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Lignin is the second most abundant natural biopolymer after cellulose, constituting between 18 wt% and
35 wt% of lignocellulosic biomass. Its renewability, vast availability, and sustainability make it a desirable
alternative and/or complementary macromolecule to conventional polymers. However, due to its
relatively short and branched molecular size, high polarity and moisture absorption, lack of melt
processability, and inferior dispersibility in nonpolar polymer matrices, its extensive application in
polymers is limited. For effective and sizable application of lignin in polymers and composite materials,
functionalization and modifications are necessary. This review paper intends to discuss the valorization
of lignin as feedstock to produce alternative chemicals for converting lignin moieties into value-added
products which can be used in advanced applications. A comprehensive overview of various
physicochemical modification and functionalization routes of lignin is critically reviewed. Furthermore,
the engineering of lignin bulk structures into nanomaterials with various morphologies for advanced
material applications is covered. Certain lignin structures exhibit antibacterial and antifungal properties,
thus fueling the potential employment of lignin in bioactive materials. The most significant advances in
the valorization of lignin including lignin-incorporating sunscreen formulations, shape-memory
applications, carbon fibers, additive manufacturing, pickering emulsion stabilizers, self-healing
elastomers, etc. are critically reviewed. Lastly, perspectives for future development and opportunities for
the effective valorization of lignin for material applications are discussed.
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Sustainability spotlight

Transitioning from the fossil fuel era towards a sustainable future necessitates the utilization of regenerative materials sourced from nature, characterized by
a minimal environmental footprint. Sustainable macromolecules derived from biomass, such as lignin, offer a promising solution due to their abundance, cost-
effectiveness, and adaptability to various modifications that serve as a feedstock for the development of sustainable materials. In this review, our primary focus
is to showcase noteworthy achievements within a diverse research landscape dedicated to lignin valorization, modifications, and sustainable advanced
materials. This work underscores the alignment with the UN SDGs, including clean water and sanitation (SDG 6), industry, innovation, and infrastructure (SDG
9), climate action (SDG 13), life below water (SDG 14), and life on land (SDG 15).

Natural macromolecules, such as starch, lignin, and cellulose are
favorable feedstocks for the design of biodegradable, multi-
functional, and biocompatible polymers.>* Lignin, being the
second most abundant natural biopolymer after cellulose that

1. Introduction

Conventional polymers have revolutionized human life to a great
extent. From the polymer materials utilized in food packaging to

running shoes and airplane parts, their applications are innu-
merable. Over the years, their fossil fuel origin, health and safety
impacts, and the lack of environmental degradability that caused
immense plastic pollution have spawned serious ecological
concerns. Thus, to counter these increasing environmental
concerns an inclination towards the development of renewable
and sustainable material alternatives has been witnessed."?
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constitutes between 18 wt% and 35 wt% of biomass, with unique
and complex aromatic and aliphatic backbone structures and
abundant functional groups amenable for functionalization, is
among the most appealing nature derived macromolecules for
sustainable and functional material development.®®

Lignin's availability in the biosphere is estimated to be 300
billion tonnes, out of which 50 to 70 million tonnes of lignin
exist in the black liquor generated from the paper and pulp
industry.’*** In a study by Dessbesell et al., the global produc-
tion capacity of kraft lignin was estimated to be 265000 t
year . Currently, the vast majority of the lignin produced is
incinerated as a low-cost fuel in power and heat generation
facilities' and a mere 2% is employed for the manufacture of
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chemicals and materials, such as dispersants, adhesives, and
surfactants.'®*¢

Lignin is composed of three monomeric units (mono-
lignols): p-coumaryl, coniferyl, and sinapyl alcohols (Fig. 1). In
nature, these monolignol units undergo random radical poly-
merization to form complex three-dimensional (3D) struc-
tures.' The 3D architecture, poor solubility in the majority of
organic solvents, numerous functional groups and structural
variability (due to the extraction method or the biomass source)
make chemical characterization of lignin and its derivatives
a complex task. Moreover, the employed extraction method
dictates the sulfur content of the extracted lignin and thus it
creates two major types of lignin, as illustrated in Table 1.
Sulfur-containing lignins are composed of kraft lignin, ligno-
sulfonates, and hydrolyzed lignin and their sulfur-free coun-
terparts include soda lignin and organosolv lignin.

Kraft lignin is derived from lignocellulosic biomass via the
kraft pulping process, thus making it the most abundantly
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available type of lignin. Brown in colour, kraft lignin is
moderately soluble in water. As a byproduct of paper produc-
tion, a vast majority of kraft lignin is burned to supplement the
energy requirements of pulp mills.” Lignosulfonates are typi-
cally sourced from the paper and pulp industry too and are
extracted using the sulfite pulping process'®** Contrary to Kraft
lignin, sulphonated lignin is completely soluble in water. This is
attributed to the presence of an extensive amount of sulfonate
in its chemical structure." Sulfur-free organosolv lignins are the
products of intentional biorefinery processes.' In addition,
soda lignin is another type of sulfur-free lignin. It is employed to
extract lignin from annual plants employing the soda process,
which is the oldest pulping method.*® Furthermore, wood could
be hydrolyzed employing various acids, bases, or enzymes
resulting in dissolution of sugars from cellulose and hemi-
cellulose fractions. The dissolved sugars could be utilized for
the production of value-added products (for instance, ethanol).
Moreover, hydrolyzed lignin moieties (sulfur-free) remain

Hemicellulose

Cellulose

p-coumaryl

/©/\/\ou Mo x H Coniferyl
alcohol " alcohol

Modified ”
Lignin et

Etherification ™

Fig. 1 Valorization and functionalization of lignin.
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undissolved and are often utilized as an economical fuel
alternative.>***

Due to the inherent limitations of lignin, such as high
polarity, inferior compatibility with polymers, poor melt flow
properties, inferior thermal stability, structural complexity, and
the variability of chemical structure (due to differences in
lignocellulosic feedstock and biorefining processes), lignin
moieties have limited applicability in polymers.”> Although
reports are available in the literature on lignin valorization, the
focus of this review paper is on the use of lignin in advanced
material applications via various modification pathways and its
associated challenges.

Various companies have tried to develop commercial scale
lignin-based products. A Norwegian chemical company, Bor-
regaard ASA, has developed a range of lignin-based products
that include emulsion stabilizers, binding agents, dispersing
agents, crystal growth modifiers, and complexing agents.*
Hexion is also making substantial progress in the utilization of
lignin as a partial replacement of phenols for insulating foams,
molding compounds, and adhesives.>* Other major compa-
nies, such as Huntsman, China Petroleum & Chemical
Corporation, and Rampf Holdings, have also described
processes for the utilization of lignin as a partial polyol
replacement agent and filed patents.* In this work, we focused
on the applications of lignin in polymers, enhancing its utility
in this specific field and relevant functionalization reactions
and routes.'?**° The effective employment of lignin in various
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value-added polymer system applications could aid in fulfilling
some of the United Nations Sustainable Development Goals
(UN SDGs), such as diverting from fossil resources, imple-
menting new degradation pathways, and incorporating less
toxic reagents and solvents in production processes, thus

promoting a circular economy.*"*

2. Lignin functionalization routes

Lignin has abundant functional groups, such as hydroxyl (-OH),
carboxyl (-COOH), methoxy (-OCHj3;), and carbonyl (-C=O0)
moieties, making it amenable to various functionalization
reactions. The functionalization platforms reported include
electrochemical,” biological,>® photochemical*® and chem-
ical'®?”?*1 processes. The chemical functionalization of lignin
has particularly attracted substantial interest and could be
carried out by employing various approaches, including depo-
lymerization and fractionation, chemical modification of
lignin's active moieties, and polymer grafting.*' In a study by
Laurichesse et al., an extensive overview of various functional-
ization routes of lignin was reviewed.*’

The solubility of lignin macromolecules in appropriate
solvents is a critical parameter for effective modification reac-
tions.*>* Conventional solvents for lignin include dimethyl
sulfoxide (DMSO), toluene, acetone, ethanol, pyridine, meth-
anol, dimethyl formamide (DMF), tetrahydrofuran (THF),
chloroform, and dichloromethane.***¢ Also, lignin moieties are

Fig. 2 Chemical functionalization reactions of lignin.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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known to be soluble in hot alkaline solutions.*****” Addition-
ally, the solubility of lignin could be further improved by
fractionation.*

In recent years, many studies focusing on the chemical
functionalization of lignins have been conducted.****?° As
illustrated in Fig. 2, various chemical modification processes of
lignin to functionalize its active moieties have been studied,
including alkylation, esterification, etherification, urethaniza-
tion, and phenolation.*** A few of the aforementioned func-
tionalization routes have been further discussed.

Esterification reactions involve the formation of an ester
bond between the carboxylic acid functional group of the
esterifying agent and the hydroxyl moieties of the lignin frac-
tion. This modification route using fatty acids has been shown
to produce modified lignin moieties with enhanced hydropho-
bicity and thermoplastic properties.**>***! In a study by Shorey
et al., multiple activated fatty acids (with varying aliphatic
carbon chain lengths) in the presence of pyridine as a reaction
medium, a catalyst, and an acid scavenger were employed to
functionalize kraft lignin. The resulting modified lignin
samples exhibited enhanced hydrophobic behavior and better
dispersion in nonpolar polymer matrices.**

Another functionalization route, the urethanization of
lignin, translates to formation of a urethane bond between the
hydroxyl functional groups of lignin and the employed
modifying agent.** One such functionalization (silylation)
entails the substitution of lignin's hydroxyl moieties by silyl
functionalities.”® In a separate study, the silylation of kraft
lignin employing 3-(triethoxysilyl)propyl isocyanate (TEPI,
95%) as a silylating agent and tin(u) 2-ethyl hexanoate (92.5-
100%) as a catalyst was undertaken. The modified lignin
possessed enhanced thermal stability, lower glass transition
temperature, enhanced solubility in organic solvents, and
hydrophobicity.*® Similar results were observed in other sily-
lation studies making it appealing for polymeric material
applications.****

Although the various functionalization routes impart base-
line lignin samples with numerous desirable properties, the key
challenges in lignin functionalization (including the heteroge-
neous structure, the presence of impurities, varying solubility in
organic solvents and unique chemical reactivity of various
lignin types) render it a complicated endeavor.*>

Moreover, the functionalization of lignin moieties can also
be carried out by grafting or copolymerizing foreign monomeric
units onto its chemical structure.** Hence, various advanced
composites can be fabricated. In such a study by Sun et al.,
lignin was functionalized by grafting multiple monomeric units
(lauryl methacrylate (LMA) and tetrahydrofurfuryl methacrylate
(THFMA)) onto its structure by employing free-radical poly-
merization.* The functionalized lignin Lig-g-P(LMA-co-THFMA)
was melt compounded with polylactic acid (PLA) to fabricate
composites of different compositions. The 20 wt% functional-
ized lignin loaded composite recorded a significant increment
(in excess of 190%) in the elongation at break value over the
baseline PLA specimen.*

The functionalization of lignin moieties for their effective
valorization is essential. However, there are several limitations

808 | RSC Sustainability, 2024, 2, 804-831
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associated with the functionalization routes. Primarily, the
heterogeneity and variability of lignin's chemical structure limit
the development of a controlled modification protocol.
Furthermore, the high polarity and resulting hydrophilicity
associated with the extensive hydroxyl groups result in inherent
tendency to agglomerate in mostly non-polar polymer host-
matrices, thus limiting its industrial application in polymer
systems. Furthermore, the dark brown color imparted by the
lignin to host matrices might influence consumer acceptance of
some products. Hence, the functionalization of lignin and/or
further valorization to counter the limitations is advantageous
for its effective utilization.

The present study aimed to explore the eventual utilization
of functionalized lignin in value-added applications. The
incorporation of lignin in sunscreen formulations, carbon
fibers, Pickering emulsions, shape-memory applications, self-
healing elastomers, additive manufacturing processes, etc.
has been meticulously discussed. Recent successes and limi-
tations in commercializing these lignin incorporating prod-
ucts have been discussed. Lastly, the influence of chemical
structure, performance of lignin-based alternatives compared
to their conventional counterparts, and the sustainability of
various lignin loaded formulations were reviewed and
reported.

3. Lignin engineered for advanced
material applications

In the past decade, the use of biopolymers in the design and
manufacture of specialized materials with controlled structures
has been witnessed. Herein, the literature on the engineering
and functionalization of lignin into various structures,
morphologies, shapes, and sizes for functional material appli-
cations is discussed.

3.1. Lignin-polymer blends for value-added applications

A polymer blend of two or more polymers entails interdiffusion
amongst the constituent polymer fractions.> Based on the
interaction (mutual miscibility) of the constituent polymers, the
level of interdiffusion varies. While the polymer fractions with
weak interactions have been witnessed to result in heteroge-
neous blends with agglomeration sites, the constituents with
strong interactions exhibit homogeneity.>**

Lignin having a complex structure exhibits an inherent
thermoplastic behavior caused by inter- and intramolecular
hydrogen bonds.®** Moreover, at high temperature lignin
presents thermosetting behavior which can be attributed to the
high cross-linking reactions that lignin moieties undergo at
elevated temperatures.®~**** This results in inefficient blending
of lignin specimens with other polymer materials. Effective
methods of overcoming these processing limitations include
addition of plasticizers and chemical modification of lignin.
Blends of pristine lignin and their functionalized counterparts
with various polymer materials have been reported in the
literature.>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The blends of lignin with conventional polymers have been
extensively researched.®**® In a review article by Kun et al.,
various avenues of lignin-polymer blends were extensively dis-
cussed.® In a study by Sailaja et al., lignin phthalates were melt
blended with low density polyethylene (LDPE) fractions.®”
Amongst various formulations, maleic anhydride grafted LDPE
was added to improve interfacial adhesion, thus, acting as
a compatibilizer. The resulting blend exhibited excellent
thermal, mechanical, and morphological properties. Moreover,
the presence of interlocked surfaces resulting from superior
adhesion between the lignin moieties and the LDPE fractions in
the maleic anhydride grafted LDPE compatibilized blends was
recorded.®”

In another study exploring the physical properties of lignin-
polypropylene (Lig-PP) blends, the feasibility of bromododecane
modified lignin was studied.®® It was worth noting that the
addition of lignin to PP enhanced its fire retardancy and
toughness. For a 20 wt% lignin loaded formulation, an LOI
value of 25.2 was recorded. A further increase in lignin content
resulted in specimens exhibiting enhanced damping effect.

The use of lignin as a reinforcing agent in synthetic rubber
matrices has been witnessed. In such a study by Kosikova et al.,
styrene-butadiene (SBR) rubber was filled with sulfur-free
lignin fractions.* A significant improvement in mechanical
properties for lignin filled SBR composites was recorded over
the baseline unfilled formulation. For instance, the 60 phr
lignin loaded specimen accounted for a 94% increment in the
tensile strength at break over a pristine SBR specimen. The
homogeneous dispersion of lignin spherical particles (100 nm)
in the composite matrix was observed via scanning electron
micrographs.

Furthermore, the physiochemical properties of a compo-
stable polymer matrix (PLA) with two different lignin specimens
(alkali lignin and organosolv lignin) were studied.”” Employing
different amounts of individual lignin samples and poly(lactic
acid) (PLA), various blends were melt-blended employing a twin-
screw extruder. Furthermore, each type of lignin underwent
acetylation. As hypothesized, the acetylated lignin samples
exhibited superior compatibility with the polymer matrix to
their unmodified counterparts. Moreover, the acetylated lignin
blends displayed enhanced resistance to hydrolytic degrada-
tion, thermal stability, retained tensile strength and increased
elongation at break values.” Blends of lignin with various
polymeric matrices could potentially help achieve multiple UN
SDGs, including SDG 9 (industry, innovation and infrastruc-
ture), SDG 12 (responsible consumption and production), SDG
13 (climate action), and SDG 14 (conserve and sustainably use
the oceans, seas and marine resources for sustainable
development).

A German manufacturer Tecnaro - Arboform® produced
a commercial lignin containing thermoplastic products.*>”
Made from an amalgam of lignin and various natural fibers
sourced from hemp, wood, flax, and other fibrous plants, it
exhibits high tensile strength (transverse) and very low swelling
with good fire resistance. However, its higher price (around 2.5
€ per kg) in comparison to the cost of conventional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermoplastic materials (1 € per kg to 2 € per kg) limits its
extensive utilization in the plastic market.

3.2. Lignin microspheres and nanospheres

In recent times, polymer-based micro- and nanospheres have
garnered significant attention. For instance, the use of polymer
microspheres and nanospheres in industrial applications,
including the encapsulation and controlled release of fertil-
izers, pesticides, and other bioactives has been studied.” The
surge in sustainable practices has further fueled transition
efforts from conventional plastics towards the employment of
biobased and renewable polymer alternatives, such as lignin in
agricultural, food, biomedical, and cosmetic controlled release
applications.””* The sphericity of designed micro- and nano-
spheres enables a homogeneous release of active substances
into the surrounding environment, and the facile
manufacturing processes make them a favorable option for
widescale applications.”7”®

Many routes for the fabrication of lignin micro- and nano-
particles have been reported in the literature, including emul-
sion inversion, antisolvent exchange, acid precipitation,
chemical modification, ultrasonic irradiation, controlled
drying, and a combination of multiple methods.””** For
instance, Osterberg et al. provided a review of various routes to
fabricate spherical lignin particles and their applications.” To
fabricate lignin-based micro and/or nano particles, the
employment of antisolvent exchange and acid precipitation
techniques has been most prevalent.® In the acid precipitation
technique, lignin samples are initially dissolved in alkaline
solution with a pH more than 11. This is known to deprotonate
hydroxyl (phenolic) and carboxylic acid moieties. Further
addition of an acidic medium (pH 3) protonates the hydroxyl
and carboxylic acid groups, thus reducing the surface charge
and in turn initiating particle precipitation.®* On a similar note,
in the antisolvent precipitation technique, the lignin moiety is
dissolved in an organic solvent (for instance THF), and with the
slow addition of an antisolvent, the lignin fractions form
spherical colloidal particles, as illustrated in Fig. 3f.

In a study by Sameni et al., microspheres of four types of
lignin were fabricated employing a combination of the above-
mentioned routes known as emulsion solvent evaporation
(ESE).” The four lignin samples underwent acetylation to
improve lignin solubility in organic solvents. Then, the
emulsion was prepared by homogenizing a lignin mixture of
organic phase and aqueous phase (20 mL polyvinyl alcohol
with a concentration of 0.2% w/v at 10 000 rpm for 30 s. Next,
100 mL distilled water was added to the emulsion and the
organic solvent was removed through magnetic stirring for 3 h
in an open beaker to form lignin particles. The molecular
weight of lignin is a critical parameter for the particle diameter
when lignin acetate microspheres are prepared in an organic
solvent. The reason for this is the fact that the diffusion and
evaporation of the solvent take longer time and lignin with
higher molecular weight generates more microspheres. After
forming the particles and solvent removal, the colloid was
centrifuged for 10 min at 9000 rpm and washed twice with

RSC Sustainability, 2024, 2, 804-831 | 809
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Fig. 3 Four steps of ESE: (a) addition of two phases with opposite polarities, (b) emulsification, (c) evaporation of the solvent phase, and (d)
microparticle formation, (e) lignin microsphere SEM micrographs (reproduced from ref. 72 with permission from Wiley, copyright 2012), and (f)
lignin microparticle formation employing solvent exchange (reproduced from (ref. 84) with permission from RSC, copyright 2014).

deionized water. Finally, the micro-spheres were freeze-dried
and stored. To emphasize the dependency of ESE produced
microspheres and the type of lignin on the choice of the
appropriate solvent, four different lignin samples including
lignin isolated from industrial hardwood and non-wood
residue (Bioethanol Plant, USA) (ACL1), lignin extracted from
black liquor (Kraft pulp mill, Brazil) (ACL2), commercial
softwood kraft lignin (Indulin AT, Westvaco Corporation, USA)
(ACL3), and commercial non-wood soda lignin (Protobind
2000 ALM, India) (ACL4) were employed.”” The first step
involved the addition of two phases with opposite polarities
(lignin in organic solvent (dichloromethane (DCM) or ethyl
acetate (EA)) and an emulsifier (polyvinyl alcohol (PVA)) in an
aqueous phase) to a container, as illustrated in Fig. 3a. The
next three steps were the emulsification of the two phases
(Fig. 3b), evaporation of the solvent phase (Fig. 3c), and
microparticle formation (Fig. 3d).

Scanning electron micrographs of the prepared microparti-
cles were recorded. As evident from Fig. 3e, microparticle sizes
ranging between 1280 nm and 1349 nm for DCM and 1313-
2545 nm for EA were obtained. In another study to fabricate

810 | RSC Sustainability, 2024, 2, 804-83]

lignin nanoparticles, a solution of acetylated lignin (solubilized
in THF) was precipitated with an anti-solvent (H,O). Using DLS,
lignin nanoparticles with a hydrodynamic radius (R;,) of around
100 nm were recorded.

In a separate study by Saidane et al., lignin beads (micro-/
nano-scale) were prepared employing epichlorohydrin as
a crosslinking agent.* Following the reaction (scheme outlined
in Fig. 4a), smooth spherical lignin beads ranging in size
between 100-800 pwm were successfully obtained (Fig. 4b).** The
formulated beads underwent multiple functionalization reac-
tions for final application in scavenging carbonyl compounds.*

In another study, for the first time, lignin beads in
conjunction with treated cellulose pulp were prepared and
characterized for their antimicrobial activity against Escherichia
coli and Staphylococcus aureus.®® The preparation procedure was
initiated with a dispersion of lignin (up to 40%) and solvent
treated (ethanol/HCI) cellulose pulp in an aqueous solution
(constituting 12% urea/7% sodium hydroxide) with varying
solid concentration ranges. This solution was dropped into an
acidic medium to enable lignin-cellulose bead coagulation. The
inherent fluorescence of lignin was vital in observing its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distribution in the obtained beads. The distribution of lignin in
the fabricated beads was homogeneous. Leaching of lignin
fractions from the beads was recorded. While the lignin-cellu-
lose beads did not display significant antibacterial activity
against Escherichia coli, a significant reduction in the growth of
Staphylococcus aureus was observed. With an increase in the
lignin fraction, the growth of S. aureus plummeted.®

In another study, the impact of adding a commercial lignin
extraction process to a kraft pulp mill on its environmental
impact was studied. For this, a cradle-to-gate life cycle analysis
was conducted.®”*® The results indicated a significant reduction
in environmental impact, thus, signifying the benefits of lignin
incorporating biomaterials as renewable alternatives to their
conventional counterparts.®”*

In another study by Chen et al., the formulation of lignin
beads from pine black liquor was investigated.®® Lignin beads
ranging in size from 300-450 um were prepared via reverse-
phase suspension polymerization. The fabricated lignin beads
displayed excellent t-lysine adsorption from aqueous media via
electrostatic interaction.

3.2.1. Lignin hollow nanospheres. Due to the inherent
advantages of hollow nano- or macrospheres over their solid
core counterparts, their application in fields such as coating,
drug-delivery systems, catalysis, and composite materials is

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

(a) Reaction mechanism for Kraft lignin with epichlorohydrin, and (b) scanning electron microscopy image of a fabricated lignin bead
(reproduced from ref. 85 with permission from Wiley, copyright 2010).

gaining significant traction.”®** In comparison to solid spheres,
significantly higher efficiencies in drug delivery systems
employing hollow nano-spheres were recorded. Thus, substan-
tial efforts in the production of hollow spheres with uniform
structures, desired compositions, and tailored properties have
been invested.****%

To further enhance the uptake capacity of hollow spheres,
a subclass of hollow spheres known as open-mouthed hollow
capsules has gained significant attention.**®” Various organic
polymers and inorganic oxides have been employed in the
preparation of open-mouthed hollow capsules, including silica
(Si0,),>**°  polymethylsilsesquioxane (PMSQ),'® titanium
dioxide (TiO,),* polystyrene (PS),'** polystyrene/poly(3,4-
ethylenedioxythiophene) (PS/PEDOT),"* chiral phenylacrylo-
nitrile tartaric acids,'® polystyrene/poly(divinyl-benzene),**
and poly(acrylamide-ethylene glycol dimethacrylate).**®

Lignin is a new entry material for the design and fabrication
of hollow nanospheres. In a study by Xiong et al., a facile self-
assembly method was employed by dissolving enzymatically
hydrolysed lignin in THF and adding water to the solution to
fabricate lignin hollow nanospheres (Fig. 5a).” Due to -7
interactions, the layers were self-assembled from outside to
inside, with the outside layer exhibiting hydrophobicity and the
inside layer being hydrophilic. A positive correlation between

RSC Sustainability, 2024, 2, 804-831 | 811
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the concentration of lignin, the thickness of the shell wall, and
the diameter of the nanospheres was observed. On the flip side,
with an increase in the concentration of lignin, the pore volume
of nanospheres, the diameter of the single hole, and the surface
area have been reduced. An average particle size of around
500 nm was observed. Furthermore, an increment in the
agitation speed or speed at which water was added to the system
resulted in a reduction in the lignin hollow nanosphere diam-
eter, as evidenced by the SEM micrographs in Fig. 5.1

In a study by Sameni et al., the effect of process variables
(mixing time, surfactant concentration, shear rate, and the
organic solvent used) on the properties of lignin acetate
microsphere fabrication employing ESE was studied. An average
particle size between 20 and 100 pm was observed.'*®

3.3. Lignin nanotubes and nanofibers

In principle, cylindrical carbon nanotubes (buckminsterfullerene
structure) can be utilized as universal delivery vehicles for ther-
apeutic agents. However, their chemical inertness, sharp edges
and toxicological concerns limit their versatility and suitability.
Alternatively,
employing polymeric materials. In a study by Bianco et al., poly-
mer based carbon nanotubes were fabricated employing poly-
electrolytes, collagen, and poly(3,4-ethylenedioxythiophene) via
template-mediated synthesis using nano-porous membranes

carbon nanotubes can also be synthesized

containing arrays of aligned cylindrical pores.'” This approach
could result in either polymer-functionalized nano-porous
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nanosphere
:| with a single

(a) Synthesis process, (b) SEM image, and (c) SEM images (A-D) and TEM images (E—-H) at different predropping lignin concentrations:
H{Cand G),and 2 mgmL~

1 (D and H) (reproduced from ref. 107 with permission from ACS,

membranes or polymer-based nanotubes released from a sacrifi-
cial template. Although the development of polymer nanotubes
appears to be a promising avenue for biomedical and biotech-
nological applications their commercial applicability is limited
due to the inability of their components to maintain their struc-
ture indefinitely."*

In a recent study by Ten et al., the use of lignin nanotubes as
a gene delivery vehicle for human cells was studied."™ With the
use of lignin nanotubes (LNTs), the cytotoxicity of carbon
nanotubes and the immunogenicity of viral vectors could be
avoided."™ Employing a sacrificial alumina template, aromatic
plant cell wall (lignin) based nanotubes were synthesized. Five
different lignin sources were selected for the isolation,
including sorghum ((Sorghum bicolor (L.) Moench)), debarked
stems of loblolly pine ((Pinus taeda L.)), debarked stems of
poplar (Populus deltoides W. Bartram ex Humphry Marshall;
POP), brown midrib6 (bmr6) and sugar cane bagasse from sugar
cane (Saccharum spp.). As evident from the confocal micro-
graphs (Fig. 6), the presence of lignin nanotubes (indicated by
white arrows) in the immortalized human cell line (HeLa) cells
and the nucleus of the cell without the presence of any auxiliary
agents could be observed.

In recent times, increasing interest in the production and
utilization of lignin nanofibers has been witnessed. In a study
by Gao et al., surface-initiated atom-transfer radical polymeri-
zation (SI-ATRP) was employed to produce poly(N-isopropyl
acrylamide)(PNIPAM) grafted softwood kraft lignin nanofiber

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Confocal micrographs: (a) lignin nanotubes fabricated employing isolated pine lignin and thioglycolic acid and (b) isolated pine lignin
nanotubes manufactured with NaOH (scale bar representing 15 um) (reproduced from ref. 111 with permission from ACS, copyright 2012), SEM
micrographs: lignin nanofibers (c and e) and PNIPAM grafted lignin nanofibers (d and f) (reproduced from ref. 112 with permission from ACS,

copyright 2012).

mats."” The nanofibers exhibited diameters between 790 and
1150 nm (Fig. 6¢c-f), thus, exhibiting potential applications in
purification and separation devices."">'"?

3.4. Lignin filled composites in additive manufacturing
applications

In the recent decade, technological advances have made 3D
printers more accessible to general consumers, thus, in turn
fueling interest in additive manufacturing (AM) better known
as 3D printing fabrication of materials. As illustrated in Fig. 7,
3D printing comprises three steps: development of
a computer-aided design (CAD) model, preprocessing of the
model, and additive manufacturing of the product."** Although
conventional fabrication materials (such as metals,

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

conventional polymers, inorganic glasses, ceramics, and
composites) are viable options for research and development
at additive manufacturing’s advent, their utilization at the
consumer level raises sustainability concerns.****>'*¢ The pre-
dicted 3D printing market size between the years 2022 and
2032 is presented in Fig. 7. In the year 2032, the global AM
market size is projected to be 98.3 billion USD with a material
sale potential of 900 million USD."” Photopolymer sales are
expected to contribute the biggest fraction (350 million USD) to
this value, with its primary application being in the prototyp-
ing stage and molding application. Furthermore, AM metals
and polymer powders could contribute to 14% and 25% of the
total AM material sales, respectively. The remainder of sales
are expected to be associated with polymer filaments employed

RSC Sustainability, 2024, 2, 804-831 | 813
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Fig. 7 3D printing representation: fundamental steps of additive manufacturing: CAD model (development, preprocessing, and 3D printing of
the product) (reproduced from ref. 114 with permission from ACS, copyright 2017) worldwide additive manufacturing market size (2022 to 2032)
(reproduced from ref. 117 with permission from Elsevier, copyright 2020).

primarily for fused deposition modeling (FDM)."****8 Not every
polymeric material can be employed in additive
manufacturing applications. For instance, elastomeric mate-
rials are unable to form 3D printable pellets due to their low T
values. Certain semi-crystalline polymers (such as polylactic
acid (PLA) and polyether ether ketone (PEEK)) are the most
commonly used 3D printed materials. However, certain
conventional polymers (for instance polypropylene) are diffi-
cult to 3D print without the employment of any additives. High
Young's modulus and low viscosity of the printable materials
facilitate smooth extrusion.**

An inclination towards the use of naturally abundant
biopolymers such as lignocellulosic materials for AM feedstock
has garnered significant attention.******** Since its advent in the
later part of the previous centennial, several techniques for
additive manufacturing have been developed, including ster-
eolithography, direct ink writing, sheet lamination, binder
jetting, fused deposition modeling (FDM), powder bed fusion,
and vat photopolymerization.”” Among the various additive
manufacturing techniques, stereolithography apparatus (SLA)
is of particular interest.

814 | RSC Sustainability, 2024, 2, 804-831

Due to the inherent advantages of SLA such as good operator
control, accuracy, and superior resolution, it can be a method of
choice.’” However, due to the ability to solely process photo-
reactive resins, the choice of polymer feedstock materials is
relatively narrow."” To overcome this limitation, the develop-
ment of modified photoreactive resins has been under intense
investigation."”**** The use of traditional fillers (such as gra-
phene oxide, carbon nanotubes, SiO,, nanoclay, sepiolite
nanofibers, aluminum oxide nanowires, and TiO,) in photo-
reactive resins for enhancing the tensile properties of stereo-
lithography printed products has been recorded.">'3¢"3*
Although conventional fillers enhance the mechanical proper-
ties of filled products, the associated concerns are fueling a shift
towards more sustainable alternatives.'*

The use of lignin as a filler in SLA-printed products is shown
to enhance UV absorption,**® anti-aging properties®” and flame
retardancy™® of 3D-printed lignin-based materials with appli-
cations in drug delivery materials and other biomedical appli-
cations.”*'*° Due to the inherent stiffness that lignin imparts to
the host polymer matrix, several studies have covered its
application in 3D printing materials. In a study by Sutton et al.,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the use of methacrylic anhydride-modified lignin in conjunc-
tion with methacrylate resin to undergo stereolithography was
explored.”* A 300% increment in elongation at break was
recorded. This was attributed to the superior dispersibility of
the modified lignin (15 wt%) in the filled matrix.

FDM is another additive manufacturing technique that can
utilize lignin as ink. In a study by Mimini et al., FDM-printed
samples of PLA composites with different types of lignin (kraft
lignin, organosolv lignin, and lignosulfonate) were tested for
their impact and flexural strength.*> A minimal reduction in
both flexural and impact strength values of all the specimens
was recorded. In a study by Nguyen et al., FDM was employed to
incorporate hardwood lignin in a nylon 12 matrix."*®* The
resultant lignin (40 wt%) loaded specimens exhibited a tensile
strength of 55 MPa with a 70% increment in Young's modulus
values. This improvement in the mechanical properties was
ascribed to the presence of extensive phenolic moieties in the
lignin specimen and potential instances of hydrogen bonding
between the lignin moieties and the amide bonds of nylon in
the composite.

In another study, a similar increment in Young's modulus
and a dip in tensile strength with higher loadings of pine kraft
lignin in polylactide were observed.***'** In a separate study,
the use of lignin with PLA for additive manufacturing via the
fused filament fabrication technique was explored.*° Polylactic
acid pellets were coated with lignin (0-3 wt%) and castor oil
prior to extrusion at 200 °C. The produced filament underwent
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fused filament fabrication. The filaments exhibited antioxidant
capabilities and were further used to design and fabricate
meshes. The 3D-printed meshes could be utilized in wound
dressing and the healthcare sector.’® The above-mentioned
studies were crucial in establishing the merits of employing
lignin in additive manufacturing operations. The complexity of
the systems arising due to the non-homogeneity of lignin, the
lignin content of the formulations, the choice of the base
polymer, and the employed additive manufacturing technique
were established. Various lignin filled additive manufacturing
composites could aid in fulfilling several Sustainable Devel-
opment Goals (SDGs) including SDG 9, SDG 12, SDG 13, and
SDG 14.

3.5. Utilization of lignin as a Pickering emulsifier

In recent years, the extensive use of Pickering emulsions in the
cosmetic, food, and pharmaceutical industries has been wit-
nessed."* The use of organic and inorganic particles for stabi-
lization of Pickering emulsions is widely practiced,"’ ranging
from latex,**® silica,"® and calcium carbonate,”” to LAPON-
ITE®,"* etc. However, some of these particles have safety and
sustainability concerns. For instance, the inhalation of crystal-
line silica dust, which can be used as a Pickering emulsifier has
been proven to be a leading cause of silicosis in human
beings.*** Also, the mining operations for crystalline silica are
known to be detrimental to the environment. Thus, there has

0 . oy

0 5 10 15 20
Droplet diameter (um) | l.

25 | I 0 5 10 15 20
Droplet diameter (um)

Fig. 8 Optical micrographs of unmodified and esterified lignin stabilized oil-in-water Pickering emulsions (reproduced from ref. 44 with

permission from Elsevier, copyright 2023).
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Table 2 Other studies on utilization of lignin as a Pickering emulsifier
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Type of lignin Method Solvent Ref.
Kraft lignin Solvent shifting THF/H,0 156
Kraft lignin Solvent shifting Acetone/H,0 157
Kraft/organosolv lignin Aerosol flow DMF and acetone 158
Kraft lignin Cationization-adsorption — 159

been growing interest in finding sustainable alternatives such
as lignin to conventional Pickering emulsifiers.'*

In a study by Shorey et al., native and esterified lignins for the
stabilization of oil-in-water Pickering emulsions were studied. It
was observed that due to the subpar dispersibility exhibited by
the unmodified lignin in solvents, unstable Pickering emulsions
were produced. In contrast, esterified lignins (LigHC, Lig DC,

Purification, Modification air)
Hydrolysis

Phenolysis

Acetylation

Lignin/ Polymer mixing

Melt Spinning
Solution Spinning (Dry and Wet)
Electrospinning

Preoxidation (200-300 °C, in

Fibers

and LigPC) with hydrophobic properties displayed enhanced
solvent dispersion and provided outstanding stability to oil-in-
water Pickering emulsions. This was substantiated by a 47%
reduction in average oil droplet size for he LigHC stabilized
Pickering emulsion, as displayed in Fig. 8.* The performance of
lignin-stabilized Pickering emulsions was compared against an
industrial grade emulsifying agent.** A threefold higher viscosity
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(a) Process of spinning carbon-fibers from lignin, (b) electrospinning apparatus, (c) SEM micrograph of a carbon fiber, (d) SEM micrograph

of a cluster of carbon fibers (cross-section), and (e) and (f) SEM micrographs highlighting surface morphology of the carbon fibers (reproduced

from ref. 179 with permission from Elsevier, copyright 2016).
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value was recorded for the esterified lignin stabilized emulsion
over its industrial surfactant counterpart. The significant incre-
ment in viscosity values was attributed to the superior shielding
effect of lignin at the oil-water interface thus preventing their
coalescence.* These observations were in coherence with the
optical micrographs recorded for the specimens.*

The use of novel Pickering emulsion formulations stabilized
by employing lignin nanoparticles for controlled release of
trans-resveratrol was explored.™* In this work, the stabilization
effect of alkaline lignin grafted poly(N-isopropylacrylamide)
(PNIPAM) via atom transfer radical polymerization (ATRP) was
studied. The fabricated nanoparticles (with diameter <160 nm)
absorbed at the interface of oil-in-water emulsions, thus,
exhibiting stable Pickering emulsions with oil droplet diameter
values in the vicinity of 200 pm. The stabilized Pickering
emulsions exhibited stability improvement against UV radia-
tion and exceptional controlled release performance. Other
studies on utilization of lignin as a Pickering emulsifier are
outlined in Table 2. An American firm, Ingevity Corporation,
has been developing and commercializing proprietary lignin-
based products. For instance, their lignin-based emulsifier
(Indulin® SA-L) produces anionic asphalt emulsions.'*

3.6. Lignin-based carbon fibers and their applications

Recently, exponential growth in the market size of carbon fibers
has been witnessed.'®® Evaluated at 2.99 billion USD in 2022, the
carbon fiber market is forecast to be worth 5.83 billion USD by
2032, with a compound annual growth rate of 6.9%.'%
Comprising at least 92 wt% carbon, the fibers exhibit high
flexibility, low density, inertness, heat resistance, and low
thermal expansion. In comparison to steel, a 10-fold increment
in tensile strength at half the weight has been recorded for
carbon fibers.'****> Due to their exceptional properties, an influx
of their use has been reported in various sectors, including -
construction, automotive, aerospace, sports, oil and gas
industries, etc. Amongst the various precursors available for the
manufacture of carbon fibers, polyacrylonitrile (PAN) is the
most widely employed. The expensive PAN precursor (approxi-
mating 50% of the manufacturing cost) renders the carbon
fibers costly for widescale industrial and commodity composite
applications.’% In addition, the environmental concerns
posed by the use of petroleum-derived precursors have created
interest in greener, renewable, and economical carbon fiber
precursors.

In recent times, the use of lignin as a carbon-fiber precursor
has gained significant attention.'®"*"* This is primarily due to
the vast availability, high carbon content, and high post-
carbonization yield exhibited by lignin."*®"’° However, the
process of spinning carbon-fibers from lignin includes a series
of processing steps - spinning (solution spinning, melt spin-
ning, and electrospinning), pre-oxidation, and carbonization
(low temperature or high temperature) (Fig. 9)."”* In a critical
review by Fang et al, an in-depth overview of manufacturing
and applications of lignin-based carbon fibers and nanofibers
was presented.'”*

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

Table 3 Other studies on lignin-based carbon fibers

Temperature

Ref.

Tensile properties

Thermo-stabilization Carbonization

Polymer

Type of lignin

173

Tensile modulus: 98 + 5 GPa

From room temperature

165 °C-250 °C@20 °C min ',

Softwood kraft lignin
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In a study by Jin et al, a tensile modulus of 98 GPa for
unmodified lignin-based carbon fibers was obtained,"”* which
was perhaps one of the highest modulus values recorded for
lignin. In this work, three fractionated-solvated lignin precur-
sors (FSLPs) with increasing molecular weights (7200 g mol ™",
13800 ¢ mol ', and 28600 g mol ') were employed. Lignin
carbon fibers exhibited a uniform diameter (6-7 pm) with no
surface deformations which defines their tensile values. These
diameter values were noted to be much smaller than the values
for other lignin-based carbon fibers previously reported.'”*'”*
Moreover, they were near the diameter of PAN-based commer-
cial carbon fibers."”® PAN based carbon fibers exhibit tensile
modulus values more than 200 GPa with some manufacturers
being able to achieve a tensile modulus as high as 517 GPa.
Although the modulus values were the highest recorded for
lignin-based carbon fibers, they were 52% lower than the tensile
modulus values required for automotive industrial applica-
tions,**'7>*7® indicating that there is a large gap that needs to be
addressed before lignin-based carbon fibers find extensive
industrial applications. Other studies on lignin-based carbon
fibers are summarized in Table 3.

On comparing the properties of lignin-based carbon fibers
with those of their conventional counterparts, several differ-
ences and advantages of the former alternatives were recorded.
The acceptable mechanical and interfacial properties of lignin-
based carbon fibers for utilization in chopped carbon fiber
composites render them advantageous over their PAN based
counterparts, which require sizing.””® In another study by Li
et al, lignin-based carbon fibers reported similar elastic
modulus values as those of their commercial counterparts.*®
These results will pave the way for eventual replacement of
conventional carbon fibers by lignin fabricated variants.

In a study by Hermansson et al., the life cycle analysis (LCA)
of lignin-based carbon fibers and recycled carbon fibers from
discarded carbon fiber reinforced polymer (CFRP) products was
conducted."* Carbon fiber production accounted for more than
50% of the CFRP climate impact and energy consumption. With
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the replacement of the carbon fiber raw material (PAN) with
lignin, reduction in energy consumption and climate impact
was observed. In addition, recycled carbon fiber resulted in
further energy conservation. These avenues require further
research and future development.'®*

3.7. Lignin-incorporating sunscreen formulations

Arelationship between the depleting ozone layer and increasing
instances of skin cancer has been observed.”® Skin cancer
instances in excess of 82 000 (6500 cases of melanoma and 76
100 cases of non-melanoma skin cancer (NMSC)) were reported
in Canada (2014)."***° With reduced exposure to artificial and
natural UV radiation, most cases of skin cancer are prevent-
able.”"*”> The use of sunscreens as effective UV-blockers has
been widely investigated. Since their advent in the United States
cosmetic market in 1928, they have been a huge commercial
success.” Commercially available sunscreens incorporate
various active ingredients (inorganic and organic) and hence
vary in their respective UV-blocking mechanisms.***

Traditionally, the use of inorganic active ingredients
(including zinc oxide (ZnO), talc, titanium oxide (TiO,), kaolin,
etc.) in UV blockers is prominent.”®* These active ingredients
scatter and reflect UV rays off the surface of the skin, thus, in
turn preventing sunlight from penetrating the skin. Although
inorganic UV blockers mostly cover the broad UV spectrum,
their inferior dispersion in cream bases and the photoreactive
properties that could potentially harm cellular components
make their organic counterparts an attractive and safe
alternative.'>"%%

In contrast, organic UV blockers (including benzophenones,
silatriazole, bisoctrizole, salicylates, ecamsule, bemotrizinol, etc.)
work on the mechanism of absorbing the UV energy and con-
verting it into heat energy.” In numerous studies, the photo-
stability and the synergistic effect of adding lignin to sunscreen
formulations have been studied (up to 10 wt% loading), as
covered in Table 4. There was an increment in both the sun
protection factor and duration of protection against UV rays after

SPF value

Sunscreen formulation base Type of lignin Before After Ref.
SPF 15 lotion Eucalyptus kraft lignin 15 75.2 201
NIVEA moisturizing cream, sunscreen Enzymatic hydrolysis lignin 47.71 £ 6.30 203
SPF 15, and SPF 50 and organosolv lignin

Pure cream Soda lignin 0.99 + 0.01 6.81 + 1.15 208
NIVEA pure cream Alkali lignin 0.99 £ 0.01 5.72 £ 0.26 209
SPF 15 sunscreen lotion Kraft lignin 18.22 £+ 0.92 76.97 + 6.38 208
Glycerin hand cream Alkali lignin 1.06 £ 0.01 5.33 &+ 0.47

Pure cream Kraft lignin 0.99 + 0.01 6.33 + 0.37 208
SPF 15 sunscreen lotion Soda lignin 18.22 £ 0.92 91.61 + 8.47 208
Pure cream Organosolv lignin 0.99 + 0.01 8.66 + 0.25 208
SPF 15 sunscreen lotion Organosolv lignin 18.22 4+ 0.92 23.66 + 1.28 208
Pure cream Enzymatic-hydrolyzed lignin 0.99 + 0.01 4.20 £ 0.50 208
SPF 15 sunscreen lotion Enzymatic-hydrolyzed lignin 18.22 £ 0.92 20.13 £ 5.31 208
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Fig. 10 (a) Sunscreen formulations loaded with acetylated and kraft lignin samples (reproduced from ref. 201 with permission from Elsevier,

copyright 2019), (b) consumer perception to the use of lignin-based sunscreen formulations (reproduced from ref. 202 with permission from
MDPI, copyright 2021), and (c) recorded SPF values at various loading concentrations of acetylated lignin (reproduced from ref. 201 with

permission from Elsevier, copyright 2019).

the addition of lignin to creams and commercial sunscreen
formulations.>® In a study by Zhang et al, with progressive
loadings of acetylated lignin to the substrate sunscreen lotion,
a three-time increase in the SPF value (75.2 SPF) was recorded
(Fig. 10).>* This was attributed to the synergistic effect of the
acetylated lignin in conjunction with synthetic actives.

The challenges for the mainstream application of lignin in
sunscreen formulations are many, including heterogeneity of
the chemical structure, dark color, broadening of the SPF value
in the broad-spectrum UV blocking range, and consumer
perception.* Fractionation of lignin with organic solvents is
usually employed to remove condensed structures, thus,
increasing its dispersion in cream bases.™® In a study by Tran
et al., the acetylation of the hydroxyl groups of the lignin spec-
imen lightened the color for a better appeal.® In a separate
study by Wu et al., the color performance of unmodified and
acetylated lignin specimens in sunscreen formulations at
various loadings was compared. As is apparent from Fig. 10,
sunscreen formulations loaded with 2 wt% of acetylated lignin
demonstrated a much lighter shade than their unmodified
counterpart, thus, being more acceptable to end-consumers.

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

Another way to lighten the lignin color is through grafting
other compounds onto the lignin structure, such as benzo-
phenone*” 2,4-benzoyl-33-hydroxyphenyl acrylate (BHA),>*®
and poly(ethylene glycol) methacrylate (PEGMA).>*’ In a study by
lignin-based sunscreen formulations were explored.**> While
consumers in excess of 50% were willing to try lignin-based
sunscreens, a mere 3% of the potential consumers refused
trying them. While consumers tend to appreciate bio-sourced,
healthy, and sustainable sunscreen alternatives, they are con-
cerned about lower performance and protection. Additionally,
because organic ingredients are perceived as luxurious,
consumers are concerned about associated product cost.

3.8. Lignin-based smart materials

3.8.1. Shape-memory applications. Shape-memory poly-
mers (SMPs) are considered a kind of smart material able to
modify size, shapes, rigidity, or strain in response to different
external (heat, electric and magnetic fields, water or light)
provocations such as pH, body temperature and ion

RSC Sustainability, 2024, 2, 804-831 | 819
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(a) Thermoresponsive shape memory behavior exhibited by the lignin composite film and (b) molecular transformations in one shape

memory-recovery cycle of the lignin composite film (reproduced from ref. 217 with permission from RSC, copyright 2018).

concentration.”**?** Recently, various applications of SMPs in
biomedical, coatings, textiles, and aerospace domains have
been witnessed.*'>**®

In a study by Shikinaka et al., the synthesis of lignin-based
SMP exhibiting a dynamic shape-recovering behavior was re-
ported.””” The synthesis procedure comprised mixing simulta-
neous enzymic saccharification and comminution (SESC) lignin
and poly(ethylene carbonate) polymers (PEC), kneading the
mixture (120 °C), and compression molding (120 °C, 3-5 MPa)
into films. Thermoresponsive shape-memory behavior was
noted in the molded films, as presented in Fig. 11a. The
composite films were set into the original shape using heat
(80 °C). Further cooling could straighten and fix the film shape
(0-10 °C) and revert to their original shape with the reap-
plication of heat. The fabricated films could be remolded into
different shapes many times and each shape recovery cycle took
less than 60 seconds to reach the conclusion. Poly(ethylene
carbonate) sheets exhibited thermosetting behavior. The shape
memory characteristics of the baseline poly(ethylene carbonate)
sheets were attributed to the formation of hydrogen bonds
under cold conditions. The SESC lignin moieties tend to
aggregate in the polymer matrix, thus, imparting dynamic
shape recovery to the specimens. Thus, the synergistic move-
ment of the polymer chains influenced by the presence of the
lignin agglomeration resulted in the shape-recovery behavior of
the composite films (Fig. 11b).>"” In a study by Liu et al, the
effective use of lignin as a crosslinking agent to develop cross-
linked polycaprolactone (PCL) based thermal shape memory
materials was explored.**® The process was initiated with the

820 | RSC Sustainability, 2024, 2, 804-83]

esterification of lignin and synthesis of PCL employing bulk
ring-opening polymerization. Furthermore, the obtained PCL-
OH moieties underwent a modification reaction to exhibit
thiol terminal functional groups. The synthesis was concluded
by crosslinking the lignin and PCL moieties via a photoredox
thiolene reaction. The prepared samples exhibited an ability to
transition between temporary and permanent shapes, and thus,
a rapid thermal shape response was recorded. A reduction in
the melting temperature of the crosslinked specimen with an
increase in the lignin loading was observed. Thus, lignin could
be employed as an effective crosslinker in polymeric matrices.**®

3.8.2. Smart hydrogels for drug-delivery applications.
Hydrogels are hydrophilic polymer materials with 3D network
structures. Sourced from synthetic or natural resources, the
polymerization process of hydrogel manufacturing comprises
crosslinking a single or multiple monomers to obtain 3D
network structures.****** Due to their morphology, water
retention characteristics, mechanical strength, biodegrad-
ability, and ability to disintegrate into non-toxic materials, there
is substantial interest in their applications in the biomedical
industry.””* However, controlling the parameters influencing
the degradation characteristics of hydrogels poses a major
challenge. Additionally, hydrogels with excellent biocompati-
bility and less toxic degradation products are deemed to be
desirable.”***** Lignin is a biocompatible, inexpensive, envi-
ronmentally friendly, and readily accessible material. Antimi-
crobial properties of lignin have been reported. Thus, its
utilization in biomedical applications is garnering significant
attention.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with permission from ACS, copyright 2022), and SEM micrographs of
hydrogel recorded post different days of degradation: 40% lignin
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In a study by Larrafieta et al, lignin-based hydrogels
employing an esterification reaction were fabricated.””” The
synthesized lignin-poly(ethylene glycol)-poly(methyl vinyl ether-
co-maleic acid) based hydrogels exhibited potential applications
in medical material coatings. For lignin loaded hydrogel
formulation (between 40% and 24%), a water uptake value of up
to 500% was recorded. The formulated gels sustainably released
curcumin fractions up to 4 days post loading.**

As illustrated in Fig. 12, lignin based photodynamic hydro-
gels exhibiting self-healing properties were synthesized in
another study.?”® These hydrogels were synthesized and func-
tionalized with rose bengal (RB) lignin-based silver nano-
complexes (L-AgNCs) (Fig. 12a and b). The hydrogels
constituted 2 to 7.5 mg mL~" of lignin loadings with declining
transparency for the higher loaded specimens, as displayed in
Fig. 12c. In this case, 85% transmittance of the light through the
hydrogels was recorded for the 2 mg mL ' lignin loaded
samples (Fig. 12d). In the SEM micrographs, an extensively
cross-linked and porous structure was noted in the 2 mg mL ™"
(Figure 12€) and 3 mg mL~" (Fig. 12f) hydrogel formulations. In
addition, the fabricated hydrogels exhibited self-healing prop-
erties. As shown in Fig. 12g, two dissected pieces of such
hydrogel self-healed upon being placed together for 30 min. In
another study by Ma et al, the degradability of lignin-
poly(acrylic acid) based hydrogels was tested.***

As apparent from Fig. 12h and j, significant degradation of
lignin loaded hydrogel was recorded. While the lignin loaded
hydrogel exhibited a well-defined structure before the initiation
of degradation, the porous structure underwent severe disinte-
gration after 180 days. In contrast, for the baseline poly(acrylic
acid) specimen no cracks or surface deformities were recorded.
The deterioration of the lignin loaded sample was ascribed to
the enzymatic and chemical degradation of the lignin-polymer
chain covalent bonds. The 40% lignin loaded hydrogel sample
lost approx. 5% weight in 35 days, varying minimally with the
type of testing soil employed.***

3.8.3. Use of lignin-based nano-materials for biosensing
applications. Sensors possess the ability to convert input from
their surrounding medium into a quantifiable output signal. On
the other hand, biosensors are primarily employed in the
detection of biological species. Generally, the response of the
systems is a result of the capture of the biomolecules present in
biological samples, which produces changes in the surrounding
medium or macroscopic properties of the system, such as pH,
temperature or electrical conductivity that can be translated to
a quantifiable response.?”® Recently, the use of lignin in sensing
applications (biosensors) has been witnessed. Biosensor elec-
trodes have been constructed from lignin not only because of its
low cost, but also due to the presence of various functional
groups amenable to modification and its acceptable compati-
bility with numerous polymer matrices.**

loaded formulation (60 PAA/40 LM) (h) O day, (i) 35 days, and (j) 180
days; baseline PAA degradation: (k) O day, (1) 35 days, and (m) 180 days
(reproduced from ref. 224 with permission from Elsevier, copyright
2016).
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In a study by Cerrutti et al., electrical impedance spectros-
copy (EIS) based immunosensors were fabricated. These
sensors constituted lignin and antigenic peptides on inter-
digitated gold electrodes and exhibited anti-p17 (HIV) anti-
body detection capabilities (Fig. 13a). The manufactured
immunosensors could detect low concentrations of anti-
bodies (0.1 ng mL~") for up to 2 months.?*® In another study,
Jedrzak et al. prepared biosensors based on a silica (SiO,)/
lignin material for glucose detection.”” The developed SiO,/
lignin hybrid material underwent glucose oxidase immobili-
zation, as presented in Fig. 13b. Incorporating lignin into the
matrix resulted in twice (25.28 mg g~ ') the amount of GOx
immobilization compared to its baseline (SiO,) counterpart.
Lignin-based biosensors demonstrated high sensitivity (0.78
wA m/M ') and an ability to detect glucose in biological
samples with great accuracy.

Poly(3,4-ethylenedioxythiophene) (PEDOT) in conjunction
with sulfonated lignin was incorporated as the conductive
material in a poly(acrylic acid) (PAA) skeleton for the fabrication
of hydrogel-based wearable sensors, as illustrated in Fig. 13c-
£.>* The high sensitivity of the sensors produced was capable of
detecting bodily motion, physiological signals, throat vibra-
tions, and pulses. Potential applications in healthcare, sports
science, and speech recognition were proposed. Other devel-
opments in the domain of lignin-based sensing materials have
been reported.********* In one such stduy by Wang et al., lignin-
based pressure sensors for wearable electronics were devel-
oped.>® For the prototype sensor, high sensitivity (57 kPa™*)
and a wide working pressure range (0 to 130 kPa) were recorded,
as illustrated in Fig. 13g-i.
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3.9. Use of lignin in self-healing elastomers

The self-healing properties exhibited by many materials stem
from the presence of supramolecular interactions,** such as -
stacking,*®® ionic interactions,***** hydrogen bonding,*****
metal-ligand interactions,****** and host-guest interactions.>*
These materials exhibit instantaneous self-healing properties at
the expense of mechanical strength. To counter this reduction in
tensile properties, a dual phase material can be employed. While
the hard phase would impart the material with stiffness, the soft
phase would contribute to the material's self-healing proper-
ties.>** Lignin's high Young's modulus and mechanical strength,
combined with its chemical versatility, offer a unique opportu-
nity to address a standing challenge in self-healing materials.>*

In a study by Cui et al., a reaction of diglycidyl ether-
terminated polyethylene glycol with lignin moieties was re-
ported.*** The existence of covalent and hydrogen bonds in the
resulting self-healing elastomers was observed, as illustrated in
Fig. 14a and b. While the lignin moieties made the material
stiff, the PEG soft phase fractions enabled chain movement.**
An elastic modulus value of 86 MPa with a tensile strength of
12 MPa was recorded for the 58% lignin-loaded sample.
Furthermore, the 55 wt% lignin samples were observed to be
extremely stretchable, reporting an elongation at break value
exceeding 2200%. The unfolding and sliding of polymer chains
due to breakage and rejuvenation of hydrogen bonds imparted
the material with high stretchability.*****' As represented in
Fig. 15b, a recovery in elongation at break exceeding 50% was
recorded after 1 min for the 50 wt% lignin-loaded samples.***
An inverse relationship between lignin loadings and self-
healing time was also noted.

hyvdrogen bonding

(a) Reaction mechanism of ACN-lignin and diglycidyl ether polyethylene glycol (PEG) (melt phase), and (b) illustration of the network

formed by covalent and non-covalent bonds (reproduced from ref. 241 with permission from ACS, copyright 2018).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Tensile properties and recovery performance of (a) 50% ACN-lignin (1 min and 30 min) at ambient temperature and (b) 55% ACN-lignin
(2 h and 24 h) exposed to 37 °C (reproduced from ref. 241 with permission from ACS, copyright 2018).

In another study, the preparation of lignin constituting self-
healing polyurethane elastomers was discussed.**® Good
mechanical properties (tensile strength 10.77 MPa) in
conjunction with self-healing properties (in excess of 93%) were
observed. Moreover, the presence of dynamic hydrogen and
disulfide bonds has been correlated with superior thermal
stability, mechanical properties, resistance against fatigue, and
self-healing capability.

3.10. Antimicrobial properties of lignin incorporating
composites for active food packaging applications

Food packaging materials predominantly employ petroleum-
sourced and non-biodegradable conventional plastics. A shift
towards sustainable and biodegradable packaging materials is
attracting substantial interest. However, their widescale appli-
cation is primarily inhibited owing to their high cost and infe-
rior barrier and other physical properties. Thus, the use of
functional fillers to counter the inherent disadvantages of virgin
biopolymers is gaining significant interest. One of the crucial
roles of food packaging materials is to impart defense against
microbial invaders. The choice of functional fillers for antimi-
crobial material is not only limited by the enhancement in
physical properties but also by their antimicrobial activity. Of all
the functional fillers available, the employment of lignin in
synergy with other active agents to impart antimicrobial prop-
erties to the host packing material has been studied.***>*

824 | RSC Sustainability, 2024, 2, 804-831

In a study by Shankar et al., the use of agar/lignin/silver
nanoparticles for the fabrication of antibacterial composite
sheets was studied.”** The use of lignin as a capping and
reducing agent for the preparation of silver nanoparticles was
observed. Furthermore, the incorporation of lignin-capped
silver nanoparticles in an agar matrix via solution casting to
produce composite sheets was witnessed, as evident from
Fig. 16a. With the addition of lignin, an increment in the
mechanical strength, UV barrier, and water vapor barrier
properties of the films was recorded, which witnessed a further
improvement with the addition of silver nanoparticles. The
incorporation of silver nanoparticles up to 1 wt% in the polymer
matrix exhibited clear benefits; a further increase in the
concentration demonstrated detrimental effects. Antibacterial
activity against E. coli and L. monocytogenes was noted in the cast
films and thus, their potential application in active food pack-
aging applications was proposed.*** In a similar study by Hu
et al., lignin-capped silver nanoparticles were incorporated on
the surface of cellulose nanofibers (up to 2.9 wt%).>** As evident
from Fig. 16b, the alkali lignin-containing samples exhibited no
bacterial growth in comparison to the original cellulose sample.

A different approach was undertaken in a study by Yang et al.,
where the synergic effect of the incorporation of lignin nano-
particles (LNPs) and cellulose nanocrystals (CNCs) in a polylactic
acid based (PLA and Glycidyl methacrylate (GMA) grafted PLA)
matrix was investigated.””” The antibacterial activity of binary

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Agar/lignin/silver nanoparticle composite film synthesis procedure (reproduced from ref. 244 with permission from Elsevier, copyright

2017), (b) four diluted E. coli suspensions exposed (10 min) to: (1) cells and (2) AQNPs-AL-Cell 10 (reproduced from ref. 245 with permission from
Elsevier, copyright 2015) and antibacterial activity against Escherichia coli (c and d), and Staphylococcus aureus (e and f) of CNF (c and e)
composite films and CNFQCLNPs (d and f) composite films (reproduced from ref. 246 with permission from Elsevier, copyright 2019).

(PLA/3LNP) and tertiary (PLA-3LNP/1CNC) melt extruded nano-
composite films against Pseudomonas syringae pv. tomato (Pst)
was recorded.”” With addition of 3 wt% LNP to the PLA matrix in
binary nanocomposite films, the highest resistance to bacterial
growth was observed. This was attributed to the antibacterial
activity of lignin nanoparticles (LNPs).>*

In another study, the incorporation of varying amounts of
corncob lignin nanoparticles (0.5 wt% to 10 wt%) in cellulose
nanofibrils for the production of cellulose composite films was
studied.**® Superior antibacterial activity against Escherichia coli
and Staphylococcus aureus was exhibited by the composite films.
As evident from Fig. 16c, the bacterial growth (Escherichia coli
and Staphylococcus aureus) in the lignin-incorporating sheets
was inferior to that in the baseline cellulose counterparts. The
superior antibacterial activity of lignin-loaded sheets against
Escherichia coli was attributed to the presence of side chains and
phenolic groups in the lignin molecular structure. Thus, the
authors proposed potential application of the formulated films
in antibacterial polymers.**® Lignin incorporating formulations
shall conform to various Sustainable Development Goals (SDGs)
including, SDG 9 and SDG 12.

4. Concluding remarks

Lignin is one of the most widely available biopolymers; thus, its
effective derivation for advanced material applications is lucra-
tive. Lignin can be distinguished on the basis of sourced-wood
and extraction operation. The inherent limitation of lignin
samples can be countered by their effective functionalization,
with chemical modification being the most widely employed.
Furthermore, the various venues for effective valorization of

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

functionalized lignin moieties were discussed. Lignin-based
materials and their applications in various domains were
extensively covered. Furthermore, the influx in the use of additive
manufacturing materials, properties of lignin-incorporating
materials in AM, and their potential applications in the health-
care sector were explored. Other valorization pathways including
lignin-based carbon fibers, Pickering emulsion stabilizers, and
smart materials were discussed.

Lignin-incorporating sunscreen formulations were discov-
ered to exhibit dark color. **'However, consumer perception
studies revealed that a vast majority of people favoring trying
lignin-incorporating sunscreen formulations. Another medium
for valorizing lignin is its use in self-healing elastomers, where
the presence of supramolecular interactions is utilized for
imparting the material with self-healing properties. Moreover,
the antimicrobial properties and nontoxicity of lignin fractions
in conjunction with other active agents in composites render it
a suitable material for food packaging applications.>**>*” Efforts
to valorize lignin on a commercial scale have been made. Thus,
the studies discussed in this review were paramount in estab-
lishing the need for and the significance of valorizing lignin for
advanced material applications.
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KPS

Lig
LigHC
LNP
LNT
Mn
OSL
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