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Lignin valorization is one of the most important topics across the biorefinery
research community. The overdependence on petroleum-derived products has
raised increasing concerns about the energy crisis and environmental pollution,
which has warranted significant research on producing renewable chemicals and
materials from lignin, replacing petroleum-derived carbons. Despite the potential
promise of lignin derivatives, there are still major technical obstacles that need
addressing to make lignin valorization more feasible and sustainable. In addition
to developing processes, recent studies have focused more on tailoring lignin
structures to make lignin a process-friendly feedstock. This review introduces
recent studies on chemoselective alteration of lignin structures in an effort to
maximize the value from lignin.

Introduction

Lignin is the second most abundant biopolymer next to cellulose, and nature’s dominant
aromatic polymer. Most lignin is currently produced from pulp and paper industries, and a large
amount of technical lignin is expected from emerging biorefineries. Although lignin is an abundant
and natural aromatic polymer, the heterogeneous, reactive, and inherent intractability of lignin limit
its potential for various industrial applications. Until now, lignin is considered as one of the most
challenging materials to work with. However, lignin valorization is still a key research area in the
scientific community because the success of future biorefineries highly depends on lignin valorization
(1, 2).

Lignin valorization typically includes two different approaches; deconstruction and
reconstruction, as shown in Figure 1. In the deconstruction approach, macromolecular lignin is
thermochemically or biologically depolymerized into low-molecular-weight phenols to produce
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fuels and aromatic chemicals. However, it is often discussed that lignin depolymerization is
challenging because lignin contains various C-O and C-C linkages with the broad distribution of
bond strengths (3). Besides, the primary products from the thermal decomposition of lignin readily
undergo irreversible recondensation reactions, which lead to the formation of recalcitrant species
(4–7).

Reconstruction approaches utilize lignin as a raw material or an additive for the production of
polymeric materials. For example, technical lignins obtained from lignocellulosic biomass can be
used to produce plant-derived plastic and composites. Reducing the omnipresence of disposable
plastics made from petroleum and the high demand for bio-derived materials have warranted
intensive research on lignin valorization to produce green and renewable materials. The superficial
similarities between lignin and petroleum-derived carbon fiber have encouraged efforts to utilize
lignin for carbon fiber composite materials. In addition to the carbon fiber, other promising lignin
application areas include electrochemicals (8–10) and pharmaceuticals (11–13). Despite the
potential promise of lignin-derived materials, the nonuniformity and several reactive linkages of
lignin structure make it process-unfriendly, resulting in poor material properties (14). Recent studies
have focused on tailoring lignin structures to make lignin more suitable feedstocks for the production
of polymeric materials. This chapter presents an overview of the recent efforts toward tailoring lignin
structures for successful lignin valorization. Two different, but not competing, approaches on lignin
utilization will be highlighted.

Figure 1. Two approaches in the lignin valorization.

Tailoring Lignin Structure for Depolymerization Approach

There have been significant efforts to produce low molecular weight aromatic compounds from
technical lignins. In a typical thermochemical conversion process, heat and catalyst are employed to
efficiently break down lignin to phenolic compounds. Besides, using a proper solvent(s) is important
in solvent-mediated depolymerization (i.e., solvolysis). One major problem of lignin
depolymerization is the recondensation of the lignin fragments, forming aromatic C-C bonds and
undesirable condensed products, which significantly reduces the yield of low molecular weight
phenolics. This unwanted and irreversible reaction significantly occurs between the primary products
of lignin. To maximize the lignin conversion and yield of phenolic monomers, repolymerization has
to be minimized. From the process development perspectives, the secondary condensation reactions
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can be quenched by employing hydrogen-donor solvents (e.g., formic acid, isopropyl alcohol, and
tetralin), molecular hydrogen, and scavenging agents. More recently, tailoring lignin structure has
been focused on preventing the repolymerization reaction during the lignin depolymerization. In the
following text, recent studies on the modification of lignin structures for enhancing lignin conversion
to phenols are presented.

Protection of Reactive Sites in Lignin Structure

Altering specific sites in lignin structure can make lignin more amenable to thermochemical
depolymerization, minimizing the undesirable condensation reactions. To this end, the selective
blocking strategy of reactive functional groups in lignin was introduced. The addition of
formaldehyde prevents lignin condensation during extraction by forming 1,3-dioxane structures with
Cα-OH and Cγ-OH in the lignin sidechains (15). The protected lignin with a dioxane unit produced
near theoretical yields of 47% lignin monomers after hydrogenolysis. Formaldehyde-incorporated
lignin, forming a stable six-membered acetal structure, can suppress the formation of benzylic cations
responsible for the condensation reactions and blocks reactive aromatic positions with hydroxyl
methyl groups. Recently, a density functional theory (DFT) calculation study provided mechanistic
insights into the reactions of formaldehyde-blocked lignin (16). Lignin preferably reacts with
formaldehyde with a low energy barrier to form a 1,3-dioxane structure, which protects the reactive
sites of lignin, including benzylic hydroxyl groups and aromatic rings. The formaldehyde-protected
lignin eventually suppresses lignin condensation reactions, resulting in an enhanced yield of low-
molecular-weight products.

The strategy of protecting benzylic hydroxyl groups was further extended with other protection
groups. In addition to formaldehyde, Lan et al. reported that acetaldehyde and propionaldehyde
could effectively stabilize the Cα-OH and Cγ-OH during the lignin extraction. The subsequent
hydrogenolysis of protected lignin in the presence of Pd/C catalyst produced lignin-derived
monomeric products at near-theoretical yields (17). The protected lignin was subjected to oxidation
using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as oxidant and catalyst to selectively
oxidize the Cα-OH to Cα=O. The oxidized lignin was depolymerized with a formic acid and sodium
formate, resulting in a 36 mol% of aromatic monomers with high selectivity of syringyl propane
dione and guaiacyl propane dione.

Selective oxidation of the Cα alcohol into a ketone in lignin was previously found to enhance
the lignin conversion into low molecular weight phenolics. Aspen-derived cellulolytic enzyme lignin
(CEL) was oxidized using 4-acetamido-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) before the
depolymerization. Formic acid-induced depolymerization of the modified lignin under relatively
mild conditions (110 °C) yielded 61.2 wt% of low-molecular-weight aromatics (18). A density
functional theory study revealed that the conversion proceeds sequentially via formylation and
elimination at Cγ, followed by hydrolysis of aryl-ether linkages (19). Wang et al. used DDQ to
oxidize Cα alcohol of birch lignin (20). Hydrogenolysis of oxidized lignin with carbon-modified
nickel catalyst promoted selective cleavage of aryl-ether linkages, resulting in a 22 wt% yield of
aromatics.

The conversion of the active Cα-OH groups to Cα=O was also subjected to oxidative
deconstruction (21). TEMPO-assisted oxidized lignin was depolymerized by polyoxometalate
oxidation at 150 °C with 10 bar O2. The extractable lignin-derived oil yield was 74.5%, with 32.8%
of total monomer yields. Lignin oxidation to block the highly reactive Cα-OH can minimize
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undesirable condensation reactions and weaken the β-O-4 ether bond, promoting the overall lignin
degradation with a high yield of monomers.

Besides the oxidation of benzylic hydroxyl groups, stabilizing agents have been used to stabilize
reactive sites in lignin. The addition of 2-naphthol as a carbocation scavenger to biomass fractionation
can minimize lignin condensation reactions by attaching to the Cα position (22), providing
opportunities to utilize intact lignin as a feedstock for the production of phenolic compounds (23).
In addition, phenolic acids, including 4-hydroxybenzoic acid, vanillic acid, and syringic acid, are also
electron-rich, lignin-derived, and reactive toward electrophilic carbocations, inhibiting secondary
condensation reactions (24).

Zhang et al. reported a stepwise method to strategically defunctionalize the benzylic sidechain of
the lignin (25). The ethanosolv process resulted in α-ethoxylated β-O-4 motif, followed by aerobic
oxidation and subsequent decarbonylation of the primary hydroxyl group in the Cγ position. The
resulting partially defunctionalized β-O-4 lignin motif showed enhanced C-O bond cleavage.

In addition to protecting sidechains in lignin, modification of functional groups in the aromatic
ring was also studied. Roberts et al. investigated the effect of the addition of boric acid during
hydrothermal lignin depolymerization (26). They observed inhibition of concurrent polymerization
reactions because boric acid, as a capping agent, significantly suppressed these reactions by capping
phenolic hydroxyl groups with the formation of strongly coordinated boric esters. It was found that
the phenolic hydroxyl groups play an important role in the addition and polymerization reactions,
which eventually lead to the formation of unwanted polymerization of primary phenolic products.

Kim et al. also investigated the effect of selective masking of the phenolic hydroxyl group on the
depolymerization of lignin (27). The phenolic hydroxyl groups were blocked by simple methylation.
Thermal degradation of the structurally altered lignin, where the reaction was coupled with the
in-situ EPR monitoring system, showed a decrease in the formation of reactive quinone methide
intermediates responsible for repolymerization reactions. Figure 2 summarizes recent efforts to
increase the lignin depolymerization efficiency by structural alteration of lignin.

It is widely discussed that methoxylation is helpful in lignin degradation under anaerobic
conditions. Because the methoxyl group is the main point of attack for many anaerobic microbes,
having more methoxyl groups in lignin structure by pretreatment would benefit the biological
depolymerization of lignin (28).
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Figure 2. Tailoring lignin structure to enhance the yield of low-molecular weight phenols. Reprinted with permission from reference (1). Copyright 2018 Frontiers.
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Lignin Modification to Increase the Selectivity of Final Products

Recently, many efforts to tailor the lignin structure have been made to increase the selectivity of
the final products. Considering the heterogeneous structure of lignin, the depolymerized product is
a mixture of hydroxyphenyl- (H-), guaiacyl- (G-), and syringyl- (S-) units with various sidechains,
depending on the reaction conditions. From the downstream perspective, the complex distribution
of the products is technically challenging to further processing. Lignin demethylation was introduced
to selectively produce catechol and catechol derivatives. Kim et al. reported that the demethylation
of softwood-derived lignin produces a catechol-like structure, and the subsequent hydrogenolysis
reaction using a hydrogen donor solvent can produce a high yield of catechol and alkylcatechols (29)
(Figure 3).

More recently, catechyl lignin was discovered in the seed coats of vanilla and cactus species.
Catechyl lignin is a benzodioxane homopolymer without condensed units, representing ideal lignin
for valorization. Hydrogenolysis of catechyl lignin resulted in a near-quantitative yield of catechyl-
type monomers with a selectivity of 90% to a single monomer (30). Wang et al. reported that
catalytic depolymerization of catechyl lignin yielded 30 wt% monomeric catechol derivatives with
86% selectivity toward catechylpropanol (31). Considering that catechyl lignin is highly acid-
resistant with structural uniformity (30), chemo- or bioselective alteration of lignin structure to a
catechyl-like structure would be a promising strategy for lignin valorization.

Figure 3. Selective demethylation of lignin followed by hydrogenolysis to produce catechols. Reprinted with
permission from reference (29). Copyright 2021 ELSEVIER.

Lignin Modification for the Production of Carbohydrates

Traditionally, biomass pretreatment technologies tried to remove as much lignin in the biomass
cell wall typically using strong and toxic acid or base catalyst at harsh conditions. Although the
conventional approach has been successfully demonstrated in lignin removal, it often results in poor
lignin quality, devaluing the overall process efficiency. Modern biorefineries, however, have been
developing a milder treatment process to modify lignin rather than targeting complete lignin removal
(32), which enables better utilization of lignin and maximizes the value from biomass.

Alkali-oxygen treatment was found to effectively modify lignin structure, producing a high yield
of fermentable sugars (33, 34). Biomass chips treated with sodium carbonate and oxygen before
mechanical refining resulted in modified lignin with a greater amount of carboxylic acid groups
retaining most of the carbohydrates in the solid fraction. The modified substrates showed increased
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swelling and a decrease in the tendency of the lignin to bind enzymes, resulting in a high yield of
fermentable sugars.

Lai et al. developed an integrated pretreatment process combining an in-situ lignin modification
with 2-naphthol and poly (ethylene glycol) diglycidyl ether (PEGDE) (35). Lignin modification
with 2-naphthol and PEGDE showed suppressed lignin repolymerization and lowered the non-
productive binding on lignins of enzymes, respectively, synergistically facilitating enzymatic
hydrolysis of the substrates. Similarly, 2-naphthol-7-sulfonate was used as a carbocation scavenger
in the biomass pretreatment (36). The addition of scavenger to the acid pretreatment resulted in
acid group-incorporated lignin with enlarged biomass porosity, and the hydrolysis yield increased by
more than 48% after dilute acid pretreatment.

Tailoring Lignin Structure for the Production of Lignin-Derived Materials

Chemical modification of lignin to develop new materials is another promising way of lignin
value-addition. Lignin has plenty of reactive functional groups, such as hydroxyl, carbonyl, benzyl
alcohol, and carboxyl groups. However, the structural complexity and heterogeneity of lignin,
attributed to the various functional groups, decrease its processability toward making lignin-derived
materials. Therefore, proper structural transformation to introduce new functionalities on lignin has
been performed. One way is the incorporation of functional groups that have not existed in raw lignin
material. Another is to modify the hydroxyl group, the most frequent and reactive functional group
in lignin polymer, for further development. In addition, controlled functionalization by polymer
chemistry improves the performance of lignin-based materials. In the next sections, several technical
approaches on the functionalization of the lignin structure for material production are presented.
Also, the material properties of lignin-derived products are compared with those of commercial
products where applicable.

Incorporation of New Functional Groups on Lignin Aromatic Region

Several types of chemical reactions have been used to synthesize new functional groups onto
lignin; hydroxyalkylation, nitration, amination, etc. (Table 1) Each modification method can
contribute to the change of physicochemical properties of lignin.

Hydroxyalkylation is a reaction that can replace the carboxyl group and hydroxyl group of lignin
using formaldehyde and strong bases, such as NaOH or Na2CO3. This reaction includes the
condensation of an aldehyde with activated lignin aromatic regions for further functionalization
or improving solubility and mechanical properties of the lignin-derived resin. Several studies were
conducted to use hydroxyalkylated lignin-derived resin as a high-performance and greener binder
replacement in particleboard or plywood. Yang et al. (37) synthesized hydroxymethyl lignin from
four kinds of technical lignin (corncob lignin, two different poplar wood lignins, and wheat straw
lignin) obtained from black liquor or biorefinery mills. In this study, an aromatic region of lignin and
formaldehyde were reacted in the presence of NaOH (pH 9–10) at 80 °C to form a methylol group
on the para or ortho positions of a phenolic hydroxyl group. These functionalized lignins were then
copolymerized with phenol to produce lignin-phenol-formaldehyde resin adhesive, which showed
similar structure and curing behavior with the commercial one, in the preparation of plywood. A
similar experiment of lignin modification was described by Wang and Chen. (38). Alkaline lignin
solution extracted from corn stalk (pH 10.5–12.0) was methylolated at 60–80 °C. The authors
noticed that high temperatures at over 90 °C could accelerate the self-condensation process of
methylolated lignin. The methylol groups in the aromatic C5 position of lignin were subsequently
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condensed with phenolic resin as plywood adhesives under hot pressing conditions (0.8 MPa at 160
°C). Another study of lignin hydroxyalkylation was conducted by Jiao et al. (39). In their study,
corncob lignin was methylolated at 80 °C and pH 11.5 to enhance the reactivity of lignin toward
making a hydroxymethylurea polymer. This three-dimensional lignin polymer network captures
hydroxymethylurea and slowly releases nitrogenous compounds (NH4+ and NO3-). As a result, the
authors suggested that the hydroxymethylated lignin could act as a diffusional barrier of controlled-
release nitrogen fertilizer.

Table 1. Examples of Incorporation of New Functionalities to Lignin Aromatic Structure

Nitration and Mannich reaction are used to add nitrogen-containing functional groups in an
aromatic region of lignin structure. Lignin nitration is used not only for further substitution reactions
or add directing group that enables the incoming electrophile to react at specific positions on the
aromatic ring, but also to produce nitrated aromatics, which is an important intermediate in chemical
industries. Graglia et al. (40) reported the preparation of nitrogen-doped carbon using functionalized
lignin via aromatic nitration followed by carbonization in molten eutectic KCl/ZnCl2. It was
reported that the nitrogen doping enhances the electroactivity of carbon. Residual lignin obtained
from lactic acid production was reacted with inorganic acid catalysts in acetic anhydride and
quenched at 0 °C. The obtained acetylated nitrogen-functionalized lignin (NL) with 6.7% nitrogen
content was employed for the synthesis of nitrogen-doped carbon via carbonization in molten
eutectic KCl/ZnCl2. Compared to further deacetylated NL and aminated lignin, NL was reported to
show slightly better electrocatalytic activity for the oxygen reduction reaction when carbonized.

The Mannich reaction is a condensation reaction of ammonia, primary or secondary amine in
the presence of formaldehyde. This reaction introduces amine groups to the unsubstituted ortho
position in the lignin and is used for the synthesis of building blocks to prepare nitrogen-containing
compounds or nitrogen-doped materials.
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Du et al. (41) performed the amination of the lignin model compound (apocynin) and
LignoBoost softwood kraft lignin (42) by the Mannich reaction. In this research, the lignin was
dissolved in 1,4-dioxane, then 10 molar equivalents of dimethylamine and formaldehyde were
subsequently introduced in the solution. The Mannich reaction between lignin, amine, and
formaldehyde was carried out under sealing conditions at 60 °C for 4 h. Du et al. identified a
new ArCH2N signal in 13C NMR and 2D-HSQC NMR from the resulting aminated lignin and
determined that 28 amine groups were successfully introduced per 100 aromatic rings. Furthermore,
42 amine groups were introduced per 100 aromatic rings by the Mannich reaction after phenolation.
The aminated lignin products were hydrophilic and showed higher zeta potential (max. 31.6 mV) and
charge density (max. 1.6 × 10−7 equiv./mL) that could form surfactant chemicals or polycationic
materials.

Work by Li et al. (43) applied the Mannich reaction to synthesize the aminated lignin-polylactic
acid (PLA) blend. Softwood kraft lignin was reacted with diethylamine and formaldehyde at 60 °C
for 4 h under sealing and stirring. 31P NMR spectra showed the complete disappearance of the
guaiacyl hydroxyl group peak and rise of C5 substituted (dialkylaminomethyl) guaiacyl hydroxyl
group peak, which indicates the complete introduction of dialkylaminomethyl group at the C5
position of the lignin aromatic ring. They reported that blend coating of PLA-aminated lignin on
the urea pellet fertilizer for food production provides additional bound nitrogen (high molecular
amine groups) to the fertilizer to supply a slow-release effect. On the other hand, Mendis et al.
(44) performed the Mannich reaction of lignin to increase dispersion in epoxy through lignin–amine
interaction. Kraft lignin was introduced to triethylenetetramine and quickly homogenized for 5 min.
Then formaldehyde solution (38 wt%) was introduced at a rate of 0.1 g/min to the lignin-
triethylenetetramine solution. Increased hydroxyl and tertiary amine functional groups in the
Mannich‐functionalized lignin enhanced the dispersion ability of the lignin in an epoxy matrix but
discouraged thermomechanical properties.

Modification of Lignin Functional Groups

Lignin functionalization has been performed to increase the chemical reactivity and
processability of lignin. Among the modification strategies, alteration of the hydroxyl group is
considered to be the simplest to increase the potential of lignin applications in the polymer industry,
which includes allylation, esterification, etherification and silylation. Table 2 presents several
examples of structural modification of lignin.

In the allylation, the hydroxyl groups of lignin are converted into allyl ether groups which can be
further functionalized or directly applied to various chemical reactions, including epoxidation, thiol-
end click chemistry and bromination.

Llevot et al. (45) reported an allylation of bio-based phenols (guaiacol, eugenol, vanillyl alcohol,
and syringol) and organosolv lignin in the Tsuji–Trost reaction with a Pd nanoparticle catalyst. The
study revealed that selective allylation of the phenolic hydroxyl groups was employed by 1 mol%
of Pd catalyst in an H2O/dimethylacetamide solvent mixture (44% allylated) and an H2O/ethyl
acetate solvent mixture (83% allylated). Dumont et al. (46) also described the Pd-catalyzed selective
allylation of kraft lignin for the production of malleable materials. Dumont et al. described that
the telomerized lignin showed a decreased glass-transition temperature of 50 °C, and can be easily
shaped. Furthermore, 1H NMR analysis determined the presence of unsaturated sidechains in the
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telomerized lignin, which could be further functionalized to synthesize fillers, macromonomers, and
compatibilizing agents.

Traditionally, lignin esterification with acid derivatives has been widely used for structural
analysis of lignin since it functionalizes the lignin hydroxyl group, decreases intermolecular hydrogen
bonding, and thus increases lignin solubility in nonpolar solvents. Also, lignin esters with larger-
chain derivatives showed increased thermal mobility compared to unmodified lignin, which has lead
to research for several applications in carbon fibers, thermoset plastics, and coating polymers.

Koivu et al. (47) carried out a detailed study of lignin esterification with different acids
(C2–C16) to determine the effect of chain length and substitution degree on the thermal properties
of the lignin ester. In this study, softwood kraft lignin was dissolved with the mixture of
tetrahydrofuran (THF), dimethylformamide (DMF), and pyridine. Acyl chlorides with four
different fatty acid chains (C2, C8, C12, and C16) were introduced in the lignin solution and further
reacted. All the synthesized esters showed a decrease in the glass-transition temperature (ΔTg max.
-100 °C) and melting temperature with a high loading of fatty acids, which suggests the potential of
the lignin ester as additives for polymer blends by melt extrusion.

Lignin has been viewed as a promising feedstock of renewable carbon fiber. However, there
has been critical issues of decreasing tensile properties (instability or surface defects) for lignin-
based carbon fibers. Zhang & Ogale (48), to overcome the problem, synthesized partially acetylated
lignin and used to prepare dry-spinning carbon fiber. The acetylated lignin with low acetic anhydride
concentration (0.66 mL/g lignin) was dissolved in acetone and successfully dry-spun into lignin as-
spun fibers (i.d. 30 μm). Finally carbonized fibers obtained in this study (i.d. 6-8 μm) displayed
higher tensile modulus (52 ± 2 GPa), larger surface area, and higher reactivity due to its less graphitic
surfaces.

In the study by García-Mateos et al. (49), carbonyl and hydroxyl groups of Alcell lignin were
esterified with phosphoric acid to generate phosphate and/or polyphosphate esters during
electrospinning lignin fiber preparation in ethanol. Product fibers containing phosphorus-
functionalities have shown an increased glass transition temperature and a much shorter stabilization
time (105 min) than the pure lignin fibers (more than 90 h) without fiber fusion issue. The fiber
also has submicron size (i.d. ≤ 1 μm), higher surface area, and uniformly distributed O and P
surface functionalities that has potential for use as heterogeneous catalyst, adsorbent, and electrode.
In contrast, Ding et al. (50) described that the butylation of organosolv lignin in the presence of
1-methylimidazole catalyst at 60 °C for 3 h decreased the glass transition temperature of lignin-
polyacrylonitrile blend when compared to pure lignin-polyacrylonitrile blend. Also, a carbon fiber
mat from a butylated lignin blend at 1,000 °C showed higher tensile strength and Young’s modulus
than that from the pure lignin-polyacrylonitrile blend.

Li et al. (43) additionally performed both acetylation and palmitoylation of the hydroxyl group
of lignin to coat urea pellet fertilizer. The esterification of lignin was conducted using acetic anhydride
or palmitic anhydride together with pyridine as a both solvent and catalyst at room temperature for
24 h. The esterification increased the hydrophobicity of the esterified lignin, especially with long-
chain palmitic acid. Compared to the aminated lignin blend, PLA-palmitoylated lignin blend coating
displayed a longer nitrogen release delay due to largely increased hydrophobicity.

22
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



Table 2. Examples of Structural Modifications of Lignin Functional Groups
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Scarica et al. (51) performed aliphatic hydroxyl group-specific esterification of Indulin AT kraft
lignin using succinic anhydride. Lignin and succinic anhydride with different weight ratios were
dissolved in THF in the presence of 1-methylimidazole catalyst. The authors reported that glass-
transition temperature of lignin decreased from 92 °C to 69 °C resulting from the plasticization
effect of succinic anhydride on lignin. The thermal stability was significantly increased by following
reactions (crosslinking with an external agent or self-polyesterification of the succinylated lignin) to
obtain fully cross-linked lignin-based polyester coatings. Both following reactions were successfully
performed and the high water repellence, hardness, and adhesion strength of the lignin-based
thermoset coating were evaluated. Work by Krall et al. (52) also esterified Indulin AT kraft lignin
without catalyst and determined its structure for bio-based thermoset coating application. Kraft
lignin dissolved in 1,4-dioxane was reacted with t-butyl acetoacetate at 130 °C for 3 h to be directly
acetoacetylated.

On the other hand, Liu et al. (53) suggested low environmental impact esterification of lignin
using a weak organic acid as the solvent and reagent rather than a strong acid. Softwood kraft lignin
and hardwood organosolv lignin were mixed with propionic acid and magnetically stirred at 90–120
°C for 24–96 h. Interestingly, this reaction only functionalized the aliphatic hydroxyl group in the
lignin, keeping the phenolic hydroxyl and carboxylic groups unchanged. The authors synthesized
hydroxyethyl lignin derivatives followed by direct esterification with organic acid to obtain highly
substituted lignin (max. 91% esterified).

Figure 4. Optical images of (a) PAN, (b) lignin-g-PAN, and (c) vinyl silylated lignin-g-PAN films. Cross-
section SEM images (1000×) of (d) PAN, (e) lignin-g-PAN, and (f) vinyl silylated lignin-g-PAN films.

Reprinted with permission from reference (55). Copyright 2018 American Chemical Society.

Functionalization with an alkylene oxide applied to lignin is the most well-known etherification
process, giving lignin not only higher solubility in organic solvents but also additional active sites.
Duval et al. (54) applied epoxide ring-opening etherification with the lignin hydroxyl group to give
the benzene ring site to lignin for further modifications. Phenolic hydroxyl groups of kraft lignin were
selectively reacted with ring-opened styrene oxide in an alkaline solution (NaOH) at 50 °C. The
new benzene rings in this benzylated lignin were further reacted with diazotized N,N-dimethyl-p-
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phenylenediamine to contain diazobenzene groups, granting pH- and light-responsive properties to
it.

Silylation is also one of the candidate modifications to improve the mechanical properties of
lignin as polymer alternatives. Li et al. (55) performed an experiment of lignin modification with
1,1,3,3-tetramethyl-1,3-divinyldisilazane, which increases film flexibility and can partially replace
polyacrylonitrile (PAN) in applications. Given its properties as light weight and stiffness, PAN is
the most commonly used precursor for the production of carbon film. Pine kraft lignin was mixed
with 1,1,3,3-tetramethyl-1,3-divinyldisilazane using a twin-screw extruder at 120 °C for 15 min
(31 % sylilated). This vinyl silylated lignin was then copolymerized with acrylonitrile to form the
PAN-grafted vinyl silylated lignin with improved thermal stability. Moreover, the films based on
lignin-graft (g)-PAN showed much higher tensile strength (18 MPa) and strain (55% by a dynamic
mechanical analyzer) than that of unmodified lignin-based copolymer (10 MPa and 10%,
respectively) (Figure 4).

Buono et al. (56) produced silylated lignin and its thermal, physicochemical, and blending
properties were compared to acetylated lignin. Soda lignin (Protobind 1000™) was silylated with t-
butyldimethylsilylchloride using imidazole as a catalyst and base at room temperature. The authors
noted that the whole lignin phenolic hydroxyl group was functionalized quickly; however, around
15% of the aliphatic hydroxyl group could not be reacted possibly due to the steric hindrance. The
silylated lignin was well melt-blended with low-density polyethylene (LDPE) at 10% loading and
showed better thermal stability and compatibility with LDPE matrix than the neat or acetylated
lignins.

So far, approaches to modify the hydroxyl group in the lignin has been increasingly studied.
Sawamura et al. (57) investigated the effect of demethylation of the lignin methoxyl group to convert
it to hydroxyl group with three different chemicals (1-dodecanethiol, hydroiodic acid, and
iodocyclohexane). Synthetic lignin, guaiacyl-type dehydrogenation polymer (GDHP), was used in
this study. Among the chemicals used, iodocyclohexane found to be the most effective for increasing
the number of phenolic hydroxyl groups.

Strategies for Lignin Copolymerization

The incorporation of lignin into new polymeric materials could be achieved by derivatization
using polymer chemistry. There are diverse processing techniques to form chain or three-
dimensional networks by combination of monomers/polymers; free radical addition
polymerization, ionic polymerization, vinyl polymerization with complex coordination catalysts,
step-reaction polymerization, ring-opening polymerization, cycloaddition polymerization, atom
transfer polymerization, block and graft copolymer formation, etc. Various types of
copolymerization processes have been applied to modify lignin into a useful bio-based polymer.
Among them, graft copolymerization that uses the lignin as the polymer core unit (backbone) and
covalently bonded monomers (branch), is the most common process to control the architecture and
use of the resulting copolymer.

Panesar et al. (58) synthesized lignin-g-vinyl acetate copolymer with potassium persulfate as an
initiator and ammonium iron(II) sulfate hexahydrate as a catalyst at 60–80 °C. The authors noted
that the highest grafting efficiency (60%) was observed for 2:3 ratio of lignin and vinyl acetate at
70 °C. The copolymer displayed decreased glass transition temperature from 118 °C to 103 °C and
increased hydrophobicity. In another study of lignin copolymerization by Hu et al. (59), grafting of
polyacrylic acid with alkali lignin was performed by adding an ammonium persulfate/DMF solution
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as initiators and N,N-methylenebisacrylamide/DMF solution as a cross-linker at room temperature.
The highly increased content of carboxylic acid group in lignin after copolymerization could
contribute to improving the biosorption capacity of heavy metals, such as Cu(II) or Cd(II).

Several researches modified lignin before copolymerization to change the lignin as a proper
macroinitiator, which enhances the reactivity or dispersion in the monomer mixture. Abdollahi et
al. (60) carried out ring-opening polymerization of ε-caprolactone with three different lignin (kraft
lignin, silica-lignin hybrid, and hydroxymethylated lignin) to prepare lignin-derived macroinitiators
for thermoplastic synthesis. Lignin-g-polycaprolactone (PCL) with different polymer chain length
was synthesized in the presence of a ZnCl2 catalyst at 150 °C for 24 h with stirring, which showed
relatively low grafting efficiency (52–55%). The authors suggested that water generation induced by
ZnCl2 contributed to reduced efficiency; therefore, ZnCl2 can be replaced with another catalyst.
Thermal properties of the lignin-g-PCL thermoplastics depended on the grafted chain length rather
than the types of lignin. In another way, grafting of poly-L-lactide (PLLA) on fractionated lignin was
conducted by Park et al. (61). Soda lignin was fractionated by sequential extraction with five different
solvents (ethyl acetate, 2-butanone, methanol, acetone, and 1,4-dioxane). Obtained lignin fractions
were reacted with L-lactide and triazabicyclodecene (ring-opening catalyst) to produce lignin-g-
PLLA copolymer at 130 °C for 4 h under stirring. Finally, the lignin-PLA composite was synthesized
by mixing each lignin-g-PLLA and PLA. The authors mentioned that high molecular weight lignin
fraction, showing lower hydroxyl group content, achieved a slightly lower rate of conversion L-lactide
to PLLA chains (min. 88.3%) than low molecular weight one (max. 91.2%). But the PLA composite
with lower conversion rate presented better elastic modulus and UV blocking ability.

Cannatelli and Ragauskas (62, 63) synthesized kraft lignin-based copolymer by laccase-
catalyzed grafting with low molecular weight quinone compounds to form the hyperbranched
polymer. Methylhydroquinone and tris(2-mercaptoethyl)amine were introduced to the lignin/1,4-
dioxane solution, followed by laccase-assisted thiol-Michael addition at 50 °C for 20 h. The resulting
product, which has potential as a lignin-based biocomposite thermoplastic, showed moderate glass
transition temperature (50–60 °C) and good thermostability.

Ring-opening chain-growth polymerization is utilized to obtain a grafted thermoset polymer of
lignin with small molecules. Hydroxyl or other functional groups in lignin are etherified to produce
polymers in processes such as the curing of epoxy resin. Li et al. (64) conducted the synthesis
of epoxy resin by the formation of an ether bond between hydroxyl groups in lignin and glycerol
diglycidyl ether (GDE)-derived crosslinker epoxide without the use of modifiers or catalysts. A
mixture of lignin and GDE was cured at 130–150 °C. Lignin-GDE copolymer showed comparable
characteristics (water-tolerance, fast curing, and adhesion performance) as conventional
formaldehyde-based resins. Mahata et al. (65), formed hydrogel for the use of anti-infective
ointment. A hydrophilic polyoxazoline chain was grafted through ring-opening polymerization
between tosylated lignin macroinitiator (66) and 2-ethyl oxazoline in dimethyl sulfoxide at 100 °C
for 10 h under nitrogen atmosphere. This copolymer has undergone further copolymerization with
3-amino-1H-1,2,4 triazole to achieve antimicrobial and antibiofilm properties.

Free-radical polymerization (FRP) is a kind of polymerization method of successive addition
induced by free-radical monomers. In work by Gupta et al. (67), FRP of kraft lignin and acrylamide
was conducted. First, hydroxyl groups in kraft lignin was functionalized by ring-opening
polymerization of epoxide ring in glycidyl methacrylate (GM). Then lignin-GM macromolecule was
reacted with acrylamide dissolved in DMF in the presence of azobisisobutyronitrile (AIBN) at 70
°C for 1 h. The authors compared the plasticizing ability of lignin-polyacrylamide copolymer with a
commercial superplasticizer (polycarboxylate ether) in cement suspensions. Lignin-polyacrylamide
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by FPR showed comparable viscosity at low superplasticizer concentration and compressive strength
but poor slump flow spread value.

One of the major drawbacks of FRP is uncontrolled molecular weight distribution due to the
rapid irreversible termination process. On the other hand, controlled radical polymerization through
a degenerative chain transfer process can be performed by reversible addition-fragmentation chain
transfer (RAFT) of a wide range of monomers and RAFT agents which mediate the polymerization.
In this reaction, lignin is usually transformed into a RAFT agent. Gupta et al. (67) also performed
RAFT to synthesize polyacrylamide-grafted kraft lignin. Lignin-based RAFT macroinitiator,
obtained by reaction of lignin and acyl chloride xanthate at room temperature for 12 h (68), was
then grafted with acrylamide in the presence of AIBN initiator. Almost comparable slump spread to
commercial polycarboxylate ether was reported in synthesis of lignin-polyacrylamide by RAFT.

Xu et al. (69) converted organosolv lignin into the RAFT agent by reacting to lignin hydroxyl
groups with 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid at 25 °C for 48 h in the presence
of N,N-dicyclohexylcarbodiimide, 4-dimethylaminopyridine, and dichloromethane. This lignin-
derived RAFT agent and soybean oil-derived methacrylate monomers (SBMAs) were grafted as
a RAFT reaction at 70 °C for 48 h under nitrogen gas. The authors cured a mixture of lignin-g-
poly(SBMAs), maleic anhydride, and tri-n-propylamine at 120 °C for 12 h to form lignin epoxy
resin. The presence of hydrogen bonding between secondary amides resulted in grafted copolymers
with different tensile behaviors, lower stress at the break with higher strain at break.

Atom transfer radical polymerization (ATRP) is another popular method that enables control of
polymer structure and composition while grafting various types of monomer. Among the important
components of ATRP, lignin usually acts as an initiator. In the study by Liu et al. (70), kraft lignin-
derived ATPR macroinitiator was produced first by esterification of the lignin hydroxyl group with
2-bromoisobutyryl bromide. Next, ATRP of 2-dimethylaminoethyl methacrylate (DMAEMA) with
the lignin macroinitiator was carried out in the presence of copper(I) bromide (catalyst) and
1,1,4,7,10,10-hexamethyltriethylenetetramine as a ligand. Lignin-g-poly(DMAEMA) copolymer
had a hyperbranched structure with a hydrophobic backbone (lignin) and multiple cationic
hydrophilic arms (poly(DMAEMA)) which can bind and condense plasmid DNA to form a nano-
sized gene delivery system . Kim et al. (71) also synthesized a graft polymer by ATRP of styrene
with a bromoisobutyrylated kraft lignin macroinitiator in the presence of copper(I) bromide and
N,N,N′,N″,N″-pentamethylenediethylenetriamine as a ligand. Thermal decomposition properties of
lignin-g-polystyrene copolymer was improved with increase of number average molecular weight,
while the radical polymerization process were less controlled.

Polyurethanes are the most commonly used polymers to make foams, synthesized by the
reaction of a polyol (an organic compound containing multiple hydroxyl groups) with a
polyisocyanate. Since lignin is a natural polyol, the urethanization of lignin to produce bio-based
polyurethane has been steadily explored. Zhang et al. (72) reported the preparation of rigid
polyurethane (RPU) foams from kraft lignin via surface functionalization followed by urethane
bonding. A mixture of kraft lignin and diisocyanate was heated at 80 °C for 1 h under 800 RPM
stirring to form urethane moiety by interaction of lignin hydroxyl group and highly reactive
isocyanate group. This functionalized lignin was reacted with a commercial polyester polyol, R-23-
015, in the presence of HFC-365mfc (blowing agent) and an amine catalyst to crosslink the RPU
system. The authors revealed that lignin-based RPU foams with 30% of lignin substitution of the
commercial polyol showed comparable thermal and mechanical properties to conventional RPU
foams. Specific compressive strength and modulus were increased by increasing lignin ratio from 0
to 20% but decreased by further increasing the ratio. In a similar study from Gómez-Fernández et
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al. (73), hydroxyl groups in kraft lignin were reacted with secondary isocyanate groups of isophorone
diisocyanate and dibutyltin dilaurate (catalyst) at 60 °C under 600 RPM stirring and nitrogen
atmosphere. Then RPU was subsequently synthesized by blending the lignin-diisocyanate
copolymer, castor oil derived polyether polyol, water (blowing agent), and additives at room
temperature under stirring.

Figure 5. (a) Alkynylation and copper-catalyzed click reaction of poly(5-acetylaminopentyl acrylate) and
natural lignin. (b) Self-healing test of 20 wt % lignin containing lignin-g-PAA under ambient conditions
(23 °C and 55% humidity). Reprinted with permission from reference (75). Copyright 2018 American

Chemical Society.

Work by de Haro et al. (74) developed lignin-based polyurethane coatings by urethanization of
vanillic acid-derived diisocyanate (VA-NCO) and hydroxyl groups in lignin. Three different lignins
(Indulin AT kraft lignin, acetone organosolv lignin, and soda lignin) were used in this study. VA-
NCO and lignin were dissolved at room temperature in THF at 20 wt% concentration under stirring.
The authors estimated a maximum lignin content in the obtained PU coatings in the 92–96 wt %
range in a desirable condition.

Liu and Chung (75) utilized a copper-catalyzed azide-alkyne cycloaddition or “click” reaction,
forming a triazole ring in very high yields with little byproduct, of alkyne-functionalized softwood
lignin and poly(5-acetylaminopentyl acrylate) (PAA). Alkyne functionalization of lignin was
performed using 5-hexynoic acid in the presence of N,N′-dicyclohexylcarbodiimide and DMF for 48
h followed by further purification processes. Next, alkyne groups of functionalized lignin and azide
terminal groups of PAA were reacted by copper(I) bromide-catalyzed alkyne-azide cycloaddition
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at room temperature (Figure 5). The resulting copolymer showed superior mechanical properties
(maximum tensile strength, energy-to-break, and Young’s modulus) with longer PAA chains.
Interestingly, acetylamino groups on the polymers led directly to autonomic healing properties in
bulk lignin-g-PAA, showing 93% of maximum strength recovery after the self-healing process when
severely damaged.

Work by Panovic et al. (76) selectively modified the β-O-4 γ-position of organosolv lignin with
a high level of α-alkoxylated β-O-4 units (walnut shell butanol alkoxasolv lignin) via tosylation,
azidation, and copper-catalyzed azide-alkyne triazole formation. First, hydroxyl groups in organosolv
lignin was tosylated with 3 equivalents of toluenesulfonyl chloride at room temperature for 6 h.
Next, azidation of the tosylated group was achieved with 2 equivalents of NaN3 at 50 °C for 24 h,
followed by copper-catalyzed click chemistry with several alkynes, CuSO4·5H2O, and ascorbic acid
dissolved in DMF/water at room temperature for 16 h . They described that the click reactions can
only occur from the γ-position of β-O-4 linkage in this process because phenolic end groups are
tosylated and the α-hydroxyl groups are replaced with butyl ethers. The authors concluded that this
grafting method has potential to meet suitable and novel applications since it is a highly regioselective
reaction.

Diels–Alder reaction is a versatile reaction linking an azido and a thermally reversible alkynyl
group. Duval et al. (77) carried out a reversible crosslinking of lignin via Diels–Alder reaction. Both
furan-functionalized moieties and maleimide-functionalized moieties were synthesized based on
softwood kraft lignin. To prepare furan moieties, kraft lignin dissolved in NaOH solution was reacted
with furfuryl glycidyl ether at 50 °C overnight. Maleimide moieties were synthesized by the reaction
between the lignin/DMF solution and 6-maleimidohexanoic acyl chloride in the presence of K2CO3
at 50 °C for 1 h. Diels-Alder reaction of each functionalized lignins has occurred in DMSO at 70 °C
until the resulting gelatin was formed. By heating up to 120 °C, the gel turned back into the liquid
state due to a retro-Diels-Alder reaction (Figure 6). This new reversible crosslinking ability of lignin-
based copolymer can be applied to manufacture material with recyclability or self-healing ability.

Figure 6. Crosslinking of the furfurylated lignin with furfuryl glycidyl ether (blue) and esterified lignin with
6-maleimidohexanoic acyl chloride (red) via the Diels–Alder reaction. Reprinted with permission from

reference (77). Copyright 2015 Royal Society of Chemistry.
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Future Perspectives

In the past years, lignin valorization has become a hot topic of developing sustainable
biorefineries. The network map of keywords in the recent 500 scientific publications on “lignin
valorization” was created using the full counting method of VOSViewer (78, 79), and the resulting
keyword network map is shown in Figure 7. As shown in the figure, the major keywords are
“valorization,” “biomass,” “lignin,” “conversion” “depolymerization,” “lignocellulosic biomass,”
“pretreatment,” “kraft lignin,” and “chemicals.” This network map shows what recent studies
focused on under the area of lignin valorization. However, we recognize that, despite efforts to utilize
lignin in many applications, significant improvement in conversion technologies is needed to meet
the rigorous requirements of the market of the products. It is often discussed that inherent physical
and chemical properties of lignin negatively impact properties of final materials, limiting the amount
of lignin in the products. Also, several technical challenges, including separation and recovery of the
final products and catalyst recycling, need to be tackled to make lignin valorization more sustainable.
Considering the long history of petroleum refining, lignocellulosic biorefineries are still in their early-
stage, yet are the best non-petroleum alternatives for sustainable development. Lignin valorization,
as a key research area in this field, requires continued, but more strategic efforts to maximize the value
from lignin. It is also important to note that product cost and quality were the primary criteria of the
past; future products need to meet environmental and social sustainability for achieving a sustainable
carbon economy.

Figure 7. The keyword network of lignin valorization.

Acknowledgments

This work is supported by the Korea Institute of Science and Technology – the University
of British Columbia (KIST-UBC) Biorefinery On-site Laboratory project and the Basic Science
Research Program (NRF-2019R1A2C2086328) of the National Research Foundation funded by the
Ministry of Science and ICT.

30
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



References

1. Kim, K. H.; Kim, C. S. Recent efforts to prevent undesirable reactions from fractionation to
depolymerization of lignin: Toward maximizing the value from lignin. Front Energy Res 2018,
6, 92.

2. Schutyser, W.; Renders, a. T.; Van den Bosch, S.; Koelewijn, S.-F.; Beckham, G.; Sels, B.
F. Chemicals from lignin: an interplay of lignocellulose fractionation, depolymerisation, and
upgrading. Chem Soc Rev 2018, 47 (3), 852–908.

3. Ragauskas, A. J.; Beckham, G. T.; Biddy, M. J.; Chandra, R.; Chen, F.; Davis, M. F.; Davison,
B. H.; Dixon, R. A.; Gilna, P.; Keller, M. Lignin valorization: improving lignin processing in
the biorefinery. Science 2014, 344 (6185), 1246843.

4. Toledano, A.; Serrano, L.; Labidi, J. Improving base catalyzed lignin depolymerization by
avoiding lignin repolymerization. Fuel 2014, 116, 617–624.

5. Huang, X.; Korányi, T. I.; Boot, M. D.; Hensen, E. J. Ethanol as capping agent and
formaldehyde scavenger for efficient depolymerization of lignin to aromatics. Green Chem
2015, 17 (11), 4941–4950.

6. Trajano, H. L.; Engle, N. L.; Foston, M.; Ragauskas, A. J.; Tschaplinski, T. J.; Wyman, C. E.
The fate of lignin during hydrothermal pretreatment. Biotechnol Biofuels 2013, 6 (1), 110.

7. Huang, X.; Korányi, T. I.; Boot, M. D.; Hensen, E. J. Catalytic depolymerization of lignin in
supercritical ethanol. ChemSusChem 2014, 7 (8), 2276–2288.

8. Khan, A.; Colmenares, J. C.; Gläser, R., Lignin-Based Composite Materials for Photocatalysis
and Photovoltaics. In Lignin Chemistry, Springer: 2020; pp 1-31.

9. Chen, T.; Zhang, Q.; Pan, J.; Xu, J.; Liu, Y.; Al-Shroofy, M.; Cheng, Y.-T. Low-temperature
treated lignin as both binder and conductive additive for silicon nanoparticle composite
electrodes in lithium-ion batteries. ACS applied materials & interfaces 2016, 8 (47),
32341–32348.

10. Ajjan, F.; Casado, N.; Rębiś, T.; Elfwing, A.; Solin, N.; Mecerreyes, D.; Inganäs, O. High
performance PEDOT/lignin biopolymer composites for electrochemical supercapacitors.
Journal of Materials Chemistry A 2016, 4 (5), 1838–1847.

11. Zhang, Y.; Jiang, M.; Zhang, Y.; Cao, Q.; Wang, X.; Han, Y.; Sun, G.; Li, Y.; Zhou, J. Novel
lignin–chitosan–PVA composite hydrogel for wound dressing. Materials Science and
Engineering: C 2019, 104, 110002.

12. Farhat, W.; Venditti, R.; Mignard, N.; Taha, M.; Becquart, F.; Ayoub, A. Polysaccharides and
lignin based hydrogels with potential pharmaceutical use as a drug delivery system produced by
a reactive extrusion process. Int J Biol Macromol 2017, 104, 564–575.

13. Domínguez-Robles, J.; Stewart, S. A.; Rendl, A.; González, Z.; Donnelly, R. F.; Larrañeta,
E. Lignin and cellulose blends as pharmaceutical excipient for tablet manufacturing via direct
compression. Biomolecules 2019, 9 (9), 423.

14. Saha, D.; Payzant, E. A.; Kumbhar, A. S.; Naskar, A. K. Sustainable mesoporous carbons
as storage and controlled-delivery media for functional molecules. ACS applied materials &
interfaces 2013, 5 (12), 5868–5874.

15. Shuai, L.; Amiri, M. T.; Questell-Santiago, Y. M.; Heroguel, F.; Li, Y. D.; Kim, H.; Meilan, R.;
Chapple, C.; Ralph, J.; Luterbacher, J. S. Formaldehyde stabilization facilitates lignin monomer
production during biomass depolymerization. Science 2016, 354 (6310), 329–333.

31
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



16. Mu, X.; Han, Z.; Liu, C.; Zhang, D. Mechanistic Insights into formaldehyde-blocked lignin
condensation: a DFT study. The Journal of Physical Chemistry C 2019, 123 (14), 8640–8648.

17. Lan, W.; Amiri, M. T.; Hunston, C. M.; Luterbacher, J. S. Protection group effects during α,
γ‐diol lignin stabilization promote high‐selectivity monomer production. Angewandte Chemie
2018, 130 (5), 1370–1374.

18. Rahimi, A.; Ulbrich, A.; Coon, J. J.; Stahl, S. S. Formic-acid-induced depolymerization of
oxidized lignin to aromatics. Nature 2014, 515 (7526), 249–252.

19. Qu, S.; Dang, Y.; Song, C.; Guo, J.; Wang, Z.-X. Depolymerization of oxidized lignin catalyzed
by formic acid exploits an unconventional elimination mechanism involving 3c–4e bonding: a
DFT mechanistic study. Acs Catal 2015, 5 (11), 6386–6396.

20. Wang, M.; Zhang, X.; Li, H.; Lu, J.; Liu, M.; Wang, F. Carbon modification of nickel catalyst
for depolymerization of oxidized lignin to aromatics. Acs Catal 2018, 8 (2), 1614–1620.

21. Yang, W.; Du, X.; Liu, W.; Tricker, A. W.; Dai, H.; Deng, Y. Highly Efficient Lignin
Depolymerization via Effective Inhibition of Condensation during Polyoxometalate-Mediated
Oxidation. Energy & Fuels 2019, 33 (7), 6483–6490.

22. Li, J.; Gellerstedt, G. Improved lignin properties and reactivity by modifications in the
autohydrolysis process of aspen wood. Industrial crops and products 2008, 27 (2), 175–181.

23. Li, J.; Henriksson, G.; Gellerstedt, G. Lignin depolymerization/repolymerization and its
critical role for delignification of aspen wood by steam explosion. Bioresource Technol 2007, 98
(16), 3061–3068.

24. Zhai, R.; Hu, J.; Saddler, J. N. Minimizing cellulase inhibition of whole slurry biomass
hydrolysis through the addition of carbocation scavengers during acid-catalyzed pretreatment.
Bioresource Technol 2018, 258, 12–17.

25. Zhang, Z.; Lahive, C. W.; Zijlstra, D. S.; Wang, Z.; Deuss, P. J. Sequential catalytic
modification of the lignin α-ethoxylated β-O-4 motif to facilitate C–O bond cleavage by
ruthenium-Xantphos catalyzed hydrogen transfer. ACS Sustainable Chemistry & Engineering
2019, 7 (14), 12105–12116.

26. Roberts, V. M.; Stein, V.; Reiner, T.; Lemonidou, A.; Li, X.; Lercher, J. A. Towards
quantitative catalytic lignin depolymerization. Chemistry–A European Journal 2011, 17 (21),
5939–5948.

27. Kim, K. H.; Dutta, T.; Walter, E. D.; Isern, N. G.; Cort, J. R.; Simmons, B. A.; Singh, S.
Chemoselective Methylation of Phenolic Hydroxyl Group Prevents Quinone Methide
Formation and Repolymerization During Lignin Depolymerization. Acs Sustain Chem Eng
2017, 5 (5), 3913–3919.

28. Khan, M. U.; Ahring, B. K. Lignin degradation under anaerobic digestion: Influence of lignin
modifications-A review. Biomass and Bioenergy 2019, 128, 105325.

29. Kim, K. H.; Jeong, K.; Zhuang, J.; Jeong, H. J.; Kim, C. S.; Koo, B.; Yoo, C. G. Tandem
conversion of lignin to catechols via demethylation and catalytic hydrogenolysis. Industrial
Crops and Products 2021, 159, 113095.

30. Li, Y.; Shuai, L.; Kim, H.; Motagamwala, A. H.; Mobley, J. K.; Yue, F.; Tobimatsu, Y.; Havkin-
Frenkel, D.; Chen, F.; Dixon, R. A. An “ideal lignin” facilitates full biomass utilization. Science
advances 2018, 4 (9), eaau2968.

32
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



31. Wang, S.; Su, S.; Xiao, L.-P.; Wang, B.; Sun, R.-C.; Song, G. Catechyl Lignin Extracted from
Castor Seed Coats Using Deep Eutectic Solvents: Characterization and Depolymerization. ACS
Sustainable Chemistry & Engineering 2020, 8 (18), 7031–7038.

32. Chandra, R. P.; Chu, Q.; Hu, J.; Zhong, N.; Lin, M.; Lee, J.-S.; Saddler, J. The influence of
lignin on steam pretreatment and mechanical pulping of poplar to achieve high sugar recovery
and ease of enzymatic hydrolysis. Bioresource Technol 2016, 199, 135–141.

33. Wu, J.; Chandra, R.; Saddler, J. Alkali–oxygen treatment prior to the mechanical pulping of
hardwood enhances enzymatic hydrolysis and carbohydrate recovery through selective lignin
modification. Sustain Energ Fuels 2019, 3 (1), 227–236.

34. Chu, Q.; Chandra, R. P.; Kim, C.-S.; Saddler, J. N. Alkali-oxygen impregnation prior to steam
pretreating poplar wood chips enhances selective lignin modification and removal while
maximizing carbohydrate recovery, cellulose accessibility, and enzymatic hydrolysis. ACS
Sustainable Chemistry & Engineering 2017, 5 (5), 4011–4017.

35. Lai, C.; Jia, Y.; Zhou, C.; Yang, C.; Shen, B.; Zhang, D.; Yong, Q. Facilitating enzymatic
digestibility of larch by in-situ lignin modification during combined acid and alkali
pretreatment. Bioresource Technol 2020, 123517.

36. Chu, Q.; Song, K.; Wang, J.; Hu, J.; Chen, X. Improving enzymatic saccharification of
hardwood through lignin modification by carbocation scavengers and the underlying
mechanisms. Bioresource Technol 2019, 294, 122216.

37. Yang, S.; Zhang, Y.; Yuan, T.-Q.; Sun, R.-C. Lignin-phenol-formaldehyde resin adhesives
prepared with biorefinery technical lignins. Journal of Applied Polymer Science 2015, 132 (36)

38. Wang, G.; Chen, H. Carbohydrate elimination of alkaline-extracted lignin liquor by steam
explosion and its methylolation for substitution of phenolic adhesive. Industrial Crops and
Products 2014, 53, 93–101.

39. Jiao, G.-J.; Xu, Q.; Cao, S.-L.; Peng, P.; She, D. Controlled-release fertilizer with lignin used
to trap urea/hydroxymethylurea/urea-formaldehyde polymers. BioResources 2018, 13 (1),
1711–1728.

40. Graglia, M.; Pampel, J.; Hantke, T.; Fellinger, T.-P.; Esposito, D. Nitro lignin-derived
nitrogen-doped carbon as an efficient and sustainable electrocatalyst for oxygen reduction. ACS
Nano 2016, 10 (4), 4364–4371.

41. Du, X.; Li, J.; Lindström, M. E. Modification of industrial softwood kraft lignin using Mannich
reaction with and without phenolation pretreatment. Industrial Crops and Products 2014, 52,
729–735.

42. Axegård, P.; STFI-Packforsk, A. The kraft pulp mill as a biorefinery. Division Fiber, Pulp Energy
and Chemicals. STFI-Packforsk PO Box 2007, 5604, 1–6.

43. Li, J.; Wang, M.; She, D.; Zhao, Y. Structural functionalization of industrial softwood kraft
lignin for simple dip-coating of urea as highly efficient nitrogen fertilizer. Industrial Crops and
Products 2017, 109, 255–265.

44. Mendis, G. P.; Hua, I.; Youngblood, J. P.; Howarter, J. A. Enhanced dispersion of lignin in
epoxy composites through hydration and mannich functionalization. Journal of Applied Polymer
Science 2015, 132 (1)

33
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



45. Llevot, A.; Monney, B.; Sehlinger, A.; Behrens, S.; Meier, M. Highly efficient Tsuji–Trost
allylation in water catalyzed by Pd-nanoparticles. Chemical Communications 2017, 53 (37),
5175–5178.

46. Dumont, C.; Gauvin, R. M.; Belva, F.; Sauthier, M. Palladium‐Catalyzed Functionalization of
Kraft Lignin: Ether Linkages through the Telomerization Reaction. ChemSusChem 2018, 11
(10), 1649–1655.

47. Koivu, K. A.; Sadeghifar, H.; Nousiainen, P. A.; Argyropoulos, D. S.; Sipilä, J. Effect of fatty
acid esterification on the thermal properties of softwood kraft lignin. ACS Sustainable Chemistry
& Engineering 2016, 4 (10), 5238–5247.

48. Zhang, M.; Ogale, A. A. Carbon fibers from dry-spinning of acetylated softwood kraft lignin.
Carbon 2014, 69, 626–629.

49. García-Mateos, F.; Berenguer, R.; Valero-Romero, M.; Rodríguez-Mirasol, J.; Cordero, T.
Phosphorus functionalization for the rapid preparation of highly nanoporous submicron-
diameter carbon fibers by electrospinning of lignin solutions. Journal of Materials Chemistry A
2018, 6 (3), 1219–1233.

50. Ding, R.; Wu, H.; Thunga, M.; Bowler, N.; Kessler, M. R. Processing and characterization
of low-cost electrospun carbon fibers from organosolv lignin/polyacrylonitrile blends. Carbon
2016, 100, 126–136.

51. Scarica, C.; Suriano, R.; Levi, M.; Turri, S.; Griffini, G. Lignin functionalized with succinic
anhydride as building block for biobased thermosetting polyester coatings. ACS Sustainable
Chemistry & Engineering 2018, 6 (3), 3392–3401.

52. Krall, E. M.; Serum, E. M.; Sibi, M. P.; Webster, D. C. Catalyst-free lignin valorization by
acetoacetylation. Structural elucidation by comparison with model compounds. Green Chem
2018, 20 (13), 2959–2966.

53. Liu, L.-Y.; Hua, Q.; Renneckar, S. A simple route to synthesize esterified lignin derivatives.
Green Chem 2019, 21 (13), 3682–3692.

54. Duval, A.; Lange, H.; Lawoko, M.; Crestini, C. Modification of Kraft lignin to expose
diazobenzene groups: Toward pH-and light-responsive biobased polymers. Biomacromolecules
2015, 16 (9), 2979–2989.

55. Li, S.; Xie, W.; Wilt, M.; Willoughby, J. A.; Rojas, O. J. Thermally stable and tough coatings
and films using vinyl silylated lignin. ACS Sustainable Chemistry & Engineering 2018, 6 (2),
1988–1998.

56. Buono, P.; Duval, A.; Verge, P.; Averous, L.; Habibi, Y. New insights on the chemical
modification of lignin: acetylation versus silylation. ACS Sustainable Chemistry & Engineering
2016, 4 (10), 5212–5222.

57. Sawamura, K.; Tobimatsu, Y.; Kamitakahara, H.; Takano, T. Lignin functionalization through
chemical demethylation: preparation and tannin-like properties of demethylated guaiacyl-type
synthetic lignins. ACS Sustainable Chemistry & Engineering 2017, 5 (6), 5424–5431.

58. Panesar, S. S.; Jacob, S.; Misra, M.; Mohanty, A. K. Functionalization of lignin: Fundamental
studies on aqueous graft copolymerization with vinyl acetate. Industrial Crops and Products
2013, 46, 191–196.

59. Hu, L.-Q.; Dai, L.; Liu, R.; Si, C.-L. Lignin-graft-poly(acrylic acid) for enhancement of heavy
metal ion biosorption. Journal of Materials Science 2017, 52 (24), 13689–13699.

34
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



60. Abdollahi, M.; Habashi, R. B.; Mohsenpour, M. Poly (ε-caprolactone) chains grafted from
lignin, hydroxymethylated lignin and silica/lignin hybrid macroinitiators: synthesis and
characterization of lignin-based thermoplastic copolymers. Industrial Crops and Products 2019,
130, 547–557.

61. Park, S. Y.; Kim, J. Y.; Youn, H. J.; Choi, J. W. Utilization of lignin fractions in UV resistant
lignin-PLA biocomposites via lignin-lactide grafting. Int J Biol Macromol 2019, 138,
1029–1034.

62. Cannatelli, M. D.; Ragauskas, A. J. Conversion of lignin into value-added materials and
chemicals via laccase-assisted copolymerization. Applied Microbiology and Biotechnology 2016,
100 (20), 8685–8691.

63. Cannatelli, M. D.; Ragauskas, A. J. Laccase-mediated synthesis of lignin-core hyperbranched
copolymers. Applied Microbiology and Biotechnology 2017, 101 (16), 6343–6353.

64. Li, R. J.; Gutierrez, J.; Chung, Y.-L.; Frank, C. W.; Billington, S. L.; Sattely, E. S. A lignin-
epoxy resin derived from biomass as an alternative to formaldehyde-based wood adhesives.
Green Chem 2018, 20 (7), 1459–1466.

65. Mahata, D.; Jana, M.; Jana, A.; Mukherjee, A.; Mondal, N.; Saha, T.; Sen, S.; Nando, G. B.;
Mukhopadhyay, C. K.; Chakraborty, R. Lignin-graft-polyoxazoline conjugated triazole a novel
anti-infective ointment to control persistent inflammation. Scientific Reports 2017, 7, 46412.

66. Diop, A.; Awada, H.; Zerrouki, R.; Daneault, C.; Montplaisir, D. Tosylation and
characterization of lignin in water. Industrial & Engineering Chemistry Research 2014, 53 (43),
16771–16776.

67. Gupta, C.; Sverdlove, M. J.; Washburn, N. R. Molecular architecture requirements for
polymer-grafted lignin superplasticizers. Soft Matter 2015, 11 (13), 2691–2699.

68. Gupta, C.; Washburn, N. R. Polymer-grafted lignin surfactants prepared via reversible
addition–fragmentation chain-transfer polymerization. Langmuir 2014, 30 (31), 9303–9312.

69. Xu, Y.; Yuan, L.; Wang, Z.; Wilbon, P. A.; Wang, C.; Chu, F.; Tang, C. Lignin and soy oil-
derived polymeric biocomposites by “grafting from” RAFT polymerization. Green Chem 2016,
18 (18), 4974–4981.

70. Liu, X.; Yin, H.; Zhang, Z.; Diao, B.; Li, J. Functionalization of lignin through ATRP grafting
of poly (2-dimethylaminoethyl methacrylate) for gene delivery. Colloids and Surfaces B:
Biointerfaces 2015, 125, 230–237.

71. Kim, Y. S.; Youe, W.-J.; Kim, S. J.; Lee, O.-K.; Lee, S.-S. Preparation of a thermoplastic lignin-
based biomaterial through atom transfer radical polymerization. Journal of Wood Chemistry and
Technology 2015, 35 (4), 251–259.

72. Zhang, X.; Jeremic, D.; Kim, Y.; Street, J.; Shmulsky, R. Effects of surface functionalization of
lignin on synthesis and properties of rigid bio-based polyurethanes foams. Polymers 2018, 10
(7), 706.

73. Gómez-Fernández, S.; Ugarte, L.; Calvo-Correas, T.; Peña-Rodríguez, C.; Corcuera, M. A.;
Eceiza, A. Properties of flexible polyurethane foams containing isocyanate functionalized kraft
lignin. Industrial Crops and Products 2017, 100, 51–64.

74. de Haro, J. C.; Allegretti, C.; Smit, A. T.; Turri, S.; D’Arrigo, P.; Griffini, G. Biobased
polyurethane coatings with high biomass content: tailored properties by lignin selection. ACS
Sustainable Chemistry & Engineering 2019, 7 (13), 11700–11711.

35
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 



75. Liu, H.; Chung, H. Self-healing properties of lignin-containing nanocomposite: Synthesis of
lignin-graft-poly (5-acetylaminopentyl acrylate) via RAFT and click chemistry. Macromolecules
2016, 49 (19), 7246–7256.

76. Panovic, I.; Montgomery, J. R.; Lancefield, C. S.; Puri, D.; Lebl, T.; Westwood, N. J. Grafting
of Technical Lignins through Regioselective Triazole Formation on β-O-4 Linkages. ACS
Sustainable Chemistry & Engineering 2017, 5 (11), 10640–10648.

77. Duval, A.; Lange, H.; Lawoko, M.; Crestini, C. Reversible crosslinking of lignin via the
furan–maleimide Diels–Alder reaction. Green Chem 2015, 17 (11), 4991–5000.

78. Perianes-Rodriguez, A.; Waltman, L.; Van Eck, N. J. Constructing bibliometric networks:
A comparison between full and fractional counting. Journal of Informetrics 2016, 10 (4),
1178–1195.

79. Ubando, A. T.; Felix, C. B.; Chen, W.-H. Biorefineries in circular bioeconomy: A
comprehensive review. Bioresource Technol 2020, 299, 122585.

36
 Yoo and Ragauskas; Lignin Utilization Strategies: From Processing to Applications 

ACS Symposium Series; American Chemical Society: Washington, DC, 2021. 


	Lignin Utilization Strategies: From Processing to Applications
	ACS Symposium Series1377
	Lignin Utilization Strategies: From Processing to Applications
	Library of Congress Cataloging-in-Publication Data


	Foreword
	Opportunities and Challenges of Lignin Utilization
	Tailoring Lignin Structure to Maximize the Value from Lignin
	Reductive Catalytic Fractionation: From Waste Wood to Functional Phenolic Oligomers for Attractive, Value-Added Applications
	Proteomic Approaches for Advancing the Understanding and Application of Oleaginous Bacteria for Bioconversion of Lignin to Lipids
	Electrocatalytic and Photocatalytic Approaches to Lignin Conversion
	Recent Advances in Lignin-Based Carbon Materials Preparation and Their Application in Catalysis
	Recent Advances in Lignin Modification and Its Application in Wastewater Treatment
	Recent Strategies for Lignin-Based Thermosets
	Recent Advances in Lignin-Based Hydrogels and Its Synthesis and Applications
	Prospects and Challenges of Using Lignin for Thermoplastic Materials
	Recent Advances in Synthesis and Application of Lignin Nanoparticles
	Editors’ Biographies
	Indexes

	Indexes
	Author Index
	Subject Index
	1

	Opportunities and Challenges of Lignin Utilization
	Introduction
	Figure 1. A representative structure of lignin and its major subunits and interunit linkage motifs.
	Figure 2. Number of articles and patents about lignin applications by Google Scholar Search.

	Types of Lignin and Their Physicochemical Properties
	Factors in Lignin Utilization
	Perspectives and Other Challenges in Lignin Utilization
	Acknowledgments
	References
	2


	Tailoring Lignin Structure to Maximize the Value from Lignin
	Introduction
	Figure 1. Two approaches in the lignin valorization.

	Tailoring Lignin Structure for Depolymerization Approach
	Protection of Reactive Sites in Lignin Structure
	Figure 2. Tailoring lignin structure to enhance the yield of low-molecular weight phenols. Reprinted with permission from reference 1. Copyright 2018 Frontiers.

	Lignin Modification to Increase the Selectivity of Final Products
	Figure 3. Selective demethylation of lignin followed by hydrogenolysis to produce catechols. Reprinted with permission from reference 29. Copyright 2021 ELSEVIER.

	Lignin Modification for the Production of Carbohydrates
	Tailoring Lignin Structure for the Production of Lignin-Derived Materials
	Incorporation of New Functional Groups on Lignin Aromatic Region
	Modification of Lignin Functional Groups
	Figure 4. Optical images of (a) PAN, (b) lignin-g-PAN, and (c) vinyl silylated lignin-g-PAN films. Cross-section SEM images (1000×) of (d) PAN, (e) lignin-g-PAN, and (f) vinyl silylated lignin-g-PAN films. Reprinted with permission from reference 55. Copyright 2018 American Chemical Society.

	Strategies for Lignin Copolymerization
	Figure 5. (a) Alkynylation and copper-catalyzed click reaction of poly(5-acetylaminopentyl acrylate) and natural lignin. (b) Self-healing test of 20 wt % lignin containing lignin-g-PAA under ambient conditions (23 °C and 55% humidity). Reprinted with permission from reference 75. Copyright 2018 American Chemical Society.
	Figure 6. Crosslinking of the furfurylated lignin with furfuryl glycidyl ether (blue) and esterified lignin with 6-maleimidohexanoic acyl chloride (red) via the Diels–Alder reaction. Reprinted with permission from reference 77. Copyright 2015 Royal Society of Chemistry.

	Future Perspectives
	Figure 7. The keyword network of lignin valorization.

	Acknowledgments
	References
	3


	Reductive Catalytic Fractionation: From Waste Wood to Functional Phenolic Oligomers for Attractive, Value-Added Applications
	Introduction: Cascading Principles in the Circular Bioeconomy, Unlocking the Potential of Post-Consumer Wood
	Figure 1. Schematic overview of cascading use of wood materials: post-consumer wood (PCW) is reused, or recycled prior to incineration. Biorefining, i.e. conversion of lignocellulose material to chemicals, poses an alternative to current petroleum-based refineries for the production of chemicals. Adapted with permission from reference 15. Copyright 2013 Elsevier.

	Classification of Post-Consumer Wood
	Post-Consumer Wood Streams as Feedstock for Biorefining
	Catalyst Deactivation in Reductive Catalytic Fractionation Processes
	Figure 2. Gel permeation chromatogram, illustrating the Mw distribution of a softwood-derived RCF lignin oil , comprising monomers (+-30 wt%), dimers, trimers and oligomers. Adapted with permission from reference 52. Copyright 2019 Elsevier.

	Functional Phenolic Oligomers for Attractive Value-Added Applications
	Figure 3. A) Structure of rosin-modified resin, the resole part is synthesized from cardanol, formaldehyde and p-nonylphenol, which was replaced by birch wood lignin oligomers. B) Stepwise synthesis of printing ink from RCF birch wood lignin oligomers. Reprinted with permission from reference 76. Copyright (2020) The American Association for the Advancement of Science.

	Conclusions
	Abbreviations
	Acknowledgments
	References
	4


	Proteomic Approaches for Advancing the Understanding and Application of Oleaginous Bacteria for Bioconversion of Lignin to Lipids
	Introduction
	Lignin Structure
	Figure 1. Monolignols, including p-coumaryl alcohol (1), coniferyl alcohol (2), and sinapyl alcohol (3), involved in lignin biosynthesis (A) and generic structure of lignin (e.g. hardwood and grass lignin) (B). Reproduced with permission from reference 29. Copyright 2013 John Wiley & Sons, Ltd.

	Bacterial Bioconversion of Lignin to Lipid
	Depolymerization of Lignin
	Figure 2. Model lignin depolymerization pathways in Sphingobium sp. SYK-6. Abbreviations: ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; BzaA, Benzaldehyde‐derivatives dehydrogenase; DesV, Benzaldehyde‐derivatives dehydrogenase; HpvZ, Choline dehydrogenase; LigD, Cα‐dehydrogenase for αR‐isomers of β‐aryl ether; LigE, β‐Etherase for βR‐isomers of Cα‐keto β‐aryl ether; LigF, β‐Etherase for βS‐isomers of Cα‐keto β‐aryl ether; LigG, Glutathione removing enzyme for (βR)‐GS‐HPV; LigL, Cα‐dehydrogenase for αS‐isomers of β‐aryl ether; LigN, Cα‐dehydrogenase for αS‐isomers of β‐aryl ether; LigP, β‐Etherase for βR‐isomers of Cα‐keto β‐aryl ether; LigW, 5‐Carboxyvanillate decarboxylase; LigW2, 5‐Carboxyvanillate decarboxylase; LigXa, DDVA O‐demethylase oxygenase component; LigXc, DDVA O‐demethylase ferredoxin component; LigXd, DDVA O‐demethylase reductase component; LigY, OH‐DDVA meta‐cleavage compound hydrolase; LigZ, OH‐DDVA dioxygenase; PhcC, (+)‐DCA‐C oxidase; PhcD, (–)‐DCA‐C oxidase; PinZ, Pinoresinol/lariciresinol reductase; DCA, dehydrodiconiferyl alcohol; DCA‐L, 3‐(2‐(4‐hydroxy‐3‐methoxyphenyl)‐3‐(hydroxymethyl)‐7‐methoxy‐2,3‐dihydrobenzofuran‐5‐yl)acrylaldehyde; DCA‐C, 3‐(2‐(4‐hydroxy‐3‐methoxyphenyl)‐3‐(hydroxymethyl)‐7‐methoxy‐2,3‐dihydrobenzofuran‐5‐yl)acrylate; DCA‐CL, 3‐(3‐formyl‐2‐(4‐hydroxy‐3‐methoxyphenyl)‐7‐methoxy‐2,3‐dihydrobenzofuran‐5‐yl)acrylate; DCA‐CC, 5‐(2‐carboxyvinyl)‐2‐(4‐hydroxy‐3‐methoxyphenyl)‐7‐methoxy‐2,3‐dihydrobenzofuran‐3‐carboxylate; DCA‐S, 3‐(4‐hydroxy‐3‐(4‐hydroxy‐3‐methoxystyryl)‐5‐methoxyphenyl)acrylate; CoA, coenzyme A; HMPHP‐CoA, 4‐hydroxy‐3‐methoxyphenyl‐β‐hydroxypropionyl‐CoA; GGE, guaiacylglycerol‐β‐guaiacyl ether; MPHPV, α‐(2‐methoxyphenoxy)‐β‐hydroxypropiovanillone; GS–, reduced glutathione; GSSG, oxidized glutathione; GS‐HPV, α‐glutathionyl‐β‐hydroxypropiovanillone; HPV, β‐hydroxypropiovanillone; VAA‐CoA, 4‐hydroxy‐3‐methoxyphenyl‐β‐ketopropionyl‐CoA; DDVA, 5,5′‐dehydrodivanillate; OH‐DDVA, 2,2′,3‐trihydroxy‐3′‐methoxy‐5,5′‐dicarboxybiphenyl; DCHM‐HOPDA, 4,11‐dicarboxy‐8‐hydroxy‐9‐methoxy‐2‐hydroxy‐6‐oxo‐6‐phenylhexa‐2,4‐dienoate; CHPD, 4‐carboxy‐2‐hydroxypenta‐2,4‐dienoate; HMPPD, 1,2‐bis(4‐hydroxy‐3‐methoxyphehyl)‐1,3‐propanediol; H4folate, tetrahydrofolate.

	Catabolism of Lignin-Derived Aromatic Monomers to Central Metabolites
	Lignin Degradation Capacity of Oleaginous Bacteria
	Challenges and Recent Advances in Bioconverting Lignin to Lipid
	MS-Based Proteomics and Its Applications
	Figure 3. Overview of selected shotgun global quantitative proteomics technologies. A) Label-free strategy: proteins are extracted and digested by trypsin. The resulting peptides are subjected to LC-MS/MS. Peptide spectrum matches or extracted ion chromatography intensity of a given peptide is used to compare the peptide abundance across conditions. B) Isotopic labeling strategy (e.g. stable isotope labeling with amino acids in cell culture): isotopic labels are tagged to proteins during culture. Tagged proteins are extracted, digested, and pooled together for MS analysis. Ratio of paired (heavy and light isotopic labeled) peak intensity in MS1 spectrum is used to determine peptide abundance. C) Isobaric labeling (e.g. tandem mass tags): after proteins digestion, the resulting peptides are labeled by isobaric tags and pooled together for MS analysis. In MS2, isobaric tags are fragmented to release reporter ions. Ratio of reporter ion intensity in MS2 spectrum is used to compare peptide abundance. D) Protein post-translational modification (PTM) quantification: after/during protein extraction, PTM-containing proteins or peptides are enriched prior to MS analysis.

	Label-Free Strategy
	Isotopic Labeling Strategy
	Multiplex Isobaric Labeling Strategy
	Protein Post-Translational Modification (PTM) Quantification
	Phosphorylation
	Thiol-Based Redox Modification
	Application of Proteomics to Oleaginous Bacteria
	Figure 4. A co-feeding strategy was investigated using Rhodococci. Integrated pathways in Rhodococci for conversion of both sugars and reactive lignin into lipid have been illustrated by Li et al. 26. G 6-P, Glucose 6-P; F 6-P, Fructose 6-P; G 3-P, Glyceraldehyde 3-P; G′ 6-P, Gluconate 6-P; CAT, catechol; PRO, protocatechuate; HCB-CoA, 2-Hydroxy-4-carboxy-butanyl-CoA; PP Pathway, Pentose Phosphate Pathway; ED Pathway, Entner–Doudoroff Pathway; β-KA Pathway, β-Ketoadipate Pathway; PAA Pathway, Phenylacetic acid Pathway. Reproduced with permission from reference 26. Copyright 2019 Springer Nature.

	Post-Translational Regulation in Oleaginous Bacteria
	Phosphorylation
	Thiol-Based Redox Modification
	Conclusion
	Acknowledgments
	References
	5


	Electrocatalytic and Photocatalytic Approaches to Lignin Conversion
	Introduction
	Figure 1. General lignin structure, containing various linkages including β-O-4, α-O-4, β-1, β-5, and β-β (top) and primary subunits (bottom).
	Figure 2. Lignin basic structure with C−C/C−O bond cleavage and the predicted possible products.

	Catalytic Bond Cleavage of Lignin
	Figure 3. Selective examples of C−O/C−C bond cleavages. a) Cα-Cβ bond β-scission (318), b) β-O-4 ether cleavage (1921), and c) aryl ethyl cleavage (2324) for lignin depolymerization.

	Photocatalytic Conversion
	Figure 4. Oxidative and reductive quenching cycles for Ru(bpy)3+. Reprinted with the permission from reference 26. Copyright 2013 American Chemical Society.

	Metal-Based Photocatalysts
	Titanium Dioxide
	Cadmium Sulfide
	Ceria
	Zinc–Indium–Sulfide
	A Dual Pd/Ir System
	Vanadium
	Metal-Free Photocatalysts
	Quinones
	Scheme 1. a) Schematic BQ-BQH2 redox process incorporated with an electron transfer mediator (ETM). Proposed mechanistic cleavage pathways for b) ketone product and c) C–C homolytic fragmentation. Reprinted with permission from reference 29. Copyright 2014 American Chemical Society.

	Graphitic Carbon Nitride
	Figure 5. (left) DFT-calculated optimized interaction patterns (top view and side view) and adsorption energy of substrate molecule 1 adsorbed on a corrugated C3N4 surface; (right) Proposed mechanism of mpg-C3N4 catalyzed transformation of molecule 1. Reprinted with permission from reference 30. Copyright 2018, American Chemical Society.

	Porous Organic Frameworks
	Figure 6. Schematic diagram of the carbazolic copolymer containing DCB and 4CzIPN. Reprinted with permission from reference 28. Copyright 2017 American Chemical Society.

	Phenothiazine (PTH)
	Figure 7. Proposed pathway for amination of aryl ether to primary arylamine using PTH with different substitutes as photocatalysts, Ered (PTH·+/PTH*) ~ −2.1 V vs. SCE). Reprinted with permission from reference 47. Copyright 2019 American Chemical Society.

	Ionic Liquids
	Electrocatalytic Conversion of Lignin
	Electrodes
	Direct Electrooxidation of Lignin
	Electrocatalytic Oxidation via Mediator
	Figure 8. Schematic illustrations of NHPI/2,6-lutidine-mediated electrocatalytic oxidation of lignin systems. a) Initiation step of NHPI anodic oxidation via PCET. b) Propagation pathway proposed under aerobic and anaerobic conditions. Reprinted with permission from reference 69. Copyright 2017 American Chemical Society.
	Scheme 2. a) Structure of TEMPO and ACT, (b) Mechanism of alcohol oxidation by oxoammonium under basic and acidic conditions. Reprinted with permission from reference 74. Copyright 2019 American Chemical Society.

	Electrocatalytic Hydrogenation
	Figure 9. Proposed reaction network of the conversion of biphenyl over the Ru/NbOPO4 catalyst. Reprinted with permission from reference 89. Copyright 2019 Elsevier.

	Photoelectrocatalytic Oxidation of Lignin
	Figure 10. Proposed mechanism for the photocatalytic oxidative conversion of the secondary alcohol in the model compound, 2-phenoxy-1-phenyl ethanol (1-ol), to a ketone (1-one). Reprinted with permission from reference 94. Copyright 2020 American Chemical Society.

	Summary
	Acknowledgments
	References
	6


	Recent Advances in Lignin-Based Carbon Materials Preparation and Their Application in Catalysis
	Introduction
	Preparation of Lignin-Derived Carbon Materials
	Lignin-Based Porous Carbon
	Figure 1. Schematic diagram of the preparation process of three-dimensional hierarchical lignin-derived porous carbon and its micro-morphology SEM image and pore structure characteristics. Reproduced with permission from reference 38. Copyright 2017 Royal Society of Chemistry.

	Lignin-Based Carbon Fiber
	Figure 2. Synthesis process flow chart and micro-morphology SEM and TEM images of lignin-based carbon nanofibers. Reproduced with permission from reference 40. Copyright 2017 Elsevier.

	Lignin-Based Carbon Nanosheets
	Figure 3. Preparation flow chart and microstructure characteristics of lignin porous carbon nanosheets (PLC). Reproduced with permission from reference 25. Copyright 2020 Elsevier.

	Lignin-Based Carbon/Nano Metal Particle Composites
	Figure 4. Micro-morphological and structural characteristics of lignin-based carbon/Ag nanocomposites. Reproduced with permission from reference 43. Copyright 2014 Elsevier.

	Lignin-Based Carbon/Metal Oxide Nanocomposite
	Figure 5. Preparation process and micro morphology of lignin-based carbon/ZnO composites. Reproduced with permission from reference 32. Copyright 2017 Elsevier.
	Figure 6. Preparation flow chart and micro morphology of ZnO/LFC composite. Reproduced with permission from reference 26. Copyright 2020 Elsevier.
	Figure 7. The microscopic morphology of the lignin carbon/TiO2 nanotube composite. Reproduced with permission from reference 49. Copyright 2019 Elsevier.

	Application of Lignin-Based Carbon in the Field of Catalysis
	Photocatalyst
	Figure 8. Photocatalytic degradation of organic dyes methyl orange (MO) and Rhodamine B (RhB) by lignin carbon /ZnO composite. Reproduced with permission from reference 32. Copyright 2017 Elsevier.

	Electrocatalyst
	Figure 9. Micro-morphology and electrochemical properties of lignin-based carbon/Pt nanoparticle. Reproduced with permission from reference 56. Copyright 2017 Elsevier.

	Thermal Catalyst
	Conclusion
	Acknowledgments
	References
	7


	Recent Advances in Lignin Modification and Its Application in Wastewater Treatment
	Introduction
	Lignin Modification Methods
	Graft Copolymerization
	Figure 1. Schematic diagram of free radicals produced by lignin.

	Mannich Reaction
	Figure 2. Mannich reaction mechanisms of lignin under acidic or alkaline conditions.

	Etherification
	Esterification
	Oxidation
	Figure 3. Oxidation reaction scheme and resulting products for softwood lignin 132. Reproduced with permission from reference 132. Copyright 2016 American Chemical Society.

	Crosslinking
	Figure 4. The preparation scheme of LS-GH and the interaction between GO and lignin 138. Reproduced with permission from reference 138. Copyright 2016 The Royal Society of Chemistry.

	Application in Wastewater Treatment
	Absorbent
	Flocculant
	Figure 5. Schematic diagram of flocculation mechanisms of lignin-based flocculants.

	Other Applications
	Figure 6. Schematic diagram of lignin-based flocculant treating E. coli wastewater 189. Reproduced with permission from reference 189. Copyright 2014 American Chemical Society.

	Conclusions and Future Perspectives
	Acknowledgments
	References
	8


	Recent Strategies for Lignin-Based Thermosets
	Polyurethanes
	Introduction on Polyurethane Thermosets
	Figure 1. Schematic representation of the fabrication of a generic polyurethane network.

	Unmodified Lignin in Polyurethane Thermosets
	Figure 2. Fabrication of highly performing PU systems: dashed line represents hydrogen bonds 9.

	Chemically Modified Lignin in Polyurethane Thermosets
	Figure 3. Oxypropylation of lignin.
	Figure 4. Isocyanate functionalized lignin.
	Figure 5. Lignin-based polyol functionalized with phosphorous for flame retardant polyurethanes.
	Figure 6. Carbonate-functionalized lignin for isocyanate-free polyurethane thermosets.

	Phenol-formaldehyde
	Introduction on Phenol-formaldehyde Thermosets
	Figure 7. Schematic representation of the fabrication of a generic PF thermoset.

	Lignin in PF Thermosets
	Figure 8. Reactivity comparison between petrol-based phenol and lignin phenolic structures.

	Activated Lignin in PF Resin Architectures
	Figure 9. Typical phenolation reaction of lignin.

	Epoxy Resins
	Introduction on Epoxy Thermosets
	Lignin as a Filler for Epoxy Thermosets
	Synthesis of Epoxidated Lignin
	Figure 10. General mechanism of reaction of lignin´s phenol with epichlorohydrin.

	Epoxy-Lignin/BPA-Based Epoxy Thermosets Co-polymeric Thermosets
	Figure 11. Demethylation (A) and phenolation (B) to obtain augmented epoxy-lignin.

	BPA-Free Lignin-Based Thermosets
	Figure 12. Common connecting units detected in Kraft lignins (545556).

	Monomers
	Controlled Degradation of Lignin for Monomer Synthesis
	Figure 13. Examples of building blocks from lignin depolymerization 59.
	Figure 14. Generic scheme for the production of vanillin from wood 71.
	Figure 15. General reaction pathway for vanillin production from wood.
	Figure 16. Vanillin and its most relevant derivatives.

	Thermosetting Materials from Lignin Monomers
	Polyurethanes
	Figure 17. Synthesis of a vanillin dimer 75.
	Figure 18. Synthesis of a biobased diisocyanate from vanillic acid.
	Figure 19. Synthesis of cyclic carbonate biobased monomers for isocyanate-free thermosets.

	Phenol-formaldehyde
	Figure 20. Synthesis of polybenzoxazines.
	Figure 21. Biobased benzoxazine based on vanillin and furfurylamine.

	Epoxy Resins
	Figure 22. Phenolic and bisphenolic diglicidyl ethers exploited for a better understanding of the effect of structure on the viscoelastic properties of the final resins.
	Figure 23. Synthesis of epoxy oligomers from methoxyhydroquinone.
	Figure 24. Synthesis of a phosphorylated eugenol-based epoxy monomer.
	Figure 25. Synthesis of Dihydroeugenol-based epoxidated building blocks.

	Challenges and Future Outlook
	References
	9


	Recent Advances in Lignin-Based Hydrogels and Its Synthesis and Applications
	Introduction of Lignin
	Figure 1. The structure of lignocellulose.

	Structure of Lignin
	Figure 2. Three constituent units of lignin.
	Figure 3. Accurate connections of phenylpropane. Reprinted with permission from 1. Copyright 2013 MDPI. Reprinted with permission from 2. Copyright 2016 American Chemical Society. Reprinted with permission from 3. Copyright 2003 American Chemical Society.

	Commonly Used Industrial Lignin in Hydrogels
	Alkali Lignin (AL)
	Lignosulfonate (LS)
	Introduction of Hydrogels
	Preparation of Hydrogels
	Properties of Hydrogels
	Preparation of Lignin-Based Hydrogels
	Chemical Crosslinking
	Crosslinking by Free Radical Polymerization
	Figure 4. Schematic illustration of the hydrogel network and the chemical structures after the copolymerization of red liquor and acrylic acid. Reprinted with permission from 42. Copyright 2019 Elsevier.
	Figure 5. Modification of lignin (OSL) using HEMA-Im to produce OSLH. Reprinted with permission from 46. Copyright 2018 American Chemical Society.

	Crosslinking by Crosslinkers
	Figure 6. Cross-linkage formation from activated lignin and/or hyaluronan. Reprinted with permission from 51. Copyright 2019 Elsevier Sci Ltd.

	Crosslinking by Functional Groups of Monomers
	Figure 7. Chemical structures and proposed chemical reactions taking place during the crosslinking process. Reprinted with permission from 55. Copyright 2018 Elsevier Science BV.

	Physical Crosslinking
	Crosslinking by Electrostatic Interaction
	Crosslinking by Hydrogen-Bonding Interactions
	Figure 8. The crosslinking mechanism of LCPHs. Reprinted with permission from 64. Copyright 2019 Elsevier.

	Applications
	Water Treatment
	Figure 9. Dye adsorption capacity of lignin-free hydrogel (CGA) and lignin-containing hydrogel (LCGA) for methylene blue (MB) (a) and rhodamine B (RB) (c). The pseudo-second-order model of CGA and LCGA for MB (b) and RB (d) (organic dye: 50 mg L−1 (100 mL), adsorbent (o.d.) 25 mg). Reprinted with permission from 75. Copyright 2019 American Chemical Society.

	Biomedical Field
	Figure 10. (a) Photographs of wounds with control group (no dressing), LCPH0 dressing, and LCPH1 dressing on the 0th, 5th, 10th and 15th day; (b) the wound recovery rate calculated from the wound recovery area treated with control group (no dressing), LCPH0, and LCPH1 dressing. Reprinted with permission from 64. Copyright 2019 Elsevier.

	Supercapacitors
	Other Applications
	Conclusion and Future Perspective
	References
	10


	Prospects and Challenges of Using Lignin for Thermoplastic Materials
	Introduction
	Lignin-Based Thermoplastic Materials
	Benefits of Incorporation of Lignin in Thermoplastic Materials
	Challenges in Incorporation of Lignin in Thermoplastic Materials
	Figure 1. Lignin-thermoplastic materials and major strategies employed in their improvement.

	Miscible Blends
	Immiscible Blends
	Compatibilizers
	Polymeric Compatibilizers in Lignin-Based Thermoplastic Blends
	Figure 2. Reactions proposed to occur between lignin and glycidyl methacrylate (1) and maleic acid anhydride (2) copolymers as compatibilizing agents.

	Coupling Agents as Compatibilizers in Lignin-Based Thermoplastic Blends
	Effect of Compatibilizers on Polymer Properties
	Nanolignin
	Solvent Fractionation of Lignin
	Plasticizers
	Esterification
	Figure 3. Effect of number of carbons of esterifying agents on the glass transition temperature of different technical lignins. Number of carbons = 0 represents the underivatized lignin (4145148159).

	Etherification
	Figure 4. Mechanism for methylation (A) and hydroxyalkylation (B) for lignin. Adapted with permission from Reference 143. Copyright 2012 American Chemical Society.
	Figure 5. Effect of number of carbons of etherification agents on the glass transition temperature of different technical lignins. Number of carbons = 0 represents the underivatized lignin (4162).
	Figure 6. Prototype and semi-commercial products made from HP-KL-polymer blends. Reprinted with permission from Reference 172. Copyright 2017 W.G. Glasser.

	Lignin Copolymers
	Lignin Graft Copolymers in Binary Blends
	Figure 7. Copolymerization of hydroxypropylated lignin with ε-caprolactone monomer (grafting from) (A) and NCO-capped poly(ε-caprolactone) prepolymer (grafting onto) (B) to form lignin-caprolactone copolymer (LCL). Adapted with permission from Reference 161. Copyright 1994 American Chemical Society.

	Lignin Graft Copolymers as One Component Blends
	Lignin Elastomers
	Conclusions
	References
	11


	Recent Advances in Synthesis and Application of Lignin Nanoparticles
	Lignin Nanoparticles Synthesis Methods
	Chemical Methods for LNP Synthesis
	Figure 1. Schematic diagram of LNPs synthesis via chemical methods.

	Mechanism of LNP Synthesis via Chemical Methods
	Figure 2. Mechanism of LNPs synthesis by self-assembly. (Reprinted with permission from reference 28. Copyright 2018 American Chemical Society).

	Factors Affecting LNP Formation
	Figure 3. Impact of antisolvent feeding rate on LNP size. (Reprinted with permission from reference 28. Copyright 2018 American Chemical Society).
	Figure 4. Impact of pH on LNPs’ size. (a) LNPs remained stable between pH 4-12 while aggregation of particles started at pH below 4. Higher aggregation was observed after one week as shown by dashed lines (Reprinted from reference 19. Copyright 2016 The Royal Society of Chemistry) (b) LNPs remained stable at pH range 4 – 10. Aggregation occurred at close to the isoelectric point (pH 2.1) of LNPs. (Reprinted with permission from reference 28. Copyright 2018 American Chemical Society).
	Figure 5. Impact of salt concentration on LNP size. (Reprinted with permission from reference 19. Copyright 2016 The Royal Society of Chemistry).
	Figure 6. Impact of temperature on the LNP size. (Reprinted with permission from reference 23. Copyright 2016 American Chemical Society).

	Physical Methods for LNP Synthesis
	Homogenization
	Ultrasonication
	Biological Methods for LNP Synthesis
	Other Methods for LNP Synthesis
	Application of Lignin Nanoparticles
	LNPs as Low-Cost Reinforcement in Nanocomposites
	Figure 7. (a). Synthetic procedure to fabricate lignin nanoparticles and the lignin nanoparticles/PVA composite film. (b). Proposed mechanism for UV-shielding and antioxidant activity using lignin nanoparticles as the functional additive. (Reprinted with permission from reference 13. Copyright 2017 Springer Nature).

	LNPs as Antibacterial Agents
	Figure 8. Two mechanisms for the antibacterial behavior of LNPs. (Reprinted with permission from reference 57. Copyright 2018 American Chemical Society).

	LNPs as Drug and Gene Carrier
	Figure 9. Illustration of self-assembly process of alkaline lignin/resveratrol/Fe3O4 NPs and the response of the nanodrug carrier to a magnetic field. (Reprinted with permission reference 24. Copyright 2017 American Chemical Society).

	LNPs as the Stabilizers for Pickering Emulsion
	LNPs for Synthesis of Metallic Nanoparticles
	LNPs as Adsorbents to Remove Dyes
	Other Miscellaneous Applications of LNPs
	Summary and Perspectives
	Acknowledgments
	References

	Editors’ Biographies
	Chang Geun Yoo
	Arthur Ragauskas

	Indexes
	Author Index
	Subject Index
	B
	L
	R
	S
	T


