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Biodegradable polymers: from synthesis methods
to applications of lignin-graft-polyester

Sundol Kim @& and Hoyong Chung = *

The issue of non-degradable petroleum-based plastic waste is a global challenge that requires urgent
attention due to its harmful impact on humans and the environment. Biomass-based materials have gar-
nered significant attention to address this challenge in recent times. Lignin, with its abundance, low price,
and rich aromatic groups, is hot only essential biomass but also a crucial material that can be utilized to
produce biodegradable polymers. This review paper provides comprehensive knowledge of the synthesis
and applications related to lignin, polyester, and lignin—polyester copolymers with a specific focus on
organic polymer synthesis techniques and diverse applications. Beginning with lignin, the review explores
various extraction methods from raw biomass resources aimed at enhancing its compatibility with poly-
ester matrices. Next, we discuss lignin chemical modification methods that alter its chemical structure
and properties, ultimately enhancing its integration with polyesters. Subsequently, the synthesis of poly-
ester is examined, encompassing condensation polymerizations and ring-opening polymerizations. These
methods are evaluated for their scalability and capability in producing tailored polymer chains suitable for
copolymerization with lignin. The copolymerization strategies involving lignin and polyester are explored
in detail, including graft-onto and graft-from approaches. Each method is discussed for its ability to
control copolymer composition and properties, which are crucial for achieving desired material charac-
teristics. In terms of applications, the review highlights the wide-ranging utility of lignin—polyester copoly-
mers across industries such as packaging, construction, and separation. These polymers offer improved
biodegradability, thermal stability, and mechanical strength compared to conventional polyesters, making
them perfect candidates for novel sustainable materials. Overall, this review provides valuable insights into
the synthesis methods and applications of lignin, polyester, and lignin—polyester copolymers offering a
comprehensive overview of their potential for addressing environmental concerns and expanding the
scope of lignin-derived materials in various industrial applications.

of biodegradation and the y-axis means the origin of raw
material, whether it is biomass-based or petroleum-based.

Environmental pollution with nondegradable petroleum-based
plastic has become a serious global and national-scale
problem."” Discarded plastic contaminates all major ecosys-
tems on Earth, and concerns about its negative impact on
wildlife and human health are also increasing.’> Because of
this environmental issue, biomass-based or biodegradable
polymers have been reported to solve this environmental
problem as well as to decrease the dependence on fossil
feedstock.

It is crucial to remember that biomass-based does not
mean biodegradable.” Fig. 1 shows the material coordinate
system of bioplastic.>® The x-axis means the presence/absence
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Biobased polymers (Fig. 1 top) are a renewable biomass
resource leading to sustainable material production, reducing
catbon footprint and greenhouse gas emissions.®”
Biodegradable polymers (Fig. 1 right) are environmentally
friendly materials that decompose without leaving behind frag-
ments or harmful products.*

Biodegradability is related to a material’s chemical and
physical structure, not its raw material origin. Therefore,
chemical modifications or additives can affect biodegradabil-
ity, leading to concerns about the biodegradability of chemi-
cally modified natural materials. Thus, biomass-based
materials can be non-biodegradable such as bio polyethylene
(Bio-PE), bio polyethylene terephthalate (Bio-PET), bio tri-
methylene terephthalate (Bio-PTT), bio polypropylene (Bio-PP),
and bio polyamides (Bio-PA).® On the other hand, petroleum-
based polymers can be biodegradable polymers such as poly

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Material coordinate system of bioplastics.>® Bio-PE: bio polyethylene, Bio-PET: bio poly(ethylene terephthalate), Bio-PA: bio polyamides,
PLA: poly(lactic acid). PBS: poly(butylene succinate), PHA: poly(hydroxyalkanoates), PE: polyethylene, PP: polypropylene, PET: poly(ethylene tere-
phthalate), PBAT: poly(butylene adipate terephthalate), PCL: poly(caprolactone).

(caprolactone). As a result, the ultimate and desirable solution
to the overall plastic waste problem is biomass-based and bio-
degradable polymers (Fig. 1 top right).

Biodegradability refers to a material’s ability to be broken
down by microorganisms, such as bacteria and fungi, into
natural substances like water, carbon dioxide, and biomass.”*°
This process can occur in various environments, including
soil, water, and anaerobic conditions, with the rate of bio-
degradation varying significantly depending on factors such as
temperature, humidity, and oxygen availability. Materials that
decompose into non-toxic components within a specified
period under controlled conditions are especially considered
compostable, and the resulting compost can be used to
enhance soil health.”"°

However, not all biodegradable materials behave the same
way in natural environments. This means some plastics are
engineered to degrade only under specific conditions, such as
elevated temperatures or in the presence of particular microor-
ganisms, which may not be found in nature. For example, poly-
lactic acid (PLA)" is a widely used biodegradable plastic, com-
monly found in packaging and disposable tableware. While
PLA is compostable, it typically requires temperatures above
55-60 °C to decompose effectively.'"'> However, in natural
environments such as the ocean or soil, PLA may not decom-
pose as intended. Even when PLA eventually decomposes, it
often fragments into microplastics before it fully decomposes.

This journal is © The Royal Society of Chemistry 2024

These tiny plastic particles persist in the environment,
accumulating in water bodies and ingested by marine life,
which can pose a persistent environmental risk.

2. Lignin

Lignin is one of the biopolymers found in the cells of plant
species and some algae.” It is mainly in the secondary cell
wall, cell membrane, and middle lamella. Lignin is firmly
combined with cellulose and hemicellulose. It fills the space
between cellulose, hemicellulose, and pectin present in the
cell wall, especially in the xylem tracheids, vascular structure,
and sclereid cells. The primary role of lignin is to provide rigid-
ity to strengthen the structure of cell walls, especially in stems
and roots. It crosslinks polysaccharides to improve the
mechanical strength of the cell walls and harden the whole
plant.’®'® It also blocks pathogen growth and protects plants
by lignification of infections and wounds."®

In addition, lignin in the vasculature, a pathway for water
transport, enables the vascular tissues of plants to transport
water efficiently.’® The polysaccharide component of the plant
cell wall is hydrophilic and can enable water to permeate,
whereas lignin is hydrophobic and impermeable to water.
Therefore, hydrophobic lignin crosslinking with polysacchar-
ides prevents moisture from passing through the cell wall.

Green Chem., 2024, 26,10774-10803 | 10775
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2.1 Lignin extraction processes

Lignin is separated from lignocellulose and cellulose in the
plant during chemical pulping processes. The different
pulping processes result in various technical forms of lignin."”
The four main types of technical lignin are classified according
to sulfur or sulfur-free processes (Table 1). Sulfur processes
include kraft processes and sulfite pulping. The kraft process
breaks lignin down with a strong alkali solution, an aqueous
solution of sodium hydroxide and sodium sulfide. Kraft-pro-
duced lignin is highly hydrophobic and has a high sulfur
content at around 1 to 2 wt%."'® Because of its relatively narrow
dispersion, abundance, and low price, kraft lignin is com-
monly used in the development of lignin-based polymers.

The second process is sulfite pulping, which is the second
most popular process. The sulfite process reacts wood or
biomass with calcium or magnesium sulfite at 125-150 °C for
3-7 h, which then undergoes an acidic treatment instead of
treatment with an alkali solution in kraft pulping. The product
of sulfite pulping is lignosulfonate, which contains a consider-
able amount of sulfur (approximately 3.5-8 wt%) in the form
of sulfonate groups on the aliphatic side chains. Due to the
sulfonate polar group, lignosulfonate is soluble in water.>*>”

Sulfur-free processes include soda processes and solvent
pulping (organosolv). The soda process is the oldest pulping
method and is mainly used to treat non-wood materials. The

Table 1 Annual production quantities and prices of various types of lignin
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soda process is carried out under strongly basic conditions
(pH = 11-13) with NaOH solution at a high temperature
(150-170 °C). The difference from the kraft process is that it
does not use a sulfur additive, so it is more similar to natural
lignin than lignin from other processes. Therefore, it has more
economical applications.

Organosolv lignin extraction employs organic solvents to
extract lignin from biomass in the presence of acid or base cata-
lysts. Ethanol, methanol, acetic acid, and formic acid are pri-
marily used in this process and water is occasionally used
alongside the organic solvent, serving as a solvent but not
involved in extraction. During extraction, the a-aryl ether bonds
predominantly break, while the p-aryl ether bonds are cleaved
to a lesser extent. As a result of ether bond cleavage, new pheno-
lic groups are formed, producing highly phenolic organosolv
lignins. Despite their highly phenolic nature, organosolv lignins
are relatively hydrophobic, have a low molecular weight, and are
free of sulfur and impurities.”®*° Organosolv lignin is hydro-
phobic, sulfur-free, and has a low molecular weight of around
5 kg mol™'. On the other hand, it is recovered from the solvent
by precipitation, which usually requires the adjustment of
various parameters such as concentration, pH, and tempera-
ture. In this process, an organic solvent is used, which increases
the process cost and decreases the economic efficiency.®" Fig. 2
briefly describes each process and its major product.

Kraft lignin

Ligno sulfonate

Soda lignin Organosolv lignin

Annual production (kton per year)
Price ($ per Mton)

265 (ref. 158)
260-500 (ref. 160)

1315 (ref. 158)
180-500 (ref. 160)

75 (ref. 158)
200-300 (ref. 161)

113 (ref. 159)
280-520 (ref. 160)

| Lignin extraction process l

| Sulfur process l

l Sulfur-free process |

Kraft process I Sulfite pulping ' Soda pulping I Solvent pulping '
= - | - -
Temp.=170°C Temp.= 140°C Temp.=150-170 °C Temp.= 100 -200 °C
pH= 13 pH=1-2 pH=11-13 Acetic acid/
NaOH + Na,S HSO;" NaOH methanol/ethanol etc.

| | | |
' Kraft lignin l I Lignosulfonate ' | Soda lignin ' IOrganosoIv Iignin'

Fig. 2 Lignin extraction processes, process conditions, and their dominant products.?’
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2.2 Chemical structure of lignin

The chemical structure of lignin is a phenyl propane carbon
skeleton with three carbons attached to the benzene ring.
These have a three-dimensional network structure in which
benzene rings and side chains are combined with each other
(Fig. 3). The monomers that participate in the biosynthesis of
lignin are collectively called monolignol, and there are three
types: p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol. Each monolignol is involved in the formation of
p-hydroxyphenyl (H), guaiacyl, (G), syringyl (S), which are phe-
nylpropanoid forms (Fig. 4a). The three types of monolignols
are distributed in different combinations depending on the
type of plant.

In biosynthesis, the phenylpropanoid monomers undergo
an in situ radical coupling, making interunit linkages, such as
aryl ether (a-O-4' and p-O-4'), resinol (3-p'), phenyl coumaran
(B-5"), biphenyl (5-5'), and 1,2-diaryl propane (B-1) (Fig. 4b).*?
Among these interunit linkages, p-O-4' is the most abundant
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linkage, almost 50% of the total interunit linkage in lignin.
Also, the p-O-4' linkage is the most important chemical linkage
from the aspect of lignin depolymerization and fractionation.
While the other linkages (-5, -p', 5-5', p-1) are more resistant
to chemical degradation, -O-4’ is one of the most commonly
cleaved chemically, providing a basis for industrial processes
such as chemical pulping.'®*7* Although ethers are usually
relatively inert, they can be liable to cleavage because of the
presence of lone-pair electrons on oxygen, which is a source of
reactivity. The lone-pair electrons increase the polarity of the
-C(p)-O- bond and make the neighboring f-carbon atom sen-
sitive to nucleophilic attack. Additionally, the susceptibility of
the p-O-4 linkage to undergo a cleavage reaction is dependent
on whether the structure is phenolic or non-phenolic due to
their reactivity differences.**

Although the chemical structure of lignin cannot be
defined exactly in an easy way, it is already known that lignin
has various functional groups, including methoxy, phenolic
hydroxyl, aliphatic hydroxyl, and other carbonyl containing
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Fig. 3 Chemical structures of model lignin 20-mers: (a) gymnosperm/soft wood lignin, (b) angiosperm/dicot/hardwood lignin, and (c) monocot
lignin. It is a model structure of lignin since the exact structure of lignin is not known. H: p-hydroxyphenyl unit, G: guaiacyl unit, S: syringyl unit, FA:
ferulate, pCA: p-coumarate, pBA: p-hydroxylbenzoate, T: tricin, gray: oxygen or hydroxy groups that derive from water during quinone methide rear-
omatization, and the bonds to them. Reproduced from ref. 9 with permission from Elsevier Ltd., copyright 2019.
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groups. Various commercial lignins and their hydroxyl group
contents are summarized in Table 2. These functional groups
provide reactive sites for the modification of lignin.

2.3 Modification of lignin

One of the most efficient modification methods of lignin is
graft copolymerization. Graft copolymerization can functiona-
lize lignin by integrating monomer or polymer chains to
improve its properties. Especially, graft copolymerization can
produce lignin-based polymers that possess precisely control-
lable architectures and specialized functional groups. A graft

Table 2 Lignin sources and their hydroxyl group contents

View Article Online

Green Chemistry

a-0-4’

(a) The precursors of lignin (H, G, S from p-coumaryl, coniferyl and synapyl respectively), (b) common linkages between phenyl propane

copolymer generally consists of a backbone polymer as the
main chain and one or more branch polymers connected to
the backbone via covalent bonds.*” The properties of the copo-
lymers produced are controlled by the functional groups on
the grafted polymers, length of the graft, and graft density.
There are three primary grafting methods: graft-from, graft-
onto, and graft-through.

The “graft-from” method is a method in which a monomer
reacts at an active site on a backbone polymer to grow a
grafted polymer (Fig. 5a). In this method, lignin generally acts
as a backbone polymer to provide hydroxyl groups as initiation

Lignin description Vendor Hydroxyl group content (mmol g™*) Reference

Kraft lignin Jilin Paper Co., Ltd Phenolic: 2.73 Lin et al.”®

Kraft lignin, alkali Sigma Aldrich Phenolic: 3.0 Liu et al.*°
Aliphatic: 4.41

Alkali lignin Sigma Aldrich 11.24 Yu et al.*!

Hardwood lignin Sigma Aldrich Phenolic: 3.2 Kim and Kadla*
Aliphatic: 2.9

Softwood lignin TCI 4.48 Liu and Chung?

Softwood Kraft lignin Mead Westvaco Phenolic: 3.8 Argyropoulos et al.**

Organosolv lignin Lignin Corporation

(a) Graft-from method
\
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Fig. 5
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Aliphatic: 2.4
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(b) Graft-onto method
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(a) Graft-from and (b) graft-onto methods for the synthesis of graft copolymers.
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sites. The other way is to modify the hydroxyl group of lignin
to make a macroinitiator with functionalized initiation sites.
The grafted polymer grows at the beginning of lignin by
various polymerization methods, including ATRP (atom trans-
fer radical polymerization), RAFT (reversible addition-frag-
mentation chain transfer polymerization), ring-opening
polymerization, and free radical polymerization. As a result,
the graft density of the copolymer synthesized by the graft-
from method is generally higher than those from graft-onto
method.

“Graft-onto” means that polymer chains, which are separ-
ately synthesized, covalently link to the surfaces of backbone
polymer, lignin (Fig. 5b). The “graft-onto” method requires an
efficient covalent bond formation reaction between the lignin
backbone and the end groups of the graft polymer. “Graft-
onto” can incorporate a variety of integrated reactions and
polymers with convenient reaction conditions as well as a
wider range of solvent selection and purification methods.>®
Click chemistry is the most commonly used synthesis method
for grafting polymers onto lignin due to its high efficiency and
ease of experimentation. Other reactivity including photoredox
catalyzed thiol-ene reactions, base-catalyzed ring-opening reac-
tions of epoxide, in situ free radical reactions, substitution,
condensation, boronate ester formation, and crosslinking were
successful methods for the preparation of lignin graft
copolymers.®”

In the “graft-through” method, ordinary monomers are
polymerized in the presence of macromonomers so that the
main chain is “sewn” through the ends of the side chains
during the copolymerization process.’® Due to the lack of a
well-defined chemical structure and the irregular three-dimen-
sional network structure of lignin, the number of studies on
lignin-based copolymers prepared by this method are limited.

To summarize, lignin is a complex aromatic polymer with
unique structural and chemical properties, making it a prom-
ising candidate for various applications, including as a feed-
stock for producing bio-based materials. Among these poten-
tial applications, graft copolymerization with aliphatic poly-
esters has garnered significant attention. Aliphatic polyesters,
known for their biodegradability and flexibility, offer comp-
lementary properties that can be enhanced when combined
with lignin. The copolymerization between lignin and aliphatic
polyesters not only provides an opportunity to develop novel
composite materials with improved mechanical and thermal

e

ok
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properties but also contributes to the advancement of sustain-
able materials science. This transition from the aromatic, rigid
nature of lignin to the aliphatic, flexible characteristics of poly-
esters sets the stage for exploring the potential benefits and
challenges of their integration, which are discussed in the fol-
lowing section.

3. Aliphatic polyester

Because of environmental concerns and increased interest in
biomedical applications, aliphatic polyesters have been put in
the spotlight as an alternative biodegradable polymer material
in recent decades. All polyesters are theoretically considered
biodegradable because their main production reaction, esteri-
fication, is chemically reversible by hydrolase action and
hydrolysis.>® Although aliphatic polyesters are easy to biode-
grade, they have low mechanical properties due to their linear
chain structure compared to aromatic polyesters. Fig. 6 shows
the chemical structures of a few representative biodegradable
polymers (aliphatic polyesters). The polyester can be syn-
thesized by a polycondensation reaction between (1) mono-
mers containing a dihydroxyl group (diol) and monomers con-
taining a dicarboxylic acid group,*® (2) a diol and an anhy-
dride,*" (3) a diol and an acid chloride,*” (4) a diol and a
nitrile,** (5) a diol and carbon suboxide,** (6) a diol and an
ester (transesterification),”” and (7) a difunctional monomer
with a hydroxyl group and a carboxylic acid,*® and ring
opening polymerization. The synthesized aliphatic polyesters
showed good potential for applications in multiple fields
including drug delivery systems,*” packaging,’® medical
implants,*® and films.*°

3.1 Poly(lactic acid) (PLA)

One of the most studied aliphatic polyesters is poly(lactic acid)
(PLA). PLA can be synthesized by polycondensation of lactic
acid or ring opening polymerization of lactide. Lactic acid and
lactide, which are monomers of PLA, are chiral molecules with
two forms, r-form (r-lactic acid and r-lactide) and p-form
(p-lactic acid and p-lactide). The tacticity of a polymer is deter-
mined by which isomers of monomers are bound. The homo-
polymers of the L-form (PLLA) and p-form (PDLA) are isotactic
polymers and the copolymer of the L-form and p-form (PDLLA)
is an atactic polymer (Scheme 1). The crystallinity, mechanical

N

Poly(lactic acid) (PLA) Poly(caprolactone) (PCL) Poly(glycolic acid) (PGA)

.y
ot Yt off

It
HO o,';'

Poly(hydroxy alkanoates) (PHA) Poly(hydroxybutyrate) (PHB)

Fig. 6 Chemical structures of a few representative biodegradable polymers, aliphatic polyesters.
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Scheme 1 Synthesis of (a) poly(L-lactic acid) (PLLA), (b) poly(p-lactic acid) (PDLA), (c) poly(pL-lactic acid) (PDLLA).

properties, and biodegradability rate of polymers determine
the tacticity. Isotactic polymers (PLLA and PDLA) are semi-crys-
talline polymers with relatively high mechanical strength and
low degradation rates, whereas an atactic polymer (PDLLA)
results in amorphous and low mechanical properties and high
degradation rates. Because of these properties, PLLA and PDLA
were used in orthopedic and fixation devices.*”> On the other
hand, PDLLA is used in biomedicine for tissue engineering™°
and drug delivery devices.”"

3.2 Poly(glycolic acid) (PGA)

Poly(glycolic acid) (PGA) is another aliphatic polyester that can
be synthesized by polycondensation and ring opening
polymerization (Scheme 2a). Glycolic acid and glycolide,
monomers of PGA, are simpler than lactic acid and lactide and
have no chirality, thus its polymer, PGA, has no tacticity. It
results in high crystallinity (45-55%) with a high melting
temperature (Tp,, 220-225 °C).>> Also, PGA has a faster degra-
dation rate and better mechanical properties than PLA.>?
Based on these properties, glycolic acid is used to synthesize a

(a)
o Polycondensation

H ’O\)J\OH

Glycolic acid Poly(glycolic acid) (PGA)
( b) 2 o Polycondensatlon
HO OH + HO\/U\
OH
Lactic acid glycolic acid

{°\)?\}9H

copolymer, poly(lactic acid-co-glycolic acid) (PLGA), with lactic
acid by polycondensation (Scheme 2b). The properties of PLGA
are controlled by the molar ratio between lactic acid and glyco-
lic acid. Due to its biodegradable nature, excellent biocompat-
ibility, low toxicity, high miscibility with other polymers, and
the ability to form films and capsules, PLGA finds extensive
use in drug delivery systems.”*

3.3 Poly(caprolactone) (PCL)

Recently, aliphatic polyesters obtained from macro lactones
have been investigated for their more favorable ductility and
strength properties over poly(lactic acid), which are intrinsi-
cally brittle.”>® One of them is poly(caprolactone) (PCL). It is
not only an FDA approved material but also a traditional
material for applications in biomedicine®” and food packa-
ging.*® PCL was first synthesized by the Carothers group in the
early 1930s.>° PCL is mainly synthesized by ring-opening
polymerization of e-caprolactone (Scheme 3). The homopoly-
mer of PCL requires up to four years for complete degra-
dation.®® Because of the biodegradability and biocompatibility

Ring opening
polymerization

i}

PjL}pH

Poly(glycolic acid) (PGA)

?)k /\IT].OH

Poly(lactic acid-co-glycolic acid) (PLGA)

Glycolide

Scheme 2  Synthesis of (a) poly(glycolic acid)(PGA) and (b) poly(lactic acid-co-glycolic acid) (PLGA).
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Scheme 3 Synthesis of poly(caprolactone) (PCL).

of PCL, PCL is employed in various applications, including
drug delivery, dentistry, tissue engineering, and several
medical devices. Many drug delivery devices made from PCL
have been approved by the FDA. Also, diverse medical devices
are assembled with PCL copolymers. PCL has good solubility
in organic solvents and a low Ty, of 60 °C.>° These features
enable convenient copolymerization with other synthetic poly-
mers. For example, poly(caprolactone)-block-poly(glycolic acid)
is commercialized as a monofilament suture,®! and tissue-rein-
forcing patches composed of poly(caprolactone)-based poly-
urethane have been developed.®

3.4 Poly(ethylene brassylate) (PEB)

An example of an aliphatic polyester obtained from a macro
lactone is PEB, a relatively unexplored polymer compared to
PCL. Research on PEB began in 2014, and as of August 2024,
fewer than 100 references to it are found on Web of Science.
The most common method used to obtain PEB is the ring-
opening polymerization of ethylene brassylate. The first
method reported by Kobayashi et al in 1999 used lipase
enzymes as a catalyst.”> However, this method yielded low
molecular weight polymers. In 2014, Pascual et al. reported
organic base-catalyzed PEB polymerization.®* The superbase
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) showed the highest
polymerization efficiency, the fastest reaction rate, the highest
molecular weight, and the narrowest PDI value among all com-
pared conditions. The same research group showed pioneering
works in their study of PEB, including utilizing TBD as both
the initiator and catalyst of the ring opening polymerization of
ethylene brassylate (Scheme 4).%*7°¢

PEB has high potential for being a commercially useful,
sustainable raw material for polymers. This is because the
monomer, ethylene brassylate, is derived from non-human
food vegetable oil (castor oil), which is cheap and highly abun-
dant. Ethylene brassylate is a commercially available 17-mem-
bered ring lactone and is much cheaper than lactide and other
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macro lactones, such as e-caprolactone. A large production
infrastructure of ethylene brassylate has already been estab-
lished in the fragrance industry.®” Briefly, ethylene brassylate
can be easily obtained from tridecanoic acid synthesized from
10-undecanoic acid,’® which is an unsaturated fatty acid
extracted from castor plants.

The thermal properties of PEB are similar to those of poly-
caprolactone, but PEB exhibits a slightly higher T}, of 68.1 °C
(M,, = 18 kDa, DP = 66) to 73.3 °C (M, = 137 kDa, DP = 508)%
compared to PCL, which has a Ty, of 56.0 °C (M,, = 10 kDa,
DP = 87) to 62.7 °C (M, = 80 kDa, DP = 701).3* The glass
transition temperature (Ty) follows the same trend, with a T, of
—30 °C for PEB and a T, of —60 °C for polycaprolactone.*>™’
The renewable and biobased natures of PEB are desirable
features (Table 3). However, its mechanical properties need to
be improved for advanced applications. Enhanced mechanical
properties, such as the tensile strength and modulus, will
enable it to replace commercial polyolefins.

3.5 Poly(hydroxy alkanoate) (PHA)

PHAs are a family of biological polyesters that contain hydroxy
alkanoate monomer units.*®%° PHA can usually be obtained
from bacteria and archaea® and synthesized with a polymeriz-
ing enzyme. During biosynthesis, all monomer units are in the
R configuration due to the enzyme’s stereospecificity, which pro-
vides the optical activity of the synthesized polymer.*® Examples
of PHA families are poly(4-hydroxybutyrate) (P4HB), poly(3-
hydroxybutyrate) (P3HB), poly(3-hydroxyoctanoate) (PHO), poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and poly(3-
hydroxybutyrate-co-3-hydroxyoctanoate) (PHBHHX).”

The biosynthetic pathways for the majority of PHA mono-
mers are derived from various carbon sources such as glucose
and fatty acids, which are primarily related to essential carbon
metabolic pathways, including glycolysis, f-oxidation, and the
synthesis of new fatty acids (Fig. 7). Moreover, structurally
similar carbon sources such as y-butyrolactone (GBL)/4HB of
1,4-butanediol (BDO), 3-hydroxyvalerate (3HV) of propionate,
and 3-hydroxypropionate (3HP) of 1,3-propiondiol (PDO) can
serve as precursors. Additionally, medium and long-chain
lengths of other fatty acids, like 3-hydroxyalkanoate (3HA),
have a significant impact on the material’s properties
(Table 4).3%°1°* Consequently, by supplying tailored feedstocks
(Fig. 7), various PHA homopolymers and copolymers can be
obtained with engineered microorganisms.”?
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Scheme 4 Synthesis of poly(ethylene brassylate) (PEB) via ring-opening polymerization.
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Table 3 Synthesis of PHA from various microorganisms
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No. Polymer Microbial strain Source Reference
1 PHA Recombinant E. coli Cheese whey Pais et al. (2014)*°
2 Halomonas hydrothermalis Seaweed-derived crude levulinic acid, Bera et al. (2015)”°

3 T. thermophilus HB8

4 P3HB Recombinant E. coli BL21

5 Cupriavidus necator DSM 545
6 Ralstonia eutropha

7 Cupriavidus necator NSDG-GG
8

Marine Bacillus megaterium UMTKB-1 strain

9 Endophytic Bacillus cereus RCL 02

10 Paracoccus denitrificans DSMZ 413

11 Acinetobacter junii BP 25

12 P4HB Recombinant Escherichia coli, like JM109

13 PHO Recombinant Cupriavidus necator strains

14 Pseudomonas putida and Bacillus subtilis, at a rate of 3: 1

3.6 Degradation of aliphatic polyester via hydrolysis

The degradation of polyesters occurs through hydrolysis in the
presence of acid or base catalysts.”* Under acidic conditions,
the degradation of polyesters begins with protonation of the
carbonyl oxygen of the ester group by a hydronium ion, which
makes the carbonyl carbon more electrophilic due to the posi-
tive charge. The next step is that water molecules attack the
carbonyl carbon, which generates a tetrahedral intermediate.
The tetrahedral intermediate can decompose into a carboxylic
acid and a hydroxyl group, or back the polyester structure
(Scheme 5).*

Under basic conditions, degradation begins with attack of
the hydroxide anion on the carbonyl carbon of the ester group,
generating a tetrahedral intermediate. The tetrahedral inter-
mediate can decompose into a carboxylic acid and a hydroxyl
group. The preference of the tetrahedral intermediate toward
hydrolysis or ester regeneration is determined by the leaving
ability of the hydroxyl group and stabilizing a negative charge
(Scheme 6).°*°> The enzyme-mediated biodegradation of ali-
phatic polyesters is described elsewhere with detailed
information.?®™ %

4. Lignin-graft-polyester

In this section, we discuss lignin-based copolymers that have
covalent linkages between lignin and its counterpart polymers.
Especially, we focus on lignin-graft-polyester, not derivatives or
depolymerized lignin-based polymer. Lignin-graft-polyester
exhibits several characteristics that make it particularly suit-
able for green chemistry.

Firstly, as discussed in section 2, lignin is a natural polymer
extracted from wood and other plants, constituting a signifi-
cant component of biomass. Utilizing lignin leverages renew-
able resources, reduces reliance on fossil fuel-based materials,
and contributes to a lower environmental impact.

Secondly, the direct use of lignin for polymer synthesis
circumvents the environmentally harmful depolymerization

10782 | Green Chem., 2024, 26,10774-10803

containing formic acid, residual sugars,
and dissolved minerals

Lactose from whey-based media Pantazaki et al. (2009)”*

Glucose Lin et al. (2017)"
Glucose, acetic acid Marudkla et al. (2018)"3
Sucrose Park et al. (2015)”*
Glucose, urea Biglari et al. (2018)”°
Glycerol Yatim et al. (2017)”°
Valeric acid Das et al. (2018)”’
Glycerol Kalaiyezhini et al. (2015)"®

Parboiled rice mill effluent
Propionic acid, glycerol
Canola oil

Sodium octanoate

Sabapathy et al. (2018)”°
Malacara et al. (2015)%°
Valdés et al. (2018)*
Eremia et al. (2016)°

processes of lignin, thereby conserving energy and minimiz-
ing pollutant emissions. Depolymerizing lignin into smaller
molecules often requires substantial energy and can produce
various environmental pollutants. For instance, the chemical
or thermal treatments used to break down lignin into mono-
mers and other fine chemicals involve significant amounts
of organic solvents and energy, which can have detrimental
environmental effects. The organic solvents typically used in
lignin depolymerization do not align with the principles of
green chemistry. These solvents are often toxic or highly
volatile, posing risks to both the environment and human
health. Therefore, the lignin-graft-polyester research dis-
cussed supports the principles of a circular economy,
decreasing the environmental burden associated with waste
management.

Thirdly, lignin-graft-polyester can retain the functional pro-
perties of polymers and the biodegradability of natural
materials. This ensures that end-of-life lignin-graft-polyesters
can decompose naturally in the environment, minimizing
their ecological footprint compared to non-degradable conven-
tional petroleum-based polymers. In addition, recent studies
have proved that lignin-graft-polyesters are excellent materials
that address the shortcomings of previously developed ali-
phatic polyesters and provide additional functions based on
the high aromaticity of lignin.

In summary, lignin-graft-polyesters are well-suited for green
chemistry due to the renewable nature of lignin, the avoidance
of energy-intensive and polluting depolymerization processes,
the minimization of harmful organic solvents,
reduction, and inherent functionality and biodegradability of
the resulting materials. These advantages position lignin-poly-
ester copolymers as promising candidates for sustainable
materials.

The representative grafted polymers on lignin are PLA
and PCL. The lignin-graft-polyesters provide cost-efficiency,
high mechanical properties, adhesion properties, flame
retardancy, antioxidant properties, and antimicrobial
properties.'*

waste
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Fig. 7 Metabolic pathways and monomer structures of different microbially synthesized PHAs. Reproduced from ref. 93 with permission from
Frontiers Media S.A., copyright 2022.

Table 4 Physical properties of polyesters

Melting point Glass transition

Polymer [§9)] temperature (°C) Crystallinity Mechanical strength

Poly(lactic acid) (PLA) 170-180 (ref. 84) 60-65 (ref. 84) Semi-crystalline (PLLA and PDLA), High strength in isotactic forms (PLLA/PDLA),
amorphous (PDLLA) low in atactic (PDLLA)

Poly(glycolic acid) (PGA) 220-225 (ref. 52) 35-40 (ref. 52) High (45-55%) Higher mechanical strength and faster

degradation compared to PLA

Poly(caprolactone) (PCL) 56-63 (ref. 84) —60 (ref. 84) Semi-crystalline Good ductility and strength

Poly(ethylene brassylate) (PEB) 68-73 (ref. 83) —30 (ref. 83) Semi-crystalline Needs to be improved for advanced applications

Poly(hydroxy alkanoate) (PHA) Variable Variable Variable Variable

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26,10774-10803 | 10783
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Scheme 6 Hydrolysis mechanism of poly(lactic acid) under basic conditions.

4.1 Lignin-graft-poly(lactic acid) (lignin-graft-PLA)

Lignin-graft-PLA can be synthesized by both “graft-from” and
“graft-onto” methods. The graft-from methods for the syn-
thesis of a lignin-graft-PLA copolymer are reported in the litera-
ture several times."**™%>

In 2013, Chung et al. reported the synthesis of lignin-graft-
PLA through ring-opening polymerization in the presence of a
TBD catalyst by initiating the hydroxyl group of lignin. The
authors found that the grafting efficiency in lignin-graft-PLA
synthesis from aliphatic hydroxyl groups was higher than for
phenolic hydroxyl groups (Scheme 7a)."®* Also, Liu et al. and

lignin
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Scheme 7

(a) Synthesis of lignin-graft-PLA with TBD as a catalyst through a graft-from method. (b) Synthesis of lignin-graft-PLA with DMAP as a

catalyst through a graft-from method. (c) Synthesis of dodecylated lignin-graft-PLA. Terminal p-O-4 softwood lignin unit is used for simplicity.
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Dai et al. introduced a synthesis method using 4-dimethyl pyri-
dine (DMAP) as a catalyst (Scheme 7b)."**"%*

In 2016, Ren et al. presented dodecylated lignin-graft-PLA to
grow the high molecular weight of PLA (Scheme 7c).'%?
Acetylation and butylation of lignin have been applied to
reduce the number of hydroxyl groups. Reactions usually occur
at the aliphatic hydroxyl groups, which are the preferred posi-
tion for growing PLA. The authors reported a method for selec-
tive dodecylation to the phenolic hydroxyl group without inter-
fering with the growth of PLA.

Lignin-graft-PLA synthesized by a graft-onto method was
reported by Chile et al. in 2018."°° PLA was separately syn-
thesized by ring opening polymerization in the presence of
[(NNO)InCl], (p-Cl)(p-OEt), and the end group of PLA was
modified as the chloride derivative. The modified PLA-CI was
grafted onto lignin with K,CO; in DMF. When comparing the
ratio of lignin to PLA in the produced polymer, the graft-onto
method showed a higher lignin portion than the graft-from
method for lignin-graft-PLA (Scheme 8).

Recently, grafting methods, including graft-from and graft-
onto, via reactive extrusion were reported.'®”'%° Reactive extru-
sion is a process that combines chemical reactions with extru-
sion, typically used in polymer processing. In this technique,
the chemical reaction occurs within the extruder, allowing for
the continuous formation and shaping of polymers or compo-
sites. This process is particularly useful for polymer modifi-
cations such as crosslinking, grafting, or blending, as it offers
advantages like controlled reaction conditions, efficient
mixing, and reduced processing time. The key benefits of reac-
tive extrusion include the ability to conduct reactions under
high shear and temperature, precise control over the reaction
environment, and the potential for industrial-scale
production.

In 2023, Makri et al. synthesized lignin-graft-PLA through
reactive extrusion, employing both graft-from and graft-onto
methods.'®® For the graft-from approach, the appropriate
amount of lignin was premixed with r-lactide and a catalyst
system consisting of triphenyl phosphine (TPP) and Sn
(Oct),. This mixture was then fed into a rheometer

IO O [(NNO)InCI], (u-Cl)(u-OEt)
o o:/[ DCM, RT, 16 h
lignin
(o) ;
(o]

HO. OMe
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(Brabender® Plasti-Corder® Lab-Station torque rheometer)
set at 180 °C with a screw speed of 50 rpm, under a nitrogen
atmosphere. The reaction was carried out for approximately
20 min. For the graft-onto method, PLA and lignin were pre-
mixed and fed into the same rheometer using a pneumatic
ram, mixed at 180 °C with a screw speed of 50 rpm for
5 min. In this step, the catalyst is not required to form a
graft copolymer.

The main application of lignin-graft-PLA is as an additive
for a commercial polymer matrix to improve its optical and
mechanical properties.'>'%1%%11% 1n 2013, Chung et al
reported on a PLA/lignin-graft-PLA composite.'®> The syn-
thesized lignin-graft-PLA showed good dispersity, whereas
unmodified lignin formed phase separated particles in the
PLA matrix (Fig. 8a—e).

The PLA/lignin-graft-PLA composite with 1% lignin blocked
the entire UV-C (100-280 nm) and UV-B (280-315 nm) regions,
and it blocked 40-85% of UV-A (315-400 nm) depending on

(a) (b)

(d)

. T T T T 1
200 300 400

500
Wavelength (nm)

Fig. 8 Images of PLA-lignin composite samples suggest increased dis-
persion of lignin in composites made from lignin-g-PLA copolymer
compared to those made with unmodified lignin: (a) PLA, (b) PLA with
1 wt% of lignin, (c) PLA with 5 wt% of lignin, (d) PLA with 1 wt% of lignin
and 10 wt% of lignin-g-PLA copolymers, (e) PLA with 5 wt% of lignin and
12.5 wt% of lignin-g-PLA copolymer. (f) UV-vis spectra of PLA, PET, and
PLA-lignin composites with unmodified lignin (PLA1L) and lignin-g-PLA
copolymers (PLA1C). The amounts of lignin in the PLA films with unmo-
dified lignin (PLA1L) and with lignin-g-PLA copolymers (PLA1C) are 1%
and 0.9%, respectively. Reproduced from ref. 102 with permission from
American Chemical Society, copyright 2013.
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Scheme 8 Synthesis of PLA and graft copolymerization of PLA onto lignin. Terminal $-O-4 softwood lignin unit is used for simplicity.
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the wavelength. However, the PLA matrix without the lignin
component blocked only 25% of UV light above 250 nm
(Fig. 8f). Also, PLA/lignin-graft-PLA composite with 1% lignin
showed an increase in the tensile strength (+16%) and strain
(+9%) compared to PLA (Fig. 9).

Zong et al. introduced PLA foam with lignin-graft-PLA in
2020."*" First, they blended PLA and lignin-graft-PLA to
make PLA/lignin-graft-PLA composite sheets. The sheets
were placed in a high-pressure vessel and 15 MPa of CO, was
applied to manufacture PLA/lignin-graft-PLA composite
foam. The rheological, mechanical, and thermal properties
of the prepared foam are investigated. The storage modulus
of the PLA/lignin-graft-PLA samples decrease as the lignin-
graft-PLA content increases. This behavior is attributed to
the plasticization effect of lignin-graft-PLA on PLA. It
increases the polymer chain spacing (free volume) of PLA
and reduces entanglement between molecular chains
(Fig. 10a).

The T, and cold crystallization temperature of the PLA/
lignin-graft-PLA samples decrease with the addition of lignin-
graft-PLA. In addition, the crystallinity was increased to
7.1-12.4% compared to neat PLA. This is due to the good com-
patibility between lignin-graft-PLA and the PLA matrix, which
prevents the uneven distribution of lignin-graft-PLA and
ensures superior nucleation of lignin-graft-PLA. As a result, the
diffusion of chain segments and the speed of chain arrange-
ment improved the crystallization rate of PLA/lignin-g-PLA
(Fig. 10Db).

The size distribution of pores in foam samples was con-
firmed by SEM images of PLA/lignin-graft-PLA foams (Fig. 11a-
e). The composite form of PLA with 3% of lignin-graft-PLA
showed a smaller average cavity cell size (30.6% smaller),
higher cell density (two orders of magnitude higher), and a
higher expansion ratio (about 150% higher) than pure PLA
foams. This is attributed to the formation of a relatively
smaller size and larger number of spherocrystals of PLA,
resulting from the heterogeneous nucleation of lignin-graft-
PLA.

Liu et al. investigated the influence of PLA tacticity on
the thermal and mechanical properties (Fig. 12).""* Lignin-
graft-PDLA, lignin-graft-PLLA, and lignin-PDLLA were
prepared by ring opening polymerization of ti-lactide,
p-lactide, and r-lactide/p-lactide mixture, respectively and
these were used for making a blend film with PLLA. The
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Fig. 10 (a) Storage modulus of PLA with different LG-g-PLA contents
and (b) DSC curves of the PLA/LG-g-PLA and PLA samples. Reproduced
from ref. 111 with permission from John Wiley and Sons, copyright
2020.

crystallization behavior and thermal stability of lignin-
graft-PLAs  were  investigated. = PLLA/lignin-graft-PDLA
showed the fastest crystallization half-time, the highest
crystallinity, and the highest T,. Also, PLLA/lignin-graft-
PDLA was the most stable at high temperature. On the
other hand, PLLA/lignin-graft-PLLA showed the slowest
crystallization half-time, the lowest crystallinity, the lowest
Ty, and the lowest thermal stability (Fig. 13). The reason is
that PDLA and PLLA form a triclinic racemic structure,
known as a stereocomplex. Within the stereocomplex, left-
and right-handed molecules pack side by side via van der
Waals interactions, increasing the likelihood of forming
zip-lock hooks. This zip-lock hook structure influences the
crystallization behavior of PLLA.™*?

4.2 Lignin-graft-poly(caprolactone) (lignin-graft-PCL)
For lignin-graft-PCL, the most common synthesis method is
graft-from copolymerization.""*™* In 2013, Laurichesse et al.
reported the synthesis of lignin-graft-PCL by ring opening
polymerization in the presence of stannous octanoate (SnOct,)
catalyst and hydroxyl initiation sites on lignin."*” The crystalli-
nity of lignin-graft-PCL increased with a higher molar ratio of
caprolactone. Lauricheese et al. employed dry toluene solvent,
while Wang et al. and Park et al. utilized graft-from methods
for lignin-graft-PCL, which was synthesized under solvent-free
conditions using the same catalyst, SnOct, (Scheme 9)."*%'*°
Another catalyst, ZnCl,, was used by Abdollahi et al. to prepare
lignin-graft-PCL."*®

The polymerization of e-CL with Sn(Oct),/lignin is proposed
to occur through a coordination mechanism, as depicted in
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Fig. 9

Mechanical properties of PLA-lignin composites. The lignin contents in PLALL/PLAL1C and PLA5SL/PLA5SC are 0.9-1.0 and 4.4-4.8 wt%,

respectively. Reproduced from ref. 102 with permission from American Chemical Society, copyright 2013.

10786 | Green Chem., 2024, 26,10774-10803

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc03558e

Open Access Article. Published on 18 September 2024. Downloaded on 7/19/2025 6:18:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

View Article Online

Tutorial Review

g
—_
Q
~

<

D=66.81 pm D=26.77 pm

i
—_
(@)
~

<

S 28 &

Relative Frequency
8

Relative Frequency
Relative Frequency

H
8

g
H
8

W % @ 1 0w
Diameter (um)

00 110 o 0 2 % o« % ® D
Diameter (um)

Fig. 11

Diameter (um)

D=20.46 pm D=29.84 um | @ D=36.18 pm

&

2 8 &
Relative Frequency

Relative Frequency
H

8

8

W % & o % » o 4 % & o m  ® w0 %0 e 7
Diameter (um) Diameter (um)

(a)-(e) SEM images of cell morphology; (a)’'-(e) corresponding cell size distributions of the PLA and PLA/lignin-graft-PLA foams: (a) and (a)’

neat PLA, (b) and (b) 1 wt% lignin-graft-PLA, (c) and (c)’ 3 wt% lignin-graft-PLA, (d) and (d)' 5 wt% lignin-graft-PLA, and (e) and (e)' 7 wt% lignin-graft-
PLA. Reproduced from ref. 111 with permission from John Wiley and Sons, copyright 2020.

0_0

II DMAP
O,

P 80°C

D-lactide LG-g-PDLA
ol & PHoy 77" _DMAP -
H H + e
H H ANorsg, 0C
HO Ho OH
D,L-lactide LG-g-PDLLA
Lignin
/—L
0\:\,{«0?/ DMAP
T Ak
o o 80°C
L-lactide LG-g-PLLA

Fig. 12
mission from Elsevier, copyright 2017.

3.0

a

(@) .

B 20

- 15
- = 105
° < 2 3
2 7 vii| 8 N oS g
u 2 O p LU S
z N 3
5 -20 \ 05
. B N :
== 2 . s \\ 0.2
’ \V//. s

— . -60 vii Y/ / -1

-— ix X 20

o7 80 viii X / .

ix N 25

100
3.0
20 40 60 80 100 120 140 160 180 200 220 240 270 300 330 360 390 420

Temperature (°C) Temperature (°C)

Fig. 13 (a) DSC heating curves related to the second heating scan, (b)
TGA and DTG curves of PLLA and PLLA complex films. v: PLLA, vi: PLLA/
3% lignin, vii: PLLA/3% lignin-g-PDLA, viii: PLLA/3% lignin-g-PDLLA, ix:
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Scheme 10."%°7*** Initially, Sn(u) alkoxide is generated through
exchange reactions between Sn(Oct), and the hydroxyl group
of lignin. Once the authentic initiator is formed, initiation
commences with the coordination of the carbonyl oxygen of e-

This journal is © The Royal Society of Chemistry 2024

PLLA

Illustration of the synthesis of LG-g-PDLA (-PDLLA, -PLLA) and structures of the stereocomplex films. Reproduced from ref. 112 with per-

CL with tin. Subsequently, the nucleophilic oxygen in Sn-O-
lignin attacks the carbonyl carbon of e-CL, leading to cleavage
of the acyl-oxygen bond in the e-CL ring. This process results
in the creation of the propagating species (-SnO-), and the
propagation step advances by inserting e-CL into the reactive
Sn-O bond found in these active species.

In 2012, Korich et al. reported a graft-onto method to prepare
lignin-graft-PCL.>* In the first step, Bpin-PCL-OH was synthesized
by ring opening polymerization using a pinacol boronate ester
(Bpin)-containing initiator. Then, the hydroxyl end group of
Bpin-PCL-OH was functionalized as an acylate end group and
Bpin was deprotected as B(OH), on ion exchange resin. As-pre-
pared B(OH),-PCL-OAc was reacted with the hydroxyl groups of
lignin to form aryl boronate ester bonds (Scheme 11).

Another graft-onto method for lignin-graft-PCL, using click
chemistry, was studied by Han et al.'®® In this work, lignin
molecules are linked by PCL to form lignin-graft-PCL
(Scheme 12). Lignin served as the initiator for the graft-from
polymerization of PCL, followed by the synthesis of lignin-
graft-PCL. Then, the hydroxyl terminus of PCL was functiona-
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lized as an alkyne group. Simultaneously, the hydroxyl group
of the other natural lignin was reacted with bromobutyryl
chloride by esterification and the bromo terminus was modi-
fied to become an azide terminus. The lignin-azide and lignin-
graft-PCL-alkyne were linked by click chemistry (Scheme 12).

In 2019, Liu et al reported crosslinked lignin-graft-PCL,
which was synthesized by a graft-onto method through a Ru-
catalyzed photoredox thiol-ene reaction.’® Lignin was modi-
fied to have an alkene terminus by esterification and PCL was
prepared with pentaerythritol, a tetraol, as an initiator. The
four hydroxyl terminal groups of four-armed PCL were modi-
fied to possess thiol terminal groups. The four-armed PCL-SH
was reacted with lignin-alkene to make PCL-S-C-C-lignin via a
photoredox thiol-ene reaction in the presence of Ru(bpy)s;Cl,
catalyst and p-toluidine under blue light (Scheme 13).

Common applications of lignin-graft-PCL include as an
additive in the PCL matrix,'"® as a replacement for PCL,"° as
an antioxidant for biomedical applications,"'® as a nucleating
agent for PCL,"" as a shape memory material,*® for thermal
energy storage,"”” separation,'*® to coat a metal surface,'** and
as a polyol for polyurethane synthesis."*’

Park et al.'*® and Tian et al."*® introduced lignin-graft-PCL
as a component for blending with PCL. Separately synthesized

10788 | Green Chem., 2024, 26,10774-10803

lignin-graft-PCL was blended with the PCL matrix to enhance
its mechanical properties. Compared to natural lignin, lignin-
graft-PCL showed much better dispersity in PCL (Fig. 14). Also,
lignin graft-PCL showed enhanced mechanical properties com-
pared to PLA.

The antioxidant application of lignin-graft-PCL was
reported by Wang et al.''® Nanofibers of a mixture of lignin-
graft-PCL and PCL were prepared by an electrospinning
process (Fig. 15a and b). PCL10LP2 is a composite fiber with
10% lignin-graft-PCL (mass feed ratio of lignin : CL was 2: 8)
and PCL10LP4 is a composite fiber with 10% lignin-graft-PCL
(mass feed ratio of lignin:CL was 4:6) in PCL. The nano-
fibers of lignin-graft-PCL/PCL mixture (PCL10LP4 and
PCL10LP2) showed 95.7% and 43.2% free radical inhibition,
respectively, whereas PCL showed only 11.5% (Fig. 15¢ and
d). The addition of lignin copolymers to the composition
improved the antioxidant activities of the nanofibers, with a
higher amount of lignin copolymers leading to increased free
radical inhibition. In addition, the nanofibers showed excel-
lent biocompatibility. Neurofilaments, mainly found in cells
of neuronal origin, showed almost double the growth rate on
the lignin-graft-PCL/PCL nanofibers than on PCL fibers

(Fig. 15e-g).

This journal is © The Royal Society of Chemistry 2024
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In 2015, Pérez-Camargo et al. reported the effect of
lignin on the morphology, nucleation and crystallization
kinetics of PCL using lignin-graft-PCL prepared by a graft-
from method.'*® Lignin displayed a nucleating reaction in
the PCL matrix to yield an intersecting lamellar structure.

This journal is © The Royal Society of Chemistry 2024

Especially at low contents (2-5 wt%) of lignin, a high
efficiency value (close to 100%) of nucleation was
observed. This led to an increase in crystallization and T,
as well as the isothermal crystallization rate of lignin-
graft-PCL.
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However, when the lignin content exceeds 18 wt%, anti-
nucleation effects become apparent. The antinucleation
effects refer to the inhibition of lignin on the crystalliza-
tion process of PCL. This causes a decrease in both crys-
tallization and Ty,, reduces the degree of crystallinity,
hinders annealing during thermal fractionation and sig-
nificantly retards isothermal crystallization. The results
can be explained by competition between the nucleating
effects of lignin and intermolecular interactions caused by
hydrogen bonding between PCL and lignin building
blocks (Fig. 16).

Lignin-graft-PCL as a shape memory material was reported
by Liu et al.>® The shape memory mechanism of crosslinked
polymers involves the interaction of net points and switching
segments,?0713?

Net points, formed through chemical and physical cross-
linking, are essential for facilitating permanent shape recovery.

10790 | Green Chem., 2024, 26,10774-10803

On the other hand, switching segments exhibit distinct beha-
viors depending on the temperature.

The crosslinked lignin-graft-PCL was synthesized from
lignin with 4-armed PCL with different weight % of lignin.
Increased lignin amounts lead to higher gel contents and
lower Ty, and T,. The prepared crosslinked lignin-graft-PCL
showed an efficient and prompt thermal responsive shape
memory function. Above Tins (80 °C), the polymer exhibits
enough chain flexibility for it to be deformed into a temporary
shape under the application of an external force. Once the
material is cooled below T.oo (10 °C), the temporary shape
becomes solidified and is maintained at room temperature.
When the material is reheated above T, in the absence of
an external force, it recovers its original shape, returning to its
initial form (Fig. 17).

In 2022, Lee et al. reported the thermal energy storage func-
tion of lignin-graft-PCL."*” Lee et al. prepared four different

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 (a and b) SEM images of different lignin-g-PCL nanofibrous
scaffolds: (a) PCL10LP2, (b) PCL10LP4; (c) BMSC proliferation on
different nanofibers; (d) Schwann cell proliferation on different nanofi-
bers after H,O, treatment; (e—g) MBP expression of Schwann cells on
different nanofibers: (e) PCL, (f) PCL10LP2, (g) PCL10LP4. Green color:
MBP; blue color: the nuclei. Reproduced from ref. 118 with permission
from Elsevier, copyright 2018.

physically mixed samples with varying weight ratios, and pre-
pared one lignin-graft-PCL (26 wt% lignin). The samples were
prepared in a rectangular block on filter paper and exposed to
a temperature beyond their T, overnight. Then, the samples
were removed from the filter paper, and the difference in
weight from the initial state was measured. Fig. 18 shows the

This journal is © The Royal Society of Chemistry 2024
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Fig. 16 Nucleation efficiency of lignin in PCL-g-lignin samples. The
efficiency was calculated using reference crystallization parameters
from both low average arm length (AAL) PCL and high AAL PCL.
Reproduced from ref. 115 with permission from John Wiley and Sons,
copyright 2015.

initial sample, the sample after heating, and leakage stains
from melted block samples. The physically mixed samples
(L4P6, L3P7, L2P8 and L1P9) melted and leaked as a gel upon
exposure to high temperature, while lignin-graft-PCL retained
its shape even at temperatures higher than its T, Also,
leakage stains from melted block samples were observed after
removing the samples from the filter paper. The leakage from
lignin-graft-PCL on filter paper had the lowest weight, and a
larger amount of lignin showed a lower leakage weight in the

Green Chem., 2024, 26,10774-10803 | 10791
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Reproduced from ref. 127 with permission from Elsevier, copyright 2022.

physically mixed samples. This is because PCL is grafted to the
lignin backbone, preventing leakage of the PCL as separate
polymer components, as observed in the physically mixed
samples.

The thermal response was investigated using IR imaging, as
shown in Fig. 19b. Lignin-graft-PCL was placed on a heating
module and heated to 80 °C, followed by waiting for 200 s for
maximum thermal energy storage in the sample.
Subsequently, the sample was cooled down to room tempera-
ture. The test results indicated a slow cooling process for
lignin-graft-PCL, highlighting its potential as a heat storage
material (Fig. 19b).

In 2022, Xie et al. reported the use of lignin-graft-PCL in a
separation application.'*® In this work, lignin was copolymer-
ized with caprolactone by solvent-free ring opening polymeriz-
ation. Subsequently, filter paper was immersed in the solution
of the synthesized lignin-graft-PCL for 12 h and then
thoroughly dried. After that, SiO, (silicone oil) was dispersed
on the sample as a second impregnation step. The organic
solvent (chloroform, bottom phase, orange color in Fig. 20)

10792 | Green Chem., 2024, 26,10774-10803

and water (top phase and purple color in Fig. 20) mixture was
added to the funnel and then passed through the prepared
filter paper for separation. The separation efficiency (%) was
calculated as the weight percentage of stopped water in the
funnel over the originally added water in the mixture. The
CFP-C (filter paper coated with lignin-graft-PCL) effectively
filters low surface energy organic solvents into the vial, while
retaining high surface energy water in the funnel. Lignin-graft-
PCL’s separation efficiency was 99.0%, whereas CFP-P (filter
paper coated with homoPCL) showed only 12.8% due to the
low hydrophobicity of the PCL coating. In the case of FP
(uncoated filter paper), it filtered most of the water because of
its hydrophilicity (Fig. 20).

Lignin graft copolymer as a coating agent on metal surfaces
was reported in 2020 by Najarro et al.'** The prepared lignin-
PCL copolymer, which was synthesized by the graft-from
method, was coated on a stainless steel surface. The lignin-
PCL copolymer and cross-linker mixture served as the coating
solution on the polished and rinsed steel. The author tested
the adhesion properties and coating stability on the stainless-

This journal is © The Royal Society of Chemistry 2024
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with permission from Elsevier, copyright 2022.
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Fig. 20 Images of the original water (purple top layer)/chloroform
(orange bottom layer) mixture and filtrates of FP, CFP-P, and CFP-C
obtained. Reproduced from ref. 128 with permission from American
Chemical Society, copyright 2022.

steel surface. In a water bath, the coating with neat lignin
showed clear differences from the coating with lignin-PCL
copolymer. The neat lignin coating disintegrated in less than
10 min, whereas the coating with copolymers remained stable
even after 30 days. This is attributed to the ester polymer arm
from the copolymer enabling film formation, whereas neat
lignin only exhibits rigidity without forming a film.

The crosslinker further enhanced the adhesion properties,
which were measured by pull-off and cross-cut tape tests, by
forming networks. The copolymer without crosslinker needs
0.6 MPa for pull-off adhesion tests and it showed only 1-2 on
the scale for the cross-cut tape test. In this study, the results
were evaluated using a 0-5 scale, where 5 indicates perfect
adhesion. In contrast, the copolymer with crosslinker showed
an adhesion force of 6.2 MPa for pull off and 4-5 on the scale
for the cross-cut tape test (Fig. 21).

In 2017, Zhang et al. reported lignin-graft-PCL based poly-
urethane.’®® As shown in Scheme 14, PCL served as the soft
segment along with hexamethylene diisocyanate (HDI). The
lignin-graft-PCL containing polyurethane (LPU) was syn-
thesized by the graft-onto method. In the first step of the syn-
thesis procedure, the hydroxyl groups of lignin were activated

This journal is © The Royal Society of Chemistry 2024
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by HDI, and then the PCL’s hydroxyl groups reacted with iso-
cyanate on activated lignin (top scheme in Scheme 14).

Several samples were prepared with different ratios of
-NCO/OH and varying weight percentages of lignin/PCL to
compare their mechanical properties. The LPU with a higher
ratio of -NCO/OH showed improved mechanical properties,
such as higher tensile strength, higher elongation break, and
right-angle tear strength, because more isocyanate groups led
to more cross-linking with hydroxyl groups. However, ratios of
-NHC/OH higher than 1.75 resulted in decreased mechanical
properties. The negative effect was caused by restricted move-
ment of polymer chain segments due to increased cross-
linking and enhanced intermolecular forces. Also, the polymer
length of PCL affected LPU’s properties. LPU with a lower
molecular weight of PCL showed poorer mechanical properties
because of a higher crosslinking density (shorter chain length
between crosslinking points). The effect of the overall lignin
content in the polymer was also examined. The tensile
strength increased as the lignin content rose to 37.30%.
However, a subsequent decrease occurred when the lignin
content further increased from 37.30% to 43.15% because of
excess lignin agglomeration.

4.3 Lignin-graft-poly(ethylene brassylate) (lignin-graft-PEB)

In 2021, Kim and Chung reported lignin-graft-poly(ethylene
brassylate) (lignin-graft-PEB)."** Lignin was chemically modi-
fied by sebacic acid to introduce a carboxylic acid functionality
into the hydroxyl group of lignin. Another precursor of the
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copolymer, PEB, was prepared by ring-opening polymerization
of ethylene brassylate in the presence of the 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD) catalyst without another initiator. The
condensation copolymerization of the modified lignin and
PEB occurred by the reaction between the TBD terminus of
PEB and the -carboxylic acid of the modified lignin
(Scheme 15). The thermal properties of lignin-graft-PEB exhibit
high stability, with a Ty, of 78 °C and a T, of 12 °C. Mechanical
property tests reveal that lignin-graft-PEB possesses compar-
able properties to commercial polyolefins such as LDPE, with
a tensile strength of 7.34 MPa and a Young’s modulus of 442.9
MPa, surpassing that of LDPE. The crucial factors influencing
the mechanical properties include the lignin/PEB ratio and the
molecular weight of PEB, as identified through comprehensive

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Scheme 14 Synthesis route to the lignin—PCL based polyurethane. Reproduced from ref. 125 with permission from American Chemical Society,

property tests. Especially, the presence of covalent bond lin-
kages between lignin and PEB is essential for achieving
enhanced mechanical properties, emphasizing the signifi-
cance of their chemical integration.

4.4 Lignin-graft-poly(hydroxybutyrate) (lignin-graft-PHB)

Poly(3-hydroxybutyrate) (P3HB) stands out as the first isolated
and characterized polymer within the polyhydroxyalkanoate
(PHA) family. P3BHB possesses a highly crystalline structure
due to its linear chain configuration.">®> Three primary
methods for producing PHB are available. The first involves
the ring opening polymerization of B-butyrolactone.'*®'3%
Another method utilizes natural or transgenic plants, capable
of synthesizing PHAs in their cells due to the abundance of

M
M

I|gn|n

\%M C)\ MO/\/ } " DMF, 80 °C, 2days
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n

TGk,

"4
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Scheme 15 Synthesis of lignin-graft-poly(ethylene brassylate). Terminal f-O-4 softwood lignin unit is used for simplicity.
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acetyl-CoA, a key substrate in PHA biosynthesis. Examples
include Linum usitatissimum L., commonly known as flax.'°
The third method entails bacterial fermentation, where
optimal conditions can yield PHA materials constituting over
90% of the cell’s dry weight."*® This bacterial fermentation
approach is the one most widely employed for PHB synthesis.

Lignin-graft-PHB was reported by Kai et al in 2019."*'
Lignin-graft-PHB was synthesized by a graft-from method with
lignin and butyrolactone without solvent. Sn(Oct), served as a
catalyst; it is commonly employed in ring opening polymeriz-
ations (Scheme 16). The prepared lignin-graft-PHB was used to
produce nanofibers by electrospinning with PHB. The pre-
pared lignin-graft-PHB/PHB nanofibers were tested for their
mechanical properties, antioxidant ability, and biocompatibil-
ity. Only 2% of such a copolymer is required to increase the
tensile strength by ~4 times, stiffness by 1.5 times, and elonga-
tion by ~10 times compared to pure PHB. Increasing the
lignin content to 5% resulted in improved mechanical pro-
perties; however, beyond 5%, enhancements decreased due to
the brittle nature of lignin (Fig. 22a). Furthermore, lignin-graft-
PHB/PHB nanofibers display tunable antioxidant activity and
good biocompatibility both in vitro and in vivo. Especially,
higher lignin contents showed a higher antioxidant ability
(Fig. 22b-h). These properties indicate that lignin-graft-PHB
can have broader applications in the biomedical field.

4.5 Lignin-graft-poly(caprolactone-co-lactic acid) (lignin-
graft-PCLLA)

Lignin can undergo graft copolymerization not only with a
single polyester but also with copolymers such as poly(capro-
lactone-co-lactic acid) (PCLLA)."**"**

Sun et al reported lignin-graft-PCLLA synthesized by a
graft-from method in 2015 (Scheme 17a)."*> PCLLA was poly-
merized by ring opening polymerization, initiated by the
hydroxyl group on lignin in toluene solvent. Then, separately
synthesized PDLA was polymerized onto the prepared lignin-
graft-PCLLA to use it as a compatibilizer. Lignin-grafi-
PCLLA-PDLA provides a strong filler-matrix interfacial attrac-
tion, even improving the dispersity of polymers in the matrix.
In addition, lignin-graft-PCLLA-PDLA has a role as a reinforce-
ment agent in PLLA blend, resulting in improved mechanical
properties compared to pure PLLA.

In 2017, Kai et al. introduced the solvent-free synthesis of
lignin-graft-PCLLA (Scheme 17b)."*?* The synthesized lignin-
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Fig. 22 (a) Typical tensile stress—strain curves of PHB and PHB/lignin—
PHB nanofibers. (b) Antioxidant activity of PHB/lignin—PHB nanofibers
(DPPH assay). (c—h) NIH-3T3 fibroblasts stained with DAPI and phalloidin
after 8 days of culture on various nanofibers: (c) PHB, (d) PHBILP, (e)
PHB2LP, (f) PHB5LP, (g) PHB1OLP, and (h) PHB20LP nanofibers (scale
bar = 75 pm). The tight mesh of cells after 8 days of culture indicates
very high confluency and good biocompatibility. Reproduced from ref.
141 with permission from American Chemical Society, copyright 2019.

graft-PCLLA acts as an additive for both PCL and PLLA, to
prepare uniform nanofibers via electrospinning (Fig. 23). The
mechanical properties and antioxidant effects of these fibers
were investigated. The blend of lignin-graft-PCLLA in PCL
matrix reinforced the PCL nanofibers. In addition, the multi-
polymer blend of lignin-graft-PCLLA/PCL/PLA blend nano-
fibers exhibited good antioxidant activity and biocompatibility.
This outcome highlights the potential of lignin-graft-PCLLA/
PLA and lignin-graft-PCLLA/PCL blends as materials for bio-
medical applications.

4.6 Lignin-graft-poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(lignin-graft-PHBV)

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) is commonly
named poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
(PHBV). PHBV is copolymerized with PHB and 3-hydroxyvale-

%omié/%:
el an
Omot

o

Sn(Oct),

Scheme 16 Synthesis of lignin-graft-poly(3-hydroxybutyrate). Terminal $-O-4 softwood lignin unit is used for simplicity.
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Fig. 23 SEM images of electrospun (a) PCL, (b) PCL/LP1, (c) PLLA, and
(d) PLLA/LP1 nanofibers. Scale bars = 1 pm. Reproduced from ref. 143
with permission from American Chemical Society, copyright 2017.
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rate (HV) units in a bacterial fermentation process, aiming to
increase flexibility and to decrease Ty, for easier processing.'*’
The Ty, of PHBV is lower than that of PHB and diminishes with
an increased fraction of HV in the polymer, thereby widening
the processing range and results in an improvement in the duct-
ility and flexibility of the polymer."*® PHBV also exhibits resis-
tance to hydrolysis and better resilience to ultraviolet
radiation.’*”"'*° Consequently, PHBV has attracted considerable
attention from various research groups due to its high flexi-
bility/strength and reduced chain packing/toughness.'>’"?
Moreover, the increased proportion of HV within the PHB
matrix make the overall polymer more amorphous, which is
advantageous for drug release. Drugs typically exhibit easier
diffusion through the amorphous region of a polymer.*>*

In 2016, Luo et al. reported lignin-graft-PHBYV, as shown in
Scheme 18."*® Lignin-graft--PHBV was prepared by a graft-onto
method to improve the interfacial adhesion of lignin and
PHBV. In the first step of polymerization, a radical initiator,
dicumyl peroxide (DCP), was added to lignin and PHBV to

MeO

lignin

S
o]

HO
R

Scheme 18 Synthesis of lignin-graft-PHBV. Terminal f-O-4 softwood lignin unit is used for simplicity.
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form radicals during melt extrusion. The generated radicals
lead to covalent bond grafting (Scheme 18). Four different
types of lignin-graft-PHBV were prepared with different
amounts of radical initiator. The mechanical properties of
those prepared lignin-graft-PHBV samples were studied.
Lignin-graft-PHBV showed a higher modulus but a lower strain
at break compared to homo PHBV. This can be attributed to
the presence of lignin, a rigid three-dimensional macro-
molecule, which restricts chain movement during defor-

Fig. 24 Micrographs of (a) PHBYV, (b) crosslinked PHBYV, (c) PHBV-lignin
blend, (d) PHBV-1-lignin with 1% DCP, and (e) PHBV-2-lignin with 1%
DCP crystallized at 90 °C. Scale bar: 200 pm. Reproduced from ref. 155
with permission from American Chemical Society, copyright 2016.

tin(ll) 2-ethylhexanoate

View Article Online
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mation. In particular, lignin-graft-PHBV, which was linked
with 2% radical initiator, exhibited significantly enhanced
mechanical properties, a higher modulus, and a higher tensile
strength and strain at break, compared to the blend of lignin
and PHBV. According to the spherulite morphology study,
pure PHBV had an average radius of approximately 700 pm of
spherulites. Crosslinked PHBV showed similar spherulites, but
the size was substantially decreased to 220 pm. On the other
hand, lignin-graft-PHBV showed a smaller size and signifi-
cantly higher number of spherulites compared to both PHBV
and crosslinked PHBV. The grafting point between PHBV and
lignin likely served as a nucleation site. The increased number
of grafting points hindered diffusion, resulting in a higher
concentration of radical initiator regionally, leading to a larger
number of smaller spherulites (Fig. 24).

4.7 Lignin-graft-poly(caprolactone)-poly(hydroxybutyrate)
(lignin-graft-PCL-PHB)

In 2018, Kai et al. reported lignin-graft-PCL-PHBs and investi-
gated their role as a filler of PHB nanofibers."*® The lignin
copolymers are synthesized by solvent-free ring-opening
polymerization of butyrolactone and caprolactone in the pres-
ence of a tin catalyst. They prepared lignin-graft-PHB (LPH),
lignin-graft-random copolymer of PHB and PCL (LPHC),
lignin-graft-PHV-PCL (LPH + C), and lignin-graft-PCL-PHB (LPC
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Scheme 19 The synthetic routes to lignin PHB copolymers: (A) lignin-graft-PHB (LPB), (B) lignin-graft-random copolymer of PHB and PCL (LPHC),
(C) lignin-graft-PHV-PCL (LPH + C) and (D) block copolymer lignin-graft-PCL-PHB (LPC + H). Reproduced from ref. 156 with permission from

Elsevier, copyright 2018.
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+ H) (Scheme 19). Then, these lignin copolymers are mixed
with PHB at a mass ratio of 5% and produce nanofibers
through electrospinning. The PHB nanofibers showed a tensile
strength of 1.81 MPa, a modulus of 80.9 MPa, and an elonga-
tion at break of 15%. The addition of LPH decreased the
tensile strength and Young’s modulus, while the elongation at
break was increased. The addition of LPHC also resulted in
decreased strength and modulus; additionally, it showed a
decreased elongation at break. The nanofibers that consisted
of PHB and LPH + C showed an enhanced tensile strength and
modulus, while they showed the smallest value of elongation
at break of 8%. The addition of LPC + H exhibited the best
enhancement of the mechanical properties, the highest tensile
strength, Young’s modulus, and elongation at break. These
results indicated that lignin acted as a rigid core for nano-
fibers, and PCL segments acted as a rubber phase between the
PHB matrix and lignin core. Also, the PHB blocks improve the
interaction between the lignin copolymer and PHB matrix.
Thus, the addition of LPC + H showed the best performance
due to the PHP outer segments of LPC + H mostly enhancing
the interaction with the PHP matrix (Fig. 25).

4.8 Lignin-graft-polyester/amide

In 2021, a graft copolymer with lignin and polyester/amide
consisting of a short-chain diacid (succinic acid, adipic acid,
and suberic acid), butanediol, and diamino butane was
reported by Young et al. as shown in Scheme 20."*” The study
aimed to develop fully biobased thermoplastic lignin copoly-

—a—PHB —e— PHB/LPH —4— PHB/LPHC
v— PHB/LPH+C —4— PHB/LPC+H
AR
I *

354

3.04 PURPESS S S S0

»
o
254 #

204

154 B » Y

Tensile stress (MPa)
S

1.0+ .‘ojooo—ooro+&oooﬂr\.

054/

0.0 T T T T T T T T T 1
0 10 20 30 40 50 60

Tensile strain (%)

PHB/LPH PHB/LPHC PHB/LPH+C PHB/LPC+H
PHB PHB PHB PHB

. Lignin

Fig. 25 (A) Typical stress—strain curves of electrospun nanofibers
obtained from a tensile test. (B) Proposed dispersion models to show
how different lignin copolymers disperse in PHB matrix. Reproduced
from ref. 156 with permission from Elsevier, copyright 2018.
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Reproduced from ref. 157 with permission from MDPI, copyright 2021.

mers using a two-step, solvent-free melt condensation process.
The first step involved creating a low-molecular-weight prepoly-
mer from butanediol (BD), diaminobutane (DAB), and one of
three diacids: succinic acid (SA), adipic acid (AA), or suberic
acid (SuA). These prepolymers were designed to terminate pre-
dominantly with carboxylic acid functionalities. In the second
step, the prepolymers were reacted with softwood kraft lignin
to form lignin-copolyester/amides. The study monitored the
progression of polymerization using FTIR spectroscopy and
characterized the resulting lignin copolymers’ mechanical,
thermal, and structural properties. These copolymers demon-
strated thermoplastic behavior and varied tensile properties
based on their diacid chain length, lignin content, and DAB
content, showing potential for creating sustainable, biobased
thermoplastic materials.

The synthesized lignin-copolyester/amides were found to
have semi-crystalline structures with properties influenced by
their composition. The succinic acid-based copolymers were
stiff and brittle, while adipic acid-based ones were more flex-
ible, and suberic acid-based copolymers displayed intermedi-
ate characteristics. Furthermore, lignin contents above 30%
hindered the melt behavior, suggesting a limit for practical
applications.

4.9 Summary

In this section, we discussed lignin-graft-polyesters. The copo-
lymers are synthesized by either graft-from or graft-onto
methods. Ring-opening polymerization is usually used for the
graft-from method. Polycondensation, the thiol-ene reaction,
azide-alkyne click chemistry, and radical reactions are used
for the graft-onto method. Lignin copolymers have diverse
applications across several fields due to their unique pro-
perties and the benefits they confer when combined with
other polymers. The common applications of lignin-graft-poly-
esters include as additives to achieve higher mechanical pro-
perties, improved thermal stability, greater dispersity, and anti-
oxidant applications. These benefits result from lignin’s high
mechanical properties (such as high Young’s modulus, strain
at break, and tensile strength), high glass transition tempera-
ture, and antioxidant properties.

This journal is © The Royal Society of Chemistry 2024
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One prominent example is lignin-graft-polycaprolactone
(lignin-graft-PCL). These materials are widely used as additives
in PCL matrices to enhance the mechanical properties, pro-
viding improvements in flexibility, strength, and durability.
They serve as a replacement for PCL, offering a cost-effective
and environmentally friendly alternative. Additionally,
lignin-graft-PCL copolymers act as antioxidants, making
them suitable for biomedical applications where oxidative
stress needs to be minimized. They are also used as nucleat-
ing agents for PCL, aiding in the crystallization process and
improving the material’s overall properties. These properties
are affected by lignin’s free volume due to its bulk polymer
size. Moreover, lignin-graft-PCL copolymers have appli-
cations in shape memory materials, which can return to
their original shape after deformation when exposed to an
external stimulus like heat. They are also utilized in thermal
energy storage systems due to their capacity to absorb and
release heat efficiently. In separation processes, these copo-
lymers are employed for their excellent barrier properties,
making them suitable for filtration and purification appli-
cations. Additionally, they are used to coat metal surfaces to
enhance corrosion resistance and provide a protective layer.
In the field of polyurethane synthesis, lignin-graft-PCL copo-
lymers serve as polyols, contributing to the creation of
foams, adhesives, and elastomers with improved mechanical
and thermal properties.

In the realm of biomaterials, lignin copolymers such as
lignin-graft-polyhydroxybutyrate (lignin-graft-PHB) show sig-
nificant promise. These copolymers can be processed into
nanofibers through electrospinning, a technique that produces
fibers with enhanced mechanical properties, antioxidant
activity, and biocompatibility. When incorporated into
materials, even in small amounts, lignin-graft-PHB copolymers
can significantly improve tensile strength, stiffness, and
elongation, making them ideal for medical devices, tissue
engineering, and other biomedical applications. The incorpor-
ation of lignin-graft copolymers can increase tensile strength
by up to four times, stiffness by 1.5 times, and elongation by
ten times, demonstrating their potential to create more
durable and versatile biomaterials. These applications high-
light the versatility and potential of lignin copolymers for
creating sustainable, high-performance materials for various
industrial and biomedical uses.

5. Limitation of lignin-graft-polyesters

Lignin-graft-polyesters have emerged as promising alternatives
in the quest for sustainable materials, leveraging lignin’s
abundance and eco-friendly attributes. Despite their potential,
these copolymers encounter challenges that hinder their wide-
spread adoption in industrial applications.

One primary hurdle is the structural complexity of lignin
itself. As a natural polymer with a complex molecular struc-
ture, achieving a uniform dispersion within polymer matrices
remains elusive. This complexity often results in hetero-

This journal is © The Royal Society of Chemistry 2024
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geneous material properties, limiting consistency and
reliability in mechanical performance.

Moreover, the reactivity of lignin during polymerization
poses challenges. While lignin offers diverse chemical func-
tionalities, ensuring reproducible reactions in a controlled
manner proves difficult. This unpredictability can lead to
undesirable side reactions, further complicating the manufac-
turing process and affecting material quality.

In terms of physical properties, some lignin-graft-polyesters
exhibit lower mechanical characteristics compared to tra-
ditional polymers (e.g., PET, HDPE, and PP). Factors such as
reduced strength, hardness, and elongation diminish their
suitability for applications requiring robust and high-perform-
ance materials. Additionally, lignin’s susceptibility to thermal
degradation and its high viscosity during processing present
obstacles to achieving efficient manufacturing and product
consistency.

Aesthetic considerations also play a crucial role in the
market acceptance of lignin-graft-polyesters. The inherent dark
color of lignin often compromises the desired appearance of
the final products, limiting their appeal in consumer-oriented
industries where visual appeal is paramount. Generally, white
or transparent polymers have much broader applications in
industry.

From an economic perspective, the extraction and purifi-
cation of lignin are resource-intensive processes, adding to
production costs. This economic barrier, coupled with the
competitive pricing of established polymer alternatives such as
petroleum-based polyolefins, challenges the commercial viabi-
lity of lignin-graft-polyesters.

Furthermore, despite being sourced from renewable
biomass, environmental concerns persist. Although the actual
amount is not large, the synthesis processes for lignin-graft-
polyesters may involve chemicals that raise ecological ques-
tions. The unavoidable use of such chemicals is gradually
being addressed by developing less environmentally harmful
solvents and catalyst systems to perform the same types of
chemical reactions that previously required ordinary organic
solvents and chemicals.

In conclusion, while lignin-graft-polyester hold promise as
sustainable materials, their adoption faces multifaceted chal-
lenges, ranging from structural complexities and reactivity
issues to economic viability and environmental considerations.
Overcoming these obstacles demands continued research
efforts aimed at refining processing techniques, enhancing
material properties, and ensuring environmental sustainability
for broader applications in industrial sectors.

6. Conclusions

This review discusses the synthesis and applications of bio-
degradable lignin-graft-polyesters. Emphasizing graft copoly-
merization as an efficient method to seamlessly integrate
lignin with other aliphatic polyesters, the study focuses on
naturally biodegradable polyesters, with the majority of raw
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materials sourced from biomass. Beyond their intrinsic sus-
tainability, these lignin-graft-polyesters benefit from lignin,
providing mechanical strength, enhanced hydrophobicity and
aromaticity, and as a non-food resource. The reviewed poly-
esters, including PLA, PGA, PCL, PEB, and PHA, and their
diverse copolymers, showcase the versatility of lignin-based
graft copolymer synthesis. The multitude of presented chemi-
cal reaction schemes offers a valuable guide to understanding
recent trends in lignin and polyester copolymerization. Apart
from synthesis, the review explores the properties and appli-
cations of these lignin-graft-polyesters, offering fundamental
insights for detailed structure-property relationship studies in
closely related biomass-based degradable polymers. The com-
prehensive examination of these materials not only adds to
our understanding of their potential but also positions them
as solutions to environmental challenges, with broad applica-
bility across various industrial sectors. This review thus serves
as a valuable resource, providing a holistic perspective on bio-
degradable lignin-graft-polyesters, from synthesis method-
ologies to their diverse applications and potential environ-
mental contributions.
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