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A Pickering emulsion, stabilized by amphiphilic solid particles, is a highly functional and stable system that
has attracted significant research interest. Lignin, an amphiphilic biomacromolecule found widely in
nature, can be transformed into nanoparticles using modern nanotechnology with great potential for use
in Pickering emulsions. Despite numerous studies exploring the function of colloidal lignin particles
(CLPs) in producing Pickering emulsions, there are few systematic reviews on the state-of-the-art works
related to CLP-stabilized Pickering emulsions. In this review, we summarize recent advances in synthesis
processes, formation mechanisms, structural characteristics and surface properties of CLPs on the stability
and functionality of Pickering emulsion systems. We also highlight advanced applications of CLP-stabil-
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ized Pickering emulsions at present and propose future development directions for improving their syn-
thesis technology using lignin as a stabilizer to enhance their properties. Our hope is that this review will
serve as a roadmap for scientists engaged in research on CLP-Pickering emulsions across different scien-
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1. Introduction

Emulsions, which are inherently thermodynamically unstable
systems, consist of two phases that are incompatible with each
other. Surfactants are commonly used to effectively reduce the
interfacial tension between these phases. This reduction in
interfacial tension serves to decrease the overall free energy of
the mixing system, thereby maintaining the dispersion stabi-
lity of the constituent phases of the emulsion.” In contrast to
conventional emulsions that rely on surfactants for stabiliz-
ation, Pickering emulsions represent a distinct class of emul-
sion systems anchored in the utilization of solid particles (see
Fig. 1). The earliest recorded instance of a Pickering emulsion
can be traced back to 1904 when Ramsden made a pioneering
discovery. He found that solid powder could form a dense par-
ticle coating on the surface of paraffin droplets, enabling even
dispersion in water and subsequent formation of stable emul-
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tific fields to achieve optimal material performance goals.

sions.” In 1907, following extensive research, Pickering offered
a preliminary elucidation of the stabilization mechanism
associated with this distinctive type of emulsion.?
Subsequently, as researchers gained deeper insights, the stabi-
lization mechanism of Pickering emulsions was gradually
unveiled and clarified.*”

However, the emulsion known as “Pickering emulsion” in
honor of its inventor initially failed to garner widespread atten-
tion and did not incite international research fervor until the
21st century.>” In comparison to conventional emulsions,
Pickering emulsions stabilized by solid particles offer significant
advantages such as low toxicity, versatility, high stability, and
reduced emulsifier content,®® and have been known and used in
industrial polymerization.'®"* Initially, research primarily
focused on inorganic particles with silica particles designated as
the “gold standard” Pickering stabilize, providing fundamental
insights into the principles of Pickering emulsion stabilization."®
Recently, colloidal science has entered a new era of Pickering
stabilization by expanding its scope from simple inorganic
materials to a diverse range of functional nanoparticles and
micro-particles including magnetic nanoparticles, conductive
particles, pH-responsive particles, and carbon nanotubes.®'*
Notably, there has been an increasing emphasis on sustainabil-
ity which has driven exploration into clean-label natural bio-
polymer particles specifically addressing the rising global
demand for eco-friendly materials.”> Consequently, extensive
investigations have been conducted on various biomass nano-
particles such as cellulose nanofibers,'®® chitosan nano-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The interface characteristics of traditional emulsion and Pickering emulsion.

particles, plant protein particles, and starch nanoparticles."*"

This transition aligns with the broader realm of colloidal science
that encompasses a wide array of particle types aimed at satisfy-
ing the growing requirement for environmentally conscious and
naturally sourced materials.””

Lignin is the second most abundant natural polymer
derived from plants, following cellulose.”® It possesses an aro-
matic composition with a three-dimensional spatial structure,
consisting of numerous syringyl (S), guaiacyl (G), and p-hydro-
xyphenyl (H) units linked together by both ether and carbon-
carbon bonds (Fig. 2).>**° This unique lignin structure con-
tributes to several desirable properties, including sustainabil-
ity, biodegradability, multiple active functional groups, cost-
effective production, as well as antioxidant and UV-absorbent
capabilities.>®*® Consequently, lignin can be utilized as a func-
tional material in the fabrication of composites such as ther-
moset resins, thermoplastics, foams, and adhesives through
physical blending or cross-linking processes.>”

However, the potential of lignin-containing composites as
high-value materials is often limited by their rigid structure
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Fig. 2 The typical structure and constituent units of nature lignin.
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and the presence of a heterogeneous, polydisperse, and irregu-
lar morphology. In recent years, modern nanotechnology has
emerged as a novel approach for efficient utilization of lignin.
Lignin can be processed into spherical colloidal lignin par-
ticles (CLPs) through strong n-r interactions and hydrogen
bonding.”® Moreover, surface functionalization modifications
can significantly expand its diverse range of applications.”*°
Unlike macromolecular lignin, CLPs possess controllable par-
ticle sizes, uniform structures, and excellent dispersion pro-
perties.>' These attributes have generated significant research
interest in various fields such as catalysis, drug delivery, sterili-
zation, hydrogel development etc. Particularly noteworthy are
the nonpolar aromatic and polar hydroxy groups in lignin
macromolecules that endow natural amphiphilicity to their
particulate counterparts. Extensive investigations have been
carried out regarding the functionality of CLPs as stabilizers
within oil-in-water (O/W) Pickering emulsions. These emul-
sions exhibit remarkable dispersion stability, coupled with
thermal resilience, salt resistance, and noteworthy pH-respon-
sive characteristics. These attributes collectively present sub-
stantial promise for diverse applications, encompassing UV
shielding, antioxidant formulations, and drug packaging
among others.**??

However, there is currently a lack of a systematic review on
the research related to Pickering emulsions stabilized by CLPs,
particularly in terms of the preparation process of CLPs, the
distinct types and forms of lignin, and their impacts on the
properties and applications of Pickering emulsions. It is
crucial to gain a comprehensive understanding of the for-
mation mechanism of CLPs based Pickering emulsions. This
knowledge will enable researchers to optimize synthesis con-
ditions and parameters for tailoring the properties of CLPs-
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Pickering emulsions. Such a concerted effort has the potential
to enhance efficiency, cost-effectiveness, and accelerate the
exploration of applications for CLPs-Pickering
emulsions.

In this review, our focus is on the methods, formation
mechanisms, properties, and applications of CLPs-Pickering
emulsions. Firstly, we delve into the structure and properties
of CLPs utilized in the preparation of Pickering emulsions,
considering their preparation and modification processes.
Subsequently, we provide a comprehensive overview of the
characteristics, properties, and applications of various func-
tional materials derived from CLPs-Pickering emulsions.
Lastly, we present an outlook on the current challenges and
opportunities in the field of CLPs-Pickering emulsions. The
primary objective of this review is to consolidate and analyze
research findings and advancements related to CLPs in
Pickering emulsions. The main purpose of this review is to
offer valuable insights for future innovative designs and appli-
cations involving CLPs-Pickering emulsions (Scheme 1).

novel

2. Preparation process and formation
mechanism of CLPs

Lignin exhibits an interconnected network structure composed
of aromatic units, formed through the radical coupling of phe-
nylpropanoid monomers—precursor hydroxy-cinnamic alco-
hols, specifically p-coumaryl, coniferyl, and synapyl.**
Typically binding to hemicelluloses, lignin envelops cellulose
in the primary and secondary cell walls of plant cells, estab-
lishing covalent bonds with cellulose.>®*® This primary struc-
ture manifests as a highly branched and amorphous biomacro-
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Scheme 1 Illustration of the overview of this review.
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molecule with substantial molecular weight and polydisper-
sity. The proportions of various lignin monomers and chemi-
cal bonds vary across sources, intensifying the challenge of
precisely determining lignin’s chemical structure.>” Currently,
the precise molecular structure of natural lignin remains
unknown, and the predominant form of lignin is a byproduct
of the pulping process in the paper industry, primarily har-
nessed for its thermal energy generation through combustion
processes.>®3°

Industrial lignin can be categorized into four types (Kraft,
lignosulfonate, soda, and enzymatic hydrolysis lignin) based
on various sulfur or sulfurfree processes in pulp
manufacturing.***® These lignins retain numerous active
chemical sites, ensuring reactivity in chemical reactions.*'
However, the hydrophobic properties and complex physico-
chemical structure of lignin, including inter- and intra-mole-
cular hydrogen bonding, impact its compatibility with host
matrices. The functional properties of blends containing
lignin depend significantly on the compatibility between
lignin and the host matrices.**™*

Lignin’s amphiphilic characteristic enables the facile for-
mation of nanoparticles, thereby enhancing material homogen-
eity and reducing the impact of its structural intricacies on
material properties. Additionally, it imparts nano-specific attri-
butes, such as a substantial specific surface area, which broad-
ens the applicability of lignin nanoparticles.>**® As shown in
Fig. 3, several nano strategies have been developed for transform-
ing lignin which include self-assembly, mechanical crushing,
and interfacial crosslinking techniques.*””*® The resulting nano-
sized lignin exhibits diverse forms such as nanospheres, nano-
tubes, nano micelles, and nano capsules due to different
shaping processes employed.**™>" More detailed information
regarding these methods for producing CLPs is provided below.
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2.1. Self-assembly method
Self-assembly refers to the spontaneous formation of an
ordered or organized structure in the absence of external influ-
ences, driven by specific non-covalent intermolecular inter-
actions such as hydrophobic forces, electrostatic interactions,
hydrogen bonding, and van der Waals forces.>> However, in the
case of CLPs, the concept of “self-assembly” cannot be precisely
defined as a standalone method since it is always accompanied
by other indirect methods. In other words, various techniques
can induce the self-assembly process of CLPs.

2.1.1. Antisolvent self-assembly. As shown in Fig. 3a and 4,
the antisolvent self-assembly method exploits the amphiphilic
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nature of lignin, characterized by a hydrophobic skeleton (e.g.,
phenylpropane) and hydrophilic functional groups such as
hydroxyl and carboxylic groups. In this process, an excess of
antisolvent is introduced to an organic solvent solution con-
taining lignin. This addition triggers the hydrophobic effect of
lignin, resulting in its self-assembly precipitation and the for-
mation of CLPs. This approach is also known as the antisol-
vent precipitation method.>*>*

In polar solvents, the hydrogen bond network of lignin,
both inter-molecular and intra-molecular, undergoes disrup-
tion. This results in the self-assembly of hydrophobic regions
of lignin into the core of CLPs through hydrophobic inter-
actions, while exposing the hydrophilic regions on the surface.

b

Lignin
solution

250

200 > CLPs

100

Dialysis precipitation self-assembly

Mechanical lapping process

Surfactant

R . | CLps

Interfacial crosslinking process

Fig. 3 Preparation methods of CLPs. Antisolvent self-assembly of CLPs (a); dialysis precipitation self-assembly of CLPs (b); acid precipitation self-
assembly of CLPs (c); mechanical lapping process of CLPs (d); ultrasonic oscillation of CLPs (e); interfacial crosslinking process of CLPs (f).
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Fig. 4 A schematic proposal for the formation of CLPs by self-assembly.

Upon introduction to water, non-covalent interactions such as
hydrogen bonding between surface hydroxyl groups facilitate
the formation of hydrophilic aggregates. Consequently, lignin
tends to aggregate into spherical nanoparticles in order to
minimize contact with the non-solvent phase and maximize its
surface area.”

However, relying solely on hydrophobic interactions proves
insufficient to overcome repulsive forces between charged
lignin molecules. Hence, it has been proposed that non-
bonding orbital interactions among aromatic components of
lignin molecules drive their association.’® The strong
n-stacking interaction leads to a reduction in energy levels of
electrons in CLPs as evidenced by ultraviolet absorption
spectra analysis.’””*® There is a shift in absorption peak from
280 nm (lignin nanospheres in THF) to 284 nm (lignin nano-
spheres in water).>® This shift is attributed to n-n transitions
within guaiacyl groups present in CLPs. During the self-assem-
bly process, the strong hydrophobic nature of the lignin phenyl-
propane structure prompts the movement of lignin molecules
as water molecules are introduced. This movement results in
the formation of a film at the interface between the organic
phase and the water phase. As the proportion of water phase
increases, the pressure gradient inside and outside the lignin
molecule membrane intensifies, leading to the gradual pene-
tration of water molecules into the membrane.> Lignin mole-
cules with pronounced hydrophilicity progressively accumulate
on the inner surface of the membrane through n-n inter-
actions.®® Simultaneously, the internal and external pressure
gradient continues to grow until the organic phase is entirely
removed, ultimately yielding stable lignin nanospheres.**>’
CLPs prepared using the reverse addition sequence typically
exhibit larger particle sizes than those produced when the
water phase is added to the organic phase. The size difference
can be attributed to the increased precipitation rate resulting
from the abrupt change in internal and external pressure
during the addition of the organic phase to the water
phase.®™®> various solvent systems, such as tetrahydrofuran/
water, ethanol/water, acetone/water,®>®* and dioxane/cyclo-
hexane, have been extensively developed and applied in nano-
lignin preparation. In these studies, the primary driving force
behind CLPs self-assembly is attributed to n-n interaction.’>

1304 | Green Chem., 2025, 27,1300-1330
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In addition, a more comprehensive understanding of the
distinctions between different solvent systems is still necess-
ary.’’ In the study conducted by Chen et al.,*” an extensive
investigation was carried out to elucidate the influence mecha-
nism of solvent diversity on CLPs formation. Their findings
suggest that the solvation of various organic solvents plays a
crucial role in CLPs formation. This research focused on lignin
model compounds and revealed three distinct configurations
resulting from three interactions (n-n, CH-n, and no inter-
action) within the molecule: accumulation, lateral movement,
and stretching behaviors. The study indicated that lignin mole-
cules adopting a biased stack conformation in the solvent were
more prone to self-assemble through intermolecular n—x inter-
actions while being surrounded by solvent molecules forming
stacked gum clusters. On the other hand, lignin molecules
exhibiting lateral moving and stretching conformations may
face difficulties in tightly clustering due to occupying mole-
cular space already occupied by solvent molecules. Solvents
such as DMF and DMSO disrupt lignin’s intramolecular n-n
packing behaviours, hindering the self-assembly process due
to strong solvation effects. Additionally, methanol or acetone
partially disrupts n-n accumulation leading to only a small
number of nanoparticles being formed. In contrast, GVL and
THF effectively maintain n-n packing within the molecule
resulting in high-yield nanospheres.®

In summary, the reversed-solvent precipitation method
emerges as the predominant technique for CLPs preparation,
deeply rooted in the fundamental composition and properties
of lignin. The hydrophobicity of lignin molecules is intricately
associated with van der Waals forces and n-x interactions.®
The driving force behind the self-assembly process of lignin is
believed to vary in different environments, with the potent n=-n
interaction recognized as the primary force shaping CLPs for-
mation. The hollow structure of CLPs is attributed to the pres-
ence of phenol hydroxyl groups. A higher content of phenol
hydroxyl groups strengthens intermolecular hydrogen bonding
and electrostatic forces, thereby weakening the compact struc-
ture formed by n—n interaction of CLPs and ultimately leading
to a hollow structure.”® Furthermore, CLPs prepared through
traditional solvent exchange methods exhibit an initial nega-
tive charge of approximately 30 mV and remain stable in the

This journal is © The Royal Society of Chemistry 2025
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short term. However, over time, ionic species present in media
neutralize the surface charge of nanoparticles, resulting in
CLPs aggregation or even precipitation. This poses a critical
challenge that needs to be addressed for their sustained reten-
tion and widespread large-scale application.®®

2.1.2. Dialysis precipitation self-assembly. The dialysis pre-
cipitation self-assembly method is an extension of the solvent
precipitation self-assembly technique, which involves dissol-
ving lignin in organic solvents and introducing a poor lignin
solvent through dialysis to facilitate lignin self-assembly
(Fig. 3b). Solvent exchange and the self-assembled precipi-
tation of lignin are achieved by utilizing the solvent pressure
difference between the inside and outside of the semi-per-
meable membrane.*® The selective penetration of the semi-
permeable film results in a continuous and slow rate of
solvent exchange, creating a consistent and uniform driving
force for self-assembly.®” Consequently, dialysis precipitation
can yield CLPs with a stable concentration distribution, unlike
solvent exchange precipitation. Bertolo et al. highlighted that
the water displacement to the good solvent in the direct dialy-
sis process occurs gradually and at a slow pace, leading to a
sluggish self-assembly of lignin macromolecular structure in
water.%” Conversely, in the solvent transfer method, there is an
abrupt and rapid displacement of water to good solvent, pre-
venting sufficient time for normal self-assembly of lignin
macromolecules in water. These disparities may account for
the higher hydrophilicity observed in CLPs obtained through
solvent transfer compared to those obtained via direct dialysis.

However, chemical modification of lignin is often necessary
to enhance its solubility in solvents during the dialysis self-
assembly process. In a study conducted by Miikka Lievonen
et al.,®® it was observed that higher concentrations of lignin
solution led to larger pressure differences between the inside
and outside of the semi-permeable membrane, resulting in
faster nucleation and growth rates during the self-assembly
process. This increased availability of lignin within the system
for nanoparticle growth made it more susceptible to variations
in particle size during lignin particle formation. Therefore,
strict control over production processes is often required when
using dialysis precipitation methods to prepare lignin nano-
particle, ensuring nanoparticles with regular morphology and
uniform size.

2.1.3. Acid precipitation self-assembly. The acid precipi-
tation self-assembly method induces the precipitation and
self-assembly of lignin to form nanoparticles by lowering the
PH value of an organic solution or alkaline aqueous solution
containing dissolved lignin, thereby reducing the solubility of
lignin in an acidic environment (Fig. 3c).®® The majority of
studies on acid precipitation self-assembly of lignin solutions
have primarily focused on kraft lignin, which represents the
most extensively processed and industrially produced type of
lignin, as well as lignosulfonate, the most commercially uti-
lized source of lignin.”®”! In an aqueous solution, sulfonated
lignin becomes soluble in an alkaline medium through ioniza-
tion of phenolic hydroxyl groups. In 1979, Lindstrom con-
ducted a study on the association and precipitation behavior

This journal is © The Royal Society of Chemistry 2025
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of kraft lignin in aqueous solutions with varying pH levels
ranging from 8.6 to 3.7.”% It was observed that the degree of
association between lignin molecules increased as carboxyl
group ionization in lignin decreased. Consequently, this study
suggested that hydrogen bonds formed between carboxyl
groups and various ether oxygen and hydroxyl groups triggered
the association between lignin molecules.

However, numerous studies have indicated that hydrogen
bonding is not considered the primary driving force behind
the association of lignin in high-concentration solutions. The
morphology and size changes of nano lignin are directly influ-
enced by pH value.”® Research demonstrates that as the pH
value decreases, the n-n interaction and hydrophobicity of
lignin molecules are enhanced, facilitating lignin accumu-
lation. However, excessive acidity can reduce the surface nega-
tive charge of lignin particles, resulting in decreased stability.
Ma et al. utilized the acid precipitation method to obtain CLPs
with uniformity, excellent dispersion,®® controllable size, and
long-term stability (no apparent size change or particle precipi-
tation observed in aqueous solution for 90 days) directly from
black liquor. The improved stability of CLPs is primarily attrib-
uted to their hydrophilicity and high content of negatively
charged hemicellulose. The study also observed a gradual
decrease in particle size and theta potential on the surface of
CLPs with decreasing pH value.

2.2. Mechanical method

The preparation of CLPs through mechanical methods primar-
ily involves the application of external forces, such as ultra-
sonic waves and mechanical grinding, resulting in their size
reaching or approaching the nanometre scale. In comparison
to the self-assembly method, the mechanical approach elimin-
ates the need for organic solvents, thereby offering advantages
in terms of cost-effectiveness and environmental friendliness.
2.2.1. Mechanical lapping. The method of utilizing
mechanical grinding to externally degrade lignin and prepare
CLPs is referred to as the mechanical grinding method. Nair
et al. employed a high shear homogenizer to mechanically
shear cowhide lignin and investigated the size distribution of
lignin particles under different durations of mechanical shear-
ing forces (Fig. 3d).”* The results revealed that after 4 hours of
mechanical treatment, the size distribution of CLPs primarily
ranged from 20-30 nm, demonstrating enhanced uniformity
compared to the original lignin particles (mainly 0-5 pm).
Furthermore, analysis using "*C NMR and *'P NMR indicated
that there were no changes in the chemical composition and
structure of lignin before and after mechanical treatment.
Leonidas Matsakas et al. utilized steam explosion fraction-
ation with mixed organic solvents to separate birch flakes from
lignin at varying ethanol contents.””> They employed homo-
geneous shear method in ethanol solutions with different
volume fractions for preparing CLPs. Fourier infrared spec-
troscopy demonstrated that during the homogeneous shear
process, there was no chemical modification or decomposition
occurring in the composition of CLPs. The only influence
observed was on their size and uniformity due to variations in

Green Chem., 2025, 27,1300-1330 | 1305
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ethanol content. In the study conducted by Yaqoob et al.,”® the
homogenization method was employed to reduce lignin into
nanoparticles, with four different shear speeds (i.e., 6400,
8400, 10 400, and 12 400 rpm) investigated for controlling the
particle size of lignin. Notably, the highest speed of homogen-
izer yielded nanoparticles with superior size distribution and
favourable zeta potential value.

In summary, this environmentally friendly mechanical
method eliminates the need for organic solvents making it
suitable for large-scale applications. This promotes research
on applying lignin nanoparticle in various fields such as food
industry, medicine, and healthcare sectors. However, it should
be noted that CLPs prepared using this method currently
exhibit poor structural and dimensional stability which limits
their mature application in industrial production.

2.2.2. Ultrasonic oscillation. The ultrasonic crushing
method involves subjecting the lignin solution to ultrasound
treatment in order to disrupt the molecular chain, utilizing
micro-bubble rupture caused by the transient state of local
high pressure and temperature formed during and after ultra-
sound (Fig. 3e). This process aims to reduce the size of large
lignin particles and obtain CLPs. In a study conducted by
Gilca et al., CLPs were prepared using physical ultra-
sonication.”” The mechanical ultrasonic preparation of CLPs
involves two distinct reaction modes: depolymerization of
lignin side chains and oxidative coupling/polymerization, with
depolymerization being the predominant mode. The study
suggests that the depolymerization of lignin can be adjusted
by modulating ultrasonic irradiation time or power.”® Yin et al.
dissolved switchgrass lignin in an alkaline solution and pre-
pared CLPs using the ultrasonic method.”® The study demon-
strated that sulfonated groups were produced through the reac-
tion between klaxon lignin and sodium hydroxide, resulting in
obtained CLPs exhibiting a negative zeta potential of
—33.1 mV. Agustin et al. directly prepared CLPs from sulfur-
free alkaline pulping through acid precipitation and ultrasonic
treatment without requiring drying or dialysis steps.®® The
preparation process enabled obtaining spherical nanoparticles
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with a layered structure and a negative surface charge within
just 5 minutes of ultrasonic treatment. This method offers sig-
nificant advantages such as reducing acid consumption sig-
nificantly while enabling direct preparation of CLPs from
highly concentrated lignin solutions.

2.3. Interfacial crosslinking process

The interfacial crosslinking process involves dissolving lignin
and other monomers or polymers with diverse functional
groups in two immiscible solvents. As shown in Fig. 3f and 5,
this process typically entails the emulsion inversion reaction at
the interface of the two solutions when one solution is dis-
persed into the other. The method serves to stabilize, generate
particles, and form capsules.®

In this process, the lignin chain must undergo crosslinking
induction to render it amphiphilic, enabling its dissolution in
an alkaline solution to form a dispersed phase and in a
solvent with surfactants. In the second step, a water-oil micro-
emulsion is prepared, and the dissolved lignin is emulsified to
facilitate lignin crosslinking at the oil-water interface. The
addition of crosslinking agents during the emulsification
process, often mediated by ultrasound, can enhance the cross-
linking reaction of lignin.*® The interfacial crosslinking
method allows for the production of spherical micro and nano
lignin particles as well as spherical micro/nano lignin cap-
sules, modified lignin particles with high porosity, and compo-
sites with CLPs.

Wang et al. conducted a study where they synthesized
carboxymethylated lignin in aqueous solution using nucleo-
philic substitution methods. They combined this with a small
amount of alkyl polyglycoside as a macromolecular surfactant
to stabilize a high internal phase emulsion loaded with 87%
curcumin under neutral conditions. The capsule shell formed
by carboxymethyl enzymatic hydrolysis lignin exhibited excel-
lent anti-ultraviolet properties in their study. In another study
by Wang et al., sodium lignosulfonate rich in sulfonic and car-
boxyl groups was dissolved in water. Mixed surfactants with
opposite charges were introduced into the system while adjust-

Core-shell structure

Fig. 5 A schematic proposal for the formation of CLPs by interfacial crosslinking process.
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ing the action of lignin and mixed surfactants through non-
ionic surfactants tritonX-100 and NaCl. This resulted in suc-
cessful construction of CLPs consisting of rigid solid micro-
spheres or hollow packages using interfacial crosslinking
method. The interfacial crosslinking method demonstrated its
applicability for rapidly preparing lignin spherical micro/nano
capsules which showcased potential applications in biomedi-
cine for encapsulating hydrophobic compounds and drug
protection.

2.4. Other methods

As research progresses in the field of lignin nanotechnology,
various methods have been explored for the preparation of
CLPs, including the aerosol method. The aerosol method is a
high-flux technique for preparing nano-sized lignin particles,
which involves circulating a gas carrier containing a solution
of lignin through a high-temperature heat pipe. This facilitates
rapid drying and aggregation of lignin, followed by down-
stream collection of CLPs. By adjusting parameters such as the
source of lignin, precursor concentration, atomization, and
drying, the aerosol flow reactor method allows for one-step
production of CLPs with uniform size and controllable pro-
perties. Ago et al. have successfully utilized aerosol spray
technology to synthesize lignin particles with adjustable sizes
and hydrophilicity, thereby demonstrating their ability to
create stable Pickering emulsions.®*

The advantages offered by aerosol technology include
absence of liquid by-products, simple particle collection
process, low-cost implementation, reduced number of proces-
sing steps required, continuous operation capability, and high
product yield potential. Other synthesis methods that have
been explored include controlled evaporation of atomized dro-
plets containing lignin solution-circulating flash precipi-

Table 1 Summary of the synthesis of CLPs from various approaches
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tation,”> microbial degradation,”® enzyme decomposition,”*
ice separation,”® and CO, anti-solvent techniques.’® However,
these alternative approaches are yet to overcome challenges
related to cost, stability and large-scale production.

Table 1 summarizes the particle sizes and morphologies of
CLPs prepared from different lignin precursors under different
processes. While the antisolvent method remains the primary
process for preparing lignin nanoparticle, it faces challenges
concerning solvent consumption and recovery, environmental
safety, nanoparticle stability, and yield.*® The selection of a
suitable solvent is crucial in determining the production cost
of cellulose CLPs. Green and simplified processes are increas-
ingly advocated, with dialysis precipitation emerging as a
notable method for producing CLPs with adjustable sizes;
however, its scalability is limited due to expensive dialysis
equipment. Mechanical methods such as ultrasonic crushing
or mechanical grinding offer high efficiency, yield, and cost-
effectiveness but present difficulties in controlling the quality
of CLPs.”” Biological methods encounter issues related to
CLPs yield, enzyme production costs, and solvent usage.
Consequently, further research is needed to promote and
develop environmentally friendly large-scale processes for
CLPs preparation.

3. Effect of CLPs properties on
Pickering emulsions

At the two-phase interface, oil and water are typically immisci-
ble due to the presence of strong interfacial tension. In
Pickering emulsions, CLPs function as emulsifiers, reducing
the tension between the two interfaces and promoting homo-
geneous mixing of the two phases. In emulsion technology,

Lignin species Preparation methodology Particle dimension/nm Morphology Ref.
Enzymatic hydrolysis lignin Acid precipitation self-assembly 48.9 £ 16.4 Spherical 81
Lignosulfonate Antisolvent self-assembly 55+ 26 and 86 + 29 Spherical and hollow nanospheres 82
Alkali lignin Acid precipitation self-assembly 20-100 Surface collapse 83
Kraft lignin and alkali lignin Aerosol spray technology >30 Spherical 84
Sodium lignosulfonate Interfacial crosslinking process 100-400 Nanocapsules 85
Acid precipitation self-assembly  Antisolvent self-assembly 200 Spherical 54
Kraft lignin Dialysis precipitation self-assembly  >300 Spherical 68
Kraft lignin Antisolvent self-assembly 97 Spherical 86
Alkaline lignin Acid precipitation self-assembly 182 Spherical 87
Kraft lignin Antisolvent self-assembly 100 Spherical 88
Alkaline lignin Antisolvent self-assembly 120-150 Spherical 65
Kraft lignin Ultrasonic oscillation 39-185 Hollow and solid particle 55
Depolymerized lignin Ultrasonic oscillation 237-539 Spherical 89
Kraft lignin Ultrasonic oscillation 10-50 Sheet structure 78
Lignin Acid precipitation self-assembly >500 Irregular shape 71
Kraft lignin Dialysis precipitation self-assembly 259 + 4-274 + 5.3 Spherical 90
Kraft lignin Interfacial crosslinking process 27.4 £12.8-127.8 £+ 43.6 pm  Spherical 91
Kraft lignin Homogenization processes 250-1000 Spherical 75
Softwood kraft lignin Antisolvent self-assembly, acid 87-125 Sheet structure 61

precipitation self-assembly

with ultrasonic oscillation
Hardwood birch lignin 112.5-187 Irregular spherical
Soda lignin 90-150 Spherical

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 The existence state and properties of nanoparticles at the interface of Pickering emulsion.

the stability of an emulsion is a critical factor for any appli-
cation, which can be determined by observing a longer time
required for phase separation (Scheme 2).°” The study of
Pickering emulsion stability encompasses essential physical
properties such as nanoparticle type, droplet size, particle size
distribution, and level of emulsion formation.”> Among these
factors, CLPs play a pivotal role in directly influencing the
quality of the emulsion and its other physical properties
including particle size and distribution. The impact of CLPs
on the emulsion can be summarized by examining particle
wettability, morphology, surface chemical properties, and
concentration.

3.1. Wettability of CLPs

The assessment of CLPs’ surface wettability is a critical factor
in evaluating the stability of lignin particles at the oil-water
interface. Within the nature lignin structure, a stable and intri-
cate three-dimensional network carbon skeleton is formed by
C6 and C3, establishing a hydrophobic nature. Concurrently,
hydrophilic groups such as hydroxyl and carboxyl are distribu-
ted within the interior and at the ends of the skeleton. This
dual distribution imparts a two-phase affinity to natural lignin,
with a stronger hydrophobicity compared to hydrophilicity.

a b ow
emulsion
e &)
Yp/w 1
L .
6 Water
Yo/w
Vp/o
c w/o
emulsion

Bow Of nanoparticles

oil @ Water Nanoparticles

The surface wettability of CLPs can be characterized by the
three-phase contact angle (fow) at the oil-water interface, as
illustrated in Fig. 6a. When Oow < 90°, it indicates a stronger
hydrophilicity, facilitating the formation of an “oil-in-water”
(O/W) emulsion. Conversely, if Oow > 90°, it signifies stronger
lipophilicity, promoting the formation of a water-in-oil (W/O)
emulsion (Fig. 6b and c¢). When 6ow approaches 90°, it
suggests a balanced hydrophilic-lipophilic character, contri-
buting to superior interfacial stability and fostering the cre-
ation of a highly stable Pickering emulsion. To achieve a
balanced two-phase affinity of lignin, it is essential to decom-
pose the carbon skeleton, thereby releasing its polar groups.
This process plays a crucial role in harmonizing the interaction
between lignin particles and the interface, ensuring the stabi-
lity of lignin particles in diverse conditions.

Lignin is known to be partially soluble in good solvents
with high hydrogen-bonding capacity, such as ethanol, or
moderately high polarity, such as acetone, THF and DMF.*®
The deconstruction and recombination of lignin can be effec-
tively achieved through the selective dissolution of lignin in
different solvents, leading to a reduction in the surface hetero-
geneity of macromolecular lignin.®® Tian et al. utilized a binary
mixed solvent composed of water and THF to fractionate CLPs
with diverse surface wettability. The differentiation in surface

~~ oil -

" Water

.. Water -
~.0il =7 0l
6
> Water . Water

Fig. 6 Schematic diagram of three phase contact angles at the oil-water interface of nanoparticles (a); the oil-in-water (O/W) Pickering emulsion

(b) and water-in-oil Pickering emulsion (c) stabilized by nanoparticles.
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properties was determined by considering the interaction of
molecular weight, particle size, and hydrophilic groups.”® As a
result, the Oow of these CLPs exhibited distinct hydrophilic
characteristics at 13°, 136°, and 109°, respectively.”> In Gao
et al’s study,”®> CLPs were synthesized from enzymatically
hydrolyzed lignin powder using the acetone and water co-
solvent method. In comparison with the original lignin, the
Oow of CLPs at the oil-water interface decreased from 141° to
89°. The change in wettability primarily was attributed to the
roughness variation, which is also related to the variation of
the sizes and size distributions of the constituting particles
(Fig. 7).

During the self-assembly process of lignin to form nano-
particles, alterations in solution polarity serves as a trigger for
the self-assembly process of lignin. In response to strong polar
bonding, the hydrophilic groups of lignin tend to preferen-
tially orient themselves towards the polar environment, while
the hydrophobic carbon skeleton congregates in the interior of
the formed CLPs. As illustrated in Fig. 8a, this selective
arrangement of lignin components within the nanoparticles is
driven by the interplay of non-covalent bonds among lignin
molecules, including hydrogen bonds, hydrophobic forces,
and n-rn stacking, leading to a distinct organization of hydro-
philic and hydrophobic elements during the self-assembly

View Article Online
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process. Additionally, lignin molecules with higher hydrophili-
city have a propensity to aggregate, leading to the formation of
smaller-sized nanoparticles under the influence of hydro-
phobic forces. As CLPs undergo assembly and growth, the par-
ticle size gradually increases, accompanied by a reduction in
the uniform distribution of functional groups on the particle
surface. This phenomenon influences the surface wettability of
CLPs, as the evolving structure and size of the particles modify
the interaction between the surface and the surrounding
environment.

Moreover, the protonation and deprotonation of lignin rep-
resents a classical method for regulating the surface wettability
of CLPs through surface charge (Fig. 8b). Nasim Ghavidel
observed that at pH 11, the functional groups on the surface of
CLPs undergo deprotonation, resulting in a fow at the oil-
water interface of less than 20°, indicating superhydrophili-
city.'® Conversely, at pH 3, the oy increases to 50°.
Comparable results were obtained in the study of Tian et al.,
who investigated the surface wettability of CLPs derived from
dissolving Kraft lignin under varying pH conditions. The
three-phase contact angles were measured at 36°, 75°, and
118° for pH values of 11, 7, and 2, respectively. These results
suggest that Kraft CLPs (KLP) could serve as an effective emul-
sifier for Pickering emulsions. The change in pH value leads to

/y ni—rt stacking
0, e ‘

Dissolved lignin

pH|:12

Lignin cluster

Lignin
HO - - -HO0O

O
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Fig. 7 The driving force of lignin in the self-assembly process (a); protonation of lignin as pH decreases during acid precipitation self-assembly (b).
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Fig. 8 Surface chemical modification strategy (a) and surface charge modification strategy (b) of lignin.

the protonation and deprotonation of functional groups of the
CLPs. Studies indicate that the pK, of the carboxylic and phe-
nolic groups is about 4.7 and 9-10, respectively; these anionic
groups are mostly deprotonated in alkaline media. At a pH >
11, lignin molecules are present mainly as hydrocolloids. As
the pH decreases, the electrostatic repulsion between lignin
molecules diminishes, leading to lignin molecules being pre-
dominantly present as both particles and hydrocolloids. When
the environment is highly acidic (pH < 3), CLPs are formed
due to the groups are dominantly protonated and the strong
association strength of the lignin macromolecules. The
absence of electrostatic repulsion between CLPs usually results
in a compact and dense structure.

Caroline Hadjiefstathiou et al. investigated the interfacial
tension generated by lignin micelles and colloidal particles at
varying pH levels.'"® As the pH decreases, the quantity of
soluble lignin micelles in the solution diminishes, resulting in
a gradual increase in interfacial tension. In the established
emulsion system, the competitive adsorption of different

1310 | Green Chem., 2025, 27,1300-1330

forms of lignin in the continuous aqueous phase can alter the
emulsion’s stability, fostering diverse rates and degrees of
aggregation. This process gives rise to two states: Pickering
stabilization and non-Pickering stabilization in the emulsion.
The synergistic mechanism, characterized by a balanced pres-
ence of lignin particles and lignin micelles, was considered to
contributes to the heightened stability of O/W emulsions.
Based on above, the self-polymerization of traditional
lignin molecules into CLPs is triggered by the solvent environ-
ment, with the surface functional groups playing a pivotal role
in influencing the surface wettability of these particles.
Despite these studies, inconsistent or insufficient properties of
the structurally heterogeneous lignin’s compared to synthetic
surfactants have obstructed commercialization. Consequently,
aggregation of lignin in composites and phase separation in
blends are common hurdles, especially with non-polar
systems. To overcome this limitation, chemical functionali-
zation of lignin by grafting polymer chains has classically been
conducted. Consequently, the ongoing exploration of surface

This journal is © The Royal Society of Chemistry 2025
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modification techniques for lignin, with a specific focus on
adjusting the hydrophilicity and hydrophobicity of functional
groups, has garnered significant attention. Furthermore, as
the self-assembly progresses, the gradual homogenization of
surface wettability in lignin particles becomes a key factor
influencing the changing driving forces for self-assembly. This
dynamic process directly governs the final state of CLPs, a criti-
cal aspect closely tied to their stability at the oil-water inter-
face. This stability, in turn, is intricately linked to the particle
size and morphology, forming a complex interplay in the
overall behavior and applicability of CLPs in various fields.

3.2. Surface properties of CLPs

Chemical modification of lignin is sometimes necessary to
facilitate the formation of nanoparticles due to its ability to
enhance the hydrophobicity of the initial lignin material,
thereby resulting in a more homogeneous particle size distri-
bution. Surface engineering plays a crucial role in modifying
CLPs by recognizing the pivotal influence of the self-assembly
process on their growth and distribution. The inherent sto-
chasticity in this process presents challenges for controlling
the surface wettability of CLPs, thereby necessitating the
implementation of surface engineering strategies. Chemical
modifications, such as amination,'®® carboxymethylation,'*®
grafting,*>'°*'% or condensation polymerization of lignin
surface functional groups,®®'°® provide precise approaches to
reprocess and regulate surface wettability.'”'°® As demon-
strated in Fig. 8, these strategies are designed to strike a
balance in the number and distribution of amphiphilic func-
tional groups on nanoparticle surfaces or adjust the surface
charge of lignin particles,’”'*® effectively regulating their
hydrophilicity. Through strategic chemical modifications, the
surface characteristics of lignin can be tailored with precision,
presenting a versatile approach to influencing how lignin inter-
acts with its surroundings.'

The implementation of surface engineering strategies sig-
nificantly enhances the independent controllability of CLPs
surface properties. Pang et al.’s work demonstrates the versati-
lity of this approach, obtaining six distinct types of CLPs by
modifying the surface of alkali lignin with varying hydrophilic
and hydrophobic properties.’'® The study reveals that alkyl-
bridged lignin particles, exhibiting stronger hydrophobicity,
display improved emulsification effects on less polar cyclo-
hexane, while carboxymethylated lignin particles, with
enhanced hydrophilicity, exhibit superior emulsification
effects on more polar n-heptanol. Within general strategies,
additive modifications such as alkylation, esterification, and
chain grafting prove effective in enhancing the hydrophobic
properties of CLPs.'®>''! Conversely, methods like sulfonation,
phenolation, and amination are tailored to augment the hydro-
philicity of CLPs,*® offering a comprehensive toolkit for precise
surface property adjustments.

Liu et al. applied the photoinitiated reversible addition-
fragmentation chain transfer (RAFT) strategy to graft various
monomers onto the lignin surface, resulting in the creation of
amphiphilic CLPs with diverse structures.®® The choice of the

This journal is © The Royal Society of Chemistry 2025
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grafted monomer exerted a substantial influence on both the
particle size and surface wettability of the CLPs. The study
reveals a dynamic interplay between monomer chain length
and chargeability. Shorter, electronegative monomers heighten
the negative charge on the particle surface, while larger-
volume monomers facilitate extensive aggregates and elongate
hydrophilic chains on the particle surface. The proposed fun-
damental relationship between charge amount and chain
length serves as a guiding principle with broad applicability
across a spectrum of graft modification strategies.

Tang et al. demonstrated the general modification principle
based on charge changes by modifying the surface of CLPs
with chitosan (Fig. 8b). This resulted in the formation of
lignin/chitosan nanoparticles (Lig/Chi NPs) with heightened
hydrophobicity compared to CLPs alone, evidenced by an
increase in the water contact angle from 41.2° to 89.7°. During
Lig/Chi NP formation, the positively charged groups of chito-
san interacted with the negatively charged groups of lignin.
Consequently, chitosan coated the hydrophilic groups of
lignin, distributing itself in the outermost layer of Lig/Chi NPs.
The addition of cationic chitosan led to CLPs and Lig/Chi NPs
with a soft chitosan shell structure, exhibiting opposite surface
charges. Notably, the dispersion of Lig/Chi NPs was observed
to be more stable due to their enhanced surface charges, high-
lighting a fundamental modification principle with broad
applicability.3®*?

During the construction of a new surface charge layer, the
condensation of charged molecules has the potential to gene-
rate novel surface structures. Wang et al., leveraging the pro-
perties of polyelectrolytes in aqueous environments, con-
densed single chain/geminin cationic surfactants onto the
negatively charged surface of sodium lignosulfonate to con-
struct CLPs with a cationic gel layer.'”® Driven by the hydro-
phobicity and n-n interactions between the aromatic groups of
lignin, the weakly charged cationic active agent associated
with the mixed aggregates of lignin anions, forming a coacer-
vate with a nanoscale network microstructure. This interaction
resulted in changes to the surface properties of the CLPs. Mika
Henrikki Sipponen et al. proposed the adsorption of cationic
lignin onto the CLPs surface to form dense CLPs with a posi-
tive surface charge. Studies have proved that cationic CLPs
with increased cationic net charge exhibit superior perform-
ance in stabilizing Pickering emulsions in acidic environments
compared to irregular solid lignin particles or unmodified
CLPs. This modification underscores the potential to fine-tune
the surface properties of CLPs by introducing heterogeneous
charges, thereby influencing their hydrophobicity and stability
at the oil-water interface.

In summary, the modification of CLPs through surface
engineering involves refining the self-assembly process,
specifically targeting lignin surface functional groups. This
can be achieved through various chemical modifications to
enhance control over surface wettability, supplying a more
precise and effective approach to nanoparticle engineering.
The impact of these surface property changes extends beyond
individual modifications, influencing dynamic changes in the
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driving forces during assembly and growth.''” These altera-
tions, particularly in surface properties, play a key role in
deciding the particle size range of CLPs. Furthermore, the self-
reactivity of lignin derived from various sources exhibits sig-
nificant variability, which in turn influences the efficiency of
surface modification processes. Consequently, during practical
operations, it is advisable to select lignin with a high density
of active sites—such as alkali lignin—or to pre-treat the precur-
sor to enhance the exposure of additional active sites. In the
upcoming discussion, the intricate relationship between par-
ticle size, distribution, and the behavior of CLPs at the oil-
water interface will be explored in detail, shedding light on the
multifaceted impact of surface engineering.

3.3. Morphology of CLPs

The geometry and morphology of the CLPs are to be con-
sidered as additional, critical parameter that affects their inter-
action at oil-water interface. It mainly includes the balance of
the interaction energy of CLPs with different particle size and
oil-water interface and the relative magnitude of interfacial
area covered by the CLPs relative to their size.®!

The particle size of CLPs can be adjusted using the anti-
solvent precipitation property of lignin. Earlier research
suggests that CLPs formation involves two concurrent pro-
cesses: the surface orientation of hydrophilic segments and
the adsorption of small polar lignin fragments. Controlling
the nucleation size and growth rate in the self-assembly
process is achievable by changing the initial concentration of
lignin,® the rate of anti-solvent addition, the proportion of
anti-solvent, and the system’s pH value. Additionally, although
CLPs exhibit similar particle size behavior in various anti-
solvent systems, the nucleation mechanism was different.
Chen et al. fabricated CLPs using the solvent exchange
method.®® During the experimental procedure, they investi-
gated different solvents with mild solvating ability, such as
GVL or THF. It was seen that lignin molecules maintained
intramolecular stacking, where the intramolecular aromatic
interaction of lignin fragment closely approximated (—5.59 kJ
mol ") that observed in water, resulting in the formation of a
spherical seed during the heterogeneous nucleation process
(Fig. 9b).°> When a highly concentrated solution of lignin was
introduced into water, these nuclei form clusters.
Subsequently, these clusters undergo further aggregation to
give rise to CLPs by diffusion-limited cluster clustering, which
aligned with classical nucleation theory.'*® As the solvation
capacity increases, solvent molecules such as DMSO exert their
influence by displacing the aromatic ring of lignin molecules
from intramolecular accumulation. Consequently, this
impedes the formation of spherical nuclei and subsequent
aggregation into CLPs by lignin molecules.®®> Therefore, to
achieve consistent and stable CLPs with a high yield using the
solvent exchange method, it is crucial to employ a solvent
capable of dissolving lignin while preserving its spherical core.
Moreover, as shown in Fig. 9a, a solvent possessing weak sol-
vation capacities would be more advantageous in facilitating
the formation of CLPs characterized by smaller particle sizes.

1312 | Green Chem., 2025, 27,1300-1330
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The remarkable stability of Pickering emulsions primarily
stems from the substantial interfacial energy of solid particles,
which undergo nearly irreversible adsorption onto the oil-
water interface. This adsorption process ensures the enduring
maintenance of a stable state where oil and water are effec-
tively mixed. The particle’s adsorption capacity at the oil-water
interface can be quantified by the desorption energy, denoted
as AG (J):

AG = 7R%ow(]1 + cos 4])®

where R is the particle radius in meters (m), yow stands for the
interfacial tension between oil and water (N m™"), and 6 is the
three-phase contact angle between the solid, liquid, and gas
phases (°). It’s evident from the equation that both the particle
size and its three-phase contact angle are crucial factors influ-
encing the adsorption characteristics of solid particles.
Notably, the square of the particle radius (R) is directly pro-
portional to AG. The free energy of detachment divided by the
thermal energy kT (where k is the Boltzmann constant, and T
is the absolute temperature) is plotted as a function of the
nanoparticle radius in Fig. 9c. The plot illustrates the separ-
ation energy of a single spherical particle concerning its size,
with a contact angle of 90° and an oil-water interfacial tension
of 27 m N m™~". When particles exhibit favorable wetting con-
ditions (i.e., not too close to zero or 180°) and surpass a
certain size threshold (approximately 10 nm), the desorption
energy of each particle is several thousand kT.'"* Therefore, in
comparison to ionic surfactants, once the particles absorb to
the oil-water interface they can be effectively trapped there,
due to the larger detachment free energy of CLPs solid par-
ticles, allowing them to construct more stable
emulsions.'*>™?

According to the calculation formula of emulsion droplet
size:

D = 4Cppd,Va/my

In the formula: C is the particle interface coverage; p;, is the
concentration of particles in the emulsion (kg m™°); d, is the
diameter of the particles (m); V4 is the volume of the dispersed
phase (m®); m,, is the mass of the particles (kg). In emulsion
systems, the size of the droplets is directly proportional to the
particle size. A large number of studies have shown that the
smaller the particle size of the emulsion droplets in the emul-
sion system, the higher its stability.”®

Yu et al. introduced a nanomanufacturing technique invol-
ving electrospray to generate a range of CLPs characterized by
distinct particle sizes and regular shapes.''® Their investi-
gation revealed that Olive O/W Pickering emulsions stabilized
by various CLPs exhibited conventional system behavior: as
the particle size increased, the size of the stable droplets also
increased, while the stability of these droplets increased with
smaller particle sizes. Similar observations were made in the
research conducted by Ago et al.®* Their findings strongly
support the conclusion that when there is a higher concen-
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Fig. 9 (a) Formation mechanism of LNPs from different solvents.®® Reproduced from ref. 65 with permission from Royal Society of Chemistry copy-
right 2022. (b) Stacked and stretched configurations of a large softwood lignin molecule.®®> Reproduced from ref. 65 with permission from Royal
Society of Chemistry copyright 2022. (c) Plot illustrating the increase in energy of detachment of a single spherical particle as a function of its size
(contact angle 90°, oil-water interfacial tension 27 m N m™).11% Reproduced from ref. 114 with permission from Elsevier copyright 2014. (d) Contour
plot of equal detachment energy (AG/kT) for various particle radii and contact angles combinations.** Reproduced from ref. 114 with permission
from Elsevier copyright 2014. (e) The contact angle of nanoparticles with different sizes at the droplet interface. (f) Different sizes of Pickering dro-

plets stabilized by LNPs of various sizes.

tration of larger particles and smaller particle sizes, the result-
ing droplets tend to be smaller and exhibit improved stability.
These research findings can be summarized as follows: the
size of solid CLPs has a significant impact on their flow
efficiency within the continuous phase of the emulsion system

This journal is © The Royal Society of Chemistry 2025

and the curvature they create when adsorbed at the oil-water
interface. The particle size of the emulsion droplets increases
as the particle size of CLPs grows larger (Fig. 9f). This is attrib-
uted to the fact that larger particles cannot firmly adhere to
the surface of smaller droplets, which have greater curvature
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(see Fig. 9e). This phenomenon can be elucidated through the
bending elasticity of solid particles at the oil-water interface,
as described by the following formula:

1 3, . 7
Ky = EGOW(XZ (Z/l sin* @ + 5cos* 0 — §>

In this equation, K represents the surface bending elas-
ticity of the milk droplet, oow is the interfacial tension
between oil and water, a denotes the particle radius, and 4 (4 =
7/24/3) is a constant. Additionally, 8 signifies the particle inter-
face contact angle. It’s evident that the bending resistance of
tightly packed monolayer particles at the interface is directly
proportional to the square of their radius. Therefore, as the
particle size of CLPs increases, the bending resistance that
occurs when CLPs attach to the droplet’s surface increases as
well. This ultimately results in a reduction in curvature and an
increase in the size of the droplet (Fig. 10a).

Moreover, the relationship between the stability
characteristics of Pickering emulsions and the colloidal par-
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ticle size can be understood through the Brownian motion
formula:

D = kT/6mua

In this equation, D stands for the diffusion coefficient, k is
the Boltzmann constant, T stands for the absolute tempera-
ture, u is the viscosity of the liquid, and « is the radius of the
particle. In comparison to larger particles, nano-sized CLPs
exhibit a larger diffusion coefficient, allowing them can rapidly
adsorb to the oil-water interface, facilitating the creation of
smaller emulsion droplets. Subsequently, they can establish a
dense physical barrier of CLPs particles on the surface of these
droplets, preventing contact between droplets. However, it is
not advisable to blindly optimize for small particle sizes or
contact angles approaching 90° in many cases. Candidate
CLPs offer more flexibility for design purposes. In Fig. 9d,
contour plots depicting equal detachment energies are calcu-
lated within a specific range of particle sizes and contact
angles. The enhanced stability of the Pickering emulsion can

0.40 wt %

0.20 wt %

~

No shared double interface  Shared interface (Bridged)

High internal phase Pickering O/W emulsion

Fig. 10 (a) O.M. images of mean diameter of a lignin-stabilized Pickering emulsion using 40.0 g L™-lignin (3:7 v/v) with various lignin concen-
trations for 7 day of storage.®* Reproduced from ref. 64 with permission from American Chemical Society copyright 2021. (b) Schematic represen-
tations of Pickering emulsions and emulsion gels incorporating particles as structuring agents in the continuous phase, along with high internal

phase Pickering emulsions (HIPPEs) featuring either a single shared interface between neighboring droplets or a nonshared double interface.

Reproduced from ref. 127 with permission from Elsevier copyright 2020.
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be attributed to the separation energy exhibited by particles at
the oil-water interface, there exist various combinations of
contact angles and particle sizes that fulfill this criterion."*
While solid particles do adsorb at the oil-water interface,
they do not spread or arrange themselves in the same way surfac-
tants do.""” Their ability to reduce interfacial tension depends
on factors like size, surface charge, wettability, and concen-
tration, and their influence on interfacial tension is much less
direct than that of surfactants."'®''® Solid particles are much
larger than surfactant molecules and cannot form a continuous
monolayer at the interface. Instead of fluidly spreading across
the surface to reduce tension, they lock into place, creating a
mechanical barrier.'’® This makes the interfacial tension
reduction a secondary or minimal effect compared to the
primary stabilization mechanism (physical adsorption).**°

3.4. Concentration of CLPs

The concentration of CLPs holds a significant sway over both
particle coverage at the oil-water interface and the rheological
properties of the emulsion system.'*® When the particle con-
centration is low in an emulsion, it fails to adequately cover
the dispersed phase, resulting in flocculation and coalescence
during migration, ultimately leading to the separation of the
oil and water phases.

To shed light on the nuanced effects of CLPs concentration,
Gordobil et al.'** conducted a pivotal study systematically exam-
ining the impact of lignin concentration, oil type, and oil-water
ratio on Pickering emulsion properties. Across numerous
studies, a consistent conclusion emerges higher concentrations
of CLPs tend to produce emulsion droplets of uniform size and
stable dispersion. This conclusion gains additional support from
Li et al,** who used CLPs of varying particle sizes to stabilize
Pickering emulsions of thyme oil in water. Notably, despite
different CLPs sizes, all three emulsions exhibited a similar
average droplet size. Significantly, the study revealed a negative
correlation between the amount of lignin loaded on the oil-
water interface and the particle size of the emulsion droplets-
higher particle count resulted in smaller droplet sizes and
improved storage stability (Fig. 10a).

Elevated lignin concentration not only influences particle
interactions but also plays a crucial role in promoting increased
interactions at the droplet interface. This phenomenon is driven
by the presence of aromatic hydrophobic and hydrophilic frag-
ments, inducing self-aggregation and self-organization of lignin
at the interface layers. Consequently, a robust solid-like film
forms around the oil droplets, effectively inhibiting flocculation,
and coalescence of the dispersed phase, thereby enhancing
emulsion stability."** As particle concentration increases, there is
a corresponding rise in coverage at the oil-water interface,
leading to the formation of an interface film with a specific
thickness. This film plays a crucial role in inhibiting the floccula-
tion and coalescence of the dispersed phase, ultimately enhan-
cing the overall stability of the emulsion.”® With continued con-
centration increases, particles accumulate in the continuous
phase, resulting in the development of a dense bridging particle
layer and a three-dimensional mesh particle layer.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Tutorial Review

These structural formations typically involve some degree of
particle aggregation or droplet flocculation. Such as, in a single
dense bridged particle layer, each particle, though still in the
water continuous phase, becomes partially wetted by two dis-
persed phases and binds with adjacent particles due to attrac-
tive forces. This process leads to an elevated viscosity of the
emulsion system, obstructing the migration of the dispersed
phase, and consequently, reinforcing the stability of the emul-
sion. In high internal phase emulsion systems (volume fraction
>0.74),"** a minimal quantity of particle emulsifier is adequate
to stabilize elevated concentrations of oil droplets, owing to the
combined effect of adsorbed particles forming a protective
layer and an aggregation network between particle-coated dro-
plets in small gaps.'?>2¢ Fig. 10b illustrates two stable models
for particle-stabilized high internal phase emulsions: one with
continuous Pickering-stable monolayers formed by particles
around each dispersed droplet, and another where multiple
adsorbed particles are shared among adjacent droplets in a
single-particle bridging structure. Notably, these two idealized
structural arrangements often coexist in real HIPPEs systems.

This intricate interplay between particle concentration,
interface film formation, and structural developments under-
scores the multifaceted mechanisms influencing the stability
of emulsions.'*® These combined factors further reinforce the
stability of the emulsion, creating a comprehensive under-
standing of how CLPs concentration intricately shapes the pro-
perties of Pickering emulsions.

In addition to the decisive influence brought by colloidal par-
ticles, the stability of Pickering emulsions is also affected by
several factors. Factors such as the size of colloidal particles,
interaction between colloidal particles, interface structure, inter-
facial rheology of Pickering emulsion, oil/water phase volume
ratio, energy input, and emulsification process play crucial roles.
These factors are interconnected and complementary, for
instance, changing the pH value of the system may alter the salt
ion strength, and the strong mutual attraction between colloidal
particles can lead to flocculation, impacting particle size and
emulsion stability. From a fundamental research perspective,
plant-based materials still present various challenges in terms of
optimization of functionality through the manipulation of par-
ticle size, wettability, shape anisotropy, aggregation and surface
chemistry. Understanding at a greater depth how to control these
factors will surely keep experimental and theoretical colloid
scientists occupied over the coming years.

4. Functional applications of CLPs-
Pickering materials

The global green movement has promoted widespread
research and application of bio-based emulsions. The chemi-
cal composition of the lignin, as well as its size, shape, surface
charge, and hydrophobicity, determine its potential appli-
cation in Pickering emulsions. Many properties of lignin, such
as resistance to decay and biological attack, ultraviolet absorp-
tion, high hardness,'*>"*° and the ability to delay and inhibit
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oxidation reactions, have enhanced its application value in
composite materials. Therefore, the introduction of lignin
nanoparticles into Pickering emulsions and composites based
on Pickering emulsions template method can improve the pro-
perties of the materials and provide new special effects to
enhance their application value."**'*' In this section, the
application fields, production methods and properties of
lignin Pickering emulsions are reviewed (Scheme 3).

4.1. Application of CLPs as reinforcement in Pickering
emulsions

A significant emphasis is often placed on the mechanical pro-
perties of composites. By employing rational design, diverse
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interactions between CLPs and matrix materials can be estab-
lished, encompassing covalent bonds, hydrogen bonds, or
ionic bonds (Fig. 11).”® The incorporation of CLPs as reinfor-
cing agents in polymer matrices and nanocomposite materials
enhances crucial mechanical properties such as rigidity,
strength, toughness, along with thermal stability and barrier
properties of the composites for their intended

applications.”*#*'3> The even dispersion of nanoparticles
within a matrix poses a significant challenge for their use as
reinforcing materials. The utilization of the Pickering emul-
sion system has gained popularity in preparing composite
materials due to its ability to achieve uniform distribution of
nanoparticles within the composite phase.
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Scheme 3 The functional application development of CLPs-Pickering emulsion from 2010 to the present.
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Fig. 11 Schematic illustration of lignin reinforcement and the under-
lying mechanisms for enhancing lignin augmentation.

In the study of Lugoloobi et al.,"**> the CLPs were dispersed
homogeneously in the poly(3-hydroxybutyrate) (PHB) matrix to
form an improved PHB composite film by employing W/O
Pickering emulsion template method. Due to the uniform dis-
persion of CLPs and the strong interfacial adhesion between
filler and matrix formed by hydrogen bond, the tensile
strength and Young’s modulus of the composite film increased
by 13.2% and 43.9% respectively when the addition of CLPs
was 7%. Li et al. introduced CLPs into polylactic acid in
Pickering emulsion and prepared lignin/polylactic acid compo-
site films by compression molding method."** The results
showed that the introduction of CLPs improved the crystalli-
nity and thermal stability of the polymer (the decomposition
temperature was also increased by 10 °C). Due to the rigid
structure of lignin, the Young’s modulus of the composite is
increased, but the pull-up property and elongation at break are
decreased. This study suggests that the enhancement of CLPs
depends on the properties of the substrate. It is smaller in stiff
and larger in soft matrices because of the different relative
load capacity of the components. Given the inherent rigidity of
CLPs as a nanoparticle, in numerous studies on reinforce-
ment, the mechanical properties of composite materials have
been comprehensively enhanced through synergistic reinforce-
ment involving multiple nanoparticles or surface grafting of
CLPs.

Moreno et al. employed chitosan (Chi) and glucose oxidase
(GOx) for surface modification of lignin nanoparticle
(Fig. 12b), resulting in the synthesis of polymerized latex dis-
persion through free radical polymerization within a Pickering
emulsion system stabilized by hybrid lignin.?® Subsequently,
nanocomposites comprising polystyrene (PS) and polybutyl
methylbenenoate (PBMA) embedded with lignin nanoparticles
(PS/PBMA-GOx-Chi-CLPs) were prepared via a melting
process. The incorporation of modified CLPs significantly
enhances the tensile properties of the polymer nano-
composites compared to pure PS and PBMA, without compro-
mising elasticity. Moreover, composites reinforced with 15%
hybrid nanoparticles exhibit an increase in toughness by
factors of 2.5 and 15 respectively.

Similarly, the inherent properties of cellulose, lignin, and
polycaprolactone were harnessed by Kimiaei et al. to propose a

This journal is © The Royal Society of Chemistry 2025
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Pickering emulsion approach for the production of multifunc-
tional CLPs hybird cellulose nanofibril (CNF) composite.'*® An
aqueous dispersion of CNF was combined with hydrophobic
polycaprolactone (PCL), utilizing CLPs as the emulsion stabil-
izer (Fig. 12a). Fabrication of CNF-PCL nanocomposite
resulted in over a 134% increase in dry strength compared to
nanocomposites without CLPs. The mechanism underlying
the excellent dry and wet strength as well as water resistance
achieved was investigated, suggesting that it is attributed to
the amphiphilic nature of CLPs which can form non-covalent
bonds with both cellulose and PCL, effectively binding them
together.

Although CLPs can serve as nano-fillers to enhance the
mechanical properties of polymers, the focus lies in improving
specific tensile properties of matrix polymers, such as tensile
strength, modulus, and elongation at break. It should be
noted that CLPs cannot universally enhance all mechanical
properties within any given matrix; rather, this synergistic
effect is more likely to occur when there is good compatibility
between the particles and the matrix."®"** Merely controlling
the concentration and relative content of CLPs in composite
materials often fails to achieve optimal performance improve-
ment."*® Therefore, surface modification strategies or colla-
borative enhancement involving multiple nanomaterials have
been extensively emphasized with a primary objective of estab-
lishing various types of forces within copolymers including
covalent bonds and hydrogen bond systems (Fig. 12¢).'*"?*13¢
These efforts aim to construct multiple network structures
capable of meeting the strengthening and toughening require-
ments dictated by the target application.

4.2. Application of CLPs as antioxidant in Pickering
emulsions

Lignin, in its natural state, is rich in methoxy aromatic ring
groups, phenolic hydroxyl groups, aliphatic hydroxyl groups, car-
boxyl groups and carbonyl groups, and is a natural anti-
oxidant.””” As demonstrated in Fig. 13a, these functional groups
stop the oxidation reaction by reacting with hydrogen.”*®"*° In
addition, studies involving lignin nanoparticles have shown that
when lignin is converted to nanoparticles, its antioxidant activity
increases. This can be explained by the fact that nano-sized
lignin particles have a higher surface area to volume ratio, which
brings more surface antioxidant active functional sites. However,
the extraction method and preparation process of lignin signifi-
cantly impact the antioxidant capacity of its nanoparticles.®”’
This can be attributed to variations in surface functional groups
resulting from different sources of lignin raw materials and
nanoparticle preparation techniques. Table 2 provides a
summary of the antioxidant capacity exhibited by various lignin
model compounds. Interestingly, due to the amphiphilic nature
of CLPs, the antioxidant activity of the Pickering emulsion tem-
plate can be directly applied to pharmaceutical, cosmetic and
food processing applications.**

Zhang et al. reported a simple green method for the prepa-
ration of CLPs by water droplet induced self-assembly using
deep eutectic solvent and the preparation of lignin-based

Green Chem., 2025, 27,1300-1330 | 1317
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(a) Schematic illustration of possible interactions between nanocomposite’s components, SEM image from cross-section view and mechan-

ical and morphological properties of neat CNF and nanocomposite films in dry condition.??® Reproduced from ref. 129 with permission from John
Wiley and Sons copyright 2022. (b) SEM images of LNPs, the adsorption of chitosan onto LNPs and GOx—Chi—LNPs produced by the deposition of
GOx onto Chi-LNPs.88 Reproduced from ref. 88 with permission from Royal Society of Chemistry copyright 2022. (c) Reinforcement mechanism of

lignin hybrid particles.

Pickering emulsions with antioxidant activity.>® They studied
and compared the antioxidant activities of native lignin and
CLPs based on the elimination of the =-radical (DPPH’).
Fig. 13b illustrated the possible elimination reaction process
of DPPH’ radical by lignin. The results showed that the anti-
oxidant activities of both samples increased with the increased
of the concentration. Thanks to the increase of phenolic
hydroxyl group and alcohol hidden inside CLPs, it showed
higher free radical scavenging ability (up to 10%) at high con-
centrations (Fig. 13c). Similarly, in the study of Moreno et al.,*®
they evaluated the antioxidant activity of composite mem-
branes after the combination of chitosan and glucose oxidase
hybrid CLPs with PRMA through ABTS+ free radical scaven-
ging experiments. The results showed that the antioxidant
activity of PBMA supplemented with 2.5% and 5% GOx-Chi-

1318 | Green Chem., 2025, 27,1300-1330

CLPs was 30% and 70%, respectively, compared with pure
PBMA (18%). However, when the content of hybrid CLPs in the
composite film exceeded the concentration threshold of 10%,
its antioxidant activity did not increase significantly (Fig. 13d).
This result may be related to the layer-by-layer particle depo-
sition of CLPs at the internal interface of the non-wettable
polymer matrix, since the antioxidant activity is postulated to
occur primarily at the liquid-solid interface. Yu et al. employed
an electrospray technique to synthesize lignin nanoparticles
with uniform size and regular shape, which were utilized for
the stabilization of oil-in-water Pickering emulsions."'® The
antioxidant capacity of the Pickering emulsion was assessed by
evaluating its free radical scavenging activity against ABTS and
DPPH radicals. The results were quantified in terms of the
concentration required to inhibit 50% of free radicals (IC50

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 (a) Schematic diagram of antioxidant mechanism of CLPs. (b)

The elimination reaction process of DPPH" radical by lignin. (c) DPPH"
radical scavenging activity test against lignin and LNPs.>* Reproduced
from ref. 33 with permission from Elsevier copyright 2022. (d)
Antioxidant activity kinetics of pure PBMA and PBMA-GOx—-Chi—LNP
composite films.®® Reproduced from ref. 88 with permission from John
Wiley and Sons copyright 2021. (e) ABTS and DPPH free radical scaven-
ging activity (%) of LNPs, ascorbic acid was used as positive control.**
Reproduced from ref. 116 with permission from Elsevier copyright 2023.

value). Fig. 13e illustrates the investigation on the antioxidant
activity of these lignin nanoparticles, revealing IC50 values of
1.3 mg ml™" for ABTS quenching and 0.018 mg ml™" for DPPH
activity.

The study revealed that the presence of a substantial quan-
tity of phenolic hydroxyl radicals is essential, and the abun-
dance of methoxyl groups in lignin can stabilize the formation
of phenolic hydroxyl radicals. The scavenging activity against
free radicals relies on the rate at which these radicals capture
hydrogen atoms from phenol molecules."**'*° These func-
tional groups play a crucial role in providing hydrogen to ter-
minate oxidative propagation reactions, with free phenolic
hydroxyls being indispensable for antioxidant activity."*°

In summary, the antioxidant activity of CLPs, as a green
natural antioxidant, can be directly extended to various fields
including pharmaceuticals, cosmetics, and food processing by
utilizing the Pickering emulsion template.

4.3. Application of CLPs as anti-ultraviolet in Pickering
emulsions

Unsaturated double bonds in the molecular structure of lignin
(such as carbonyl and vinyl groups) can form conjugated struc-

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of radical scavenging efficacy of lignin-related
compounds

Compound Number” of reduced DPPH
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“The number of 1,1-diphenyl-2-picrylhydrazyl moles reduced by one
mole of a lignin related compound.

tures with benzene rings. Active n electrons and chromophores
(such as hydroxyl, amino, ether bonds, and carboxyl groups) in
conjugated systems give lignin bandwidth absorption from
ultraviolet to visible light."*' Although the various extraction
processes of lignin result in different chemical structures, the
ultraviolet (UV) absorption of lignin is generally similar.'*>'*?
The UV shielding performance of three lignin groups is illus-
trated in Fig. 14a. The S phenolic group containing more
methoxyl groups has a stronger UV shielding property over
other phenolic groups."**'*> Because CLPs has a larger
specific surface area than the original lignin at the same mass,
more functional groups are distributed on the surface of the
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Fig. 14 (a) Schematic diagram of anti-ultraviolet properties of lignin
composites and comparison of anti-oxidation properties of each unit.
(b) Digital images and UV-vis light transmittance spectra of pure PBMA
and PBMA—-GOx—Chi—CLP composite films.®® Reproduced from ref. 88
with permission from John Wiley and Sons copyright 2021. (c)
Photographs of thin films as a function of lignin concentration (up) and
UV-Vis transmission spectra of these films (down).'32 Reproduced from
ref. 132 with permission from Elsevier copyright 2020. (d) UV transmit-
tance of Pickering emulsions stabilized by CLPs and schematic illus-
tration of pig skin to simulate human skin under strong UV-light.!'®
Reproduced from ref. 116 with permission from Elsevier copyright 2023.
(e) Photograph of Pickering emulsions and UV absorption spectra of the
Pickering emulsion with CLPs as the stabilizer.!°® Reproduced from ref.
106 with permission from American Chemical Society copyright 2022.
(f) UV transmittance of Pickering emulsions prepared with 3.50 wt% of
CLPs and 40% of oil.*?2 Reproduced from ref. 122 with permission from
Elsevier copyright 2023. (g) Schematic illustration of pig skin to simulate
human skin under strong UV-light.142 Reproduced from ref. 142 with
permission from Springer Nature copyright 2024. (h) UV-vis transmit-
tance curves and appearance color of creams with different amounts of
CLPs.1*¢ Reproduced from ref. 145 with permission from Elsevier copy-
right 2020.

lignin particles, which has better UV resistance. In addition,
the improved performance depends on the effective interfacial
adhesion and uniform dispersion of CLPs within the polymer
body, which is a problem that cannot be ignored, and
Pickering emulsions not only avoid the agglomeration
problem of CLPs, but also allow their introduction into the
hydrophobic polymer.

Moreno et al. evaluated the UV shielding potential of
PBMA-GOx-Chi-CLPs composite films prepared by them by
using UV-Vis colorimetric spectroscopy.®® The results show
that the composite films have strong absorption in UV-A
(315-400 nm) and UV-B (280-315 nm) bands compared with
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the original PBMA. They also highlight that even a concen-
tration of only 5 wt% of GOx-Chi-CLPs in the composite can
reduce UV light transmission to 3% with a reduction of only
40% in visible light transmission (Fig. 14b). In the study of
Lugoloobi et al. CLP-PHB composite films with yellowish
brown color and good UV isolation performance were prepared
by using Pickering emulsion method."**> With the increase of
the proportion of CLPs in the composite film, the UV shielding
performance of the film is gradually enhanced, and the light
transmittance is gradually decreased (Fig. 14c). This is not
only due to the increased absorption of ultraviolet and visible
light by more CLPs, but also due to the increased reflection
and refraction of incident light by high content of nano-
particles. A similar conclusion was also reached in a study by
Li et al.'*

Yu et al. found that lignin nanoparticles with smaller par-
ticle size had better anti-ultraviolet performance.'’® In
addition, they emphasized that the methoxyl functional
groups in S-type and G-type lignin, which were easy to absorb
UV light, could also significantly promote the conjugated
system of lignin, and thus have stronger UV absorption
(Fig. 14d)."* Hong used sulfur methylation and alkyl chain
bridging modification of lignin to prepare Pickering emul-
sions. As shown in Fig. 14e, the introduction of higher mole-
cular weight alkyl chains effectively enhanced the stability of
the emulsion, allowing it to maintain strong UV absorption
capacity even at low lignin loading (0.2%) and oil-water ratio
(50%).1°°

Cosmetics with natural light protection properties are an
ideal application direction for lignin’s anti-UV performance."*?
The CLPs were prepared by Gordobil et al. using softwood
sulfate lignin as the raw material, and three O/W Pickering
emulsion systems of orange oil, coconut oil, and paraffin oil
were formulated.'* In vitro sun protection factor (SPF) testing
demonstrated that these Pickering emulsions exhibited UVA/
UVB values ranging from 0.74 to 0.90 with C > 380, confirming
their broad-spectrum sunscreen efficacy. Furthermore, the
incorporation of natural oils containing phenolic compounds
into the emulsion system enhanced its SPF value (Fig. 14f),
whereas paraffin oils did not show such improvement due to
the synergistic effect of n-n stacking between lignin particles
and phenolic compounds. The CLPs were extracted from
coffee beans through acid precipitation by Xin et al.'*?
Subsequently, the obtained coffee CLPs was utilized to formu-
late a stable Pickering emulsion, which underwent UV resis-
tance testing. Notably, the results demonstrated that even after
4 hours of exposure to 254 and 365 nm UV light, the emulsion
effectively preserved pigskin color (Fig. 14g). Trevisan et al. iso-
lated nano-lignin from elephant leaf grass, which can be stably
dispersed in commercial neutral creams and significantly
improve its UV-visible shielding properties.'*® Although the
general fact is that the higher the concentration of lignin, the
stronger the protection against UV rays. However, the undesir-
able dark color appearance of CLPs based sunscreen creams
and composite and will be its limitations in some applications,
such as cosmetics (Fig. 14h). Thus, light-colored lignin with
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anti-ultraviolet activity is important, which can be achieved
through the acetylation of the lignin and subsequent conver-
sion into nanoparticles. In addition, the improved perform-
ance depends on the effective interfacial adhesion and
uniform dispersion of CLPs within the polymer body, which is
a problem that cannot be ignored, and Pickering emulsions
not only avoid the agglomeration problem of CLPs, but also
allow their introduction into the hydrophobic polymer. In
addition, the UV-resistant properties of lignin particles can
also be used for protection against photosensitive drugs,
which will be discussed in the next section,'®%147:148

4.4. Application of CLPs as encapsulation in Pickering
emulsions

Contributed to its amphiphilicity and good biocompatibility,
lignin is considered as a promising drug delivery material.**°
In the Pickering emulsion system, CLPs can be used to achieve
the loading and controlled release of various drug molecules,
such as drug activity, sunscreen activity, model drugs, agricul-
tural chemicals and even enzymes,3%86109:147:148:130 throyoh
embedding and encapsulation. Based on the characteristics of
CLPs, the use of CLPs for drug encapsulation has the following
obvious advantages: 1. Protect sensitive chemicals from
decomposition, evaporation and degradation caused by exter-
nal environmental factors.'® 2. Prolonging the duration of the
drug effect by controlled release;* 3. Reduce the toxicity and
stimulation of the drug to non-targeted organisms.">"

According to the type of encapsulated drug and application
field, two different encapsulation ideas are proposed (Fig. 15).
One is to prepare solid CLPs and use Pickering template method
to achieve encapsulation of photosensitive drugs.'® The other is
to use interfacial emulsion polymerization method to prepare
lignin microcapsules and realize the encapsulation of drugs
through cross-linking reaction in microemulsion system.

For example, Wang et al. used single-chain/gemini surfac-
tants and sodium lignosulfonate to prepare water-based

Substance
Oil phase
CLPs

Encapsulation
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agglutinates for stabilizing O/W emulsions.'®® Attributed to
the nanoscale network structure of a wide range of hydrophilic
and hydrophobic microdomains in the condensate (Fig. 16a),
it can achieve encapsulation and anti-ultraviolet protection
against photosensitive pesticides (photosensitive abscisic
acid). Chen et al. prepared an O/W high internal phase emul-
sions (HIPEs) with an internal phase fraction of up to 80 vol%
using 5 wt% lignin and 1 wt% sodium dodecyl sulfate (SDS) as
emulsifiers.’*® The photosensitive bio-anti-inflammatory agent
curcumin was dispersed in the organic phase and effectively
encapsulated in HIPEs. As shown in Fig. 16b, the CLPs aggre-
gation on the surface of HIPEs could be adjusted by using PBS
buffer to control the release of the reagent. As shown in
Fig. 16b down, after 72 hours of ultraviolet irradiation, curcu-
min encapsulated with 3 wt% CLPs-stabilized HIPEs was able
to maintain 60.3% of its original concentration.

Due to the differences in drug electronegativity, release
speed, release environment and efficacy mechanism, encapsu-
lation materials with corresponding different stimuli have
been widely emphasized.?>>1°*1>*15> Congequently, stricter
requirements are placed on the charge properties, wall thick-
ness, polydispersity, and stability of CLPs as carriers for drug
transport.”**' To address this need, researchers have devel-
oped a series of packaging systems that exhibit both stability
and environmentally induced response through hybrid modifi-
cation of lignin or layer assembly.3%10%106:112

Dai et al. grafted poly(N-isopropylacrylamide) (PNIPAM)
onto lignin to prepare thermoresponsive lignin copolymers.'**
The hybrid CLPs were formed by self-assembly to stabilize
trans-resveratrol (trans-RSV)-containing palm oil emulsion dro-
plets in water. Contributed to the excellent UV resistance of
lignin, ¢ the light stability of trans-RSV was significantly
improved by the protecting of the CLPs layer. Moreover, the
emulsion properties and release behavior strongly depend on
the temperature and nanoparticles size: decreasing tempera-
ture induced deformation of hybrid CLPs at the interface, an
increase in droplet size, and the accelerated release of trans-

Pickering emulsion

Interfacial crosslinking

CLPs microcapsule

Fig. 15 Schematic representation of CLPs as a encapsulation material and two encapsulation processes.

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 (a) Formation of lignin-based coacervates and TEM image CLPs
and Bright field microscopy and cryo-SEM image of coacervate droplets
in mixed solution.'®® Reproduced from ref. 109 with permission from
Elsevier copyright 2022. (b) Mechanism diagram of the HIPEs stabilized
by CLPs and SDS (up) and residual curcumin levels in HIPEs-cur pre-
pared with various CLPs concentrations after UV radiation and release
profiles of curcumin from HIPEs stabilized with various CLPs concen-
trations (down).’*® Reproduced from ref. 148 with permission from
American Chemical Society copyright 2018. (c) Influence of the amount
of AL-g-PNIPAM NPs on emulsions droplet size at 25 and 45 °C (up),
schematic representation of the adsorbed AL-g-PNIPAM NPs at 25 and
45 °C (down).'®* Reproduced from ref. 104 with permission from
American Chemical Society copyright 2019. (d) Effects of pH and
laccase on the release performance of AVM from (Chi + SL)20@PE
Pickering emulsion and schematic diagram of pH/laccase-responsive
release of AVM-loaded microcapsules (Chi + SL)n@PE in pests.'?
Reproduced from ref. 112 with permission from John Wiley and Sons
copyright 2023. (e) SEM images of wall layer structure of lignin—polyurea
shell microcapsule.'>® Reproduced from ref. 152 with permission from
Elsevier copyright 2018. (f) Optical microscopy images of the lignin/
polyurea composite microcapsules.>® Reproduced from ref. 153 with
permission from American Chemical Society copyright 2017.

RSV (Fig. 16¢). Similar strategies have been applied in Wen
et al.’s study.">

Yu et al. deposited chitosan (Chi) and sodium lignosulfo-
nate (SL) alternately on the interface of CLPs-based Pickering
emulsion by electrostatic interaction, formed a simple and
effective Pickering emulsion strengthening strategy.''” The pre-
pared Pickering emulsion has adjustable interface thickness
with strong stability and forms a microcarrier suitable for the
coating of hydrophobic and photosensitive pesticide
Avermectin (AVM). As shown in Fig. 16d, the drug release be-
havior of CLPs-Pickering emulsion can be carefully controlled
by controlling the number of sediment layers.*® In addition,
the encapsulation system has special stimuli response beha-
viors for the alkaline environment and laccase stimuli in the
insect digestive tract to realize the targeted release of drugs.

1322 | Green Chem., 2025, 27,1300-1330

View Article Online

Green Chemistry

Pang et al. realized the encapsulation protection of AVM by
using interfacial emulsion polymerization in lignin-stabilized
O/W emulsions."* In this study, diphenyl methane diisocya-
nate (MDI) and AVM were dispersed in toluene to form an oil
phase. During the preparation of Pickering emulsion, MDI in
the oil phase would react with water and phenolic hydroxyl of
lignin at the oil-water interface to form a thin polyurea layer
and lignin-polyurethane shell (Fig. 16e). Ethylenediamine
(EDA) is introduced into the system to accelerate shell for-
mation and increase wall thickness. The study of drug release
kinetics showed that controlled release of drugs could be
achieved by controlling lignin content in emulsion system.
Further observation of the wall layer of the formed micro-
capsules showed that the wall structure was composed of a
dense polyurea inner layer and a loose and porous lignin-poly-
urethane outer layer. The increase of lignin content would
consume more MDI, thus reducing the thickness of the poly-
urea layer and accelerating the release of drugs. Similarly,
Pang et al. applied hybrid CLPs to a stable Pickering emulsion
and prepared microcapsules containing lignin."”* In this
study, a “physical sulfonation” strategy was proposed for
lignin. SDS was used to doping acidified alkaline lignin to
obtain negatively charged SDS-CLPs. At the oil-water interface
of Pickering emulsion, isophorone diisocyanate (IPDI) in the
emulsion droplets reacts with ethylenediamine to form a
strong polyuurea shell (Fig. 16f), while SDA-CLPs can cross-
link with positively charged thylenediamine hydrochloride ion
(EH) to form an outer gel shell, thereby improving the stability
of the system and controlling the release of encapsulated
drugs.

The preparation of environmentally appropriate lignin
microcapsules is also the development direction of interfacial
crosslinking method. Chen et al. synthesized pH-responsive
lignin microcapsules and encapsulated coumarin-6 in a micro-
emulsion system by heat-induced interfacial crosslinking.®> In
this study, the allyl group was grafted onto the surface of
water-soluble lignosulfonate by etherification reaction, and
then the oil-water microemulsion system was prepared with
the help of SDS. At the oil-water interface of microemulsion
system, amphiphilic lignin and the organic phase crosslinker
trimethylolpropane tris(3-mercaptopro-pionate) through the
free radical induced thiol-ene reaction lignin nanocapsules
were formed by cross-linking. The study found that the acid-
labile B-thiopropionate cross-linkages in microcapsule wall
layer induced an acid-triggered quick release in low pH
environment. In acidic (pH = 4) environments, the cumulative
48 hour release of coumarin-6 reached 60%, compared to 40%
in neutral (pH = 7.4) environments.

In summary, the use of CLPs as a carrier for drug or chemi-
cal appears to be the most widely application, including bio-
medicine, agricultural chemicals and so on.?®'*%13%151 The
types of encapsulated drugs involved in these applications, the
use environment, the target and the release cycle, etc., need to
be considered as the criteria for the preparation of lignin
microcapsules. The selection of the packaging process of
lignin should be more differentiated from different fields, in

This journal is © The Royal Society of Chemistry 2025
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the field of pesticide-controlled release grade plant protection,
the selection of hybrid lignin with lower purity, and in the
field of biomedicine, purified or graded lignin should be
considered.>*'** In particular, the introduction of the concept
of composite materials requires CLPs-based microcapsule
systems to have more versatile properties, such as magnetic
lignin-based Pickering emulsion and highly absorbent lignin-
based gel systems.'™>'® Overall, the CLPs can serve well as an
effective Pickering stabilizer for emulsion, not only due to its
excellent partial wettability but also its stimuli-tunable surface
properties, which allowed the facile and rapid reversible emul-
sification/demulsification of Pickering emulsion.?® This poses
a challenge to the researchers’ knowledge background and to
lignin, whose macromolecular structure is not yet fully under-
stood. However, CLPs has been widely accepted as a green,
bio-friendly, multi-functional packaging material.

4.5. Application of CLPs as catalysts in Pickering emulsions

Due to its diverse hydrophilic and hydrophobic functional
groups, along with acidic and basic active sites on the surface,
lignin has emerged as a catalyst with enhanced reactivity.'””*>®
In numerous studies, catalysts derived from lignin have proven
to be a highly promising alternative to traditional catalysts,
offering advantages such as eco-friendliness, reusability, and
efficiency. The use of lignin as a catalyst contributes to a
greener environment by utilizing renewable sources, in con-
trast to conventional heavy metal catalysts like titanium and
palladium, which can have detrimental effects on the environ-
ment during disposal.**®

The various benefits of CLPs over their macro-sized
counterparts suggest the potential for improved -catalytic
activity. In catalytic reactions, a critical parameter is the
surface area, which can enhance conversion rates and ulti-
mately improve yields. Therefore, employing CLPs with a
higher surface area-to-volume ratio, in comparison to conven-
tional lignin, holds promise for the development of novel and
environmentally friendly catalysts with superior catalytic
performance.

Tang et al. developed positively charged chitosan hybrid
lignin nanoparticles (Lig/Chi NPs) for stabilizing O/W
Pickering emulsions.’®® The modification with chitosan
enhanced the lignin-emulsion’s stability, emulsification pro-
perties, and resistance to salt and alkali. Furthermore, they
investigated the catalytic impact of lipase on the hydrolysis of
p-nitrophenol palmitate within this system. The results indi-
cated that the Pickering emulsion system increased the inter-
face area for significant oil-water reactions. The negatively
charged lipase was effectively adsorbed onto the surface of
positively charged hybrid lignin through electrostatic adsorp-
tion and enrichment, thereby reducing mass transfer distances
and resistance (Fig. 17a). In this system, the reaction conver-
sion rate can reach nearly 100% within 30 minutes, which is
almost three times higher than that of the conventional two-
phase system (Fig. 17b). Additionally, lipases stabilized in
Pickering emulsion exhibit strong recyclability, thanks to the
protective effect of Lig/Chi NPs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 17 (a) Schematic of lipase-catalyzed hydrolysis of p-NPP in the
Pickering emulsion system stabilized by Lig/Chi NPs and the conven-
tional two-phase system.'%° Reproduced from ref. 160 with permission
from American Chemical Society copyright 2022. (b) The effects of reac-
tion time, p-NPP concentration, lipase content and recycle times on
catalytic performances of lipase in the conventional two-phase system
and Pickering emulsion system stabilized by Lig/Chi NPs.**° Reproduced
from ref. 160 with permission from American Chemical Society copy-
right 2022. (c) Proposed emulsion reactor and W/O interface.
Reproduced from ref. 162 with permission from American Chemical
Society copyright 2015. (d) Evaluation of the enzyme-degassed con-
trolled radical polymerization of BMA using GOx—Chi—LNPs as stabil-
izers.'5! Reproduced from ref. 161 with permission from Springer Nature
copyright 2020.

In addition to using CLPs at the emulsion interface to
enhance catalytic efficiency, the Pickering emulsion system
can also facilitate the catalytic cracking of lignin itself. For
instance, Cai et al. pioneered a novel and highly efficient
lignin depolymerization W/O Pickering emulsion, employing
lignin as a self-surfactant.'®® The Pickering emulsion was pre-
pared using n-butanol and n-hexane as the oil phase and
lignin as the emulsifier, achieved by dissolving an ionic liquid
in the water phase. In the emulsion system, lignin serves a
dual purpose: it not only stabilizes the emulsion but also
degrades at the water-liquid interface (Fig. 17c). This results in
the exposure of hydrophilic a-O-4 and $-O-4 connection points
in lignin to the oil-water interface, facilitating enhanced
contact with the IL catalyst and significantly promoting lignin
depolymerization.'®*

Moreover, the system offers advantages in the demulsifica-
tion process, with automatic phase division occurring at the
end of the reaction due to lignin degradation and conden-
sation. Following the reaction, two distinct phases emerge: the
depolymerization product dissolves in the upper phase of the
n-butanol dispersion, while the IL catalyst is present in the
lower phase of the water. This enables efficient product separ-
ation and catalyst recovery through a one-step separation and
filtration process. The results indicate that lignin depolymeri-
zation at the oil-water interface has a significant impact.
Under optimized conditions, the conversion rate of bagasse
lignin exceeded 89.1%, the selectivity of 4-ethylphenol was
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53.9%, and the yield of 4-ethylphenol was 29.60 mg g~ " (3.3
times higher than that without emulsion).

In the study of Moreno et al., they show that lignin nano-
particles (LNPs) coated with chitosan and glucose oxidase
(GOx) enable efficient stabilization of Pickering emulsion and
in situ enzymatic degassing of single electron transfer-living
radical polymerization (SET-LRP) without extraneous hydrogen
peroxide scavengers.'®" The feasibility of GOx-Chi-LNPs to
provide an oxygen-tolerant and controlled polymerization
process was evaluated by the polymerization of butyl methacry-
late (BMA) as a model monomer in closed vials to avoid the
loss of volatile BMA from the reaction mixture. These results
(shown in Fig. 17d) not only validate our original hypothesis
and confirm GOx-Chi-LNPs as efficient degassing stabilizers
for Pickering emulsions polymerizations, but also demonstrate
that GOx-Chi-LNPs can provide even a faster polymerization
rate than Chi-LNPs after applying nitrogen purging, which
could be of potential interest for industrial applications.

4.6. Application of CLPs as adsorbent in Pickering emulsions

Leveraging the structural characteristics of lignin and the func-
tional groups present within its molecular framework, surface
engineering or nanotechnology can be employed to modify its
spatial network architecture. This approach facilitates the
development of lignin-based adsorbent materials exhibiting
superior adsorption capabilities. Such materials serve as viable
alternatives to costly activated carbon and ion exchange resins
for the efficient removal of heavy metal ions, dyes, and organic
pollutants. In comparison to conventional lignin powders,
CLPs exhibits enhanced affinity towards the oil/water interface
due to its larger contact area between oil and water phases.
This unique characteristic renders CLPs a promising template
for the development of novel adsorbents in Pickering emulsion
systems. The optimized interaction between oil and water
phases within the Pickering emulsion system ensures superior
adsorption performance.

In the study conducted by Padilha et al., corncob (CC) and
green coconut fiber (GCF) were utilized for the preparation of
two CLPs."*' The Pickering emulsion template method was
employed to compare the adsorption capacity of these CLPs
towards emulsified oil in a water environment. The results
indicate that at an CLPs concentration of 2 ¢ L™, CC-CLPs
and GCF-CLPs exhibited maximum removal values of 90.6%
and 94.4%, respectively, in emulsified oil experiments
(Fig. 18a). Due to its higher lignin content, GCF-CLPs demon-
strated enhanced hydrophobicity, resulting in superior ability
to remove emulsified oil. This stronger hydrophobic inter-
action led to gradual adhesion between CLPs layers near the
droplets, thereby increasing aggregate size and enhancing
their oil adsorption capacity.

Agustin et al. harnessed the synergistic effect of nanocellu-
lose on CLPs to achieve stabilization of polyethylene in O/W
Pickering emulsion."** By adjusting the content of CLPs in the
emulsion, the interaction with the oil phase can be finely
tuned to produce a stable emulsion with varying viscosity. The
resulting freeze-dried cellular foam exhibits promising poten-
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Fig. 18 (a) Effect of the CC-LNP (white bar) and GCF-LNP (black bar)
for separation of emulsified oil by coagulation.??* Reproduced from ref.
121 with permission from Elsevier copy 2020. (b) The appearance and
droplet morphology of the Pickering emulsions stabilized by CLPs-CNF
and the subsequent foams, with respective SEM images.*** Reproduced
from ref. 134 with permission from Springer Nature copyright 2023. (c)
Schematic diagram of imprinted molecular. (d) Equilibrium data and
modelling for the adsorption of LC onto MIPs-LC-0.11 and NIPs-0.11 at
different temperature (left) and kinetic data and modelling for the
adsorption of LC onto MIPs-LC-0.11 and NIPs-0.11(right).*63
Reproduced from ref. 163 with permission from Elsevier copyright 2014.
(e) Optical microscope images of the primary W/O emulsions with W: O
of 1:1 and the corresponding double W;/O/W, emulsion and SEM
images of multi-hollow microsphere.’®* Reproduced from ref. 164 with
permission from Elsevier copyright 2015. (f) Construction strategy and
mechanism of magnetic CLPs stabilized Pickering emulsion.'>®
Reproduced from ref. 156 with permission from Royal Society of
Chemistry copyright 2023. (g) Optical photos, infrared camera images
and the surface temperature of pure gypsum and GS@TDA/PMMA/MPC.
Reproduced from ref. 166 with permission from American Chemical
Society copyright 2020.

tial as an adsorbent for pharmaceutical contaminants, while
the incorporation of CLPs facilitates efficient removal of aro-
matic drugs possessing diverse ionic properties (Fig. 18b).
Additionally, due to lignin’s various active functional groups
(such as hydroxyl, carbonyl, carboxyl, methyl), chemical modi-
fications can be made to obtain efficient lignin-based adsorp-
tion materials. This not only enhances the commercial value
of lignin but also opens up new avenues for its high-value util-
ization. The research conducted by Yang et al. demonstrates a
versatile and straightforward approach for the formation of
interconnected foams templated from Pickering-HIPE using a
coactive system consisting of CLPs and monomers.'** It has
been observed that the foam structure transitions from closed-
cell to open-cell as the concentration of monomers increases.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, these interconnected foams exhibit exceptional
adsorption capacity for Cu2" ions.

In Gan et al.’s study,'® CLPs were employed as stabilizers
to establish a stable Pickering emulsion. By incorporating
functional and cross-linked monomers along with Lambda-
cyhalothrin (LC) as template molecules, into the oil phase, a
molecularly imprinted polymer (MIPs-LC) was prepared via
interfacial polymerization method for selective adsorption of
LC (Fig. 18c). The surface hydrophobicity of MIPs-LC obtained
after emulsion polymerization was enhanced, facilitating the
adsorption of hydrophobic organic pollutants with low water
solubility such as LC molecules. Preliminary results demon-
strated that MIPs exhibited excellent recognition towards LC,
with an adsorption equilibrium time of approximately 3.0 h
and an equilibrium adsorption capacity of 72.25 Imol g~* com-
pared to nonimprinted polymers (NIPs) which showed an
adsorption capacity of 43.10 Imol g~'. Isothermal curve ana-
lysis, adsorption kinetics studies, and selectivity tests collec-
tively indicated that LC had the highest cavity matching with
the imprinted polymer due to its structural characteristics and
hydrogen bonding interactions formed within the imprinted
cavities (Fig. 18d). Furthermore, the synthesized MIPs could be
effectively regenerated and recycled for at least three cycles
without significant loss in their adsorption capacity (8.73%).

Similarly, Pan et al. conducted a facile chemical modifi-
cation of lignin using oleic acid, followed by stabilizing the
original and modified lignin at two interfaces to form a surfac-
tant-free water-in-oil-in-water (W,/O/W,) Pickering double
emulsion.'®® Molecular-imprinted hollow spheres (MIMMs)
with adjustable pore structures were prepared by manipulating
the volume ratio of the oil phase to the water phase in the
emulsion and investigated as adsorbents for selective and
efficient removal of LC (Fig. 18e). The static adsorption experi-
ment revealed that MIMMSs with increased and larger pore
structures exhibited enhanced selective adsorption capacity
towards LC. The equilibrium adsorption capacity of MIMMs
for LC was determined to be 24.79 mg g~ ', with an adsorption
equilibrium time of approximately 3.0 hours. Furthermore,
MIMMs demonstrated excellent regeneration capability
through seven effective regeneration and recirculation cycles,
making this approach applicable for the adsorption of various
pharmaceutical compounds.

4.7. Other application of CLPs in Pickering emulsions

Additionally, the potential applications of CLPs-Pickering
emulsions can be further expanded through their combination
with other novel technologies and materials.'®> Hasan et al.
demonstrated the adsorption and magnetic properties of
lignin@Fe;0, at the castor oil-water interface as an environ-
mentally friendly magnetically controllable Pickering emulsion
and polymer oil stabilizer for oil spill collection using external
permanent magnets with varying magnetic fields (Fig. 18f).">°
Wang et al. investigated microencapsulation using a CLPs-
stabilized Pickering emulsion, which when combined with
gypsum resulted in an effective heat-storage composite
material that holds promising prospects for building thermal
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management (Fig. 18g)."°® Yi et al., fabricated multilayered
composite microcapsules coated with isophorone diisocyanate
(IPDI) healing agent using an oil-in-water Pickering emulsion
stabilized by lignin nanoparticles as a template.’® This techno-
logy was applied to anticorrosive polymer coatings by incorpor-
ating these microcapsules into epoxy coatings. Results from
salt immersion accelerated corrosion tests demonstrated that
the self-healing coatings containing IPDI capsules exhibited a
remarkable anticorrosive effect on steel plates. After immer-
sing the samples in a 10% wt% NacCl solution for 120 hours,
no visible signs of corrosion were observed on the coating
matrix due to the controlled release and subsequent polymer-
ization of active substances from the encapsulated micro-
capsules, resulting in the formation of solid materials for
coating repair. Qian et al. doped submicron particles of poly
(3,4-ethylenedioxythiophene)/lignosulfonate (PEDOT/LS) into a
mixture of 3,4-ethylenedioxythiophene (EDOT) and water to
form a solid-stabilized Pickering emulsion.'®” The conductivity
of the resulting PEDOT/LS complex prepared via Pickering
emulsion polymerization was increased by two orders of mag-
nitude. As a result, the surface resistance of glass coated with
PEDOT/LS-PEP decreased from 1012 to 106 Q sq~'. These
novel PEDOT/LS-PEP complexes effectively fulfill the require-
ments for industrial antistatic materials.

Yan et al. proposed a hybrid of Ni(OH), and lignin sulfo-
nate to synthesize micron-sized particles, which were utilized
for the synergistic emulsification in oil spill adsorption at
sea.’®® The co-emulsification process was facilitated by the
electrostatic attraction between Ni(OH), particles and oppo-
sitely charged SL, effectively mitigating the flocculation of Ni
(OH), in seawater. In comparison with individual emulsifiers
such as Ni(OH), particles or SL alone, the hybrid particles
exhibited superior performance in producing smaller, more
uniform, and highly stable oil-water emulsion droplets,
enabling efficient adsorption of highly viscous crude oi. The
utilization of Pickering emulsion systems for the development
of lignin composites with other materials has emerged as a
ubiquitous strategy in material design, thereby enhancing the
functional attributes of emulsions. The study conducted by Li
et al. presents a novel and facile approach for synthesizing
antibacterial phase change microcapsules (micro-PCMs) deco-
rated with silver particles, wherein CLPs served as both the
Pickering stabilizer and the reducing agent for silver ions."®®
The results demonstrated that the shell of the micro-PCMs
incorporated embedded lignin particles, which -effectively
reduced silver ions to form Ag/lignin micro-PCMs. These
resulting Ag/lignin micro-PCMs exhibited a well-defined core-
shell spherical morphology with a high phase-transition
enthalpy of 177.6 J g™, excellent encapsulation efficiency of
69.0%, and remarkable thermal durability.

5. Challenges and prospects

The Pickering emulsion is a distinctive dispersion system
stabilized by solid particles. The heterogeneous nature of
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lignin, characterized by various chemical bonds formed by aro-
matic and phenolic units, enhances the amphiphilic structure
of lignin and facilitates its enrichment into nanoparticles for
application in emulsion systems. As an emerging emulsion
stabilized by lignin nanoparticles, the CLPs-Pickering emul-
sion exhibits significant potential across multiple fields owing
to its unique physicochemical properties; however, there
remain several challenges that need to be addressed.”’ In
terms of the dispersion mechanism of the emulsion, a single
theory cannot comprehensively define all studies at present
due to the diverse modification strategies employed for lignin
nanoparticles resulting in different interface combinations.
Before fully understanding the mechanism of interface inter-
action in this two-phase system, it is crucial to harness the sta-
bilizing role of CLPs as polymer blend stabilizers and empha-
size the functional characteristics of lignin such as antioxidant
activity, antibacterial properties, and stability performance.
This will enable biopolymers like lignin to realize their full
potential for practical applications.

The first and foremost challenge faced by this technology
lies in gaining a more detailed understanding of CLPs for-
mation process. However, due to the varied chemical struc-
tures of lignin along with different extraction methods and
sources used, development and utilization across a wider
range of applications pose certain challenges. Ensuring con-
sistent product properties especially regarding controlled for-
mation of spherical nanoparticles becomes imperative for
standardized production. From a fundamental research per-
spective, optimizing function of lignin nanomaterials through
manipulation of particle size, wettability, shape anisotropy
aggregation behavior, and surface chemistry presents various
challenges that future researchers must focus on addressing. A
more comprehensive understanding of how to effectively
control these factors is a primary focus for future researchers.
In order to achieve sustainable production of CLP-Pickering
emulsions on a commercial scale, it is crucial to gain deeper
insights into the underlying mechanisms. Specifically, it is
important to determine the relative significance of interface
stabilization by adsorption particles as true Pickering stabil-
izers compared to their contribution as functional modulators.

Furthermore, the field of CLPs faces additional challenges
in terms of achieving faster, simpler, and more environmen-
tally friendly production methods. Additionally, there is a need
to explore new and/or combined applications that align with
the concept of transforming waste into wealth. While CLPs
offer numerous opportunities for high-value applications uti-
lizing Pickering emulsion systems, there is still potential for
further exploration. Consequently, various chemical modifi-
cations have been proposed to expand the potential uses of
lignin in developing advanced lignin-based polymers and
nanostructures. For example, esterification or alkylation can be
employed to enhance compatibility between the lignin
polymer and non-polar polymer matrices by targeting hydroxyl
groups on the lignin structure. Another challenge lies in
addressing the high polydispersity of lignin which complicates
controlling its macromolecular structure after undergoing

1326 | Green Chem., 2025, 27,1300-1330

View Article Online

Green Chemistry

chemical modification. The emergence of nano-lignin based
materials has enabled better control over the macromolecular
structure of lignin, thereby enhancing properties of polymer
blends and nanocomposites along with their biomedical
applications.

However, it is important to acknowledge that while lignin
itself demonstrates limited ecotoxicity, the modification and
utilization of chemicals may lead to unintended conse-
quences, such as undesired interactions with various mole-
cules.'*® Moreover, due to the hindrance of phenolic hydroxyl
groups, the biodegradability of modified lignin is also compro-
mised, potentially impacting the environment. Extensive
research is crucial for comprehending the potential toxicity,
interactions, degradability, accumulation, and localization of
nanoparticles in living organisms. Additionally, enhancing its
photostability poses a significant challenge in harnessing
lignin as an effective component in anti-ultraviolet agents. It
can be argued that advancing Pickering emulsions for encap-
sulating and delivering bioactive compounds will continue to
be a pivotal area of investigation; thus, envisioning break-
throughs through developing functionalized CLPs-Pickering
emulsions with responsive stimulus capabilities.

The industrialization of CLPs-Pickering products is experi-
encing a significant upsurge in terms of industrial develop-
ment. It is imperative to promptly initiate pilot trials and culti-
vate more sophisticated, application-oriented industrial pro-
duction processes. The expeditious implementation of struc-
tural optimization for operational units and comprehensive
economic evaluation throughout the entire cycle should be
prioritized.
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