Li and colleagues optimized the sulfur-mediated demethylation process of lignin
under mild conditions?® 24, With a content of -OMe groups decreasing from 1.93 to 1.09 mmol.g'1, LPF
resins produced from demethylated lignin exhibit fast curing speed and superior adhesive performance

(50 % phenOI SUbStitution, G*adhesiveywet: 107 I\/IPa, Femission: 022 mg.L-l).
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Scheme 7 Structure of a) hydroxymethylated, b) phenolated, and c) demethylated lignin.
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2.2.4. Formaldehyde-free phenolic resins
2.2.4.1. Glyoxal

Lignin is chemically heterogeneous, which makes it difficult to achieve complete addition of
carcinogenic, mutagenic, and reprotoxic formaldehyde in PF resins. International standard specifications
therefore restrict formaldehyde emissions to a certain level depending on the application, and sustainable
alternatives are being developed to make lignin-derived phenolic resins safer and more environmentally
friendly. In this regard, Mansouri et al. have demonstrated the potential of using glyoxal, the simplest
non-volatile dialdehyde, as a substitute for formaldehyde in wood panel adhesive (Scheme 8.a)%432%,
Preliminary results indicate sufficient reactivity between lignin and glyoxal for this purpose. Similarly to
the pre-activation step with formaldehyde, glyoxalation could also enhance the reactivity of lignin in
phenolic resin®®. Brosse and coworkers have investigated the use of glyoxalated tannin and steam-
exploded lignin as a sustainable alternative to formaldehyde-based phenolic resins®*®. They found that an
equimassic mixture of glyoxalated lignin and tannin exhibited a higher maximum modulus of elasticity
(MOEmax~ 6 GPa) compared to other mixtures. In another study, Hussin and colleagues have produced a
series of lignin-phenol glyoxal resins using organosolv pulp from oil palm fronds (OLPG)?*’, as well as
lignin pulp extracted from kenaf core (SLPG)?*® or coconut husk (KLPG)*? through Kraft and soda
processes, respectively. OLPG resins show higher viscosity and shorter gel time due to the higher loading
of glyoxalated lignin when formulated with synthetic phenol (50 wt.% phenol substitution, n= 1000 cP,
gel time= 60 s)?*’. Meanwhile, the lignin recovered from the soda process has functional polyols that
benefits the development of SLPG resins with strong mechanical properties (30 wt.% phenol substitution,
o= 72 MPa, = 34.4 %)%*®. Siahkamari et al. evaluated the gradual substitution of formaldehyde with
glyoxal for interior-grade plywood adhesive and found that the alkalinity decreased concurrently with the
increased viscosity as formaldehyde was replaced with glyoxal (100 % glyoxal, 2.4 % alkalinity, n= 60
cP) 2°, Finally, the optimized lignin-glyoxal resin exhibits similar adhesive properties to the all-lignin-

based resin prepared with formaldehyde (Figure 5.€, 6 aghesive,dy= 3.9 and 4.0 MPa, respectively).

2.2.4.2. Furfural derivatives

Furfuryl alcohol and 5-hydroxymethyl furfural, obtained from the catalytic dehydration of glucose,
have demonstrated effectiveness in cross-linking lignin to produce various lignin-derived thermosets?,
bio-composites??, or ion-exchange resins (Figure 5.f)%*. Furfural, a monofunctional furan-based
aldehyde, reacts at the ortho-free positions of lignin to produce phenolic resins (Scheme 8.b)%%,
Introduced as a cross-linking agent in LPF resin prepared from phenolated Kraft lignin, furfural showed
similar adhesion properties compared to the commercial PF resin (15 wt.% furfural, o adhesivewet~ 1.3
MPa). Dongre et al. designed a lignin-furfural based adhesive from an unpurified lignin recovered from
sugar maple by acid hydrolysis of hot-water extract?®®. The adhesive was prepared under acidic conditions
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and exhibited comparable mechanical properties to the control PF resin reinforced with glass fibers (16 %
furfural, E= 3.9 and 3.5 GPa, respectively).

: °| H :
: OH HO ;
: MeO :
OMe
: © OH
; OH '
: : (@ :
: HO~ :

Scheme 8 Proposed scheme for the synthesis of formaldehyde-free lignin-derived phenolic resin
using a) glyoxal or b) furfural as aldehyde source.
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a) Photographs of LPF resins prepared from technical lignins obtained from an acidic and an alkaline
organosolv pulping of bamboo (adapted from 2%). b) Photographs of PF resins prepared containing (1) 0
%, (2) 20 %, (3) 30 %, (4) 40%, and (5) 50 % of depolymerized lignin oil, and (6) technical lignin
(adapted from 2%%). c) Photographs of glued birch veneers specimens using the control PF resin and LPF
resins prepared from technical and fractionnated Kraft lignin (adapted from 2%7). d) Plywood manufacture
process and workflow test using LPF adhesive prepared from fractionated and phenolated alkaline lignin.
Photographs of (1) LPF adhesive, (2) glued wood pieces, (3) specimens after boiling—drying—boiling
pretreatment, and (4) wood failure performance (adapted from 2!8). e) Photographs of lignin-glyoxal
adhesive during (1) water resistance test and (2) single-lap plywood detached after the boiled water test
(adapted from 2°%), f) SEM micrographs of lignin-based material prepared from the condensation of
lignosulfonate and in-situ generated hydroxymethylfurfural (adapted from 2%3).
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Table 3 Examples of phenolic resins synthesized from technical, refined, or chemically modified lignin.

Lignin source

* Manufacture process

LPF characteristic
(control characteristic)

Application

Ref.

Bamboo

organosolv lignin

Unmodified:
50% L/%FA (n.a.)

1 Gadhesive, wet — 094 (153) MPa
2 FAem=0.36 (0.25) mg.L*!

Plywood adhesive
(poplar veneers)

132

Technical corn

stalk lignin

Depolymerized: hot-
compressed water (DLPF)
60% DLPF/ FA (1:1.8)

3 Gadhesive.ary = 1.19 (0.92) MPa
4 FAfree = 023 (005) %

Plywood adhesive

(poplar veneers)

212

Softwood Kraft

lignin

Fractionated: acetone
soluble lignin (AS-L)
100% AS-L/ FA (1:2)

> G*adhesive,dry =4.4(3.4) MPa
6 FAfree = 13 (03) %

Plywood adhesive
(poplar veneers)

131

Corn stalk steam-
exploded alkali

lignin

Hydroxymethylated: 37%
FA, NaOH 5M (L)
30% L/ FA (1:1.6)

7 Gadhesive,wet — 092 (141) MPa
8 FAee = 0.17 (0.24) %

Plywood adhesive
(poplar veneers)

228

Beech

organosolv lignin

Phenolated: phenol,
®H,S0,4 conc. (pOL)
40% pOL/ FA (1.5:1)

o G*adhesive,dry =3.8 (68) MPa
10 FAem =0.26 (092) mg.loog'l

Particleboard
adhesive
(veneer strips)

233

Acidified

alkali lignin

Demethylated: NaOH,
®Na2SOs, (DLPF-Y1)
50% DLPF-Y1/ FA (1:2.2)

SG*adhesive,dryz 1.07 (124) MPa
11 FA = 0.22 (0.42) mg.L?

Plywood adhesive
(eucalyptus

veneers)

241

Biorefinery corn

stover lignin

Formaldehyde-free:
opt. lignin-glyoxal (OLG)
100% OLG/ “ GA (1:2)

12 G*adhesive,dry = 3.9 (4.6) MPa
*FAfee =0 (022) %

Plywood adhesive
(Douglas fir

veneers)

250

“ Nomenclature: percentage of synthetic phenol substitution by unmodified, refined or modified lignin/
aldehyde source, and molar ratio phenol: aldehyde.

2 formaldehyde, ° sulfuric acid, ¢ sodium sulfite, ¢ glyoxal.

! Bonding strenght measured according to GB/T 17657-2013 standard, 2 Formaldehyde emission measured
according to Chinese National Standard GB/T 9846-2004.3.standard, ® Tensile strenght measured
according to GB/T 17657-1999 standard, * Free formaldehyde content determined according to
hydroxylamine hydrochloride standard method, ° Lap shear strength measured according to ASTM D906-
98 A standard, ® Hydroxylamine hydrochloride standard method (European Standard DIN EN 1SO, 9397,
1995), ” GB/T 14732-2006 standard, 8 Hydroxylamine hydrochloride standard method (Chinese National
Standard 1SO 9397:1995), ® European Standard EN 319-1993, ° European Standard EN 120-1992 (mg per
100 g of oven dry board), 1! Formaldehyde emissions measured according to the acetylacetone standard
method, 12 Lap shear strenght measured according to ASTM D5868-01 standard.
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2.3. Lignin-derived epoxy resins

Epoxy resins are widely used in the production of thermoset composites due to their exceptional
chemical, mechanical, and thermal resistance®®®. The ring-opening polymerization (ROP) of oxirane
cyclic ethers is initiated by the heteroatomic or carbon nucleophile precursors under the influence of an
external stimulus®’. Curing agent, more commonly known as hardeners (multifunctional amines, acids,
anhydrides, alcohols, phenols, or thiols), are combined with epoxide precursors to tailor the properties of
thermosets. Epoxide groups are commonly grafted onto bisphenol-A (BPA) through the O-glycidilation
with epichlohydrin (ECH)?8. Upon curing, the aromatic structure of bisphenol-A diglycidyl ether
(BADGE) confers significant rigidity to the cross-linked epoxy network. One of the challenges in
enhancing the sustainability of epoxy resins is finding non-toxic and bio-based alternatives to
carcinogenic and petroleum-based BPA. In this regard, lignin biopolymer holds potential to replace
BPAGS, 259.

2.3.1. Epoxy resins from technical lignins

The incorporation of lignin into epoxy resins resulted in a cross-linked network upon thermal
curing®%262. Among the various functionalities supported by lignin macromolecules, carboxyl and
unsubstituted aromatic —OH groups promote the ROP of epoxy groups?®®. These functionalities reacts
mainly with the less substituted carbon of oxirane rings through Sn2 nucleophilic additions. As result,
technical lignins can be incorporated as hardener in the design of epoxy resin from polyethylene glycol
diglycidyl ether (PEGDGE, Mn= 526 g.mol1)?®*. Most often sterically hindered by —OMe groups or

condensed structures, the reduced reactivity of phenolic units hampers the potential of technical lignins to

be used as epoxy hardener.

2.3.2. Epoxy resins from refined lignins

Depolymerization intents to increase the availability of lignin —OH groups toward the ring-opening of
oxirane rings. For example, the higher reactivity of depolymerized lignosulfonate (M,= 400 g.mol™?) as
co-hardener in a commercial epoxy resin is reflected by the lower activation energy and curing
temperatures®®. Fractionation also provides low molecular-weight fragments that can cross-link
epoxidized PEG (Figure 6.2)?%, glycerol®®’, vegetable 0ils®®, or resorcinol®®. Asada et al. used the
acetone soluble fraction of lignin retrieved from waste Moso bamboo to cure a commercial BADGE
resin®’®. In comparison to a control aliphatic polyamine, the fractionated lignin provides superior thermal
resistance to the epoxy resin (Tqs%= 298 and 327 °C, respectively). However, the direct incorporation of
technical®™ 22 or fractionated®®’ lignin as reactive fillers in epoxy matrix faces reactivity and

compatibility issues, making derivatization a preferred method to develop lignin-derived epoxy resins.
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2.3.3. Epoxy resins from chemically modified lignins
2.3.3.1. Amination

To address microscopic and thermo-mechanical immiscibility above a certain lignin loading, one
approach is to convert lignin into a bio-based hardener. Various methods have been developed to
derivatize lignin with primary and secondary amines, such as the Mannich condensation of technical®’*2"3
or epoxidized lignin®™ (Scheme 9.a), or the ring-opening of epoxidized lignin with an excess of
diamine®™ 27® (Scheme 9.b). Some studies recommended phenolation pre-treatment to selectively
functionalize the free ortho-positions of softwood Kraft lignin under Mannich conditions®’t. The
molecular flexibility of aminated lignin afforded a controlled tailoring of resin properties, as identified by
Ott et al., who showed that aminated lignin chains play a paramount role in the mechanical properties of
lignin-derived epoxy resins (Figure 6.b)?"2. Partial substitution of commercial hardener with aminated
lignin resulted in homogenous epoxy films characterized by improved thermal stability (40 wt.%
substitution of isophorone diamine)?’®. Alternatively, Nikafshar et al. followed a three-step pathway to
design an amine hardener from softwood Kraft lignin via successive demethylation, tosylation, and metal-
catalyzed amination?’’. The aminated lignin was cross-linked with BADGE to produce uniform lignin-
derived epoxy resins (Tq= 158 °C, 6= 87 MPa, €= 3.23 %).

2.3.3.2. Esterification

The ring-opening of cyclic anhydrides generates active hydrogen species that promote cross-linking
into epoxy resins?>" 278285 Hatakeyama and colleagues were the first to convert alcoholysis lignin?’8 27
or sodium lignosulfonate®® into anhydride hardener (Scheme 9.c). Succinic anhydride reacts with lignin
—OH groups by esterification to generate a mixture of polyacids containing lignin-derived poly(ester-
carboxylic acid), sometimes with ethylene glycol®’® 2® or glycerol?® as a reactive diluent,. After reacting
with ethylene glycol or glycerol diglycidyl ether (EGDGE?" and GDGEZ, respectively), lignin acts as a
hard segment in the copolymer. Later, Jin and colleagues comprehensively evidenced the synergistic
effect of rigid lignosulfonate and flexible EG segments on enhancing the thermal, mechanical, and shape-
memory performance of BADGE-type epoxy resin®®l. Researchers have also taken advantage of the high
solubility of partially depolymerized Kraft lignin?®? or organosolv lignin?®® to conduct the esterification
with succinic anhydride. When used as polycarboxylic acid curing agent in commercially available epoxy
resins (DER353%%2 or DER3322%%%), the addition of co-curing agent?®? or an increasing amount of
carboxylated lignin®® strengthened the thermo-mechanical properties of lignin-derived epoxy resins
(Figure 6.c). Liu et al. suggested that the toughening effect of carboxylated lignin in epoxy monophasic
networks originates from a balance of segmental confinement, reduced cross-linking density, and
increased free volume?®*, Recently, Ma and colleagues opted for the glycidol-mediated hydroxyalkylation
of EHL to increase the rate of carboxylation through esterification with maleic anhydride?®. The multi-
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carboxylated lignin was later combined with epoxidized soybean oil and citric acid to yield degradable

lignin-derived epoxy resins with superior performance (Ey= 60.2 MPa, 6= 10.1 MPa, &= 55.1 %).
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Scheme 9 Structure of lignin hardener in epoxy resins. Aminated lignin designed from a) Mannich
condensation or b) ring-opening of oxirane groups with a diamine. Carboxylated lignin designed from c)
esterification with anhydride.

2.3.3.3. Glycidilation

2.3.3.3.1 From technical lignins

The O-glycidilation process (also known as epoxidation) have been widely studied to reduce the use
petroleum-based BADGE by converting lignin into an epoxy precursor?3-317, This chemical modification
suitable for a wide range of lignin!® involves the nucleophilic attack of lignin ~OH groups on ECH under
alkaline conditions to introduce a substantial amount of oxirane ring onto the surface of lignin (Scheme
10). The biphasic phase transfer catalyst system (BPTC) with quaternary ammonium
(tetrabutylammonium bromidg?8". 288 293, 294,304,311y anhances the glycidilation of more lignin —OH groups.
Substituting a portion of BADGE with epoxidized lignin shows promise for improving the mechanical
properties of lignin-derived epoxy resins (33 wt.% lignin content, Ey= 1.9 GPa, = 1.7 %, T,= 159 °C)
(Scheme 10)?®". Nikafshar et al. investigated the glycidilation of a series of thirteen unmodified lignins®,
Regardless the content of —OH groups, low molecular weight oligomers from corn stover organosolv and
hardwood Kraft lignins demonstrate higher reactivity toward epoxidation ([OH]= 3.24 and 6.09 mmol.g*,
Mn= 1900 and 1400 g.mol*, 12.53 and 11.98 % epoxy content, respectively).
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Scheme 10 Proposed scheme for the synthesis of lignin-derived epoxy copolymers.

To enhance the sustainability of epoxy resins, epoxidized lignin macromolecules are being explored
to completely substitutes petroleum-based epoxide precursors (Scheme 11). Nakamura and colleagues
have demonstrated successful incorporation of lignins obtained from steam-exploded plants in epoxy
resins?®>-2°1, The epoxidized lignins display comparable epoxy resin yield to the control epoxy precursor
(63.4-70 %). These epoxidized lignin were able to cure with their unmodified parent to produce solder-
dip resistant epoxy resins with high lignin content (86.1-88.2 %)%.
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Scheme 11 Proposed scheme for the synthesis of lignin-derived epoxy resins.

2.3.3.3.2 From refined lignins
2.3.3.3.2.1.  Depolymerization

Lignin can be refined through various reductive depolymerization methods to enhance the degree of
glycidilation. Ferdosian et al. have demonstrated the reductive depolymerization of organosolv lignin
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using ruthenium-based catalyst to design lignin-derived epoxy copolymers 2°22%_An optimization study
has revealed that the temperature and the molar ratio between depolymerized lignin and NaOH as key
factors in maximizing the yield of glycidilation®®. Kraft lignin, which contains a higher content of -OH
groups, has been found to promote glycidilation and the curing process with aliphatic and aromatic amine
hardeners (Ea= 69.3 and 42.5 kJ.mol, respectively)?*.

Torr and coworkers have investigated the palladium-catalyzed hydrogenolysis of softwood?®’”: 28 and
hardwood?®® biomass to produce a solvent-soluble lignin oil. The mild hydrogenolysis process selectively
cleaves etherified interunit linkage generating a mixture of phenolic compounds ([OH]phe= 4.11 g.mol
1297 This process can be extended to the pilot scale, enabling the retrieval of depolymerized lignin
fragments in-situ fractionated from ethyl acetate (Mn= 282-341 g.mol™1)?®, After derivatization, the
refined lignin with high epoxy equivalent weight (EEW.ner= 359 g.eq?) reacts with diethylenetriamine
(DETA) hardener and commercial epoxy prepolymer to form lignin-derived epoxy copolymer that exhibit
superior mechanical properties as compared to the control resin (ErLex> 3.7 GPa, orLex> 126 MPa). The
depolymerization is also adaptable for native Eucalyptus hardwood (M= 240-275 g.mol?, [OH]= 4.11-
4.77 g.mol ™) and the best-performing copolymers contain 33 wt.% of epoxidized lignin in replacement of

synthetic BADGE (Figure 6.d, ErLex= 3.5 GPa, orLex=139 MPa)?®,

The reductive depolymerization have also shown effectiveness to completely substitute commercial
epoxy precursors. Liu et al. obtained lignin oligomers from the palladium-catalyzed depolymerization of
hardwood alkali lignin (Mn= 836-1725 g.mol*, [OH]= 4.56-5.44 mmol.g})*®, which subsequently
epoxidized and cured with methyltetrahydrophthalic anhydride to produce rigid lignin-derived epoxy
resin (Tg= 78-104 °C, E’= 7-22 MPa, o= 47-60 MPa). To overcome the brittleness of these lignin-based
materials, the authors also suggested adding cardanol glycidyl ether in the blend as a reactive diluent and
plasticizer. In another study, Xin et al. used Raney nickel catalyst to depolymerize enzymolysis lignin
with the aim to improve the viscoelastic performance of asphalt using a flexible curing agent from the

Diels—Alder adduct of methyl esters of allosteric acid and maleic anhydride3™,

In an innovative solvolysis pathway, Kaiho et al. refined lignin fragments from Eucalyptus wood
meals through acid-catalyzed depolymerization3%?, They selectively cleave the predominant f’~O—4 bond
producing low molecular weight fragments bearing acetal structures. These fragments can be subjected to
trans-acetalization or intramolecular annulation, imparting flexibility and rigidity into epoxidized lignin
(EEW= 376 and 352 g.eq?, respectively).

2.3.3.3.2.2. Fractionation

Solvent fractionation is typically performed under mild conditions and can enhance the solubility and

the reactivity of lignin fractions towards glycidilation®, Jablonskis et al. suggested performing the
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fractionation step after glycidilation to produce Kraft lignin-derived epoxy copolymers®®*. Thus, the
acetone-soluble fraction of epoxidized lignin (EEW= 309-439 g.eq?) successfully incorporates a
commercial epoxy resin as reactive and mechanical filler. Substituting 10 wt.% of the epoxy resin with
this fraction results in materials with superior mechanical properties, including a Young modulus of 3.4
GPa, strain at break of 4.9 % and stress at break of 66.2 MPa.

To further customize the thermo-mechanical properties of lignin-derived epoxy resins, Gioia et al.
fractionated softwood Kraft lignin through a sequential solvent fractionation approach®. The resulting
glycidylated lignin fractions (2.7-3.9 mmol.g* oxirane content) were cross-linked with a polyetheramine
to create a homogeneous thermoset (Figure 6.e). While the soft diamine segments provided flexibility to
the molecular network (T¢~ -50 °C), the mechanical performance of this series of bio-based materials was
mainly influenced by the higher molecular weight lignin fractions (Ey= 6-100 MPa, o= 1.2-50 MPa, &=
44-47 %). In a different study, the authors investigated the contribution of lignin structural characteristics
on the mechanical properties of lignin-derived thermosets3®. The authors observed that while the flexible
fractions enriched in methoxy units improve the mechanical flexibility of the network, the condensed

aromatic structure of softwood Kraft lignin decreases the molecular mobility in the cross-linked network.

Van Aelst et al. developed a method to fractionate softwood lignin into different molecular weights
and functionalities using successive reductive catalytic fractionation and sequential solvent/anti-solvent
precipitation (Mn= 445-1146 g.mol?, [OH]= 3.56-4.37 mmol.g})*’. Silau et al. recently reported a
similar work, with the sequential solvent fractionation and depolymerization of softwood Kraft lignin
(Mn= 570-1170 g.mol?, [OH]= 6.87-7.84 mmol.g*)*®. These oils were then subjected to glycidilation
and finally cured with a fatty acid that results in lignin-derived epoxy networks with adjustable

mechanical performance (Ey= 0.9-1.4 GPa).

2.3.3.3.3 From chemically modified lignins

Various functionalization strategies, such as phenolation®®3!  demethylation®!!, and
hydroxymethylation®11313 have been explored to increase the reactivity of technical lignins towards
glycidilation. Zhang et al. compared these methods to develop chemical grouting materials from wheat
straw organosolv lignin!!. They found that hydroxymethylation produced the most reactive precursors,
while phenolated-epoxidized lignin had better miscibility with BADGE-type epoxy resin. The base-
catalyzed hydroxymethylation of lignin was found to favor the formation of oxirane moieties upon
glycidilation (3.3% epoxy index in the solid resin)®?. Zhao et al. optimized a multistep pathway
comprising self-assembly of solid nanoparticles and liquefaction3!3. They found that substituting 25 wt.%
polyol with lignin produced composites with good mechanical properties (Evy= 1.5-2.8 GPa, ¢= 12.3-19.3
%, o= 16.5-44.8 MPa).
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Abu-Omar and colleagues developed multistep pre-functionalization pathways to design renewable
lignin-derived epoxy resin®'# 315 In the formaldehyde-containing approach, demethylated organosolv
lignin undergoes successive one-pot phenolation/ oligomerization with deprotected dihydroeugenol and
formaldehyde, glycidilation with ECH, and polymerization with DETA. As a result, the incorporated
novolac polyphenol exhibits superior mechanical performance (E’= 1.3 GPa). In the formaldehyde-free
approach, successive phenolation with catechol and condensation with salicyl alcohol aim to
simultaneously functionalize organosolv lignin with hydroxymethyl group and reactive phenolic units®,
Up to 19 wt.% of lignin incorporates the epoxy network containing 69 wt.% renewable content (E’= 1.8
GPa). For both approaches, the lignin-incorporated polyphenols and epoxy show enhanced uniformity
compared to the blended networks (Figure 6.f). Later, synthetic phenol was employed during the
phenolation process to increase the cross-linking density in the lignin-incorporated polyphenol epoxy

network316: 317,

In an alternative pathway, Vasquez-Garay et al. proposed a chemoenzymatic catalyzed-epoxidation
method to substitute petroleum-based ECH3®. In this method, allylated lignin reacts under mild reaction
conditions with caprylic acid in the presence of a bio-catalyst (immobilized Candida antarctica lipase B)

to convert up to 90 % of lignin —OH groups into oXxirane counterparts.

From an application point of view, lignin-derived epoxy copolymers profitably sprang into the design

of renewable adhesive (Figure 6.9)%2%-32, coating (Figure 6.h)***3%’ and flame-retardant materials (Figure
6.i)328_331.
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Figure 6 Examples of lignin-derived epoxy resins.

a) Photographs of epoxy resins prepared from fractionated lignin and diglycidyl ether PEG (1)
materials and (2) self-healing aptitude (adapted from 2%). b) Confocal laser scanning microscopy (CLSM)
images of composites prepared from different aminated lignins (adapted from 272). c¢) Photographs of
lignin-derived epoxy resins prepared from carboxylated lignin and commercial BADGE (adapted from
283) d) Photographs of epoxy composites produced from depolymerized lignin retrieved from Eucalyptus
hardwood (adapted from 2%°). €) SEM images of epoxy resins produced from the (1) ethyl acetate-, (2)
ethanol-, (3) methanol-, (4) acetone-soluble fractions of lignin (adapted from 3%). f) Images of (1) neat
epoxy resin and lignin-derived epoxy resins with (2) blended or (3) incorporated novolac polyphenol
(adapted from 3!%). g) Photographs of wood failures in plywood test samples (birch hardwood) using a
lignin-derived epoxy adhesive (adapted from 32). h) Photographs of cured lignin-derived epoxy coating
on aluminum panel (adapted from *27). i) Photographs after UL-94 testing of (1) neat epoxy resin and
lignin-derived epoxy composites containing 10 wt.% of (2) phenolated lignin, (3) Mannich adduct of
phenolated lignin and piperazine/DOPO intermediate, and (4) Atherton—Todd adduct with DOPO
(adapted from 328),
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Table 4 Examples of epoxy resins synthesized from glycidylated lignin.

o GC Resin -
Lignin source * Manufacture process - Application Ref.
(%) characteristic
Steam-exploded - o ! 5nex= 61 MPa Resin for
Unmodified: 2 GL (73 wt.%)/ Lignin ) )
bamboo n.c. | 2CRsp=238.5% | electric-al/tronic | 2
o (-OH) (27 wt.%) [1.0] ) )
organosolv lignin 3 Tys0= 260.5 °C industries
) Depolymerized: ® GL (69 wt.%)/ 4 E’=22 MPa Lignin-derived
Hardwood alkali o
liani ¢ MeTHPA (—-COOH) (31 wt.%) 99 5 6= 60 MPa rigid 800
ignin
[1.18] ®Ty=128°C thermoset
_ "Ey=0.1 GPa Lignin-derived
Softwood Kraft | Fractionated: ¢ Ace-GL (42 wt.%)/ © )
o n.c. =5 MPa flexible 305
lignin JD-2000 (-NH) (58 wt.%) [2.0]
Tg=-52°C thermoset
Fractionated: f EtOAc-GL (64 Ev=1.4 GPa Lignin-derived
Hardwood Kraft o
liani wt.%)/ 9 JD-400 (-NH) (36 wt.%) n.c. =59 MPa rigid 306
ignin
[1.0] T,=73°C thermoset
Softwood Kraft Fractionated & Depolymerized: Ev=1.4 GPa Lignin-derived
lignin (UPM " GL (82 wt.%)/ ' TOFACA n.c. o= n.c. (low) rigid 308
BioPiva™ 395) (—-COOH) (18 wt.%) [1.0] T,=80°C thermoset
Formaldehyde-free phenolated: 8E’=1.8 GPa Lignin-derived
Organosolv lignin | 1 PL-GL (89 wt.%)/ X DETA (-NH_) | n.c. Tasw= 213 °C rigid 315
(11 wt.%) [1.0] °T,=106 °C thermoset
' Demethylation & phenolation: DL- E’=2.7 GPa Lignin-derived
Softwood Kraft o
liani PL-GL (53 wt.%)/ ™ MNA n.c. Tasw= 267 °C rigid 817
ignin
J (—-COOH) (47 wt.%) [1.0] «= 147 °C thermoset

“ Nomenclature: epoxide precursor from unmodified, refined, or modified glycidylated lignin/ curing agent
(reactive function)/ molar ratio oxirane ring: hardener reactive function.

2 Glycidylated lignin, ® Mild hydrogenolysis over Raney nickel catalyst (DL4, My= 1725 g.mol?, [OH]=
4.56 mmol.g™), ¢ Methyltetrahydrophthalic anhydride in presence of N,N-dimethylbenzylamine initiator, ¢
Acetone-soluble fraction (Ms= 2700 g.mol?, [OH]= 6.40 mmol.g™), ¢ Poly(propylene oxide) diamine
Jeffamine® D-2000, " Ethyl acetate fraction (EF1, Ma= 700 g.mol, [OH]= 5.10 mmol.g™), 9 Poly(propylene
oxide) diamine Jeffamine® D-400, ™ Acetone-soluble fraction depolymerized via palladium-catalyzed
hydrogenolysis (F4-LDO, M»= 1070 g.mol?, [OH]= 7.14 mmol.g™), ' Ancamide® 3030 in presence of tris-
2,4,6-(dimethylaminomethyl)phenol accelerator, ! GL synthesized from incorporated polyphenol composed
of 40 wt.% phenolated lignin and 60 wt.% salicyl alcohol (EN-PL40SAgo),  Diethylenetriamine, ' GL
synthesized from formaldehyde and incorporated polyphenol composed of 20 wt.% demethylated lignin
and 80 wt.% phenol (DPLINP), ™ Methyl nadic anhydride in presence of 2-ethylimidazole initiator.

! Flexural strenght, 2 Char yield, ® Temperature of 5% thermal decomposition,  Storage modulus, ° Tensile
strenght, ® Glass transition temperature, ’ Young modulus, 8 Storage modulus, ° a-relaxation temperature.
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2.4. Lignin-derived polyesters

Polyesters (PE) are widely used, with applications ranging from synthetic fibers in the textile
industry®®? to reinforcing materials in tire cord®®3, Ester linkages are formed by the equilibrium reaction
between a carboxylic acid and a hydroxyl group, releasing water as a by-product. Acid chlorides and acid
anhydrides are commonly used to initiate the nearly quantitative esterification. Lignin, with its abundant
hydroxyl groups, provides a sustainable platform for esterification. Acetylation has traditionally been
used to improve the solubility of lignin in organic solvents, facilitating the characterization of its
solubility parameters®3* and structure3®. Lignin-derived PE materials are produced by polycondensation
reactions between a multi-functional esterification reagent and lignin macropolyol, either alone (Scheme

12) or in combination with commercial polyol (Scheme 13).
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Scheme 13 Proposed scheme for the synthesis of lignin-derived polyester copolymers.
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2.4.1. Polyesters from technical lignins

One strategy for developing lignin-derived PE involves using multifunctional carboxylic acids as
covalent bridge between lignin macromolecules and alcohol-containing precursors (Scheme 13)*33%, For
example, the melt polycondensation between EHL, short diols, and sebacic acid, a naturally occurring
dicarboxylic acid, provides liquid polyester polyol used as toughening agent in epoxy resins®®. Different
amount of maleic acid were used to cross-link amorphous alkali lignin and semi-crystalline polyvinyl
alcohol (PVA, Figure 7.a)%". The resulting esterified PVA-lignin resin exhibits superior mechanical
properties (Ev= 2.4 GPa) and adhesive strength (failure strength= 6.8 MPa) when optimal curing
temperature (T= 180 °C) and maleic acid content (40 wt.%) were used. In another study, Larrafieta and
colleagues selected poly(methyl vinyl ether-co-maleic acid) as polyacid precursor to cross-link lignin
with PEG under micro-wave radiations in the view of preparing antimicrobial hydrogel with high lignin
content (24-40 wt.%)338,

Citric acid, a trifunctional organic acid naturally found in juicy fruits, has emerged as a key
component in recent strategies for manufacturing lignin-derived PE copolymers34%-343, Xu et al. developed
a series of lignin-derived PE with tailored properties in a one-pot process that combined citric acid, Kraft
lignin, and PEGa00®®°. At constant cross-linker loading, a higher content of lignin relative to the PEGaoo
reactive diluent led to rigid thermoset resin with almost 100 % gel content, high glass transition
temperature (73 < T, < 102 °C), and remarkable tensile strength (14 < o < 34 MPa). These materials also
exhibited shape memory performance due to their design with soft segment (Figure 7.b). Kim and
colleagues developed a series of lignin-derived PE copolymers using PVA as a substitute3¥. The
homogenous blend of citric acid, PVA, and alkali lignin (= 25 wt.%) was thermally treated at 180 °C to
produce self-supported films. The optimal citric acid feed ratio of 30 wt.% improved the mechanical and
adhesive properties of the lignin-derived PE. This bio-based blend was further reacted and impregnated

into nanocellulose long fiber mats to form an all-green fiber-reinforced polymer composites®*.

An alternative method to design PE from technical lignin involves self-polymerization with multi-
functional acid halides®*3%, carboxylic acids®*°, or anhydride®® (Scheme 12). Similar to fatty acid
chloride®?! 352 esterification with dicarboxylic acid chloride, such as sebacoyl chloride®*¢3%8 confers
lignin with a thermoplastic-like behavior (Figure 7.c), and numerous examples of this approach are
reported in the literature. Itaconic acid, a naturally occurring dicarboxylic acid, was used to form a PE
from EHL and 1,12-dodecanediol with shape-memory performance3*. Di Francesco and co-workers
followed a pre-activation strategy by reacting adipic acid with isoprenyl acetate to form an anhydride
mixture with a high degree of functionality (Figure 7.d)**°. The mixed anhydride mixture is partially
esterified with softwood Kraft lignin to produce a homogenous pourable pre-polymer. Upon thermal

curing, the resulting lignin-derived poly-adipates are cross-linked thermoset with a high lignin content (60

wt.%) and a high gel content (GC 97%).
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2.4.2. Polyesters from refined lignins

The fractionation of technical lignins found to be efficient in developing lignin-derived PE
network®*33% McDonald and colleagues synthesized tribranched carboxylic acid pre-polymer by the melt
condensation of adipic acid with triethanolamine, which was later condensed with fractionated soda lignin
to obtain flexible thermosets with high gel content (94%) and single glass transition (T4~ 8 °C)%3. Later
this strategy was extended to the methanol-soluble fraction of various technical lignins to develop lignin-
co(polyester-amines) with shape-memory effect®*. In another study, Scarica et al. esterified a
fractionated softwood Kraft lignin with succinic anhydride, which resulted in covalently-bonded ester
linkages and free-carboxylic acid functional groups®®. These functional groups subsequently underwent
self-polyesterification at high temperature, resulting in lignin-derived PE coatings with scratch resistance
(Figure 7.e) and remarkable adhesive strength on different substrates, especially on wood (Gadhesive,wet> 9
MPa). The sustainability of lignin-derived PE copolymers was extended by Xu et al. through a
microwave-assisted extraction/degradation strategy®®. A softwood Kraft lignin was fractionated in
ethanol under microwave irradiations before cross-linking with PEGao and citric acid. Composed of
lower molecular weight lignin fractions (Mn,~ 1000 g.mol™?), bio-based polyester resins were degraded

and recycled into a new thermoset (Figure 7.f).

2.4.3. Polyesters from chemically modified lignins
2.4.3.1. Esterification

The esterification derivatization relies on two main strategies to tune the reactivity of technical
lignins toward subsequent condensation. In one study, Chung et al. introduced acetic acid as a capping
agent to control the degree of cross-linking of lignin-derived PE®’. By adjusting the ratio between
difunctional succinic acid and acetic acid, esters of softwood Kraft lignin were developed with activated
and deactivated reaction sites, respectively. Copolymerization with PEG of different chain lengths further
demonstrated the correlation between the degree of cross-linking and thermal properties of the resulting
materials with thermoplastic-like behaviours. In another study, the same group converted the aliphatic
—OH groups of dealkaline lignin into carboxylic acid through the Steglich esterification with sebacic
acid®®, The resulting polyacid was further condensed with hydroxyl-terminated poly(ethylene brassylate),
a castor-oil based biodegradable polyester, to form graft-polymer with modified lignin content ranging

from 20 to 50 wt.% and Young modulus up to 0.4 GPa (Figure 7.9).

2.4.3.2. Hydroxyalkylation

The reactivity of methanol-insoluble Kraft lignin towards esterification can be increased by
oxypropylation, which promote cross-linking of fractionated lignin macromolecules with sebacic acid®®.

However, phenolic units demonstrate lower reactivity toward esterification due to steric hindrance and
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strong hydrogen bonding. To address this challenge, Liu et al. have developed an optimized strategy to
convert 95% of phenolic units into hydroxyalkyl ethers which results in lignin derivatives with uniform
chemical functionalities®®. This green strategy involves reacting softwood Kraft lignin with ethylene
carbonate under alkaline conditions to obtain a higher yield of propionate ester for the hydroxyalkylated
lignin compared to technical lignin (90 vs 70%, respectively). Downward precipitation is then used to

retrieve lignin fractions with tailored characteritsics®!,
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Figure 7 Examples of lignin-derived polyesters.

a) Surface (1-2) and cross-sectional (3-4) scanning electron microscopy (SEM) micrographs of (1-3)
pristine lignin-PVA resin and (2-4) esterified lignin-PVA resin cross-linked with 40 wt.% maleic acid
(adapted from 37), b) Images of shape-memory performance of polyester prepared from softwood Kraft
lignin, PEGuoo, and citric acid (adapted from 34%), ¢) Image of lignin-sebacoy! copolyester thin film on a
glass substrate (adapted from 347, d) Images of Kraft lignin poly-adipate samples: disc, cylinder, and bars
from left to right (adapted from **°). ) AFM height images of scratched PE coatings prepared from Kraft
lignin and succinic anhydride (1-2) self-crosslinked (3-4) cross-linked with an external curing agent.
Recorded at two different nanoscratch rates: (1-3) 0.1 pm.s™; (2-4) 10 pm.s* (adapted from 3%%). f) Images
of microwave-assisted recycling of polyester prepared from softwood Kraft lignin, PEGa0o, and citric acid
(adapted from %), g) Photographs of lignin-g-PEB, blended esterified lignin and PEB, and PEB
homopolymer from left to right (adapted from °8).
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Table 5 Examples of polyesters synthesized from technical, refined, or chemically modified lignin.

_ GC Resin -
Lignin source Manufacture process - Application Ref.
(%) characteristic
Unmodified: Lignin (30 wt.%)/ 1Ey=2.4 GPa Natural fiber
Alkali lignin Maleic acid (30 wt.%)/ 2 PVA (40 | n.a. 2 6=48.5 MPa reinforced 837
wt.%) 3e=27% composite
Unmodified: Lignin (40 wt.%)/ * Ggs= 2.0 GPa
Softwood o Shape-memory
o Citric acid (40 wt.%)/ PEGaoo (20 | 99.9 o= 34 MPa 340
Kraft lignin polymer
wt.%) 5T,=102 °C
Unmodified: Lignin (25 wt.%)/ Ev=6.5GPa Natural fiber
Alkali lignin Citric acid (45 wt.%)/ PVA (30 n.a. o= 185 MPa reinforced 342
wt.%) €=9.9% composite
Softwood Unmodified: Lignin (60 wt.%)/ Ev=1400 MPa | Lignin-derived
Kraft lignin Adipic acid (11 wt.%)/ ° IPA (29 97 o= 15 MPa rigid 350
(LignoBoost®) wt.%) =10 % thermoset
Wheat straw Fractionated: ¢ MeOH-Lignin (40 Ev= 189 MPa Lignin-derived
soda lignin wt.%)/ Adipic acid (36 wt.%)/ ¢ 94 o= 34 MPa flexible 33
(Protobind™ 1000) TEA (24 wt. %) $Tr=8°C thermoset
Softwood Fractionated: ® THF-Lignin (83 "Tasy= 174 °C _
L o ) Coatings and
Kraft lignin wt.%)/ Succinic Anhydride (17 n.a. 8 On20=90 ° _ 355
) adhesives
(Indulin® AT) wt.%) T,=138°C
- ®Tm=55°C o
Softwood Esterified: F EL (50 wt.%)/ Lignin-derived
o n.a. 10 T.= 68 % ) 87
Kraft lignin 9 PEG2000 (50 wt.%) thermoplastic
u Tg: '5 OC

2 Polyvinyl alcohol, ® Isoprenyl acetate, ¢ Methanol-soluble fraction, ¢ Triethanolamine, ¢ Tetrahydrofuran-
soluble fraction, T Lignin capped with 27% acetyl groups and 63% succinic ester, 9 Polyethylene glycol

(Mn= 2000 g.mol™?).

! Young modulus, ? Tensile strenght, ® Strain at break, * Storage modulus at 25.0 °C, ° a-relaxation
temperature, ® Glass transition (loss modulus), ” Temperature of 5% thermal decomposition, 8 Static contact
angle with a water drop, ° Melting temperature, 1° Crystallinity index, 1* Glass transition (DSC).
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2.5. Lignin-derived copolymers via grafting strategies

Lignin can be used as macroinitiators to create three-dimensional networks by linking each
macromolecules with linear chains. Two main synthetic routes are considered for creating lignin-derived
copolymers: the “grafting-from” and the “grafting-to” (Scheme 14)* 362 approaches. In the “grafting-
from” method, technical or derivatized lignin macromolecules are used for initiating and growing
monomer units using free or controlled radical polymerization (FRP and CRP) of vinylic monomers, or to
trigger the ROP of cyclic monomers. The “grafting-to” approach involves the reaction between lignin and
the terminal groups of telechelic polymers through efficient coupling processes.

____________________________________________________________________________
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Scheme 14 Proposed scheme for the synthesis of lignin-derived copolymers based on “grafting-from”
and “grafting-onto” strategies.

2.5.1. “Graft-from” lignin-derived copolymer
2.5.1.1. Radical polymerization

25.1.1.1 Free radical polymerization (FRP)

FRP method has been successful used to functionalize lignin with various vinylic monomers
including acrylonitrile®®3, dimer acid®®*, styrene3®, itaconic acid®® %7  acrylic %8370 or methacrylic®"
acid, methyl methacrylate 372374, acrylamide3”>"", and its derivative®® 37°. For instance, Sun et al.
chemically grafted renewable lauryl and tetrahydrofurfuryl methacrylate (LMA and THFMA,
respectively) onto alkali lignin recovered from the corncob biorefinery using sodium chloride- hydrogen
peroxide as free-radical polymerization initiator*®. The resulting lignin-g-P(LMA-co-THFMA)
copolymer was used to toughen commercial PLA matrix. In another approach, lignin has been converted
into a methacrylate precursor through esterification with methacrylic anhydride®" %2 or imidazole-
derived 2-hydroxyethyl methacrylate (HEMA-Im)3 (Scheme 15.a). Chmely and colleagues 3D printed
this lignin with an UV curing agent and commercial acrylate precursors to yield films with 15 wt.%
methracylated lignin (Figure 8.a)%®2. The content of renewable materials was further increased in lignin-g-

HEMA containing up to 40 wt.% of methracylated lignin to manufacture tunable hydrogels®&,
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25.1.1.2 Atom transfer radical polymerization (ATRP)

CRP can be used to adjust the length of polymer chains. In this regard, atom transfer radical
polymerization (ATRP) has gained considerable interest as the experimental conditions needed to conduct
it are mild enough to be compatible with lignin. Lignin-based ATRP-macroinitiators are usually

synthesized from its esterification with 2-bromoisobutyryl bromide (BiBB) (Scheme 15.b)3843%,

In 2010, Kadla and colleagues pioneered the copolymerization of lignin with N-isopropylacrylamide
(NIPAM) using the ATRP technique®®*. By selective grafting onto hardwood Kraft lignin, controlled
molecular weights of lignin-g-PNIPAM were obtained with a high degree of polymerization (DPnipam >
40) and low dispersity (1.01 < B < 3.01). In a more environmentally friendly approach, the authors
substituted copper-based catalyst with various enzymes to immobilize PNIPAM chains onto lignin
core®®, Later, the same research group used the ATRP technique to electrospun softwood Kraft lignin
nanofibers to design a series of thermo- and ionic-responsive lignin-g-PNIPAM?3®’. In fact, lignin-g-
PNIPAM exhibits a thermoresponsive phase transition from a hydrophilic to a hydrophobic structure
similar to the threshold lower critical solution temperature of PNIPAM homopolymer (LCST= 32 °C).
Moreover, the ATRP method offers a promising approach to design thermoresponsive materials by

grafting lignin with polyethylene glycol methyl ether methacrylate (PEGMA)*®’ or N-vinyl

388 388

caprolactam?®® using metal-free®® or low catalyst loading®® conditions.

Hilburg et al. prepared “one-component” hybrid nanocomposites from controlled fractions of lignin-
derived copolymer grafted with polystyrene (lignin-g-PS) or polymethyl methacrylate (lignin-g-PMMA)
3% The graft-copolymers show enhanced compatibility with the grafted thermoplastics compared to their
analogous binary lignin/polymer blends (up to 22 wt.% lignin). By controlling the feed ratio between
lignin macroinitiator and MMA monomer, lignin-g-PMMA copolymers with adjustable mechanical
properties (Ev= 1.5-1.7 GPa)*® and glass transition (Tq= 101-131 °C)3% can be prepared. Subsequently
blended with PCL, nanofibrous lignin-g-PMMA/PCL composites prepared by electrospinning match
typical requirements for biomedical applications®®. In a similar approach, Cho et al. used lignin-g-
PMMA to increase the thermal stability and UV-protection of a commercial PLA matrix without reducing
its mechanical properties®*. Tang et al. applied ARTP strategy to graft rosin-derived monomers onto
lignin®*. By using a methacrylate precursor, the high glass transition of the technical lignin (T = 95 °C)

was preserved to design hydrophobic lignin-g-rosin films (6120~ 90 °, Figure 8.b).

Apart from thermoresponsive and composites materials, lignin-graft copolymers synthesized via the
ATRP route find applications in various other areas®®? 3%, For instance, other studies have reported the
ATRP-mediated copolymerization of lignin with a combination of PEGMA/glycidyl methacrylate, or

solely with 2-4-benzoyl-3-hydroxyphenyl acrylate, produces sustainable solid polymer electrolytes®*® and

396

lignin-derived materials with improved UV absorption capacity*>°, respectively.
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25.1.1.3 Reversible addition-fragmentation chain-transfer (RAFT)

Reversible addition-fragmentation chain-transfer (RAFT) is another living polymerization technique
that benefits from the predictable and the controllable molecular weight of growing polymer chains.
Washburn, Gupta, and co-workers developed a series of lignin-g-polyacrylamide following the RAFT
pathway3%°-401, Kraft lignin was activated from acyl chloride xanthate to yield a macroinitiator assimilated
to a RAFT transfer agent (Scheme 15.c). Further reacted with acrylamide (Am) or acrylic acid (AA) in
presence of azobisisobutyronitrile initiator (AIBN), lignin-g-PAM/PAA contain hydrophilic and

hydrophobic domains effective for surfactant applications®*°

. While random copolymerization resulted in
a nanogel, lignin-g-PAm copolymers synthesized from the RAFT technique are characterized by an
organized architecture at the root of dispersant performance®®. Additionally, lignin-g-PAm were designed

for the long-term stabilization of water/ cyclohexane Pickering emulsions (Figure 8.c)*°L,

Various methods have been explored to transform lignin into a chain transfer agent (CTA) including
esterification with carboxylic acid derivatives®®? 4%, Using the lignin-macroinitiator, a series of soy-based
vinyl monomers were grafted with high conversion yields (74-94 %) to produce thermally stable and
solvent-soluble copolymers®®, In another study, organosolv lignin was first converted into alkyne-
bromine precursor through esterification with BiBB and subsequently converted into a CTA*. After
copolymerization with n-butyl acrylate and 1-vinylimidazole, the lignin-derived material exhibits

adhesive and self-healing aptitudes.

It is worth mentioning that the potential to develop lignin-derived materials with high cross-link
density from radical polymerization techniques is limited by the inherent radical-scavenger activity of
aromatic —OH groups*®. To prevent the radical inhibitory effect, Qu et al. functionalized the ~OH groups
of pyrolytic lignin with methacryloyl and acetyl chlorides®®. Acetylation eliminated the radical-
scavenging effect of residual hydroxyl groups and the partially methracrylated lignin was then subjected

to self-polymerization under RAFT conditions.

__________________________________________________________________________
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Scheme 15 Structure of lignin-macroinitiator for a) free-radical polymerization (methacrylic
anhydride), b) atom transfer radical polymerization (2-bromoisobutyryl bromide), and c) reversible
addition-fragmentation chain-transfer (acyl chloride xanthate).
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2.5.1.2. Ring-opening polymerization (ROP)

ROP is a chain-growth polymerization strategy well fitted for the control of (co)polymers
architecture®”. Star-like polymer chains arise from the ring-opening of cyclic monomers on lignin
terminal reactive centers. The oxyanionic ROP of ethylene oxide (EO) has been widely reported as an
effective pathway to enhance the processability of lignin polyol, especially for lignin-derived PU. For
another purpose, lignin-g-PEO can be employed as a bio-based surfactant for the emulsion
polymerization of styrene*®®. If a few studies reports the ROP of oxazoline’®® 4 lignin-derived
copolymers synthesized from ROP mainly focuses on polylactide (lignin-g-PLA, Scheme 16.a)*'*!" and

poly(e-caprolactone) (lignin-g-PCL, Scheme 16.b)**84% or the mixture of both polymers*?>-427,

25121 Lactide

Lactide (LA) is a cyclic ester existing in three different stereoisomeric forms, and its ROP leads to the
formation of polylactide (PLA)*?8. Technical lignins have been traditionally used as functional fillers to
enhance the properties of PLA while reducing production costs*?°. However, the poor interactions
between lignin and PLA prompted researchers to find alternatives such as chemical modifications or graft
copolymerization strategies. Chung et al. selected an unsulfonated Kraft lignin (Indulin® AT) as a
macroinitiator to polymerize lactide**!. Although the melting of PLA is still observed at low content of
lignin (1-10 wt.%), the single glass transition detected at higher lignin content (20-50 wt.%) translates the
lack of crystal structure in lignin-g-PLA (DPpLa< 14). The copolymer obtained through this solvent-less
and metal-free approach shows enhanced dispersibility and toughening effect when blended with PLA
(Figure 8.d). Similarly, Ren et al. explored a selective alkylation pretreatment step to facilitate the
grafting of PLA chains*'2. In this study, the aromatic and carboxylic ~OH groups of alkaline lignin were
selectively alkylated with 1-bromododecane. As a result, only unreacted aliphatic —OH groups from
dodecylated lignin participate in the ROP of LA. The molecular weight of PLA chains grafted onto lignin
ranges from 28200 to 1382 Da for a lignin content ranging from 1 to 20 wt.%, respectively (b <. 1.41).
Besides enhancing biocompatibility with PLA, the use of lignin-g-PLA as a functional filler has shown
potential in promoting several desired properties including improved crystallization*'3, or increased UV-

resistance*'* 430, antioxydant activity**# 41> 43 “and recycling*® 41’ aptitudes.

25.1.2.2 Lactone

Lignin has been traditionally employed as a macroinitiator to initiate the ROP of e-caprolactone
monomer to form polycaprolactone (PCL)*®. Starting from various technical lignins refined into well-
defined fractions, Ragauskas and colleagues identified aliphatic -OH groups to preferentially initiate the
ROP of CL* %2 As a result, hydroxymethylated lignin containing higher amount of aliphatic -OH
groups promote the formation of the starlike copolymer®?. Laurichesse and Avérous elucidated the
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structure-to-property relationship of a series of lignin-g-PCL*°. g-Caprolactone was used as reactive
solvent for the organotin-catalyzed ROP. Meanwhile brittle materials were obtained for a monomer:
macroinitiator feed ratio ranging from 10 to 100, the threshold ratio [CL]:[-OH]= 5 lead to flexible
amorphous materials (Tg= -30 to -40 °C). However, a high lignin content prevents the crystallization and
the diffusion of PCL chains®?. Liu et al. followed this “graft-from” strategy for the solvent-free organo-
catalyzed ROP of CL using bio-butanol lignin, a co-product of butanol biorefinery production, as
macroinitiator*?*. In this study, lignin-g-PCL coatings exhibit good surface dispersibility and improved
UV absorption capability (Figure 8.e). Additionally, lignin —OH groups can also be used to initiate the
ROP B-butyrolactone*3? 433,

25.1.2.3 Lactide-co-lactone

Lactide and lactone can also be copolymerized using lignin as a macroinitiator*?®. The resulting
lignin-g-P(CL-co-LLA) exhibits a rubber-like behavior that originates from the physically cross-linked
structure of PCLLA. Further polymerized onto the inner rubbery block, outer segments of D-lactide
induced stereocomplexation and interfacial compatibilization between lignin-g-P(CL-co-LLA) and
external PLLA matrix. Following a similar pathway, electrospun®?® or melt-processed*?’ lignin-g-P(CL-

co-LLA\) reinforced the antioxidant activity of PCL*? and the heat resistance of PLA*’, respectively.
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Scheme 16 Proposed scheme for the synthesis of lignin-derived copolymers based on “graft-from” ring-

opening polymerization of a) lactide and b)caprolactone starting from lignin macroinitiator.
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2.5.2. “Graft-onto” lignin-derived copolymer

The “graft-onto” approach offers greater versatility in extending the use of polymer chains covalently
bonded onto lignin macromolecules. In contrast, the “graft-from” strategy is limited by the functionality
of the monomeric units (e.g. vinylic or heterocyclic monomers). The “graft-onto” approach covers a wide

range of telechelic polymers that can be grafted onto lignin through multiple coupling reactions.

2.5.2.1. Nucleophilic substitution of halogen precursors

Various strategies have been used to convert synthetic polymeric chains into telechelic alkyl43* 4%
or acyl chloride*®® precursors. Lin et al. synthesized an amphiphilic copolymer from Kraft lignin and a
chloride-terminated PEG prepared from the Lewis-acid catalyzed ROP of ECH**. PEG end-capped with
chloride group were chemically grafted onto the aromatic —OH groups of Kraft lignin through base-
catalyzed etherification, improving its dispersibility. In another approach, researchers synthesized a high-
efficiency lignin-grafted cationic polyacrylamide flocculant wusing EHL, acrylamide, and
acryloyloxyethyltrimethyl ammonium chloride*®. They used a "grafting-onto" method to graft the linear
pre-polymer of cationic polyacrylamide terminated with chlorine onto EHL (77.9 - 99.9 % grafting yield).
Chile et al. investigated the synthesis of lignin-g-PLA copolymers via different routes**®. The topology of
the products is affected by the initial lignin concentration, with low lignin loading generating cyclic PLAs
and higher lignin loadings forming star-shaped lignin-g-PLA copolymers. By coupling lignin with acyl
chloride terminated-PLA, the “graft-onto” approach gave highest lignin incorporation in the copolymer
(up to 21 wt.%).

2.5.2.2. Radical coupling

ATRP has been shown to be effective for grafting PEGMA onto lignin macroinitiator to
manufacture thermoresponsive®’, mechanoresponsive*®’, and antioxidant copolymers*®. Additionally,
Yuan and colleagues reported the radical coupling of well-defined polyacrylamide and polybutyl acrylate
macromolecules onto Kraft lignin*¥® 440 using a ternary catalytic system of horseradish peroxidase
/acetylacetone/ hydrogen peroxide to initiate, both RAFT polymerization of vinylic precursors and lignin
oxidation. In another study, softwood Kraft lignin and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
were co-polymerized using dicumyl peroxide as initiator, forming a biopolymer alloy with strong

interfacial adhesion**Z,

2.5.2.3. Click reactions

25.2.3.1 Azide-alkyne Huisgen cycloaddition

Barner-Kowollik et al. have outlined the fundamental principles of successful “click” reaction, which
includes modularity, chemoselectivivity, and orthogonalility**?. The Huisgen cycloaddition, which

produces a triazole group by the reaction between an azide (—Nz) and an alkyne (—C=C) is exemplified on
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Scheme 17.a. In 2015, Tang and coworkers introduced “click” chemistry into lignin-derived thermoset*#,
Alkyne and azide moieties were incorporated onto lignin —OH groups by alkylation with propargyl and
esterification with 4-bromobutryl chloride followed by nucleophilic substitution with sodium azide,
respectively. These functional lignins were clicked together under metal-free conditions using azide-
functionalized PEG, or alkyl functionalized PCL or PLA, forming a series of graft copolymers. This
approach proved to be effective in grafting lignin with 5-acetylaminopentyl acrylate or soybean oil to
produce self-healing materials*** and thermoset elastomers**, respectively. In a novel approach, Jang et
al. used softwood Kraft lining as a renewable material to develop thermoset foams**®. The researchers
synthesized multifunctional lignin macromonomers with azide and alkyne groups and turned them into
thin films using hot pressing. The films were then cross-linked through a thermal reaction without the
need for copper-based catalysts, resulting in all-lignin-based thermoset foams with a high gel fraction,

randomly distributed pores, and flame resistance aptitude (Figure 8.f).

25.2.3.2 Michael addition
25.2.3.21. Thiol-ene

Thiol-Michael additions induced by heat or light are also considered to be “click” reactions**'.
Johansson and colleagues used thiol-ene chemistry to develop a series of lignin-derived thermosets
(Scheme 17.b)*484%0, A refined Kraft lignin was selectively modified through allylation of aromatic —OH
groups*8. The lignin was then cross-linked by thermal-activation using a trifunctional thiol cross-linker
led to a homogenous and translucid thermoset (Figure 8.g). This approach was extended to five
fractionated lignins to study the structure-to-property relationship in this series of copolymers (E’s0°c =
1.9-5.9 GPa)*°. By adjusting the degree of functionality of the thiol-based cross-linker lignin-derived
thermosets (composed of 67 wt.% of lignin), with similar morphology and tunable properties could be
obtained (T, = 120-157 °C)*°. Additionally, the thiol-ene “click” reaction between allylated lignin and 2-
mercaptoethanol allowed for the design of bio-based polyols that could be subsequently condensed with a

—NCO precursor to produce LPU anti-corrosive coating*:.

Liu and Chung demonstrated that softwood Kraft lignin could be clicked onto thiol-terminated PEG
(PEG-SH) using visible- or sun-light triggered thiol—ene reaction with high efficiency (~ 95 %)*>.
Similarly, Yang et al. used UV-light irradiation to carry out the thiol-ene reaction between esterified
lignin and PEG-SH for drug delivery systems*®3. Another alternative approach involved the use of allyl
bromide to convert the phenolic-OH groups of lignin into ene-precursor, subsequently irradiated with

cysteine for metal-ion adsorbent applications®>*.
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2.5.2.3.2.2.  Thiol-yne

In an early study, propargylated lignin was reacted with 1,2,4-triazole-3-thiol using photochemically-
triggered thiol-yne click to produce lignin-based absorbent*®. More recently, Bernaets and colleagues
developed lignin-derived thermosets via thiol-yne “click” chemistry between propargylated lignin and an
excess of tetrafunctional thiol-based cross-linker (Scheme 17.¢)*® %7, Post-curing treatment via Claisen
rearrangement strengthens the network density (gel content 100 %, Tg= 56 °C, Tas%= 296 °C) and the
addition of propargylated reactive diluent resulted in lignin-derived thermosets with superior adhesive
performance (cadnesive= 2.3-2.5 GPa)*®. Fractionated lignins were also used as a scaffold for the tandem
UV-initiated thiol-yne “click” reaction/Claisen rearrangement to develop anti-corrosive coatings with
high lignin content (46-61 wt.%)*".

2.5.2.3.3 Diels-Alder cycloaddition

The Diels-Alder (DA) “click” reaction is a versatile tool to create various macromolecular
architectures for different applications*®. Lignin-derived copolymers based on the furan-maleimide DA
reaction were first proposed by Duval et al. (Scheme 17.d)*°. Similarly, Habibi and co-workers used a
similar pathway to develop a series of lignin-derived thermosets based on thiol-maleimide and DA
“click” reactions*®® 41, In this method, a technical soda lignin was esterified with chlorinated 11-
maleimidoundecylenic acid in solvent/catalyst-free conditions to introduce maleimide moieties onto the
lignin structure*®®. The maleimide-functionalized lignin was further reacted with multifunctional thiol-
based cross-linkers via the thiol-ene “click” polymerization to design thermosets (T,= 19-59 °C). Later,
the same thiol-based cross-linkers were reacted with furfuryl glycidyl ether*®l. The polyfunctional furan
linkers were then reacted with maleimide-functionalized lignin by DA cycloaddition in a short time. The
dissociative retro-DA reaction was used to demonstrate the ability of the resulting thermoset to be
recycled.
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Scheme 17 Proposed scheme for the synthesis of lignin-derived copolymers based on “graft-onto”
strategy. a) azide-alkyne Huisgen cycloaddition, b) thiol-ene based Michael addition, c) thiol-yne based
Michael addition, d) thiol-maleimide based Michael addition or furan-maleimide Diels-Alder reaction.
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Figure 8 Example of lignin-derived copolymer preprared via “graft-from” and “graft-onto” strategies.

a) Photographs of 3D prints containing 0 to 10% methracylated lignin prepared via FRP (adapted
from 382). b) Static contact angle images of water droplets on lignin-g-rosin copolymer prepared via
ATRP (adapted from 3%4). ¢) Emulsion droplets water/cyclohexane stabilized by lignin-g-PAm prepared
via RAFT (adapted from “°Y). d) Photographs of PLA—lignin composites from (1-2) unmodified lignin or
(3-4) lignin-g-PLA copolymer prepared via ROP. The lignin contents for (1-3) and (2-4) are 0.9—1.0 and
4.4-4.8 wt %, respectively (adapted from #1). e) UV-absorption capacity of lignin-g-PCL coating films
prepared via ROP (adapted from #2%). f) Photographs of lignin-g-copolymer films prepared via azide-
alkyne cyclo-addition and flame-retardant application after oxidation (adapted from #4°). g) Photographs
of lignin-g-copolymer cured thermoset prepared via thiol-ene reaction (adapted from %4%). h) Photographs
of self-healing capability of lignin-g-copolymer preprared via Diels-Alder reaction (adapted from 46%).
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Table 6 Examples of lignin-derived copolymers prepared via “graft-from” and “graft-onto” strategy.

_ GC Resin -
Lignin source Manufacture process - Application Ref.
(%) | characteristic
o Graft-from (FRP) 1 E=239 MPa
Acidified wheat straw o ]
S Lignin (~ 5 wt.%) n.a. 2¢=14.1% Composite PLA | 380
alkali lignin
3 LMA/ > THFMA (~ 24/71 wt.%) 3 Tg=30°C
Graft-from (ATRP) E= 56 MPa )
o o o Composite
Acidified alkali lignin ¢ Lignin-Br (~ 22.1 %) / ¢ MMA n.a. e=23% ) 398
o Thermoplastic
Condition: PMDETA, CuBr A Tge=T77°C
Technical Graft-from (ROP-PCL) E=25 MPa o )
o o Lignin-derived
soda lignin Lignin (43 wt.%)/ ¢ CL n.a. e=33.0% 419
] o thermoset
(Protobind™ 1000) Conditions: SnOct; Ty=-45°C
Technical softwood Graf-onto (“Click” azide-alkyne) E=4.3 MPa All-liani
-lignin
Kraft lignin f Lignin-(N3) (20 wt.%) 99 e=14% J 446
] o thermoset foam
(Amallin™) 9 Lignin-(—C=C) (80 wt.%) ® Ta1o= 258 °C
Softwood Graf-onto (“Click” thiol-ene) ®T¢> 250 °C L _
o Lignin-derived
Kraft lignin " TMP 3P3 (—SH) (43 wt.%) na | "E’=5.9GPa 449
) o thermoset
(LignoBoost®) " Lignin-(~CH=CH) (57 wt.%) 8T,=94°C
Technical Graf-onto (“Click” thiol-yne)
o _ Tasw= 276 °C Renewable
soda lignin I PETMP (-SH) (48 wt.%) 100 ] ) 456
] o Tq=45°C adhesive resin
(Protobind™ 1000) k Lignin: ' P4AMS (39:13 wt.%)
Technical Graf-onto (“Click” Diels-Alder) E=4.5 MPa
o Self-healable
soda lignin ™ TMP 3P3-furan (36 wt.%) n.a. e=101.4 % 461
] o o thermoset
(Protobind™ 1000) " Lignin-maleimide (64 wt.%) T,=23°C

2 lauryl methacrylate, ° tetrahydrofurfuryl methacrylate, © lignin esterified with ethyl 2-bromoisobutyrate
(lignin content determined by NMR), ¢ methyl methacrylate, © e-caprolactone, ' lignin-azide synthesized
from epoxy ring-opening of glycidylated phenolated lignin with NaNs, ¢ propargylated lignin synthesized
from epoxy ring-opening of glycidylated phenolated lignin with 5-hexynoic acid, ), " trimethylolpropane
tris(3-mercaptopropionate) (1 eq. of thiol per allyl moiety), ' allylated lignin synthesized from allyl chloride
(acetone fraction), ! propargylated lignin synthesized from propargyl bromide, X 4-methylsyringyl propargyl
ether reactive diluent, ' pentaerythritol tetrakis(3-mercaptopropionate) (2 eq. of thiol per propargyl moiety),
™ furan linker synthesized from pentaerythritol tetrakis(3-mercaptopropionate) and furfuryl glycidyl ether, "
maleimido functionalized lignin synthesized from 11-maleimidoundecanoyl chloride.

! Young/tensile modulus, ? strain at break, 3 glass transition temperature (DSC), # glass transition
temperature (peak in the loss modulus), ° temperature of 10% thermal decomposition, ® onset of thermal
decomposition, 7 storage modulus at -50 °C, 8 a-relaxation temperature.
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3. Lignin-derived vitrimers

3.1. Introduction to vitrimers

Thermosets are polymeric systems composed of a permanently and covalently cross-linked structure,
that enables high solvent resistance and superior thermo-mechanical properties. However, it also impedes
their recyclability, as they do not melt or can be depolymerized, in contrast to thermoplastics. To tackle
this issue, dynamic bonds can be introduced into their structure, opening up opportunities of recycling
like mechanical reprocessing. Covalent adaptable networks (CANSs) are polymer networks composed of
permanent and dynamic covalent bonds (DCBs)*2 463, From the standpoint of chemistry, a distinction is
made about the mechanisms governing the reversibility of DCBs. CANs operating under dissociative
exchanges are characterized by successive bond breaking and reformation altering the cross-link density
of the network over time (elimination-addition). Diels-Alder (DA) reversible reactions fall into this
category. DA bonds tend to depolymerize in a temperature range around 120 °C, and can reform when the
material is cooled at room temperature. On the other hand, associative CANSs retain their network
integrity, the DCBs being described as able to reform following an addition-elimination mechanism.
From a mechanistic perspective, the viscosity of associative and dissociative CANs correlates to the rate
of exchange of the DCB**. Unlike the abrupt drop in thermoplastics’ viscosity observed above their
melting temperatures, the viscosity of CANs gradually decreases upon heating. Inspired by the gradual
fluidity and the permanent connectivity of inorganic silica materials upon vitrification, associative CANs
have been termed “vitrimers” by Leibler and colleagues®®>-¢’. In addition to the usual T4 of thermosets,
vitrimers exhibit a topology freezing temperature (Ty) corresponding to the transition from a viscoelastic
solid to a viscoelastic liquid*®®. Below Ty, vitrimers behave like a classical thermoset with a cross-linked
network composed of dormant DCBs. Above Ty, the topological rearrangements induced by activated
DCBs endow vitrimeric materials with a macroscopic flow at the root of their reshaping and their
reprocessability aptitudes. This unique rheological behavior is commonly evaluated through the ability of
the dynamic network to relax stress in response to a strain deformation“®. The activation energy (Ea) of
the reversible exchange is calculated from the temperature-dependent stress-relaxation experiments from
which relaxation times are determined (z*, time for the vitrimeric material to recover 1/e of the original

relaxation modulus) and fitted using an Arrhenius model.

While some vitrimers require the addition of catalysts to reach the thermodynamic equilibrium of the
DCB on a reasonable time scale, internal catalysis and neighboring group participation theory afford
alternatives to the aging or leaching issues regularly associated with external catalysts*®® 479, Since their
discovery*®®, various exchangeable bonds have been investigated to develop vitrimers*’*4. This includes
transesterification*®®,  transcarbonation*’®, transcarbamoylation*’®, transamination of vinylogous
urethane*’’, transalkylation*’®, olefin metathesis*’®, acetal exchange*°, imine exchange*®!, dioxaborolane

metathesis*®?, disulfide exchange*®, siloxane exchange*®*, among others.
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3.2. Dynamic covalent bonds in lignin-derived vitrimers

Increasing research efforts have been done to combine the concept of vitrimers with bio-derived
polymers*™, The high cross-linking density of lignin ensures dimensional stability in thermoset networks
and facilitates the development of thermally and creep-resistant materials. However, processability and
vitrimerization issues may impede their manufacture and prohibit their segmental mobility. One challenge
in designing vitrimer-like materials from highly cross-linked lignin is to find a good balance between the
ratio of permanent and dynamic cross-links. In this section is reviewed the current status of introducing

DCB:s into lignin-derived thermosets (Scheme 18).
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Scheme 18 Dynamic covalent reactions inmplemented in lignin-derived vitrimers.
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3.2.1. Transesterification

Implemented in pioneering work of Montarnal et al.*®®, the dynamic transesterification involves a
reaction between an ester and a hydroxyl group that results in the formation of new ester and hydroxyl
moieties (Scheme 18.a). The reversible exchange is thermally activated, and usually conducted in the
presence of a catalyst that activates ester bonds. Transesterification-based vitrimers benefit from a
versatile design. Most of the research works on the synthesis of lignin-derived vitrimers focus on the
cross-linking of epoxy resins with carboxylic acid curing agents*®*#®, Two main chemical pathways have
been explored to conduct the opening of epoxy rings.

In a first approach, lignin is converted into a polycarboxylic acid hardener by oxidative
treatment*®> 487 or esterification with a cyclic anhydride*®. Zhang et al. pioneered the design of lignin-
derived vitrimers starting from an ozonated Kraft lignin cured with a difunctional epoxy derived from
sebacic acid*®. Ozonolysis was employed to improve the number of carboxylic moieties of polyphenolic
lignins ([COOH]= 2.30 mmol.g}). In the presence of zinc acetylacetonate catalyst (10 mol.%), heat-
induced transesterification exchanges enable the manufacture of thermally repairable adhesives (Figure
8.a). Later, the ozonation treatment has been integrated within the LignoForce™ process for the

valorization of Kraft lignin into bio-derived vitrimer*®’. In another study, Zhang et al. reacted the —OH

groups of Kraft lignin with cyclic anhydride to generate a polycarboxylic acid cross-linker, subsequently
cured with PEGDE to form an epoxy-vitrimer network*®. By increasing the content of carboxylated
lignin from 47 to 63 wt.%, the thermomechanical properties were improved while the dynamic behavior
was preserved (Tq= 37-76°C, 1™*200°c= 720-920 s). The addition of EG was found to promote topological

rearrangements and self-healing capability (92% damage repairability in 15 minutes at 190 °C).

In the second approach, lignin-derived epoxy vitrimers were prepared from glycidylated lignin,
followed by a curing step in the presence of polyfunctional carboxylic acid*®4%, Xue et al. investigated
the gradual substitution of DGEBA with glycidylated lignin (GEL) to develop zinc-catalyzed vitrimers*e,
Increasing the content of GEL is suitable to develop a cross-linked network with robust mechanical
performance (33 wt.% GEL, E= 2.0 GPa). However, stress relaxation experiments evidenced the
detrimental impact of the high number of permanent bonds on the segmental mobility of the dynamic
network. To identify the prominent structural parameters regulating the performance of lignin-derived
epoxy vitrimers, Tang et al. refined EHL through solvent fractionation*®®. The various lignin fractions
were converted into glycidyl ether and subsequently cured with sebacic acid to develop reprocessable
materials with tuneable properties. Characterized by a lower molecular weight and higher amount of non-
condensed phenolic units (Mn= 1402 g.mol?, [OH]phenoi=3.34 mmol.gY), the epoxy vitrimer prepared
from the ethanol-soluble fraction presents the higher self-repairing and reprocessing efficiency. If trans-
esterification is usually triggered by heat, the conjugated structure of lignin is also amenable to photo-

thermal transformations offering reduced energy consumption in comparison to hot-press treatment**°,
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Du et al. combined the two above-mentioned approaches and cross-linked a glycidylated lignin
with carboxylated lignin (maleic anhydride) in the presence of PEGago spacer®®. As an excess of —-OH

groups activates ester bonds through hydrogen bonding, the network was able to behave as a catalyst-free
vitrimer with lignin content up of 73 wt.% (Figure 9.b). %2, Apart from epoxy networks, various lignin-
derived thermosets can also be designed with dynamic features driven by transesterification. For example,
Johnson et al. explored a “graft-onto” strategy to design reprocessable thermosets from the thiol-ene

“click” reaction of partially methracrylated dealkaline lignin with PEG-dithiol moieties*%.

In summary, transesterification exchanges promote rapid topological rearrangements endowing
lignin-derived vitrimers with self-healing, reshaping, and reprocessability aptitudes. Being synthesized
from readily available building-blocks and compatible with various classes of polymers,

transesterifications-based vitrimers stand as ideal candidate for industrial development.

3.2.2. Transcarbamoylation

Urethane linkages are known to dissociate into their precursors (-OH and —NCQO) when reacted

with hydroxyl groups at high temperatures, and to reform upon cooling*®*. Although transcarbamoylation
equilibrium proceeds likely through a dissociative mechanism, an associative mechanism is observed
under typical reprocessing conditions (< 200 °C) in the presence of a suitable catalyst (Scheme 18.b). The

profuse number of —OH groups in lignin is favorable to designing transcarbamoylation-based vitrimer. In

the literature, ethanol-fractionated alkali lignin®® or technical®®® 7 nano-sized**®, and depolymerized

EHL*®® were employed as polyol to bring hydroxyl functionalities into lignin-derived PU networks.

The first report of transcarbamoylation exchange in lignin-derived PU used a partially
depolymerized lignin (DEL, Ms= 1200 g.mol™?) to cross-link HDI-end capped polytetramethylene ether
glycol*®. The base-catalyzed liquefaction process improves the reactivity of lignin macromolecules
toward isocyanation and its interfacial compatibility in the PU elastomer matrix (LPUe). In the presence
of dibutyltin dilaurate catalyst, thermally-induced transcarbamoylation enables reprocessability with a
high rate of Young’s modulus retention after two recycling processes (retention> 85 % for LPUe
containing up to 4-17 wt.% of DEL). In a follow-up work, the same group introduces photothermal-
responsive triazole functionalities in LPUe to form a dual-crosslink network composed of dynamic non-
covalent bonds (hydrogen and Zn?*-coordination bonds) and DCBs (carbamates)*®®. The coordination
bonds endow the lignin-derived PU networks with fast light-induced healing capabilities under NIR
stimulation and promote close-looped chemical recyclability*®”. To reduce the consumption of catalysts,
Ma and colleagues increased the content of pendant aliphatic -OH groups by tuning the initial ratio of
isocyanate/ hydroxyl (NCO/OH<1)*®. As evidenced by stress-relaxation experiments, the excess of

unreacted —OH groups promote catalyst-free transcarbamoylation in the lignin-derived PU network.
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Illustrated in Figure 8.c, a robust and dynamic cross-linked network was manufactured with extrusion-
mediated reprocessing and shape-memory capabilities (50 wt.% PEGa2000 polyol substitution, NCO/OH=
0.8, GC> 95%, Ea= 106 kJ.mol™).

In addition to being synthesized from safer chemicals, hydroxyurethane bonds in NIPU networks
promote the associative mechanism in transcarbamoylation exchange®°%, Zhao et al. developed a
straightforward and environmentally friendly pathway for the ring-opening of polyfunctional cyclic

carbonate with dimer fatty amine and EHL®%. The homogenous distribution of —OH groups within the

NIPU network induces hydrogen-bonding between lignin macromolecules and polyhydroxyurethane
(PHU) matrix improving the interfacial compatibility. The cross-linking density of PHU materials
increased concomitantly with lignin content, thereby reducing the elasticity of the material (from 0 to 50
wt.% EHL, Tq=-3 to 4 °C, Y= 2 to 43 MPa). As reported in Figure 8.d, the resulting elastomers can be
mechanically reprocessed via catalyst-free transcarbamoylation reactions (120 °C) or chemically recycled

via reversible cyclic carbonate aminolysis (n-butylamine).

The highly condensed structure of lignin brings a significant amount of permanent and thermally-
resistant cross-link in the vitrimer network. One of the challenges in the synthesis of transcarbamoylation-
based vitrimers is to avoid an overlap of the thermo-mechanical transitions and the depolymerization
temperature of urethane bonds. Therefore, it is considered in most of the research works treating of
transcarbamoylation-based lignin-derived vitrimers to incorporate soft segments into the structure of

lignin with the aim to avoid this overlap while promoting elastomeric features.

3.2.3. Imine exchange

Schiff base contains imine bonds that are formed following the condensation reaction of a primary
amine with an aldehyde or a ketone. Imine bonds can reshuffle under catalyst-free associative exchanges,
either by imine metathesis or transimination reactions (Scheme 18.c). The former refers to the exchange
reactions between two imine units while the latter corresponds to the reversible aminolysis of imine
bonds. Generally triggered by heat, imine exchanges are also sensitive to water and pH. Indeed, imine
bonds are prone to hydrolysis in a reversible dissociative pathway. Under typical service conditions,
hydrolysis slightly affects the integrity of the cross-linked network and offers water-assisted malleability
at ambient temperature*®’. The main strategy to incorporate imine bonds in lignin consists in its
conversion into a polyaldehyde precursor, either by chemical functionalization®® or by oxidation
treatment®*. Gao et al. exploited a “grafting-fiom "~ strategy to design star-like copolymers made up of a
lignin core decorated with aldehyde side-chains®®. An esterified lignin bearing dithiobenzoate moieties
(2.64 mmol.g) was used as a chain transfer agent for the RAFT polymerization of vanillin and lauryl

methacrylate. The copolymer was then polymerized with diamines of various chain lengths to form an
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antifungal polyimine adhesive with reprocessing and self-healing capabilities. In another approach, the
oxidative treatment of organosolv lignin with Dess—Martin periodinane allows converting —OH groups

into ketones and aldehydes (5.31 mmol.g™1)°%. The oxidized lignin was then reacted at room temperature
with an excess of a dimer diamine (Priamine™ 1071) to form a lignin-derived polyimine network with
thermo-mechanical properties that can be tuned by adjusting the stoichiometric ratio between aldehyde
and amine (E= 6-117 MPa, Tgs%= 298-323 °C). The lignin-derived vitrimer could be reprocessed at 170
°C with well-preserved mechanical strength (Figure 8.e).

If the hydrolysis of imine bonds opens up potential chemical recycling pathway, it also impedes their
use in any type of applications where the materials would be exposed to humidity. By designing lignin-

derived polyimine vitrimer, this drawback could be tackled thanks to its prominent hydrophobicity.

3.2.4. Disulfide exchange

The dynamic nature of sulfur bonds has been widely investigated to develop reprocessable
materials. Many research works have focused the topic of their investigation onto the understanding of
the mechanisms governing the dynamicity of disulfide exchanges (Scheme 18.d). Triggered by heat or
UV-light, the associative disulfide metathesis between two disulfide bonds is deemed the most common

mechanism, but reversible thiol-disulfide exchange could be also occur when dangling —SH moieties or a

nucleophilic catalyst are employed. In the case of lignin-based disulfide vitrimer, and as in any other
disulfide-based vitrimers, the disulfide bond is not generated through cross-linking reactions. It must be
incorporated into using precursors that contains the disulfide bond. Bis(4-aminophenyl) disulfide or bis(2-
hydroxyethyl) disulfide have been used to introduce dynamic disulfide bonds into lignin-derived
polyurea®® or PUe®, respectively. For the former system, depolymerized EHL was reacted with
formaldehyde and long-chain polyetheramine (Jeffamine® D-2000) through Mannich condensation.
Combined with the amine-containing disulfide, the amine-functionalized lignin was used to cross-link an
isocyanate-terminated prepolymer. The dynamic reactions in the polyurea network can be activated at
relatively low temperatures with fast stress relaxation observed at 50 °C (t" < 5 min). The disulfide
exchange endows lignin-derived polyurea adhesive with reusable ability and can be self-healed in a short

time (Figure 8.1).

In response to the fast reshuffling of disulfide bonds that may limit their applicability at service
temperature, the highly-crosslinked structure of lignin may favor the synthesis of highTy materials. The
rate of dynamic bonds can be adjusted to finely tuned the dynamicity of disulfide exchanges while

ensuring dimensional stability over a wider temperature range.
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3.2.5. Acetal exchange

The reversible reaction between two acetals, namely acetal metathesis, emerged recently as a
promising DCB for vitrimeric materials (Scheme 18.e). Moreno et al. developed a one-pot strategy for the
design of an acetal network by the thermally accelerated alcohol-vinyl ether “click” addition between
poly(ethylene glycol) divinyl ether and softwood Kraft lignin®. The thermo-mechanical properties of the
cross-linked network was tuned according to the lignin content (from 28 to 50 wt.%) with glass transition
ranging from 109 to 121 °C and Young modulus from 0.01 to 2.1 GPa, respectively (Figure 8.g). The
stress relaxation behavior was following an Arrhenius-like temperature dependence, which is
characteristic of vitrimers. The linear correlation between the calculated activation energy and lignin
content (Es= 204 to 77 kJ.mol* from 37 to 50 wt.%) suggests that the mechanism of exchange is

promoted by lignin’ —OH groups. Model molecules were designed to reveal that transacetalization

reactions associated with the reversible alcoholysis of acetal were occurring. Therefore, the dynamicity of
acetal networks is driven both by the catalyst-free acetal metathesis and transacetalization exchanges. The
lignin-derived vitrimer was used as a recoverable adhesive capable to preserve adhesion performance

after reprocessing (93%) and to resist to an aggressive environment such as concentrated saline water.

To prevent the degradability of acetal motif in hot-water*®, the hydrophobic nature of lignin confers

water-resistance well-suited for improving the robustness of the dynamic acetal network.
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Figure 9 Examples of lignin-derived vitrimers.

a) Transesterification-based epoxy vitrimer prepared from ozonated Kraft lignin. (1) Photographs of
mechanical reprocessing through hot-press treatment and (2) micrographs of thermally-induced self-
healing in pressure-free conditions (adapted from ), b) Photographs of recycling performance of epoxy
vitrimer relying on catalyst-free transesterification Recycling tests:(1) Mechanical reprocessing and (2)
chemical recycling (adapted from #°1), ¢) Photographs of tunable shape memory responses induced by
catalyst-free transcarbamoylation in lignin-derived PU network (adapted from #%), d) Photographs of
reprocessing in transcarbamoylation-based LPHU vitrimer (adapted from °%), e) Photographs of
reprocessable lignin-derived polyimine vitrimer (adapted from 5°%), f) Photographs of fast self-healing
performance of lignin-derived polyurea adhesives containing disulfide bonds. (1) Fracture surfaces and
(2) stretched elastomer after 2 minutes healing (adapted from °%), g) Photographs of the bending ability
of transacetalization-based vitrimers prepared from the “click” addition of poly(ethylene glycol) divinyl
ether (PVD) and softwood Kraft lignin (SKL). PDV-SKL ratio (1) 1:1, (2) 1:0.8, (3) 1:0.6 and (4) 1:0.4
(adapted from °07).
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Table 7 Examples of lignin-derived vitrimers synthesized from different dynamic covalent bonds.

- GC Resin Vitrimer
Lignin source Manufacture process - - Ref.
(%) characteristic characteristic
Transesterification (epox
Technical (epoxy) 1Ey=0.5GPa 4 Ea=n.a.
) 4 GEL (18 wt.%)/ ® DGEBA (42 .
enzymatic 83 265=23 MPa ® T 160c= 1570 s 488
S wt.%)/ ¢ DEA (35 wt.%)
hydrolysis lignin T,=41°C ® RRs,2= 96 %
Catalyst: ¢ Zn(acac). (4 wt.%)
Transesterification (epoxy)
Technical T,=121°C E.= 18 kJ.mol*
] AEP-EL (33 wt.%)/ ¢ CA-EL (33 )
enzymatic n.a. o= 48 MPa T 2200c= ~ 1000 s 491
o wt.%)/ F PEGaoo (33 Wt.%)
hydrolysis lignin " Tasoe= 277 °C RR=n.a.
Catalyst: &
) Transcarbamoylation (PU)
Technical Ev=0.02 GPa E.==n.a.
) 9 DEL (17 wt.%)/ " PTMEG (67 .
enzymatic _ 94 o= 39 MPa T 160°c= < 300 S 499
o wt.%)/ ' HDI (16 wt.%)
hydrolysis lignin _ Tasw= 301 °C RRey2= 86 %
Catalyst: 1 DBTDL (< 1 wt.%)
) Transcarbamoylation (NIPU)
Technical Ev=0.01 GPa E.==n.a.
_ EHL (30 wt.%)/ K BCC (25 wt.%)/ .
enzymatic n.a. o= 8 MPa T'=na. 502
S ' DDA (45 wt.%)
hydrolysis lignin 8Tq=2°C RRey,4= 90 %
Catalyst: &
Imine exchange (polyimine
ge (poly ) Ev=0.12 GPa E.==n.a.
Organosolv mOL (22 wt.%)/ i
n.a. o= 3 MPa T=n.a. 504
lignin " DDA (78 wt.%)
Tasw= 298 °C RRey,1= 100 %
Catalyst: &
) Disulfide exchange (PU)
Technical o=0.8 MPa E.==n.a.
] ° LC (7 wt.%)/ P D2000 (66 wt.%)/ .
enzymatic n.a. Tg=-58 °C Tsoc=<150s 505
o 9SS (8 wt.%)/ " IPDI (18 wt.%)
hydrolysis lignin Tase= 278 °C *RR;1=78 %
Catalyst: &
Acetal exchange (polyacetal)
Softwood Kraft Ev=2.1GPa E.= 77 k.mol*
o SKL (50 wt.%)/
lignin (UPM 98 o=51 MPa T 180°c= 775 507
T $PDV (50 wt.%)
BioPiva™ 100) T,=121°C RRey,.= 88 %
Catalyst: &

2 Glycidilated lignin, ® Diglycidyl ether bisphenol A, ¢ Dodecanedioic acid, ¢ Zinc acetylacetonate, ¢ Lignin
carboxylated with maleic anhydride, T Polyethylene glycol (M,= 400 g.mol™), ¢ Partially depolymerized
lignin, " Polytetramethylene ether glycol (PTMEGzon0), ' Hexamethylene diisocyanate, ! Dibutyltin
dilaurate, X Bis(6-membered cyclic carbonate), ' Dimer diamine (Priamine™ 1074), ™ Lignin oxidized with
Dess—Martin Periodinane, " Priamine™ 1071, ° Polyetheramine-grafted lignin, P Polyetheramine
(Jeffamine® D-2000), 9 Bis(4-aminophenyl)disulfide, " Isophorone diisocyanate, S PEG divinyl ether.

1 Young modulus, ? Tensile strenght, 2 a-relaxation temperature, 4 Activation energy, ° Relaxation time, ©
Retention ratio of the tensile strenght after two reprocessing, ’ Temperature of 5% thermal
decomposition, & Glass transition (DSC), ° Retention ratio of the tensile strenght after 1h self-healing.
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3.3. Other potential dynamic exchanges to design lignin-derived vitrimers

Some DCBs, such as radical-mediated olefin metathesis, are not compatible with lignin as a building
block due to the inherent radical scavenging activity of lignin that impede the dynamic exchange.
However, several other chemistries have not yet been investigated while they could be considered to
develop lignin-based DCBs. Scheme 19 gathers a non-exhaustive selection of dynamic covalent linkages
that have not been introduced, to date, in the design of reprocessable lignin-derived materials, and these
mechanisms are discussed in the following bullet points:

» Transcarbonation proceeds through the metal-catalyzed exchange between a carbonate and an
alcohol (Scheme 19.a). Various strategies have been developed to incorporate carbonate moieties
onto the structure of lignin, especially for the synthesis of lignin-derived NIPU (Scheme 4 and
Scheme 5). The structure of lignin is ideally suited to develop vitrimers relying on
transcarbonation. The abundant number of hydroxyl groups on lignin could be used to trigger the

ROP of cyclocarbonate, resulting in lignin-derived materials composed of carbonate and —OH

groups able to exchange through transcarbonation.

» Vinylogous urethanes are DCBs obtained from the condensation of acetoacetates and amines. The
reversible nucleophile addition of primary amines and vinylogous urethanes is called
transamination (Scheme 19.b) . Lignin can be either converted into a polyacetoacetate through the
acetoacetylation of its hydroxyl groups (generally by transesterification of tert-butyl acetoacetate)
or into a polyamine through Mannich condensation. The cross-linking of amine- and acetoacetate-
derived precursors (the latter introduced in slightly off-stoichiometric conditions) leads to a

dynamic network composed of free amines and vinylogous urethane bonds.

» Boronic ester units are known to exchange either via dioxaborolane metathesis between
two boronic esters moieties or via transesterification involving hydroxyl groups (Scheme 19.c).
The dynamic network containing cyclic boronic ester bonds is generally synthesized from the
cyclization of a polyol with diboronic acid in anhydrous conditions. The prominent B-O-4’
interunit linkage in lignin structure contains a 1,3-diol motif suited for conversion in a 6-
membered boronic ester ring. It is assumed that hydrophobic lignin could protect boronic ester

from the water-assisted dissociation into parent diol and boronic acid.

» While siloxane or silyl ether bonds can rearrange through a metathesis mechanism, an
excess of —OH groups promote associative silyl ether-hydroxyl exchange (Scheme 19.d). The

cross-linking of lignin with siloxane-based precursors leads to thermosetting materials with flame-
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retardant°® or degradability®® aptitudes. Lignin provides robustness to siloxane-based materials
that usually exhibit elastomeric features. The investigation of the dynamicity of silyl ether bonds
in lignin-derived vitrimers could extend their applicability to reprocessable thermosets. As well,
siloxane exchanges occurs at high temperature (typically around 180 -220 °C)>*°, and could be

highly suitable for the design of high-Tg vitrimers, in concomitance with the structure of lignin.

) Transcarbonation :
1 Q O Q 0 1
; + —OH ~———— + OH :
: OJLO/O oo Q- :
l 1
‘b E
: ) o HN/O Transamination O HN~ :
1 —_—— 1
Lo .+ —NH, _— ~ .+  O—NH, .
: O/U\/Lb" vinylogous urethane OM :
l 1
I'z)_ _________________________________________________________________________ \I
! o) o) Dioxaborolane o) o !
E B: + —B: —_— B: j/ + —B: E
: 0 o metathesis o o :
: fo) HO Dioxaborolane o HO :
P S Gl P S :
; o HO transesterification 0 HO :
o R S ”h """"""""""""""""""" Y
. ilyl ether :
P Q303 (3.0.3 o~ Q303 Q3.0 -
i ‘Si’o + Si”Si” - sicsi” + sicsi”
: & ¢ LI metathesis L e @ :
: Silyl ether-hydroxyl :
P (1303 T (303 :
LTSI si’o + —OH S sicVsi” v+ Q-oH
: ° exchange L '

____________________________________________________________________________

Scheme 19 Non exhaustive selection of dynamic covalent bonds not explored for the design of lignin-
derived vitrimers.
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