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The rapid escalation of water pollution from industrial effluents, oil spills, and emerging contaminants has
created an urgent need for sustainable, high-performance remediation materials. Although surface water
covers nearly 71% of the Earth's surface, only about 2.5% constitutes freshwater, and less than 1.2% is
readily accessible for human use. Moreover, over 113 billion m® of untreated wastewater is discharged
annually into natural water bodies, further exacerbating global water scarcity and pollution. Lignin
accounts for 15-30% of lignocellulosic biomass and contributes more than 60% of its carbon content. It
has emerged as a promising precursor for advanced carbon materials. Globally, over 100 million tonnes
of lignin are generated annually by the pulp and paper industry, yet 98% is still underutilised or
combusted for low-value energy recovery. This review critically summarises recent advances in the
conversion of lignin into porous, heteroatom-doped carbon materials via thermochemical routes,
including pyrolysis, hydrothermal carbonisation, and chemical activation. Lignin-derived carbons exhibit
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exceptionally higher surface areas (1700-2285 m<“ g ), tunable pore structures, and rich surface
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functionalities, enabling efficient removal of heavy metals, dyes, pharmaceuticals, and oils. Furthermore,

DOI- 10.1039/d6ra00055; the adsorption capacities exceed 300 mg g~ for organic pollutants, while lignin-based foams, aerogels,

rsc.li/rsc-advances and sponges demonstrate oil absorption efficiencies greater than 20-40 g g™ with excellent
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recyclability. Key adsorption mechanisms, including electrostatic attraction, ®—m interactions, surface
complexation, and pore filling, are systematically discussed. Furthermore, current challenges related to

scalability, regeneration, and process economics are highlighted. Overall, lignin-derived carbon materials

offer a low-cost, sustainable, and scalable solution for advanced wastewater treatment and oil—water
separation, aligning closely with the principles of the circular bioeconomy and UN Sustainable
Development Goals (SDGs 6, 12, and 13).

1. Introduction

Water is the foundation of life and a critical resource for human
health, ecosystems, and socio-economic development. Although
water covers nearly 71% of the Earth's surface, only about 2.5%
constitutes freshwater, and less than 1.2% is readily accessible in
rivers, lakes, and wetlands for direct human use. Over 113 billion
m® of untreated wastewater are released annually, severely
impairing ecosystems and water quality, while the demand for
freshwater worldwide is predicted to rise by 20-50% by 2050.>
Consequently, water pollution has emerged as one of the most
pressing environmental challenges worldwide. Industrial waste-
water poses a significant environmental threat due to its complex
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mixture of heavy metals (Hg, Pb, Cd, As, Cr, Ni, Cu, Zn, Fe, and
Mn), organic compounds, and chemical pollutants from indus-
tries such as textiles, leather, electroplating, mining, pharma-
ceuticals, and petroleum refining.® Oil spills represent another
form of severe environmental contamination.* It was found that
approximately 3.7 million tonnes of oil entered the ocean
between 1970 and 2023, including 1.5 million tonnes from tanker
accidents. These spills have destroyed vital habitats such as
mangroves, coral reefs, and seagrass beds and suffocated marine
organisms.” Emerging contaminants that are persistent and
resistant to conventional methods, such as microplastics, PFAS,
pesticides, and medicines, pose significant challenges for
wastewater treatment. Fig. 1(a) highlights the environmental
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challenges posed by oil spills and industrial wastewater.
Conventional wastewater treatment techniques are often expen-
sive, energy-intensive, and less effective at removing low-
concentration contaminants, whereas sophisticated membrane
systems have complex maintenance requirements and are prone
to fouling. The adsorption system is easy to use and highly
effective, making it an affordable alternative. However, the high
price of commercial activated carbon has led to the emergence of
inexpensive, sustainable carbon compounds derived from
biomass that are potential substitutes.®

Lignin is a promising biomass resource for carbon materials,
serving as a significant natural source of aromatic monomers
and the second-most prevalent biopolymer after cellulose.
About 15% to 30% of plants contain lignin, an amorphous,
three-dimensional polymer composed of p-hydroxyphenyl,
guaiacyl, and syringyl units that provides a rich supply of
functional groups and aromatic carbon.” The pulp and paper
industry produces over 100 million tonnes of lignin annually,
yet about 98% is burned as low-value fuel, with only 2% utilised
for high-value applications.?® Its aromatic structure and func-
tional groups (phenolic, aliphatic hydroxyl, carboxyl and m-
ethoxyl) make lignin an excellent precursor for carbon materials
and pollutant adsorbents. Thermochemical
methods such as hydrothermal carbonization, pyrolysis fol-
lowed by activation using KOH, K,COj3, ZnCl,, H;PO,, and FeCl;
produce lignin-derived carbons with high surface areas (1700-
2285 m* g~ ), hierarchical porosity and tunable surface chem-
istry, comparable to or even surpassing those of commercial
activated carbons.*'* The process of turning lignin, a low-value
byproduct, into high-performance adsorbents minimises
industrial waste and reduces reliance on petrochemicals.
Recent studies have demonstrated the exceptional potential of
lignin-derived carbons for removing a wide range of pollutants,
including heavy metals, dyes, pharmaceuticals, and oils.
Adsorption capacities exceeding 300 mg g~ ' for organic
pollutants have been reported, highlighting their competitive-
ness with conventional adsorbents. In addition to powdered
carbons, lignin has been engineered into advanced macro-
scopic architectures, including foams, aerogels, sponges, and
membranes. These materials exhibit high porosity, hydropho-
bicity, mechanical stability, and oil absorption efficiencies of
20-40 g g~ ', making them particularly attractive for oil—water
separation and spill remediation.” Importantly, lignin's
renewable origin and waste-derived nature align closely with
circular bioeconomy principles and sustainability goals.

Past research on lignin-derived carbon materials mainly
demonstrated proof-of-concept synthesis and adsorption under
ideal laboratory conditions, typically using single, high-
concentration model pollutants.**® Such approaches offer
a limited understanding of real wastewater systems and often
overlook lignin source variability arising from different pulping
methods, biomass origins, and molecular heterogeneity. Recent
advances include heteroatom doping, hierarchical pore design,
and lignin-based foams, aerogels, and composites with
enhanced adsorption and separation performance. Neverthe-
less, the major gaps between lignin structure, extraction
chemistry, and carbon performance remain unclear, while long-
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term regeneration, stability, and fouling resistance are rarely
assessed. Moreover, scalability, techno-economic viability, life-
cycle impacts, and performance under realistic multi-
contaminant conditions also remain largely unexplored. Dong
et al. (2023) examined the various pollutants using biochar in
aquatic systems, with an emphasis on adsorption performance
and the underlying processes for distinct types of contami-
nants. However, the review did not examine lignin extraction
techniques and the impact of lignin-derived biochar precursors
on surface chemistry and porosity.’ Further, Zhang et al. (2023)
studied the biomass-based porous absorbents for oil/water
separation and reported that oil absorption capacities of up to
50-150 times their weight for cellulose-derived aerogels, water
contact angles of 135-156°, and surface areas up to 2262.93 m>
g~ ' after activation, enabling quick uptake of oils and organic
solvents with strong recyclability over 5-40 cycles.”* However,
these studies do not combine the chemistry of lignin, carbon
material synthesis pathways, adsorption processes, oil—water
separation efficiency, and environmental applications into
a cohesive framework. By combining these disparate fields into
a comprehensive review, the present study closes the gap and
presents lignin-derived carbons as sustainable, high-
performance materials for pollutant adsorption and oil—water
separation technologies. Additionally, most studies focus on
single-pollutant systems under ideal laboratory conditions, with
limited attention to the complexity of real wastewater, regen-
eration performance, and long-term stability. Addressing these
challenges requires a comprehensive understanding of struc-
ture-property—-performance relationships and the development
of scalable, cost-effective production strategies.

Therefore, this review critically examines recent progress in
lignin-derived carbon materials for pollutant removal and
oil—water separation, focusing on synthesis routes, structural
features, and water treatment performance. It systematically
evaluates the effects of lignin source, extraction and pretreat-
ment methods, and thermochemical conversion pathways,
including pyrolysis, hydrothermal carbonisation, and activation
on pore structure and surface chemistry. The review also
elucidates key adsorption and separation mechanisms for heavy
metals (HMs), dyes, pharmaceuticals, and oils, and compares
lignin-derived carbons with conventional activated carbons,
highlighting advantages and limitations. Finally, it identifies
challenges related to scalability, regeneration, and economic
viability, and outlines future research directions to support
practical implementation in sustainable water treatment
systems. This article primarily reviews studies published over
the past decade, with a limited number of earlier works
included to provide essential background and continuity.

2. Fundamentals of lignin

2.1. Structure and chemical composition of lignin

The polymerisation of monolignols, primarily p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol, produces lignin,
which is a complex three-dimensional amorphous aromatic
polymer. The 3 primary structural units are produced when
these monolignols polymerize. These are p-hydroxyphenyl (H)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Environmental challenges from oil spills and industrial wastewater. (b) Schematic representation of the hierarchical structure and
chemical composition of lignocellulosic biomass. (c) Lignification process in plant biomass.

units (derived from p-coumaryl alcohol), guaiacyl (G) units reactivity, and functional behaviour of lignin are determined by
(derived from coniferyl alcohol) and syringyl (S) units (derived the relative amounts of these H, G, and S units, which vary
from sinapyl alcohol).'** The cross-linking density, chemical among plant species and tissues. Since guaiacyl (G) units free
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the C5 position, they allow to produce more C-C bonds, which
results in a more condensed structure that raises the lignin
cross-linking density. As a result, hardwood lignin (LHSL),
which has a lower G concentration (24-32%, DC about 24%),
exhibits a lower degree of condensation (DC about 38%) than
softwood lignin (LSSL), which has a higher G content (75-
92%).'* Despite occupying the C3 and C5 positions, methoxyl
groups inhibit the formation of C-C bonds and prefer ether
connections; thus, syringyl (S) units resist condensation.
Although syringyl-derived compounds break down more easily,
hardwood lignin can attain maximal phenolic aldehyde yields
faster than softwood lignin due to this structural difference,
which makes S-rich lignin more chemically reactive during
oxidation. These differences demonstrate how the proportion of
H/G/S regulates lignin cross-linking and reaction.'® In terms of
structure, lignin is composed of phenylpropanoid (C3-C3) units
linked by a variety of carbon-carbon (C-C) and ether (C-O-C)
bonds, forming an irregular, highly branched polymer network.
Lignin's mechanical strength, stiffness, and resistance to
chemical and biological deterioration are influenced by its
heterogeneous, cross-linked structure.'*'” Lignin is primarily
made up of atoms of carbon (C), hydrogen (H) and oxygen (O)
organised in aromatic phenylpropanoid units. The 3 funda-
mental monolignols, p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol undergo oxidative polymerization to produce
the p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) structural
units, respectively. The variations in the quantity and location
of hydroxyl (-OH) and methoxy (-OCHj;) groups on these unit
aromatic rings are the cause of lignin chemical heterogeneity.
The plant species and tissue type determine the proportions of
H, G and S components. Softwoods are generally rich in G-units,
hardwoods contain G and S units, and grasses contain all three
(H, G and S) units.* Fig. 1(b) shows the schematic representa-
tion of the hierarchical structure and chemical composition of
lignocellulosic biomass. The hierarchical structure of lignocel-
lulosic biomass, showing cellulose microfibrils embedded in
a hemicellulose-lignin matrix derived from wood. It also high-
lights that the plant cell wall components originate from trees
and decompose into cellulose, hemicellulose, and lignin, which
are key precursors for biofuel and bioproduct production.

2.2. Lignification process in plant biomass

Lignification is a fundamental biochemical process in higher
plants that involves the polymerization of monolignols. It
consists mainly of p-coumaryl, coniferyl, and sinapyl alcohols,
forming a complex, 3D aromatic polymer known as lignin.
Fig. 1(c) represents the lignification process in plant biomass.
Lignin is mostly deposited in the SCWs of vascular tissues such
as TEs. Oxidative enzymes like laccases and peroxidases catalyze
the process by mediating the radical coupling of monolignols to
make phenylpropanoid units.* Rio et al. (2020) reported that
the 3 main monolignols are derived from the phenylpropanoid
biosynthesis pathway. They are p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol, which are oxidatively polymerised
to produce lignin, which is a complex aromatic polymer. The
enzymes include PTAL, C4H, 4CL, HCT, C3H, F5H, CCoOAOMT,
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CCR, COMT, and CAD, which catalyse a series of hydroxylation,
O-methylation and reduction processes.”® The primary struc-
tural components of lignin, p-hydroxyphenyl (H), guaiacyl (G)
and syringyl (S) units, are produced when these monolignols are
carried to the cell wall. Therefore, they are oxidised by peroxi-
dases and laccases, then polymerised via free-radical coupling.
An irregular, non-template macromolecule forms through
polymerisation, resulting in many inter-unit connections,
primarily p-O-4 ethers, B-5 phenylcoumarans, and -
B resinols.?®

Tobimatsu et al. (2019) describe lignin polymerisation as
a combinatorial radical coupling that occurs in apoplast cell
wall domains. Laccases (LACs) use molecular oxygen to oxidise
monolignols released into the apoplast, while peroxidases
(PRXs) use hydrogen peroxide. To extend the polymer via f-O-4,
B-5, or B-B linkages, these oxidation systems generate phenoxy
radicals that endwise couple with growing lignin chains. The
chemical irregularity of lignin can be explained by the non-
enzymatic nature of the process. This indicates that while
enzymes determine the position and timing of polymerization,
they are unable to regulate the precise bond formation.
Different peroxidases and laccases localise to distinct wall
regions, which provides spatiotemporal accuracy in lignin
deposition during cell differentiation. The wall polysaccharides,
which function as scaffolds to direct the synthesis of polymers,
may have an additional effect on the structural organisation of
lignin.** Simon et al. (2023) found that lignification in plant cell
walls is extremely localised and dynamic. The study demon-
strated that the content and activity of lignification zones differ
across individual cells. However, lignin deposition occurs in
specific wall regions, such as pits, the middle lamellae, and the
secondary wall layers. Triple-click chemical labelling was used
to instantly view active lignification sites. This shows that lignin
production and polymerization are tissue-specific and devel-
opmentally controlled rather than evenly dispersed across the
wall matrix.™ Li et al. (2025) found lignification in Asparagus
officinalis during storage and demonstrated that it is closely
related to cell wall metabolism, ROS activity, and phenyl-
propanoid metabolism. The excessive ROS promoted oxidative
polymerization of lignin monomers at higher temperatures (25
°C). Hence, increased enzymatic activity of 4CL, C4H and CAD
accelerated monolignol production and deposition. In addition,
ROS served as signal molecules that initiated secondary wall
production, and increased tissue stiffness resulted from the
cross-linking of lignin with cellulose and hemicellulose. On the
other hand, storage at 4 °C successfully inhibited these meta-
bolic processes, thereby postponing lignification and preserving
product quality. This demonstrates the environmental stress,
ROS management and phenylpropanoid enzyme activity, which
interact to regulate the lignification process.” The trans-
formation of woody and agricultural biomass into lignocellu-
losic material features the layered plant cell wall structure. It
emphasises the organisation of cellulose, hemicellulose, and
lignin, demonstrating that natural biomass is structured at the
microscopic level and serves as a fundamental feedstock for
bioenergy and biorefinery applications.*

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00055j

Open Access Article. Published on 10 April 2026. Downloaded on 4/22/2026 12:25:45 PM.

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

(cc)

Review

2.3. Types of lignin

Lignin is the heterogeneous, three-dimensional aromatic poly-
mer that binds cellulose and hemicellulose in plant cell walls.
The different species have distinct native (protolignin) struc-
tures and interunit linkages (8-O-4, B-5, 5-5, B-B, etc.).** The
grasses have more H units and greater phenolic diversity,
hardwoods have higher S content, and softwoods are G-rich.**
Native lignin is very different from industrial and technical
lignin, which are characterised by the extraction/process used.
Kraft lignin (from kraft/sulfate pulping), lignosulfonates (from
sulfite pulping), organosolv lignin (from organic-solvent
extraction) and milled-wood lignin (MWL, a lab isolate that
approximates native structure) are common technical varieties.
Each class exhibits unique MW distributions, functional-group
profiles (methoxy content, phenolic vs. aliphatic OH), sulfur
content (particularly in kraft lignin) and degree of condensa-
tion.” All of which influence reactivity and suitability for valo-
rization into chemicals, fuels or materials. Technical lignin is
more condensed and chemically diverse than native lignin, due
to the extraction chemistry driving condensation and de-
methoxylation processes that decrease B-O-4 content and
increase carbon-carbon bonds. Prior to selecting downstream
conversion or modification routes, lignin utilisation requires
assessing the source species and isolation method, as process
history and feedstock influence features.?® Table 1 compares the
effects of lignin derived from different sources on its chemical
characteristics and applications.

2.3.1. Kraft lignin. Kraft lignin is the technical lignin that is
produced and mostly dissolved during the kraft (sulfate) pulp-
ing of wood, where strong alkaline (NaOH) conditions are used.
However, hydrosulfide conditions cleave many ether linkages
and solubilise lignin fragments into black liquor. Currently, the
majority of kraft lignin is burned in recovery boilers for energy
and chemical recovery, though it is also extracted for

View Article Online
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valorisation.” Jiang et al. (2023) characterised 7 mixed hard-
wood kraft lignin samples from different regions using chem-
ical and spectroscopic techniques. They measured lignin purity
(86-96%), methoxy content (0.85-1.20 per C9 unit), MW (1895-
4800 Da), aliphatic hydroxy groups (14-25 per 100 C9), phenolic
hydroxy groups (65-112 per 100 C9), catecholic groups (12-34
per 100 C9, significantly higher than softwood lignin) and
sulphur content (0.5-2.2%, organically bonded). The study
revealed that the origin of wood species and processing method
strongly influence the structure of hardwood kraft lignin. Thus,
the native lignin linkages were severely degraded during pulp-
ing and replaced by new condensation products, such as stil-
benes and biphenyls.”* Resende et al. (2024) used a factorial
experimental design with 19 reactions that varied temperature
(120-160 °C), time (5-15 h), imidazole (0.04-0.13 mol) and
succinic acid (0.35-0.69 mol) to systematically modify softwood
kraft lignin with succinic acid. The glass transition temperature
dropped from 183.3 °C to 118.5 °C, and 0.73 mmol g~ of new
succinic acid groups were incorporated. However, the poly-
dispersity index decreased from 11.31 to 8.96, and the
maximum weight-loss temperature (shifted from 400 °C to 500 °
C) was observed under ideal conditions (160 °C) for 5 h with
0.13 mol imidazole and 0.35 mol succinic acid. The spectro-
scopic analysis verified successful esterification with 78.2%
aliphatic hydroxyl conversion and 54.20% phenolic hydroxyl
conversion. Thus, indicating the efficiency of succinic acid
modification in plasticising and enhancing the thermal prop-
erties of lignin for possible uses in lignin-based resins and
carbon fiber precursors.**

Argyropoulos et al. (2023) conducted a comprehensive review
of kraft lignin as a sustainable resource from pulp production.
Over 70 million tonnes of lignin are available in black liquor,
and a large mill could extract about 450 000 tonnes of lignin
yearly. They reported that approximately 170 million tonnes of

Table 1 Effect of lignin source on chemical characteristics and applications

Type of lignin Chemical characteristics Properties Processing notes Applications Reference
Kraft lignin MW = 2480 g mol ™ *, High thermal stability, pH fractionation Used in epoxy thermosets, 27
phenolic OH 4.29 mmol g~!,  alkaline soluble for MW control carbon fibers
low B-O-4/B-5 bonds,
S about 1-3%
Organosolv Mw 500-3000 g mol ™, High reactivity, Microwave-assisted, Used in 3D printing resins, 28 and 29
lignin B-O-4 40-60%, S-free, organic soluble solvent recovery nanocomposites
purity >95%
Soda lignin Phenolic OH > 4 mmol g™, Good dispersibility, Alkaline Used in bio-composites, 30
B-O-4 20-40%, S-free, reactive pretreatment of compatibilisers
MW 1500-4000 g mol " birch residue
Lignosulfonates  Sulfonated (sulphur 3.5-8%), Excellent dispersant Sulfonation Used in cement additives, 31
water-soluble, and binder properties  post-extraction binders, and dye formulations
high MW (140 Da)
Hydrolysis lignin  Highly C 65-75% condensed, High carbon content;  Acid hydrolysis Used in biochar, activated 32
heterogeneous, low solubility  suitable for energy impurities carbon, and biofuel
recovery production
Enzymatic lignin  $-O-4 50-70%, MW 2k-5k, Retains natural Enzyme optimisation Applied in lignin model 33

native structure

structure, good for
analytical studies
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kraft pulp are produced each year globally. The study described
the molecular characteristics of kraft lignin, which included
a weight-average MW of 1700-6000 Da. A branching degree of
around 84% and very few native p-O-4 linkages (2-8 per 100C9
units), which were substituted by biphenyl and stilbene struc-
tures. They examined 3 commercial isolation technologies
(LignoBoost, LignoForce and SLRP). Thus, assessed applica-
tions such as gasification that achieved >99% carbon conver-
sion, polyurethane systems with tensile strength of 33.0 MPa.
Young's modulus of 176.4 MPa and phenol-formaldehyde
resins with 60% phenol replacement, demonstrating superior
adhesive performance.* Kraft lignin is an abundant industrial-
scale aromatic feedstock with a large potential for conversion
into chemicals and materials. However, its widespread valori-
zation requires addressing two related issues: (1) controlling
and characterizing feedstock and extraction variability (species,
pulping severity, precipitation method) as these determine MW
and functional-group inventory and (2) selecting targeted
chemical or fractionation strategies (mild depolymerization,
selective functionalization like succinylation) that compensate
for condensation and heterogeneity while remaining economi-
cally compatible with mill recovery limits.>***

2.3.2. Organosolv lignin. Organosolv lignin is a promising
sustainable substitute for materials derived from fossil fuels.
The most prevalent natural aromatic source and the second-
most prevalent carbon source after cellulose is lignin.** The
organosolv approach, unlike conventional technical lignin
methods, produces high-purity, sulfur-free lignin. This result is
achieved by gradually breaking down and modifying lignin
macromolecules. This takes place under reaction circumstances
using organic solvent-water mixtures, leading to a much lower
MW. Due to an increased degree of depolymerization and
decreased susceptibility for condensation processes, organosolv
lignin produced after organosolv fractionation often exhibits
low MW and polydispersity in comparison to other technical
lignins.* Tanis et al. (2025) used GVL-organosolv treatment to
recover lignin from Norway spruce at different temperatures
(140-180 °C), GVL concentrations (60-80%) and catalysts
(phosphoric or sulfuric acid). To assess the recovered lignin's
chemical composition and structure, they methodically exam-
ined various conditions and employed FTIR, SEM/FE-SEM, Py-
GCMS, and NMR spectroscopy. Thus, the best results were ob-
tained at 60% GVL and 180 °C, resulting in 78% delignification
and 66% lignin recovery with a phosphoric acid catalyst. Due to
its high B-O-4 linkage retention (46.66 per 100 aromatic units),
which is significantly better than that of other technical lignins,
like kraft and Alcell lignin. However, the recovered lignin
demonstrated remarkable reactivity, making it ideal for high-
value applications in biorefineries.*

Jasiukaityté-Grojzdek et al. (2025) developed a sustainable
water-based fractionation technique for organosolv lignin
extracted at 140, 160, and 180 °C. The increased lignin depoly-
merisation at higher temperatures reduced the MW from about
11 kDa to 1 kDa and increased aromatic OH groups while
lowering aliphatic OH groups. Significant structural changes
were observed in the lignin fractions, especially in the p-O-4
linkages, which decreased rapidly at 180 °C. The adjustment
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of temperature and solvent content enabled this method to
modify lignin characteristics for various uses.*” Tanase-Opedal
et al. (2022) found that adding organosolv lignin (40 wt%) to
thermoformed pulp decreased water uptake from 192% to
123%. The increased stiffness, from 2960 to 3660 MPa, and
density, from 939 to 1096 kg m >, were accompanied by
a decrease in tensile strength, from 42.9 to 34.8 MPa. Lignin
with a MW of about 3300 ¢ mol ' and a glass transition
temperature of 146 °C filled the fiber pores, decreasing wetta-
bility and swelling. Starch coating lignin further enhanced its
water resistance, producing contact angles greater than 90°,
making it a suitable ingredient for environmentally friendly
pulp packaging.®® Park et al. (2019) showed that the lignin
melting and agglomeration problems observed in fixed-bed
reactors can be effectively addressed by the rotary kiln reactor
(RKR) (Fig. 2(a)). Compared with the fixed-bed system (47.7 wt%
char), the RKR operating at 773 K yielded lower char (37.10 wt%)
and higher bio-oil in the organic phase. The greater deoxygen-
ation was also evident in the RKR char, which showed
a noticeably higher carbon content (91.6%) and a lower oxygen
content (2.5%). In contrast to the dense agglomerates that
formed in the fixed bed, SEM pictures showed that RKR-derived
char remained as a fine powder without expanding. Addition-
ally, the gas composition varied: RKR pyrolysis produced less
CO and C,-C, gases and higher CO, (27 wt%), indicating that
decarboxylation was the predominant process.** The specific
extraction conditions enable the precise engineering of MWs
(1-11 kDa) with adjustable characteristics. Organosolv lignin
exhibits exceptional potential for a variety of applications,
including the synthesis of carbon fibre and phenolic mono-
mers.”” Organosolv lignin has the potential to transition from
laboratory innovation to industrial-scale reality by enhancing
process intensification and optimising solvent recovery. This
will significantly change the production of sustainable mate-
rials and reduce dependence on fossil fuels.*®

2.3.3. Soda lignin. Soda lignin is a type of technical lignin
that is mostly produced by alkaline pulping methods that use
sodium hydroxide, commonly from non-wood biomass and
agricultural leftovers.” It is reactive to chemical alterations due
to its abundance of phenolic hydroxyl groups and its composi-
tion of aromatic monomers, including guaiacyl and syringyl
units. Soda lignin is valued for its relatively high purity and its
potential as a sustainable resource. Due to the production of
bio-based adhesives, oleogels and photopolymerization initia-
tors. However, lignin waste streams from the pulp and paper
industry can be used to synthesise green materials.***' Fig. 2(b)
shows the lignin-phenol-formaldehyde (LPF) adhesive
composed of lignin extracted from oil palm empty fruit bunch
(OPEFB) fibre by the soda pulping method. Toma et al. (2022)
isolated soda lignin with a 15% yield and a low ash concen-
tration (0.93%) from oil palm empty fruit bunch fiber. They
assessed the lignin structure and thermal stability using FTIR,
'H NMR and TGA. Phenol was partially replaced by up to 50% of
the phenol in phenol-formaldehyde adhesives with soda lignin.
Significantly lower formaldehyde emissions (1.08 mg L' vs.
1.73 mg L") and increased mechanical strength (tensile
strength 2.6 MPa vs. 2.1 MPa for pure phenol) were found in
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(a) Schematic workflow of lignin pyrolysis and biochar formation in a rotary kiln reactor (redrawn from Park et al. (2019)%®), (b) lignin-

phenol-formaldehyde (LPF) adhesive composed of lignin, extracted from oil palm empty fruit bunch (OPEFB) fiber by soda pulping method

(redrawn from Toma et al. (2022)*°).
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plywood bonded with 40% lignin. This indicates that soda
lignin can be used as a sustainable co-monomer in adhesives.*

Moreover, Ruwoldt et al. (2024) investigated single-stage
water extraction combined with two-stage treatments,
including organic solvents and thermal treatments. They
discovered that water washing was the most effective method,
increasing acid-insoluble lignin to 91.40% and reducing ash
content from 11.90% to as low as 0.10%. The low-MW compo-
nents were removed using solvent treatments and cross-linking
during calcination, thereby increasing the MW. Modifications
in lignin structure were identified using UV/Vis and FTIR
analyses, and a mathematical model was developed to more
accurately estimate lignin concentration from FTIR data. In
general, obtaining high-purity soda lignin appropriate for val-
orisation in chemicals and materials requires water washing.**
Wang et al. (2025) prepared a liquid photopolymerizable
macromonomer by modifying wheat straw soda lignin in a two-
step process. They first oxyalkylated soda lignin to increase
solubility and decrease viscosity. After that, they methacrylated
it to add photopolymerizable groups. Despite a high lignin
concentration (up to 41%), the final lignin-based methacrylate
resin photopolymerized effectively, achieving a double-bond
conversion of >80%. The material's potential as a sustainable,
bio-based photopolymer for additive manufacturing was
demonstrated by its effective use in 3D printing without the
need for additional reactive diluents.*> Soda lignin is a renew-
able biopolymer that is primarily purified by water washing. Its
use in lubricants, adhesives and photopolymerization is
enhanced by chemical changes.** Its molecular characteristics
are improved by biological pretreatments. Therefore, it is
a flexible substitute for materials derived from fossil fuels,
strengthening phenol-formaldehyde adhesives and lowering
emissions.*?

2.3.4. Lignosulfonate lignin. Lignosulfonates are amphi-
philic, water-soluble lignin derivatives that develop as byprod-
ucts of the sulfite pulping process. They have many sulfonic
acid groups, which give them superior emulsifying, dispersing
and binding capabilities. Their versatility has drawn interest for
uses, including active food packaging, due to their UV-blocking,
antibacterial, antioxidant, and mechanical reinforcing proper-
ties.** Khajeh et al. (2024) provided a thorough analysis of the
application of lignosulfonate (LS) in soil stabilization. Its
structure, physicochemical and geotechnical properties, and
soil interaction mechanisms are emphasized. LS improves soil
strength and stiffness by enhancing particle cohesion,
decreasing soil erosion, and limiting the risk for swelling, they
stressed. The LS treatment, for example, increased the UCS of
fine-grained soils by up to 105% and granular soils by up to
450%.* Additionally, LS improves soil resilience under wet-dry
and freeze-thaw cycles, enhancing practical engineering
performance and providing an affordable, environmentally
acceptable substitute for conventional stabilisers.*®> Wibowo
et al. (2023) studied the thermal and chemical characteristics of
ion-exchanged lignosulfonate by contrasting lignosulfonic acid
(H-LS) with sodium lignosulfonate (Na-LS). Through ion
exchange, they converted Na-LS to H-LS, reducing ash content
by 92% (from about 18% to about 1.4%) and increasing the MW
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due to hydrogen-bonded aggregation. According to *'P NMR
and HSQC NMR, they found that H-LS had fewer phenolic -OH
groups but more polymeric chains and sulfonated B-O-4 link-
ages than Kraft lignin. Thermal analysis revealed that H-LS,
which was likely catalysed by acidic sulfonic groups, broke
down more quickly than Na-LS and exhibited a higher glass
transition temperature (T,). These findings demonstrate the
unique thermal and structural behaviour of H-LS which is
crucial for its industrial uses.*® The ability of lignosulfonates to
improve mechanical strength, oxygen and water vapour barrier
qualities, antioxidant activity and antimicrobial effects in
composite films for food packaging, prolonging shelf life and
preserving food quality.*

2.4. Physicochemical characteristics affecting carbon
production

Lignin is a common aromatic biopolymer and a viable renew-
able precursor for carbon compounds due to its high carbon
content and renewability. Carbon production and quality
during carbonisation and activation are significantly influenced
by lignin's physicochemical parameters. The physicochemical
parameters include its MW, elemental composition, thermal
degradation behaviour, and structure. The performance of the
resulting carbon materials is determined by factors that impact
lignin decomposition pathways, porosity development, surface
area and crystalline structure. These factors include pyrolysis
temperature, activation agents (such as ZnCl,), and the extrac-
tion method (such as deep eutectic solvents). Higher carbon-
isation temperatures usually increase microporosity and fixed
carbon content, but they also decrease yield because of
increased volatilization.*” Yu et al (2024) investigated the
physicochemical characteristics of biomass that influence the
formation of HTC carbon, observing that cellulose (35-50 wt%)
breaks down at 210 °C, hemicellulose (25-30 wt%) at 180 °C,
and lignin (15-30 wt%) at 260 °C. VM (69-87%), FC (6-25%),
and carbon content (45-53 wt%) affect yields ranging from
28.6% to 79.90%. The hydro-char carbon content increases
while H/O drops, producing primary hydro-char from cellulose/
lignin solids and secondary spheres via liquid repolymerization.
The temperature increases aromatisation/pore volume but
decreases yields (46.9-35.5% for brewers' spent grain, 180-250 °©
C). Moreover, the pressure (up to 20 MPa) increases C-H acti-
vation by reducing cellulose degradation to 117 °C; yields and
porosity are impacted by BW ratios, with severity (Ro) being
correlated with degradation rates.” Salcedo-Puerto et al. (2024)
utilised hydrothermal carbonisation (HTC) at 200-240 °C, with
residence times of 3-24 h and process water recirculation rates
of 40-80%, to investigate the physicochemical properties of
hydro char produced from industrial kraft lignin. At 240°C/12 h,
ash content decreased by 75% to 0.32-0.53 wt%, volatile matter
decreased by 13.2% to 61.6 wt%, and fixed carbon peaked at
38.0 wt%. Due to the recalcitrance of lignin, mass yields
remained high at 85-97% while carbon content reached 66 wt%
and HHV increased to 27.89 MJ kg~ * at 240°C/6 h. Temperature
caused carbonization through dehydration and decarboxyl-
ation; recirculation increased yields (79-86%) but decreased
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fuel ratios (0.42-0.62); H/O decreased with sulphur steady at
1.6-2.3 wt%.*

In addition, the degree of graphitisation, the development of
the pore structure, and the chemical functionalities generated
control the carbon's reactivity and adsorption capacity. There-
fore, it is crucial to optimise these lignin physicochemical
properties to produce high-performance, sustainable carbon
products for a variety of applications.> The degree of graphiti-
sation, pore structure evolution and chemical functionalities all
affect the carbon's reactivity and adsorption. To develop high-
performing, sustainable carbon materials for diverse applica-
tions, it is essential to optimise lignin's physicochemical
properties.*®

2.5. Availability and industrial valorisation potential

Lignin makes up 15-30 wt% of lignocellulosic biomass and up
to 40% of its energy content, which is the second most common
natural polymer on earth after cellulose. It serves as a structural
binder, providing plant cell walls with their stiffness, imper-
meability, and resistance to microbial attack. An estimated 100
million tons of lignin are produced each year globally, primarily
from the pulp and paper sector and second-generation bi-
oethanol plants.** Less than 2% of technical lignin is used for
high-value applications, despite its abundance; the remainder
is burned on-site for energy recovery, resulting in an underuti-
lization of its chemical potential.*> Kylili et al. (2023) reported
that lignin constitutes 30-34% of black liquid from the Kraft
pulping process, which yields 1.7-1.8 tons of black liquor every
tonne of pulp and around 30% of the organic carbon on earth.
In addition to its wide industrial availability, it is a crucial
feedstock for producing value-added goods such as carbon
fibres, biochar, vanillin, and bio-oil. Thermochemical processes
can cut CO, emissions by up to 99%, while lignin-based carbon
fibers use 5% less energy and emit 22% less greenhouse gases
than petroleum-based fibers. Despite its potential, lignin is
challenging to value on large-scale due to its complex structure
and energy-intensive processing requirements.>

Ahmad et al (2023) studied the potential of lignin as
a renewable feedstock and found that it comprises 15-20% of
lignocellulosic biomass, with the pulp and paper industry
producing 50-70 million tonnes of lignin annually worldwide.
They suggested that as bioethanol production increases, it may
reach 225 million tonnes annually by 2030. The study high-
lighted that lignin's carbon-rich content and aromatic structure
make it suitable for converting into high-value compounds,
biofuels, and bioplastics. To fully realise its industrial valor-
isation potential, they identified obstacles, including low
monomer yields and considerable structural variability. Also,
emphasising the necessity of effective depolymerisation proce-
dures and integrated biorefinery techniques.> Alherech et al.
(2021) showed that lignin may be valued by oxidative alkaline
depolymerization of Cu-AHP pretreated poplar lignin, yielding
about 30% aromatic monomer. The procedure yielded useful
chemicals, including vanillin, syringaldehyde, and vanillic acid,
which were effectively separated with over 95% purity and 80-
91% recovery using centrifugal partition chromatography. The
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enormous industrial potential of lignin as a renewable supply of
valuable aromatic compounds is highlighted in this study.*
Lignin aromatic nature and accessibility make it a promising
renewable feedstock for sustainable industrial processes.
However, to fully realise its potential for bioeconomy valor-
isation, problems with its heterogeneity and with process opti-
misation need to be addressed.*® Fig. 3(a) illustrates industrial
availability and valorisation potential of lignin as a renewable
feedstock. It highlights the large-scale industrial availability of
lignin, which is primarily from the pulp and paper and bio-
refinery industries. This emphasises its status as an abundant
and underutilised renewable resource. It also illustrates the
various valorisation pathways through which lignin can be
converted into high-value products such as biochar, carbon
fibres, bio-oil, and aromatic chemicals. This demonstrates
lignin's significant potential for sustainable material produc-
tion, waste valorisation, and for advancing the circular bi-
oeconomy and low-carbon technologies.**

3. Lignin extraction and pretreatment

3.1. Conventional extraction processes

The fundamental basis of technological lignin recovery from
lignocellulosic biomass remains conventional lignin extraction
methods, such as the kraft, sulfite, soda/alkaline, and organo-
solv processes. By cleaving lignin-carbohydrate and ether link-
ages under specific chemical conditions (alkaline, acidic, and
solvent-based), these techniques separate lignin from cellu-
lose and hemicellulose.”® For example, the kraft method
dissolves lignin in an alkaline sulfide solution, producing
sulfur-rich, structurally condensed and less reactive lignin.*
The sulfite process, uses bisulfite salts at pH values ranging
from acidic to neutral to produce water-soluble lignosulfonates
with sulfonate functionality and comparatively less condensa-
tion.* The soda or alkaline process, which uses NaOH alone
(usually for non-wood biomass), avoids sulfur impurities and
produces a purer lignin stream; however, it remains susceptible
to some condensation in highly alkaline conditions.** To elim-
inate lignin with higher purity, lower MW, and preservation of
-O-4 bonds, the organosolv process uses organic solvents (such
as ethanol and acetic acid), often with catalysts, at moderate
heat, which makes the product more suitable for high-value
applications.”® A common problem with all these methods is
that the extraction conditions (temperature, pH, solvent/
chemical load) drastically change the isolated lignin chemical
structure (fewer aliphatic hydroxyls, more phenolic groups,
increased condensation), which affects downstream valor-
isation.* Fig. 3(b) illustrates the extraction processes, including
sulfate (Kraft), sulfite, organosolv, and soda pulping. A
comparative summary of lignin extraction, fractionation, puri-
fication, and modification strategies, along with their structural
characteristics and outcomes, is presented in Table 2.

3.1.1. Kraft process. The kraft process is an alkaline pulp-
ing method based on a mixture of sodium hydroxide (NaOH)
and sodium sulfide (Na,S). It efficiently depolymerizes and
solubilises lignin from wood fibre matrices while largely
preserving cellulose integrity. However, without additional
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(a) Industrial availability and valorisation potential of lignin as a renewable feedstock. (b) Extraction processes include sulfate (Kraft), sulfite,

organosolv and soda pulping. (c). Schematic representation of lignin-based activated carbon preparation via chemical activation (redrawn from

Alvarez-Montero et al. (2025)%7).

modification, it produces a highly condensed lignin fraction
that contains sulfur and exhibits decreased chemical reactivity,
making it less suitable for high-value applications.” Lahtinen
et al. (2021) reported that B-O-4 links in lignin rearrange via
radical reactions to form secoisolariciresinol (B-B) structures
during kraft pulping at about 170 °C. The fatty acids that
covalently bind to lignin increase from 4 to 7 mol%. Thus,
resulting in the formation of new C-C bonds, decreased solu-
bility and increased chemical stability of the residual lignin.*
Lancefield et al. (2018) discovered a unique lactone condensa-
tion product that revealed a hitherto unknown homo vanillin-
based condensation route developed during pulping in soft-
wood kraft lignin. They demonstrated that most native f-O-4
ether bonds are broken and replaced with novel C-C
condensed structures and synthetic lignin models, with the
lactone motif being notably concentrated in lower molecular
weight fractions. Furthermore, Kraft lignin undergoes ionic and
radical-mediated processes that yield chemically stable ring
structures. This makes the lignin less reactive and more recal-
citrant during downstream valorization.” Henriksson et al.
(2024) provided an in-depth review of the chemical processes. It

18826 | RSC Adv, 2026, 16, 18816-18858

involved kraft pulping, focusing on the production of sulfur-
containing condensed structures in alkaline sulfide condi-
tions and the cleavage of f-O-4 ether linkages, which make up
45-50% of native lignin. According to the study, 90-95% of
lignin is eliminated during the bulk delignification stage, with
the remaining 3-7% remaining as insoluble residual lignin due
to condensation and cross-linking reactions. These results
highlight how the kraft process effectively separates lignin from
cellulose while causing structural changes that lower the solu-
bility and reactivity of lignin.” The kraft process effectively
eliminates lignin but produces a condensed, sulfur-rich and
less reactive lignin, which restricts its direct use in complex
applications.®>”*

3.1.2. Sulfite process. In the sulfite pulping process, lignin
is solubilised using bisulfite or sulfite salts in acidic to neutral
environments to generate sulfonated, water-soluble lignosulfo-
nates, which are useful for both pulp production and lignin
valorization.” Kong et al. (2024) showed that in acidic condi-
tions (pH < 4), reductive SO," ™ radicals develop in the UV/sulfite
process and transform into dithionite, thiosulfate, and H,S. The
elemental sulfur extends the use of sulfite chemistry for lignin

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00055j

Open Access Article. Published on 10 April 2026. Downloaded on 4/22/2026 12:25:45 PM.

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

(cc)

Review

View Article Online

RSC Advances

Table2 Comparative summary of lignin extraction, fractionation, purification and modification strategies with their structural characteristics and

outcomes”
Method/ Chemicals/solvent Operating Type of lignin
process system conditions obtained Structural features Outcomes References
Kraft process NaOH + Na,S 150-170 °C, Kraft lignin Highly condensed 90-95% delignification, 62
2-3 h, pH > 13 (sulfur-containing) B-O-4 low reactivity

Sulfite process  Na/Ca/Mg/NH, 130-180 °C Lignosulfonate Sulfonated, water-soluble 3-8 wt% S, used as 16

bisulfite dispersant
Soda (alkaline) NaOH 140-170 °C, Soda lignin Sulfur-free, reactive 92% delignification, 63 and 64
process 1-3 h 97% purity
Organosolv EtOH, MeOH, 160-200 °C, Organosolv lignin  Low MW, rich B-O-4 74-90% delignification, 65
process AcOH, HCOOH 1-2h 97% purity
Ionic liquid (IL) HSO,, OAc 120-150 °C ILs-derived Preserved B-O-4, S-free 85% delignification, 66
extraction lignin phenolic OH = 4.6 mmol g *
Deep eutectic ~ ChCl:LA (1:2) 120 °C,4 h DES lignin Low MW = 2300 g mol™! 84% delignification, 67
solvent (DES) high phenolic content
Membrane Ultrafiltration Ambient Fractionated lignin Controlled MW, PDI <1.8 Phenolic OH 5.2 mmol g’l, 68
fractionation (1-10 kDa) high uniformity
Purification n-Butanol + 140-160 °C Butanosolv B-O-4 = 67 per 100C9 >98% carbohydrate removal 69

H,O + H,S0, lignin
Esterification Succinic acid 100 °C, 6 h Succinylated lignin +COOH = 0.73 mmol g~ * T, 183-118 °C, 34
(succinylation) better solubility
Oxidative H,0,/Laccase 50-70 °C Oxidized lignin +38% COOH groups Improved hydrophilicity, 70 and 71
modification dispersion
Grafting PEG/TOFA 80-100 °C PEG/TOFA Solubility 85% Tensile 8.7 MPa, polymer 72
modification lignin compatibility

“ PDI = polydispersity index, PEG = polyethylene glycol, TOFA = tall oil
anion, AcOH-acetic acid, HCOOH-formic acid.

modification and pollutant degradation.” Cao et al. (2021)
found that the UV/sulfite system breaks down halogenated
chemicals and metals by acting as an advanced reduction and
oxidation process (ARP/AOP) and producing hydrated electrons
(eaq ) and SO;"~ radicals with a reduction potential of roughly
—2.9 V. When O, is present, the process changes to oxidation,
producing SO, " radicals.”” Casimiro et al. (2022) conducted
a comparative study of hardwood and softwood lignin recovered
from sulfite liquors via ultrafiltration and freeze-drying. Later,
followed by detailed structural characterisation and oxidative
depolymerisation. They found that hardwood lignin (LHSL) had
a higher B-O-4 linkage content (42 per 100 aromatic units) and
a lower degree of condensation (24%) than softwood lignin
(LSSL). As a result, it had a higher MW (48 566 g mol ) and
greater condensation (38%) using methods such as nitroben-
zene oxidation, 13C NMR, and GPC. LHSL produced mostly
syringaldehyde (2.5% w/w) during alkaline oxidation with O, at
120 °C and 3 bar, whereas LSSL produced mostly vanillin (4.7%
w/w). The study demonstrated that sulfite lignins are viable
feedstocks for producing value-added compounds, such as
vanillin and syringaldehyde. It also indicated that controlled
oxidation could maximise phenolic monomer output.'®
Although the sulfite process effectively delignifies biomass and
yields sulfonated, water-soluble lignosulfonates with superior
dispersing and surface-active qualities. It also produces lignin
with high sulfur content and structural modification, which
limits its direct use in high-value applications.”

3.1.3. Soda/alkaline process. Sodium hydroxide (NaOH) is
used in the sulfur-free alkaline delignification process known as

© 2026 The Author(s). Published by the Royal Society of Chemistry

fatty acid, Na,S-sodium sulphide, HSO,-hydrogen sulfate, OAc-acetate

“soda pulping”. It is more environmentally friendly than sulfur-
based techniques and especially appropriate for non-woody
biomass.”® Hawanis et al (2025) enhanced a hybrid alkaline
pulping of sugar palm fibers using 15% NaOH. This resulted in
increased thermal stability (580 °C), 92% delignification, 2.8%
increase in cellulose content and 29.18% increase in crystallinity
index. The soda pulping is a practical and sustainable substitute
for manufacturing paper from non-woody sources.”® Allegretti
et al. (2018) utilised a membrane-assisted ultrafiltration tech-
nique, and wheat straw soda lignin was separated into several MW
fractions (1000-3500 g mol ). The intrinsic heterogeneity of soda
lignin was demonstrated by the unique chemical composition,
functionality and thermal behaviour of each fraction. Higher MW
fractions demonstrated increased aromaticity and thermal
stability, while lower MW fractions had higher phenolic hydroxyl
content and improved solubility according to the study. By cus-
tomising lignin reactivity and performance, this selective frac-
tionation method supported the circular and sustainable
valorisation of agricultural leftovers. Thus, it made it more suit-
able for application in biopolymer synthesis, polymer composites,
and advanced organic materials.*®®

Shulga et al. (2025) examined the effects of alkaline pretreat-
ment on birch sawdust and the properties of the soda lignin that
was isolated from it. Compared to untreated samples, sawdust
treated with 0.5% NaOH showed a significant decrease in hemi-
celluloses, a 25.5% increase in cellulose content, and a 5.7%
increase in lignin production. A higher level of condensation and
cross-linking was observed in the resultant soda lignin, as evi-
denced by the reduced phenolic hydroxyl and methoxyl groups.
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Additionally, modified soda lignin (MSL) was successfully incor-
porated into bio-composites composed of recycled polypropylene
(rPP), polylactic acid (PLA), and ammoxidized wheat straw. This
replaced more than 30% of the synthetic compatibiliser without
sacrificing mechanical properties. This shows immense potential
to produce sustainable composites.** The soda method provides
a sulfur-free, environmentally friendly, and efficient way to extract
lignin, although it is less delignifying than the kraft process.
Additionally, producing low-MW, reactive lignin with functional
groups conserved suitable for use in biopolymers, composites, and
green technologies.®”®

3.1.4. Organosolv process. The organosolv process is an
effective, sulfur-free delignification method that separates
lignocellulosic biomass into cellulose, hemicellulose and high-
purity lignin. Organic solvents, including acetic acid, methanol,
ethanol, or formic acid are commonly employed, often when
combined with water and a catalyst. This produces lignin with
low MW, little condensation, and no sulfur, making it ideal for
the synthesis of carbon materials, resins, and biopolymers. The
organosolv pretreatment provides cleaner recovery, better lignin
quality. Additionally, simpler solvent recycling is achieved
compared to kraft and sulfite methods; however, its higher cost
and energy requirements remain issues.”*® Wei Kit Chin et al.
(2020) provided a thorough explanation of the organosolv
pretreatment process, highlighting its capacity to lower
biomass recalcitrance while producing high-purity, sulfur-free
lignin. They reported that under moderate settings (100-200 °©
C), organic solvents, including ethanol, methanol and acetic
acid. They efficiently cleave B-O-4 ether bonds between lignin
and carbohydrates, enabling delignification efficiencies of up to
85-90%. Due to its high hydrophobicity, low ash content
(<0.1%) and minimal structural degradation, the recovered
lignin is ideal for bioproduct applications.*

Parot et al. (2022) enhanced a catalytic organosolv process
using ethanol for black spruce (softwood), achieving the highest
reported total lignin recovery of 74% with 97% purity. Both
lignin fractions had comparable structural characteristics, but
the procedure yielded different densities and colours, con-
ducted at 180 °C for 90 min using 5% FeCl; as a catalyst. The
cellulose pulp was used to extract one lignin fraction, and
residual liquid was used to precipitate the other. Since the
lignin retained its B-O-4 structures and showed no condensa-
tion, catalytic organosolv pulping can recover high-quality
lignin.*®* The organosolv process provides a clean, sulfur-free,
and customizable approach for lignin extraction, yielding
high-purity, low-MW lignin considering that its cost and solvent
recovery continue to be significant challenges. In addition to
maintained structural connections appropriate for chemical
and high-value biopolymer applications.*

3.2. Advanced extraction and fractionation techniques

Advanced lignin extraction and fractionation techniques have
emerged as sustainable substitutes for traditional pulping proce-
dures. The intent is to recover lignin with high functional group
retention, narrow MW distribution, and minimal structural
damage. The selective delignification of lignocellulosic biomass is
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made possible by these methods which include membrane
ultrafiltration, microwave-assisted extraction, ionic liquid (ILs)
and deep eutectic solvent (DES) pretreatment, and sequential
solvent fractionation. It preserves lignin natural B-O-4 bonds and
phenolic hydroxyl properties.®® Recent research suggest that
technical lignin's molecular heterogeneity may be considerably
reduced by controlled fractionation, producing reliable fractions
that enhance material performance and reactivity.®® For example,
integrated biorefinery techniques and organic solvent fraction-
ation have demonstrated up to 85-90% lignin solubilization,
accompanied by enhanced homogeneity and thermal durability.*
Additionally, the recovery of uncondensed, sulfur-free lignin is
suitable for advanced polymer, resin, and carbon applications.
Thus, made easier by gentle extraction techniques as those
employing ionic liquids or green solvents.**

Abolore et al. (2025) indicated that a significant development
in lignin isolation is the move toward ionic liquid (ILs) and deep
eutectic solvent (DES) systems. This enables selective breaking
of ether and ester bonds while maintaining native f-O-4 struc-
tures. For example, at relatively mild temperatures (120-150 °C),
ILs like [Bmim][HSO,] achieved >85% delignification,
producing sulfur-free lignin with a high phenolic hydroxyl
content (4.6 mmol g ). These features highlight the impact of
solvent acidity and recyclability on lignin quality, making IL-
derived lignin especially appropriate for polymer synthesis
and functional materials.** Ponnuchamy et al. (2021) demon-
strated that lignin heterogeneity can be further refined using
solvent-based lignin fractionation. They produced fractions
with regulated MWs (1200-4000 g mol ') and unique physico-
chemical features by sequentially extracting kraft lignin using
more polar solvents. The highest p-O-4 linkage content (up to
40%) and increased solubility were retained in the methanol-
extracted fraction. Thus, demonstrating that specific solvent
selection can adjust lignin chemical reactivity and process-
ability.®® Pang et al. (2021) formed homogenous fractions with
narrow MW dispersion (Mn/MW < 1.8) and retained hydroxyl
functionalities by fractionating soda and organosolv lignin
using membrane-assisted ultrafiltration. Higher-weight frac-
tions exhibited enhanced thermal stability, whereas the low-
MW fraction (<2 kDa) displayed a higher phenolic content
(5.2 mmol g~ '). This illustrates the membrane fractionation
supplements solvent extraction by offering scalable control over
lignin structure and purity.®® The recovery of sulfur-free, struc-
turally preserved, and compositionally uniform lignin is made
possible by sophisticated extraction methods. Additionally,
fractionation techniques such as ionic liquids, deep eutectic
solvents, and membrane-assisted processes are used. These
techniques offer substantial advantages over traditional
methods, opening the door to the high-value use of lignin in
biopolymers, resins, and carbon materials.*>*

3.3. Purification and modification strategies

Lignin must be purified and modified to improve its chemical
reactivity, homogeneity and suitability for advanced material
applications. The crude technical lignin often contains impurities
including ash, polysaccharides, and condensed structures, which
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limits its value. Cleaner lignin with preserved structural bonds is
obtained by purification methods such solvent washing,
membrane separation, and organosolv purification. Later chem-
ical reactions that give lignin new functional groups include
esterification, oxidation, and grafting. As result, it becomes more
soluble, flexible, and compatible with polymers, which makes it
appropriate for use in coatings, biodegradable polymers, and bio-
composites.” Zijlstra et al. (2021) found that lignin with remark-
able purity and structural preservation may be produced using
a semi-continuous butanosolv extraction with in-line purification.
Their method produced lignin with a high B-O-4 content (67
linkages per 100 C9 units) and removed over 98% of the carbo-
hydrates. These effective purifying techniques lay the groundwork
for generating lignin that may be modified chemically and
incorporated into polymers.*

Resende et al. (2024) introduced novel carboxylic groups
(0.73 mmol g™ ) that improved polarity and processability by
esterifying softwood kraft lignin with succinic acid. The glass
transition temperature (T,) dropped from 183 °C to 118 °C
because of the change, suggesting increased molecular flexi-
bility and the possibility of thermoplastic mixing.** Rahmani
et al. (2024) demonstrated the use of long-chain oil fatty acids
(TOFA) to functionalize lignin and incorporate it into polyvinyl
alcohol-cellulose fibre bio-composites, which enhanced
thermal stability and tensile strength (8.7 MPa). These results
demonstrate how purification ensures chemical homogeneity
and eliminates inactive residues, while targeted modification
introduces reactive or flexible functional groups. Thus,
changing lignin function from a complicated byproduct to
a flexible bio-based polymer precursor appropriate for
composites, coatings and high-performance materials.”” Crude
technical lignin must be purified and modified to become
a reactive, consistent and valuable biopolymer. The chemical
modifications, such as esterification, succinylation, and oxida-
tive functionalization, introduce reactive groups that enhance
solubility, flexibility, and compatibility with polymer matrices;
they also require purification techniques. Techniques such as
solvent extraction and membrane-assisted methods effectively
eliminate impurities while preserving lignin's native linkages.
Moreover, combining these strategies increases the use of
lignin in bio-composites, coatings and cutting-edge sustainable
materials. Thus, facilitating its incorporation into contempo-
rary biorefinery and circular economy frameworks.>**

4. Synthesis of lignin-derived carbon
materials

4.1. Thermal conversion and carbonization mechanisms

Thermal conversion of lignin produces carbon-rich materials
with adjustable porosity and surface chemistry through various
carbonization processes. The processes that include depoly-
merization, fragmentation and aromatic condensation. This
process typically begins at 200-300 °C, when lignin breaks down
and cleaves ether and aliphatic bonds. It continues up to 900 °C
when highly condensed aromatic structures with sp> and sp®
hybridised carbons form, producing char with high carbon
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content and thermal stability.** Ischia et al (2025) demon-
strated that carbon spheres (180-220 nm) and graphene-like
layers with a carbon content of approximately 72.50 wt% are
formed during the hydrothermal conversion of lignin. The
technique produces sophisticated carbon nanostructures using
aromatic precursor condensation and thermal defragmenta-
tion, without the need for harsh chemicals.®* Salcedo-Puerto
et al. (2024) studied the hydrothermal carbonization of indus-
trial kraft lignin and found that lignin degrades between 200 °C
and 500 °C. Thus, producing hydro-char with up to 70% carbon
and improved aromaticity. When compared to raw lignin,
thermal examination revealed that hydro-char had greater
thermal stability, indicating condensation and char produc-
tion.* Lignin may be efficiently converted into carbon with high
carbon content (up to 72.5 wt%), thermal stability, and cus-
tomised porosity.*>*

4.2. Pyrolysis methods and temperature effects

The structural, chemical, and energetic characteristics of
carbon compounds derived from lignin are significantly influ-
enced by temperature and pyrolysis method. The customised
functionality for energy storage, catalysis, and environmental
remediation applications is enabled by optimising these
conditions.®** Song et al. (2025) found that while slow pyrolysis
of alkaline lignin produced a lower yield (29%), it also produced
a much higher specific surface area (up to 763 m> g~') and
conductivity (15.94 S ecm™'). Due to more extensive aromatisa-
tion and graphitisation at higher temperatures and slower
heating rates. As fast pyrolysis produced a much higher biochar
yield (up to 52% at 1000 °C) and consumed minimal energy
(0.0026 kWh).*® Zhu et al. (2022) showed that lignin-based
activated carbons with a BET surface area as high as 2149.50
m?”g ! and capacitance of 300 Fg~* (at 0.5 A g~ ') were produced
by fast pyrolysis (550 °C) of alkali lignin from the pulp/paper
industry.”* It was combined with KOH activation (800 °C), out-
performing slow pyrolysis-derived carbons by about a factor of
two in both pore development. However, fast pyrolysis yields
were 22% lower than slow methods.** Li et al. (2023) studied the
relationships between process and structure and found that
while slow pyrolysis (same temperature, slow heating) maxi-
mises biochar yield (50 wt%) with high aromatisation, fast
pyrolysis (=500 °C, rapid heating) favours bio-oil (60-70 wt%).
High temperatures and heating rates also significantly affect
surface area, porosity, and carbon structure, which, in turn,
influence the properties of lignin-derived carbon products.*?
The faster pyrolysis methods increase production rates but
generally decrease biochar yield. Additionally, it enhances
porosity, while slow pyrolysis maximises solid yield and
aromatic condensation, thereby optimising electrical and
adsorptive properties. The effective tuning of pyrolysis
temperature and method is crucial for tailoring lignin-derived
carbon materials for advanced applications.”* >

4.3. Hydrothermal carbonization

Hydrothermal carbonization uses aqueous-phase processes at
high pressures and moderate temperatures to transform lignin
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and biomass into carbon-rich compounds. This eco-friendly
method makes it possible to produce carbon solids with
adjustable porosity, surface chemistry and shape that are
appropriate for use in energy and environmental applica-
tions.*** Salcedo-Puerto et al. (2024) found that industrial kraft
lignin hydro-char produced via hydrothermal carbonization
(HTC) at temperatures between 200 and 260 °C reached carbon
contents close to 70%. Thus, enhanced aromaticity and
improved thermal stability are evidenced by shifts of decom-
position peaks to higher temperatures.* Mao et al (2018)
produced lignin-based carbon spheres using HTC. While
observing that when the processing temperature increased from
230 to 270 °C, the particle size increased from 2 to 3 pm. Surface
area rose from 384 to 1278 m> ¢ ~' using KOH activation and
microwave treatment, suggesting better potential for environ-
mental applications.” Ischia et al. (2025) found that lignin can
be transformed into various carbon nanomaterials, including
carbon spheres (180-220 nm), carbon dots, and graphene-like
layers. Thus, by undergoing a two-stage hydrothermal process
without the use of harsh chemicals. These materials have
distinctive structural characteristics, including sp®> and sp®
carbon hybridisations, and a high carbon content of about
72.50 wt%. The complex aromatic polymer lignin is first
hydrothermally cleaved into smaller units, which subsequently
undergo condensation and aromatisation to generate carbon
nanostructures. This process produces materials with custom-
izable shape, high purity and potential uses in energy storage,
environmental remediation, and catalysis.*® HTC is a useful
method to generate lignin-based carbons with improved carbon
content, regulated morphology, and adjustable porosity; mate-
rial qualities are mostly determined by process variables and
pretreatments.?>%

4.4. Physical and chemical activation

Physical and chemical activation techniques are essential for
enhancing lignin-derived carbons by increasing porosity,
surface area and functional groups. The chemical activation
uses chemicals such as KOH, ZnCl,, and H;PO, to form a highly
developed pore network at comparatively lower temperatures.
Physical activation often involves gasification with steam or CO,
at high temperatures.'®* Cao et al. (2024) showed that lignin
was chemically activated by K,CO; at 800 °C, resulting in a BET
surface area of up to 1723.8 m* g ' and a phenol adsorption
efficiency of 98.22%. Additionally, the method promoted the
formation of functional groups containing oxygen, thereby
improving material stability and adsorption capacity. Addi-
tionally, they noted that while rising temperatures promote the
formation of micropores, overheating may cause pore collapse,
thereby reducing porosity.” Kim et al. (2025) studied steam
activation of pitch-based carbon fibres at 900 °C, producing
activated carbon fibres (ACF) with a remarkably large surface
area of 2564 m”> g~ *. The ACF activated at 800 °C demonstrated
a maximum CO, adsorption capacity of 4.32 mmol g~ ' at 273 K.
This was attributed to micropores with a diameter of approxi-
mately 0.73 nm, which enabled effective CO, uptake. With a low
activation energy of 5.41 k] mol " and adsorption kinetics
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fitting a pseudo-first-order model, the study demonstrated that
physisorption dominated CO, adsorption.** Alvarez-Montero
et al. (2025) produced lignin-based activated carbons with
surface areas of 1389 m”> g~ and 1830 m” g, respectively,
through chemical activation using KOH and ZnCl,. Due to the
formation of microporous structures that promote adsorption
kinetics, the KOH-activated carbon demonstrated a high
adsorption capacity (50 mg g~ ') for nano-plastics. Fig. 3(c)
illustrates a schematic representation of lignin-based activated
carbon preparation via chemical activation. Lignin undergoes
pyrolysis to form char, followed by simultaneous activations
using KOH (900 °C), FeCl; (700 °C), and H3;PO, (500 °C), with
subsequent HCl washing, drying, and yield of the final activated
carbon product.”” At lower treatment temperatures, chemical
activation of lignin typically yields larger surface areas and
micropore volumes compared to physical activation, thereby
enhancing electrochemical performance and adsorption effi-
ciency. To adjust pore size distributions and facilitate applica-
tions such as CO, capture, physical activation remains useful.
The production of lignin-derived carbons suited to certain
environmental and energy use, activation conditions must be
modified.'***

4.5. Heteroatom doping (N, S, P, O)

Heteroatom doping converts inert surfaces into active sites for
improved heavy-metal adsorption via chemisorption and
enhances selectivity by adding non-carbon elements (N, S, P,
and O) to lignin-derived carbons.®**® Lan et al. (2025) examined
heavy-metal ion adsorption on heteroatom-doped carbon
nanotubes (CNTs), including N-, O-, B-, S-, and B-N-CNT vari-
ants, using density functional theory (DFT). Adsorption ener-
gies were increased by N- and O-doping (up to —11.10 eV for Co
on N-CNT at hollow sites) and decreased by B- and S-doping,
with hollow > top > bridge being the favoured sites. Driven by
charge transfer and electrostatic interactions, the adsorption
capacity followed the order of Co > Ni > Fe > Hg > Cu > Cd > Pb >
Cr > As > Zn; tests verified that N-CNTs had better removal
efficiency than pristine CNTs.”” Hu et al. (2024) studied the
adsorption of three lignin types (AL, EL, and DLC-CL) and their
ZnCl,-activated biochar. After 6 cycles, DLC-CL-ZnCl,-600 °C
produced 526.32 mg g for methylene blue and 2156.77 mg g~ *
for Congo Red with a surface area of 1075 m> g~' and 95%
recyclability through pore filling, electrostatics, and -7 inter-
actions.”® These results show that heteroatom doping is
a crucial strategy for improving adsorption in carbon-based
materials for wastewater treatment. Therefore, by introducing
chemically active surface sites, heteroatom engineering is
a useful method to improve adsorption capacity and selectivity.
Thus, it is possible to optimise the design of biochar formed
from lignin for efficient and durable wastewater treatment.*>*®

4.6. Composite and hybrid carbon materials

Biochar is combined with nanoparticles, polymers, or metal
oxides to form composite and hybrid carbon materials that
increase adsorption capacity, surface area, and selectivity for
contaminants, including dyes and heavy metals. These hybrids,
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such as chitosan-lignin composites or iron oxide-lignin biochar,
achieve capacities exceeding 500 mg g~ '. This is achieved
through improved pore structures, functional groups, and
processes, including complexation and ion exchange.®””*® Sun
et al. (2021) reviewed biochar and lignin-based adsorbents
(BBAs/LBAs), noting that hybrids like MgO-biochar achieve
66.70% phosphorus (P) removal and 11.70% NO;  via ion
exchange/precipitation. However, lignin nanoparticles use
chelation to absorb 90% of phosphate (5 mg L™'). Carboxyl
groups for Cr'" absorption (130.50 mg g ' in FeS-biochar
composites) and dyes like MB (5306 mg g ' from algal bi-
ochar) are increased by chemical modifications such H,0,-
oxidized biochar.”” Yang et al. (2025) investigated lignin modi-
fications for heavy metals and antibiotics, emphasising the
Fe;0,4-lignin hydrogel (88 mg g~ * Cd**, 70% after 4 cycles) and
the polyethyleneimine-lignin carbon (371.70 mg g~ Sb*") via
complexation/electrostatic interactions.”® Though synergistic
changes, such as Fe-Mg oxides and polymers, and composite/
hybrid lignin-biochar materials significantly improve
pollutant removal (371-575 mg g~ ' for metals, 90% for antibi-
otics). The superior porosity, greater functional groups, and
excellent recyclability (>70% after 4-10 cycles) make these
hybrids viable substitutes for pure adsorbents in complex
wastewater treatment.®”®

5. Characterisation techniques

The characterisation of biochar is necessary to identify mate-
rials suitable for use in tertiary potabilization treatments or
wastewater treatment plants. The characterisation of activated
carbons is obtained through two core alternative approaches,
which are based on the determination of (adsorption perfor-
mance and the physicochemical) parameters. The first
approach determines the structure-dependent indices, which
are estimated with respect to standardised compounds of the
proper molecular dimensions, directly correlated to the
adsorption capabilities of the activated carbon itself. The
second approach enables the collection of information on the
main structural properties, such as morphology, porosity
distribution, and the nature of the chemical groups present on
the surface.” Fig. 4(a) summarizes the comprehensive biochar
characterization using multiple analytical techniques. It high-
lights the surface area (BET), morphology (SEM/TEM), func-
tional groups (FTIR), crystallinity (XRD), thermal behaviour
(TGA), carbon defects (Raman), and elemental composition
(CHNS/O), providing an integrated understanding of biochar
structure, composition, and physicochemical properties rele-
vant to energy and environmental applications.

5.1. Elemental and structural analysis

5.1.1. Elemental analysis. Biochar is composed of carbon,
hydrogen, and oxygen as primary elemental ingredients, with
low amounts of nitrogen, sulphur, and other trace elements.
Biochar resulted from aliphatic and aromatic compounds,
which are carbon-rich and containing less oxygen undergo
pyrolysis at high temperatures. During the pyrolysis of biomass,
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biochar's carbon content increased and its oxygen concentra-
tion dropped because of many chemical reactions.'* The ulti-
mate analysis is an effective approach for predicting biochar
performance in a variety of applications. It includes informa-
tion on biochar carbonization and probable stability. The
carbon content is found to be maximum (40-80 wt%) in bi-
ochar.'® Carbon directly reflects the degree of carbonization
during pyrolysis. A high carbon content indicates enhanced
aromaticity, structural condensation, and long-term stability,
making the biochar more resistant to microbial degradation.
The carbon-rich biochars are highly desirable for carbon
sequestration, soil amendment, and climate mitigation. More-
over, the increased carbon content is associated with higher
electrical conductivity and improved adsorption capacity for
organic pollutants.®*** The presence of aliphatic carbon
structures in biochar is represented by hydrogen. Higher levels
of aromatic condensation and thermal maturity are often
indicated by lower hydrogen content. The measure of biochar
stability is the H/C atomic ratio; lower values indicate more
graphitic and resistant carbon structures. As a result, biochar
with low hydrogen content have longer residence durations and
are more stable in soils.'”” Furthermore, nitrogen is essential for
surface chemistry and nutrition availability. Nitrogen-doped
biochars can improve soil fertility by slowing nitrogen release
and retaining nutrients in soil applications.'”® Furthermore, in
energy storage systems, nitrogen functionalities can improve
electrochemical performance and catalytic activity.'® The lower
concentration of sulfur contributes to surface reactivity and
redox behaviour. Sulfur-containing functional groups can
increase biochar's affinity for heavy metals through complexa-
tion and precipitation mechanisms. In some cases, sulfur-
doped biochars show improved catalytic and electrochemical
characteristics. However, high sulfur can cause the creation of
sulfur oxides during thermal processing, which is undesirable
for some applications."™ Oxygen content is another important
element affect the biochar stability and properties. Oxygen is
linked to surface functional groups including hydroxyl,
carboxyl, carbonyl, and ether groups. These oxygenated func-
tionalities have a considerable influence on biochar polarity,
hydrophilicity, and cation exchange capacity. A high oxygen
concentration improves wettability and the adsorption of polar
molecules and metal ions. Also, it indicates lower thermal
stability and a greater susceptibility to oxidation. The O/C ratio
is commonly used to determine biochar reactivity and aging
behaviour."™ The H and O content of biochar decreases as the
pyrolysis temperature rises. As a result, the H/C and O/C ratios
drop, indicating increased biochar aromaticity and carboniza-
tion, as well as decreased surface polarity."> The O/C and H/C
ratios of biochar are often used to assess its viability as
a source of energy. A higher H/C ratio indicates increased
energy density, indicating that biochar has greater potential as
an effective energy carrier.'™ An increase in pyrolysis tempera-
ture typically increases carbon content by promoting the
gradual volatilisation of thermally labile components. In
contrast, at higher temperatures, the amounts of hydrogen and
oxygen decrease due to the breaking of weaker bonds within the

RSC Adv, 2026, 16, 18816-18858 | 18831


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00055j

Open Access Article. Published on 10 April 2026. Downloaded on 4/22/2026 12:25:45 PM.

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

(cc)

RSC Advances

Elemental
analysis

View Article Online

Review

BIOCHAR

09+

3700 - 3000 em” 900 - 740 em” OH -CHy C=0 N
P et 1700 1380
8 | P A - 3425 2927 s CO
/o ) A NH ! bendl 12
\ i < L g | et ves
i \ g 94 em | 1 5 H . '
0.7 A T A 3 P CSBC ne1g; 1103
:S\ Y //,/ | ‘.‘_‘- 1116 &-131 ‘,‘ g ) L
PR : = ! 1 NH,-CSBC
3 | I
£ £ ”
@ = ! i
g 3 =
= A e 3 NH,-CSBC+Cd|:
04+ : : :
93 BE350
BE450 ’
. BESS0 1 ) ) L . 1
2 A T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavernumber (cm;‘)

(b)

Fig. 4

Wavenumber (cm’l)

(c)

(a) Various characterisation techniques of biochar for adsorption. (b) FTIR analysis of biochars from bamboo culm. Reproduced from

Sbizzaro et al. (2021) with permission from Elsevier,*°® copyright 2021 (c) FTIR spectrum of CSBC, NH,-CSBC before adsorption, and NH,-CSBC
after Cd(Il) adsorption. Reproduced from Ma et al. (2023) with permission from Elsevier,*** copyright 2023.

biochar structure.* The elemental analysis of different feed-
stock biochar for absorption is represented in Table 3.

5.1.2. FTIR analysis. FTIR analysis provides information
about the functional groups in different adsorbents, which
might facilitate the sorption process of heavy metal pollution.
The chemical functional groups on the biochar surface were
identified using attenuated total reflectance Fourier transform

18832 | RSC Adv, 2026, 16, 18816-18858

infrared (ATR-FTIR) spectroscopy, with 200 scans at a resolution
of 4 cm™". Potassium bromide (KBr) was used as a material for
the infrared beam splitter with coverage of the normal 4000-
400 cm™ ' mid-IR spectral region."® Vuong et al (2025)
confirmed the mechanisms for Pb and Zn immobilization by
identifying the surface functional groups of biochar made from
taro stems and the apatite amendment derived at 300 °C and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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500 °C. The dehydration, decarboxylation, and increased
aromaticity of the biochar matrix were shown by the FTIR
spectra, which also showed a progressive reduction in oxygen-
containing functional groups (-OH, C-H, and C-O) as the
pyrolysis temperature increased. The different adsorption
tendencies of taro stem biochar (TSB300) and (TSB500) toward
heavy metals was explained by these structural changes. The
presence of distinctive phosphate (PO,*”), hydroxyl (OH"),
carbonate (CO;>7), and fluoride (F~) groups in apatite demon-
strated its capacity to immobilize Pb and Zn via ion-exchange
and precipitation processes.’* Sbizzaro et al. (2021) reported
that increasing the production temperature of bamboo biochar
reduced aliphatic and oxygenated groups (-OH, C-O) and
enhanced aromatic structures (900-740 cm™') as shown in
Fig. 4(b). FTIR study indicates that as the production tempera-
ture of biochar increases, aliphatic and oxygen-containing
functional groups (-OH and C-O) decrease, whereas aromatic
bands (900-740 cm ™ ') appear, indicating enhanced aromaticity.
This pattern shows the progressive carbonization and reduced
surface polarity at elevated temperatures, consistent with the
decreasing O, H, O/C, and H/C ratios. FTIR clarifies the impact
of production temperature on biochar's aromaticity, surface
functionality, and its adsorption behaviour towards organic
molecules, thereby revealing the connection between heat
treatment and changes in surface chemistry.’*® Ma et al. (2023)
reported that FTIR spectra of corn-stalk biochar before and after
Cd(n) adsorption (Fig. 4(c)), identified noticeable shifts and
intensity changes in the amino-related bands. These spectral
changes confirm that the NH, functional groups on NH,-CSBC
actively participated in Cd*" binding through strong
complexation.

5.1.3. XRD analysis. X-ray diffraction (XRD) is a commonly
used technique for analysing the structure and crystallinity of
biochar."”” Chang et al. (2023) modified rice husk biochar and
studied the adsorption of ammonium and nitrate from waste-
water. The XRD patterns in Fig. 5(a) show that biochar produced
at temperatures ranging from 300 to 700 °C exhibits broad,
diffuse peaks, indicating an amorphous structure dominated by
SiO, and disordered carbon. At 900 °C, sharp, well-defined

Table 3 Elemental analysis of different biochars for adsorption
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diffraction peaks appear, indicating the development of crys-
talline phases. This demonstrates that higher pyrolysis
temperatures promote the transition from amorphous to more
crystalline structures in rice husk biochar.””® Chaudhary et al.
(2024) performed pyrolysis on several biomass samples,
including sugarcane bagasse (SB), Brinjal Stem (BS), and Citrus
Peel (CP). The XRD patterns of SB, BS, and CP biochar exhibited
an amorphous carbon structure as shown in Fig. 5(b) charac-
terised by wide C (002) reflections at 26 = 10.5-17.8° and faint C
(100) peaks at around 44.3-44.6° for all pristine samples (a).
After Pb adsorption (b), prominent peaks for Pb,CO, show up at
26 = 34.1-36.3° and Pb (NO,), at 53.7° in BS, showing that Pb
accumulates through surface precipitation. Cu-loaded biochar
(c) shows Cu,O reflections at 57.7-61.3°, whereas Cr adsorption
(d) produces Cr,0; (24.1° and 65.7°) and Cr,N (41.4-44.3°)
phases, suggesting reduction and complex formation. Cd-
adsorbed samples (e) exhibited Cd (OH), peaks at 29.3° and
60.9°, and CdO/CdCl, reflections at 35.9-56.6°. Persistent
CaCO; peaks at 29.7°, with SiO, (26.5°) and KCI (23.1°, mostly in
CP), highlighting the mineral phases to heavy-metal
adsorption.**

5.1.4. Raman analysis. Raman spectroscopy serves as
a powerful tool for evaluating structural defects and the extent
of graphitisation in carbon-based materials. In the context of
biochar design and improvement, two characteristic peaks are
particularly important. The first is the D band, which indicates
structural disorder, and the second is the G band, which reflects
ordered graphitic domains. Together, these bands provide
valuable insight into the structural quality and carbon ordering
within biochar.®* Raman spectroscopy is useful for analysing
biochar due to its ability to detect sp>-hybridized carbon
structures. Biochar is made by pyrolyzing biomass and contains
different degrees of aromatic carbon clusters, the size, ordering,
and condensation of which are directly influenced by the
pyrolysis temperature and feedstock type. Raman spectroscopy
identifies two fundamental bands: the D-band (1350 cm™ '),
caused by disordered carbon structures and defects in the
graphitic lattice, and the G-band (1580 cm ™), caused by the in-
plane vibration of sp>-bonded carbon atoms in perfect graphitic

Biochar C (wt%) H (Wt%) N (Wt%) S (Wt%) O (Wt%) H/C o/C References
Corncob biochar 77.25 3.027 0.58 0.169 18.75 0.039 0.243 115
Walnut shell (WS-600) 68.65 2.14 1.49 0.08 25.70 0.37 0.28 116
Palm Kernel shell (750) 78.95 1.79 1.00 — 18.27 0.02 0.23 117
Wood chip (WB) 83.76 2.76 1.37 0.11 6.59 0.40 0.06 118
Tea waste (700) 77.89 1.76 4.05 — 6.50 0.02 0.08 119
Sunflower seed shells 72.3 5.5 0.8 — 21.2 0.9 0.2 120
Peanut shells 83.7 2.9 1.2 — 12 0.42 0.11 120
Coconut shell 90.6 1.3 0.8 0.1 4.2 0.17 0.03 121
Spent mushroom substrate 59.94 2.91 1.75 — 2.13 0.048 0.036 122
Cassava peel 40.95 5.67 0.22 0.09 52.17 1.66 0.95 123
Rice husk 40.15 5.98 0.41 0.78 52.68 1.79 0.98 123
Red pepper stalk 49.78 6.46 1.09 — 42.67 1.56 0.64 124
Coffee silverskin 60.78 2.591 2.897 0.148 11.78 0.508 0.146 125
Olive mill waste 61.3 4.33 1.4 — 32.9 0.837 0.41 125
Grape pomace 65.68 4.92 2.06 — 16.24 0.89 0.186 125
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(a) XRD patterns of pyrolysed RH biochar samples. Reproduced from Chang et al. (2023) with permission from Elsevier,*?® copyright 2023

(b) XRD spectra of biochar derived from sugarcane bagasse (SB), Brinjal Stem (BS), and Citrus Peel (CP), where (a) before adsorption, (b) after Pb
adsorption, (c) after Cu adsorption, (d) after Cr adsorption, and (e) after Cd adsorption. Reproduced from Chaudhary et al. (2024) with permission
from Springer Nature,*?® copyright 2024. (c). Raman analysis of Corn biochar (BC) adapted from Huang et al. (2023)**° and (d) Raman spectra of
Cedrela odorata biochar. Reproduced from Subratti et al. (2021) with permission from Elsevier,*** copyright 2021.

domains. The intensity ratio ID/IG is a quantitative tool for
determining the degree of structural order vs. disorder in bi-
ochar materials."*® Huang et al. (2023) activated corn starch-
based biochar with ZnCl, at 800 °C to obtain a porous,
graphitic biochar for tetracycline adsorption. Raman analysis
revealed that increasing the activation temperature and time
lowered the ID/IG ratio, indicating higher graphitisation of the
biochar (Fig. 5(c)). Biochar with lower ID/IG values showed
slightly better tetracycline adsorption when surface areas were
similar, due to stronger - interactions. Overall, both defects

18834 | RSC Adv, 2026, 16, 18816-18858

and graphitisation contributed to adsorption, depending on the
textural properties of the biochar.’*® The Raman spectra of
Cedrela odorata biochar exhibited distinct G and D bands as
shown in Fig. 5(d), with their intensity ratio (IG/ID) indicating
an equilibrium between graphitic and defective carbon struc-
tures. The reported IG/ID ratio of 0.57 suggests that the material
is predominantly amorphous, with a minor graphitic structure.
Compared to rice straw biochar, which had higher IG/ID values
(up to 0.87), Cedrela odorata biochar showed significantly lower
crystallinity.™*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5.2. Surface and porosity characterisation

5.2.1. SEM analysis. Scanning Electron [Microscope (SEM)
is a crucial tool for examining the morphology of adsorbent
surfaces. It provides a clear image of biochar's micro- and
mesoporous structure by allowing measurements of pore
distribution and surface arrangement. It is also useful for
comparing surface morphology before and after adsorption,
thereby revealing structural changes caused by pollutant
adsorption.*** The distribution, size, and form of pores on bi-
ochar surfaces are observed through SEM. SEM images of soap
nut seed biochar, for instance, revealed irregular pores on
a rough surface, making it easier for ciprofloxacin molecules to
adsorb.’®® Likewise, SEM analysis of biochar produced from
sugarcane bagasse revealed enhanced porosity and homoge-
neity at elevated activation temperatures, corresponding with
greater adsorption capabilities for Fe>” ions.'*® Micropores and
mesopores, which are crucial for ion adsorption, can be
distinguished using SEM. For example, chromium adsorption
decreased the pore size and number in raw biochar, indicating
efficient ion capture. The pores were roughly 10 um in size.®”
Energy-dispersive X-ray Spectroscopy (EDX/EDS) is commonly
used in conjunction with SEM to analyse the elemental
composition of biochar surfaces. This combination enables
mapping and identification of elements, including adsorbed
metals, carbon, oxygen, nitrogen, and sulfur.”®® Fseha et al.
(2023) observed clear morphological changes in date palm
frond biochar before and after phenol adsorption.”* Before
adsorption (Fig. 6(a)), the biochar displays a well-defined
honeycomb-like structure with numerous open, inter-
connected pores. After adsorption (Fig. 6(b)), many pores
appear partially filled, and the surface becomes smoother and
more compact, indicating that phenol has occupied the pore
spaces and surface sites. It was noted that the observed changes
confirm successful phenol adsorption onto the biochar.**® The
combination of SEM with EDX provides accurate character-
isation of the biochar surface's elemental composition.
However, SEM-EDX's capacity to identify and characterise
organic pollutants remains restricted.***

5.2.2. BET analysis. BET (Brunauer-Emmett-Teller) anal-
ysis is an important tool for determining the surface area and
pore size of biochar suitable for adsorption. BET characteristics
such as specific surface area, pore volume, and average pore size
have a substantial impact on adsorption behaviour and diffu-
sion processes."* BET analysis of various biochar samples for
the adsorption process is presented in Table 4. Porosity has
been recognised as a crucial characteristic of biochar that
influences its adsorption behaviour towards aromatic chem-
icals. Lin and Zhao (2016) reported a significant linear associ-
ation (r = 0.897) between toluene adsorption capacity and the
specific surface area (SSA) of biochar, demonstrating that
materials with larger surface areas provide more accessible
adsorption sites for aromatics.'* Thus, increasing SSA is an
efficient way to enhance biochar's adsorption of aromatic
chemicals. Studies has indicated that materials like activated
carbon, porous carbon spheres, and hierarchically porous
carbon have higher adsorption capacities when their specific

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surface area increases. For instance, porous carbon spheres
with rich microporous-mesoporous structures offered greater
opportunities for the adsorption of volatile organic compounds
(VOCs),™** while activated carbon with a bigger surface area
showed a higher adsorption capacity for toluene.** Thus,
increasing SSA is an efficient way to enhance the adsorption of
aromatic chemicals by biochar. Highly microporous materials
are typically produced through physical activation, which also
significantly increases their specific surface area. Activating
pine nut shells in CO, environment raised their specific surface
area from 146 m> g ' (non-activated) to 1503 m”> g ' after
80 min, primarily due to a formation of micropores.*” Ther-
mally unstable biomass components, such as starch, hemi-
cellulose, and lignin, break down into volatile chemicals like
acetic acid, tar, methanol, CO,, and H, at high temperatures. By
releasing these volatiles, new active adsorption sites are formed
as previously blocked pores open and new porous routes are
generated. Besides physical activation, chemical activation
techniques are also extensively used to enhance the porosity of
biochar. During co-pyrolysis with dehydrating or corrosive
activating chemicals, the carbon matrix experiences cross-
linking, condensation, and etching processes, resulting in
a microporous structure.”® Chen et al (2025) utilised N,
adsorption-desorption isotherms and identified a Type IV
isotherm for their modified biochar, indicating the presence of
micro- and mesoporous characteristics. A hierarchical pore
network was directly connected to increased adsorption effi-
ciency for certain pollutants."*® Wang et al. (2015) prepared
mesoporous carbon materials for the adsorption of benzene
and cyclohexane and reported that the diffusion coefficient of
the carbon with 5.0 nm pores was double that of the sample
with 1.8 nm pores. These results indicate that pores only slightly
larger than the adsorbate molecules contribute effectively to
adsorption, while excessively large pores primarily facilitate the
diffusion of aromatic compounds rather than their retention.***

5.3. Thermal behaviour

The thermal stability and structural characteristics of biochar
are often studied using thermogravimetric analysis (TGA). It
provides useful information on moisture content, pyrolysis
yield, and the breakdown of major biomass components like
hemicellulose, cellulose, and lignin. DSC provides insights into
the thermal dynamics during adsorption or desorption, facili-
tating the calculation of the heat of adsorption and the differ-
entiation between physisorption and chemisorption
mechanisms.'*® TGA was performed using a Mettler TGA/DSC
machine at a heating rate of 10 °C min~" under an air envi-
ronment from 25 to 700 °C to evaluate the thermal stability of
the biochar. The TGA was used to study CO, adsorption kinetics
at a gas flow rate of 50 mL min . Results showed that nitrogen-
containing surface groups on carbon materials increase CO,
absorption. In this context, elemental analysis measures C,
H, N, and S, whereas oxygen content is estimated using the
difference, assuming that only these five elements are liberated
from carbon samples. Rambhatla et al. (2025) analysed the TGA
results, which showed that the decomposition of mixed wood
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Fig. 6 SEM analysis of date palm frond biochar (600 °C) (a) before phenol adsorption and (b) after phenol adsorption (adapted from Fseha et al.
(2023)).5%° (c). TGA analysis of mixed wood sawdust. Reproduced from Rambhatla et al. (2025) with permission from Elsevier,**° copyright 2025,
(d) TGA analysis of jackfruit peel biochar before and after adsorption. Reproduced from Ton-That et al. (2024) with permission from Elsevier,**

permission from Springer Nature,**? copyright 2020.
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Table 4 BET analysis of different biochar for adsorption application
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BET surface area

Pore volume

Biochar (m*g™ (em® g™ Application References
Eucalyptus waste (700 °C) 2592 1.150 Adsorption desulfurization 151
(ADS) with high
dibenzothiophene (DBT)
adsorption capacity
(172.5 mgg™)
Groundnut shell 1089 0.630 Malachite green dye 152
adsorption
Cow manure, (BC-CM) 263 0.164 Methylene blue dye removal 121
Rice husk (BC-RH), and 220 0.127
coconut shell
(BC-CS) 197 0.099
Bagasse 8.217 6.310 Cationic dyes removal 153
Brinjal stem 360.910 0.649 Adsorption of heavy metals 143
Sludge and liriodendron 45.206 0.142 Methyl orange removal 154
leaves (SLAC)
Marigold floral waste 93.550 0.092 Methylene blue removal 155

sawdust (Fig. 6(c)) takes place in three main steps from 30 to
700 °C. Initial weight loss below 150 °C is due to moisture and
light volatiles. The largest mass reduction occurs between 150
and 550 °C as hemicellulose, cellulose, and part of the lignin
break down. Above 550 °C, the remaining lignin slowly
degrades, producing a stable char residue. DTG peaks align
with these transitions. Higher heating rates shift decomposi-
tion to higher temperatures due to thermal lag, resulting in
slightly greater volatile release and reduced char. Overall, the
TGA profile highlights the material's thermal stability and the
temperature-dependent behaviour of its biomass compo-
nents."® Ton-That et al.(2024) pyrolysed the jackfruit peel and
analysed the thermal behaviour undergoes three primary
degradation phases. Initial mass loss was observed below 200 °©
C attributed to moisture evaporation (Fig. 6(d)). Significant
weight reduction between 200-580 °C linked to the combustion
of the graphitic carbon fraction, and a minor loss at 580-800 °C
associated with the onset of ashing, featuring an endothermic
peak near 700 °C. In addition to Pb(u) adsorption, further mass
losses were detected within the temperature ranges of 250-450 °©
C and 450-650 °C, due to the breakdown of Pb(u) biochar
complexes containing -OH and C=C functional groups.***

5.4. Hydrophobicity and wettability

The adsorption of aromatic hydrocarbons by biochar is gener-
ally governed by biochar surface characteristics, the molecular
structures of the organic contaminants, and surrounding envi-
ronmental conditions. The polarity index ((O + N)/C or O/C) is
extensively used to evaluate a material's absorbability."”” In
several instances, hydrophobic interactions are identified as the
primary mechanism driving the adsorption of aromatic chem-
icals onto biochar. However, adsorption mostly occurs at the
adsorbent surface via specific functional groups. Also, bulk
elemental polarity indices can be deceptive in determining
whether biochar is hydrophobic or hydrophilic. Thus, assessing
surface polarity, which is frequently determined by XPS anal-
ysis, provides a more suitable and accurate measure of

© 2026 The Author(s). Published by the Royal Society of Chemistry

adsorption behaviour.”® The hydrophobic domain responsible
for hydrophobicity is caused by the presence of aromatic
structures, primarily aromatic rings, which lower chemical
functionalization.'® Wettability of a solid surface is the ability
of a liquid to spread or adhere to it. It plays a crucial role in
adsorption processes, as adsorption is essentially an interfacial
phenomenon. Wettability is commonly quantified by
measuring the contact angle between a liquid droplet and
a solid surface (the sessile-drop method), with a lower contact
angle indicating stronger wetting (higher affinity) and greater
potential for liquid adsorption.** In adsorption-based studies,
it has been demonstrated that modifying surface chemistry,
through surfactant deposition or nanoparticle coatings, can
alter a material's wettability and, consequently, its adsorption
performance.'®* Useviciuté et al. (2020) showed that the water-
holding capacity of different biochars increased with
increasing pyrolysis temperature. Five feedstocks, pine bark,
birch bark, pine wood, birch wood, and hemp, were taken for
the test. Fig. 6(e) showed that water-holding capacity increases
with increasing pyrolysis temperature, indicating that higher
temperatures enhance the porosity and structure of the result-
ing biochar. Among the materials, hemp consistently showed
the highest water-holding capacity, reaching its peak at 700 °C.
In contrast, pine bark and birch bark display lower capacities
across all temperatures, while pine and birch wood fall in the
mid-range. This indicated that both feedstock type and pyrol-
ysis temperature strongly affect biochar's water-holding
capacity, primarily due to differences in lignocellulosic
composition and thermal transformation.***

6. Lignin-based adsorbents for water
treatment
6.1. Overview of adsorption principles

Adsorption is a fundamental surface phenomenon widely used
in wastewater treatment. It is the process by which molecules or
ions are held onto an adsorbent surface through chemical or
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physical interactions.  Physicochemical characteristics,
including surface area, porosity, functional group density, and
surface charge, affect the effectiveness of lignin-based adsor-
bents. Through ion exchange, coordination with metal ions,
electrostatic attraction, and H-bonding among other activities.
A naturally occurring aromatic polymer with several hydroxyl,
methoxy, and carboxyl groups, lignin offers many binding sites
for pollutants.*®® However, due to its limited surface area and
heterogeneous structure, naturally occurring lignin frequently
shows inadequate adsorption efficacy which promotes research
into structural and chemical modifications. Yang et al. (2025)
provided a methodical summary of the physicochemical
processes governing adsorption by lignin-derived adsorbents.
They found that the removal effectiveness of Cr®* from amine-
functionalized lignin biochar was up to 13.5 times more than
that of unmodified lignin biochar. In comparison,
polyethyleneimine-modified lignin porous carbon exhibited
a remarkable adsorption capacity of 371.70 mg g~ ' for Sb>".
While imine-grafted lignin demonstrated 115.60 mg g ' for
Pb**, exceeding pristine kraft lignin by a factor of 3.2. The
findings highlight that significant increases in adsorption
affinity and reusability can be attained by changing surface
charge and adding heteroatoms. These improved systems
adsorption efficiencies after 5-8 cycles often remained between
85 and 90%, indicating good material strength.”® Tkachenko
et al. (2024) provided a mechanistic quantification for dye
adsorption using methylene blue (MB') as a probe molecule.
Their study revealed that 61% of adsorption was due to H
bonding (mainly through aliphatic and phenolic -OH groups),
38% to electrostatic interactions, and less than 1% to w-7
stacking. The maximum adsorption capacity (Q,) for MB" on
kraft lignin was 118 mg g~ ', increasing to 162 mg g ' upon
carbonyl group reduction. The adsorption followed the Lang-
muir isotherm (R> > 0.98) and pseudo-second-order kinetics (k,
=0.0098 ¢ mg~ ' min~"), validating chemisorptive control. The
FTIR and XPS analyses confirmed that -OH and -COOH func-
tionalities were the primary active sites responsible for
binding.'** Hydrogen bonding, ion exchange, coordination and
electrostatic forces are all involved in adsorption on lignin-
based materials. These processes are influenced by solution
chemistry and surface functioning. Amino, sulfonic, and metal
oxide groups are added, the active-site density and adsorption
capacity increase from several to several hundred mg g~ *. Thus,
it is essential to comprehend the quantitative contributions of
each interaction pathway to build next-generation lignin
adsorbents with predictable and adjustable adsorption
behaviour.”"%®

6.2. Heavy metal adsorption

Heavy metal (HMs) ions, including Pb>*, Cd**, Cr**, Cu®" and
Ni*', are among the most hazardous and persistent contami-
nants. They tend to bioaccumulate and cannot be broken down
organically, posing significant dangers to the environment and
public health.*®* Various biomass sources for adsorbing heavy
metal ions in lignin-based adsorbents are listed in Table 5.
Zhang et al. (2023) found that lignin-based biosorbents with
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carboxyl and phenolic hydroxyl groups were effective at
absorbing specific metal ions. A lignin composite adsorbent
demonstrated significant reusability at pH 5 at 293 K, with
maximal adsorption capacities of 70.41 mg g~ * (Ni**), 75.70 mg
g ! (Cu*), 82.41 mg g~ ' (zn**"), and 91.74 mg g ' (Pb**) with
more than 86% desorption efficiency using 0.5 M HNO;. The
Langmuir model states that a lignin-based resin (LBR) made by
polycondensation from calcium lignosulfonate has adsorption
capacities of 194.6 mg g~ ' (Pb**) and 59.9 mg g~ (Cu>"), with
pseudo-second-order kinetics suggesting that chemisorption
predominated. Fig. 7(a) shows a schematic of heavy metal ion
removal from wastewater using chemically modified lignin bi-
osorbents. The raw lignin (AL-KL-LS) from contaminated water
containing Pb**, Cu®*, and Cr®* undergoes functionalization via
amination (-NH,), carboxylation (-COOH), sulfonation (-SO;H),
thiolation, and PEI/PANI grafting. Adsorption proceeds
through H-bonding, electrostatic interactions, and surface
complexation, yielding metal-coordinated structures and puri-
fied effluent.’™ Yang et al (2025) found that adsorption
performance is significantly improved by functionalized lignin.
The amine-modified lignin porous carbon for Sb*" yielded
371.7 mg g ', while for Pb**, the imine-modified lignin
demonstrated 115.6 mg g~ ', which is approximately three times
greater than that of raw lignin. Fe;0,-modified lignin hydrogels
could be magnetically recovered with more than 60% efficiency
and exhibited 88 mg g~' Cd*" adsorption capacity. Increased
surface charge, nitrogen coordination and redox-active iron
sites were identified as the causes of the improvements.’
According to the type of modification and target metal, lignin-
based adsorbents exhibit adsorption capabilities ranging from
70 to 550 mg g~ ', which are primarily controlled by complexa-
tion, ion exchange and electrostatic interactions. They are
potential green materials for heavy metal cleanup due to their
cost, high regeneration efficiency and modular
Chemistry‘98,164,165

low

6.3. Organic dye adsorption

Methylene blue (MB), Congo red (CR), and azo dyes (AD) are
examples of synthetic dyes that contribute significantly to
industrial wastewater pollution, particularly from the textile,
paper, and printing industries. These dyes are poisonous, stable
and impervious to biological deterioration. Through processes
such as ion exchange, hydrogen bonding, m-m stacking, and
electrostatic interactions, the lignin aromatic backbone and
oxygen-rich functional groups (-OH, -COOH, -OCH3;) provide
strong binding sites for dye molecules. However, unmodified
lignin frequently shows poor dye removal effectiveness. The
following resulted in the development of modified or composite
lignin-based adsorbents with enhanced adsorption capacity
and selectivity.'*>'”5'7 Meng et al. (2020) produced aminated
CELF (cosolvent enhanced lignocellulosic fractionation) lignin
for dye removal. They obtained >90% removal efficiency and
high adsorption capacities of 502.7 mg g~ for Direct Blue 1,
fitting pseudo-second-order kinetics and the Langmuir
isotherm. After 4 cycles, the adsorbent retained 65% efficiency
due to the amine groups' high electrostatic attraction toward

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Lignin-based adsorbents for heavy metal ions from various biomass sources®

Metal C; Ce Removal qe Temperature Adsorbent
Source of biomass ion (mgL™) (mgL™") efficiency (%) (mgg™) (°C) pH dose (g) References
Corn stover cd** 100 4.21 95.79 19.16 25 5.5 0.2 166
(in 20 mL)
Sarkanda grass cd* 112.4 <1.12 >99 13.42 20 6.2 5.0 167
Pine nut shells cr'* Varied — — 360 25 2.0 2.0 168
(Gmax
Langmuir)

Agricultural waste cd* 50 — — 127.9 25 5.0 1.0 169
(lignin nanoparticles)

Rice husk Pb** Varied — >95 — RT Varied 1.0 170

(2-10)

Lignocellulosic biomass ~ Cu®* Varied — >95 60.86 25 6.0 2.0 171
Industrial softwood pPb** 100 — 90 49.8 25 7.0 1.0 172
Norway spruce wood Pb** Varied — 99 10.3 (max) 45 5.0 2.0 173
Norway spruce wood cd** Varied — Above 95 6.3 (¢max) 45 6.0 2.0 173
Norway spruce wood cu* Varied — 95 7.9 (gmax) 45 5.5 2.0 173
Norway spruce wood Zn Varied — Above 90 6.0 (¢max) 45 6.0 2.0 173
Walnut shell pPb2 5 <0.05 99 47.4 (§ma) RT 5.0 — 174
Barley straw cd** 100 5 95 95 25 6.0 2.0 175

¢ C; = initial concentration, C. = equilibrium concentration, g. = equilibrium adsorption capacity.

anionic dyes and increased surface reactivity."”® Wang et al.

(2018) synthesised carbon composite lignin adsorbents (CCLA)
by hydrothermally treating glucose and calcium lignosulfonate.
Having a maximal adsorption capacity of 120-140 mg g~ *, the
composite eliminated 99% of Congo red and Eriochrome black
T at 40 mg L™'. They are driven by -7 interactions and H-
bonding between the dye molecules and lignin aromatic
rings; adsorption followed chemisorption-controlled pseudo-
second-order kinetics.'”® Pourbaba et al. (2024) showed that
hydro-tropically generated lignin nanoparticles (LNPs) have
a methylene blue adsorption capacity of 127.9 mg g~ . This is
roughly 6 times that of pristine lignin (20.7 mg g~ '), with
equilibrium attained in 3 minutes. According to the Langmuir
model, the homogeneous active sites and increased surface area
(14.90 m*> g~ ") improved dye uptake through chemisorption and
monolayer adsorption.*®® Therefore, with adsorption capabil-
ities ranging from 100 to 500 mg g~ ', depending on modifica-
tion and dye type, lignin-based adsorbents exhibit great
potential for dye removal. In wastewater dye treatment, modi-
fied lignin systems show fast kinetics, high regeneration effi-
ciency and sustainability. The main mechanisms are m-m
stacking, hydrogen bonding and electrostatic interactions.***'”®

6.4. Pharmaceutical micropollutant adsorption

Antibiotics, analgesics and hormones are examples of phar-
maceutically active micropollutants (PhAMPs) which are
persistent contaminants. They are increasingly found in
wastewater and surface water due to their widespread use and
inadequate removal in traditional treatment systems.'®® They
lead to endocrine disruption, antibiotic resistance and ecotoxic
consequences even at trace levels (ng-ug L™"). Adsorption-based
approaches using bio-based and carbonaceous materials have
attracted interest for PhAMP remediation, in contrast to
complex oxidation or membrane processes. This is due to their

© 2026 The Author(s). Published by the Royal Society of Chemistry

high affordability, reusability, and efficiency."®**** Gupta et al.
(2024) addressed the origin and risk of PhAMPs, underlining
that most medicines cannot be efficiently removed by tradi-
tional biological and chemical treatments. Even after secondary
treatment, wastewater still contains antibiotics and analgesics,
such as diclofenac and carbamazepine, with concentrations
usually between 5 and 150 ug L™ '. Adsorption, which uses bi-
ochar, clays and lignin-derived adsorbents to achieve >90%
removal efficiencies. The study identified electrostatic attrac-
tion, H-bonding, and m-m interactions between drug molecules
and active sites on the adsorbent surface as the most practical
and environmentally friendly method.'®® Mahdavi et al. (2025)
identified adsorption as the most versatile method for treating
quaternary wastewater after conducting a quantitative evalua-
tion of several adsorbents for pharmaceutical removal. The
maximal adsorption capacities (Qn), ranging from 150 to
650 mg g ', depending on the adsorbent type and surface
chemistry, activated carbons and polymer composites demon-
strated a strong affinity for diclofenac, ibuprofen, and carba-
mazepine. They suggested that adsorption utilising
functionalized bio-based adsorbents might meet the EU's 80%
removal target for emerging micropollutants in wastewater
treatment plant (WWTP) effluents. Also showed that adsorption
efficiency depended on both capacity and affinity, in addition to
surface area.'® Munuhe et al. (2025) discussed the use of
nanostructured adsorbents for the effective removal of phar-
maceutical contamination. They found that magnetic starch
composites had a diclofenac capacity (620.5 mg g~ '), whereas
boron-doped graphene eliminated amitriptyline (up to
737.4 mg g~ '). Chemisorption was confirmed by adsorption
kinetics that matched pseudo-second-order kinetics. The study
highlighted that magnetic biochar and carbon-based nano-
particles provide simple separation and regeneration. Thus,
lowering operating costs and suggesting the combination of
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adsorption with catalytic or biological post-treatments for
sustainable pollutant elimination."* Despite typical adsorption
capacities for common pharmaceuticals ranging from 100 to
700 mg g~ ', adsorption remains one of the most effective and
sustainable methods for removing pharmaceutical micro-
pollutants. The hybrid biochar and lignin-derived materials
offer environmentally benign, regenerative alternatives for next-
generation wastewater treatment. Mechanisms such as -7
stacking, Hydrogen Bonding, and electrostatic attraction
predominate.'®*#?

6.5. Other emerging pollutants (microplastics, pesticides)

Emerging pollutants, such as microplastics (MPs) and pesti-
cides, are gaining attention due to their persistence, potential
for bioaccumulation, and synergistic toxicity with other
contaminants. The pesticides contribute to long-term ecological
damage through leaching and runoff. Microplastics act as both
pollutants and carriers of both organic and inorganic contam-
inants." Adsorption-based techniques have been increasingly
used for removal because of their affordability, suitability for
complicated matrices, and ease of usage. There have been
promising results from the development of hybrid adsorbents
from metal oxides, lignin, and charcoal for the simultaneous
removal of these pollutants.'’*'**'®* Verma et al. (2024) offered
a thorough explanation of adsorption-based microplastic
cleanup. According to their findings, depending on particle size
and adsorbent type, MPs can be removed from water with
removal efficiencies ranging from 80 to 99% using carbon-
based and bio-derived adsorbents such as biochar, activated
carbon and layered double hydroxides (LDHs). The mecha-
nisms involved pore filling, hydrophobic interaction, and elec-
trostatic attraction, all of which were enhanced by surface
roughness and oxidation. The easy separation and regeneration
were also enabled by hybrid magnetic adsorbents (Fe;O,-bi-
ochar), underscoring adsorption as a scalable, energy-efficient
method for MP mitigation.'®* Biswas et al. (2024) found that
aged microplastics with oxygenated functional groups absorbed
up to 6.4 nug g ' of organochlorine and neonicotinoid pesti-
cides. Hydrophobic interactions, -7 stacking, and hydrogen
bonding between pesticide molecules and microplastic surfaces
were the primary factors controlling adsorption. The study
highlighted that the adsorbed pesticide-microplastic
compounds can prolong pesticide persistence in aquatic
systems, acting as secondary pollution sources." Souza et al.
(2025) experimentally investigated the adsorption of the herbi-
cide atrazine on aged polyethylene microplastics. The adsorp-
tion capacity increased from 0.504 mg g ' to 0.742 mg g ',
attributed to UV-induced oxidation and carbonyl group forma-
tion. Moreover, combined exposure of atrazine and micro-
plastics increased phytotoxicity in Lactuca sativa by 34%,
revealing the compound effect of co-contaminants. The study
demonstrated that ageing processes enhance adsorptive
behaviour and toxicity of MPs, underscoring the need for inte-
grated treatment strategies. Fig. 7(b) shows that the UV-aged
microplastics act as vectors for atrazine, enhancing environ-
mental mobility and combined toxicity."”® According to surface
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characteristics and aging effects, adsorption is a sustainable
and effective way to remove microplastics and pesticides,
reaching 80-99% MP removal and 0.5-7 pg g " pesticide
uptake.'® The process is mainly driven by hydrogen bonds, -
interactions, and hydrophobic attraction which are further
strengthened by surface oxidation and hybridization.*®*

6.6. Modified lignin adsorbents vs. raw lignin

Raw lignin has a low adsorption effectiveness due to its uneven
structure, small surface area and lack of reactive functional
groups. Many chemical modifications, including carboxylation,
amination, and sulphur/nitrogen doping, have been developed
to enhance adsorption selectivity, capacity, and reusability
while introducing new active sites. Through improved chela-
tion, ion exchange, and electrostatic interactions, modified
lignin-based adsorbents perform better and are more efficient
at removing organic and heavy-metal pollutants.*****” Masliha
et al. (2025) reported the process of functionalizing organosolv
lignin, such as by grafting it with 3-aminopropyltriethoxysilane.
This produces bio-based adsorbents that can extract and
recover phosphates from wastewater, as shown in Fig. 7(c).
These adsorbents exhibit monolayer adsorption with capacities
(21 mg g "); the solution ionic content and pH influence their
efficiency.’”” Xie et al. (2021) synthesized carboxyl-modified
lignin nanospheres (ECLNPs) for Pb>" and Cu®" adsorption. A
sample of raw lignin was transformed into a spherical shape
with a diameter of 50 nm and a doubled carboxyl content of
0.66 mmol g . Following pseudo-second-order kinetics and
Langmuir isotherm behaviour, adsorption capacities for Pb>"
and Cu** reached 126.0 mg g~ * and 54.4 mg g, respectively.
Unmodified lignin has a much lower absorption (<30 mg g™ ).
After 3 cycles, the ECLNPs maintained >80% efficiency,
demonstrating  exceptional  structural  stability and
reusability.®®

Zhang et al. (2022) produced a dual-modified LMM with
sodium alginate and dopamine to enhance Pb®>" adsorption.
After 3 cycles, the modified microspheres maintained 69%
efficiency and demonstrated great selectivity toward Pb*",
reaching a maximum capacity of 250 mg g . The synergistic
effects of amine and carboxyl groups, which enhanced surface
complexation and electrostatic binding, were attributed to the
improved performance. Unmodified alkali lignin exhibited
a lower coordination ability and fewer functional sites, resulting
in a reduced adsorption capacity of about 60 mg g '.'* Wang
et al. (2025) introduced thiourea-functionalized lignin (TUFA-L),
which contains sulphur and nitrogen heteroatoms for Cr®*
adsorption.’® The modified lignin had a high adsorption
capacity of 593.90 mg g~ at 40 °C more than 10 times that of
raw lignin. The pseudo-second-order kinetics of adsorption and
the Langmuir isotherm demonstrated that monolayer chemi-
sorption was dominated by electrostatic attraction, coordina-
tion, and reduction processes. The TUFA-L demonstrated the
benefits of heteroatom functionalization by preserving struc-
tural stability and reusability across multiple adsorption-
desorption cycles.'* The adsorption potential of lignin
increases significantly by modification, with capacities rising
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from less than 50 mg g~ in raw lignin to 100-600 mg g ' in
modified forms. Functionalization enhances selectivity,
stability, and reusability by introducing active groups (-COOH,
-NH,, -SH) that facilitate metal ion complexation, -7 inter-
actions, and hydrogen bonding. Therefore, for effective and
environmentally friendly wastewater filtration, modified lignin
adsorbents represent a sustainable improvement over raw
lignin.*®

7. Adsorption mechanisms and
modelling

The adsorption mechanism of biochar for removing organic
and inorganic pollutants involves various mechanisms. The
most common mechanisms are electrostatic interactions, ion
exchange, pore filling, hydrogen bonding, and m-m interac-
tions, as illustrated in Fig. 8.

7.1 Types of adsorption interactions and mechanistic
pathways

7.1.1. Ion-exchange. Ion exchange is the process of
exchanging dissolved metal ions for protons or ionised cations
that are present on the surface of biochar. The size of the metal
ions and the surface functional groups of the biochar have
a major role in this exchange effectiveness. The target metal
ions replace the positively charged ions bound to the biochar
surface. The ionic radius of the participating ions, charge
differential, and bonding type are significant factors affecting
this process.’® The cation exchange capacity (CEC) of biochars,
influenced by their surface functional groups, determines their
ability to remove ions, including heavy metals, from the
water."" Li et al. (2020) produced six magnesium-modified from
banana straw, cassava straw, Chinese fir straw, corn straw,
camellia nut shells, and taro straw and the resulting materials
were named biomass feedstocks and introduced Mg>" via
impregnation. Their findings indicated that all the biochar
showed significant adsorption capabilities for heavy metals
such as Cd**, Cu**, and Pb>". The high Mg content and abun-
dant surface functional groups enabled effective complexation
and ion-exchange with metal ions. Consequently, cation
exchange and mineral precipitation were identified as the
primary mechanisms governing the adsorption process.*”

7.1.2. Electrostatic attraction. This is the most important
mechanism, which involves the adsorption of ionizable organic
compounds onto the positively charged surface of the biochar
via electrostatic interactions. Its efficiency in attracting or
repelling pollutants depends on the pH and ionic strength of
the aqueous solution.'***** It also varies with the biochar's point
of zero charge, which influences how the surface interacts with
charged ions. The effect of ionic strength on the electrostatic
interaction of ions cannot be ignored, as it can significantly
affect the rate of ionic bond formation.*** Electrostatic interac-
tions increase adsorption by establishing a strong attraction
between the negatively charged adsorbent surface and positively
charged metal ions. For example, Wang et al. (2024) observed
that when the pH exceeds the pHp,,, functional groups such as -
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COOH, -OH, and -NH, undergo deprotonation, resulting in
a net negative charge on the biochar surface. The modified
FeNi-RSN-(OH) (NH,) and FeNi-RSN-OH composites had
a negative surface charge, extensive surface area, and several
functional groups that collectively enhanced electrostatic
adsorption.'”® Yang et al. (2024) reported that electrostatic
forces and ion exchange were identified as the primary mech-
anisms governing Pb®* and Cd** adsorption from aqueous
solutions. Their analysis revealed that electrostatic interactions
accounted for 19.34% of Pb*' removal and 18.06% of Cd>*
removal. Also, the incorporation of amino groups significantly
improved the biochar's electrostatic adsorption performance.**

7.1.3. H-bonding. Hydrogen bonding (H-bonding) is
a powerful type of dipole-dipole interaction between a hydrogen
donor and an acceptor atom. The donor hydrogen is often
bonded to electronegative atoms, such as nitrogen, oxygen, and
fluorine, within functional groups such as -COOH, -OH, -NH,,
or other electron-rich systems. These donor and acceptor groups,
which are present on biochar surfaces or organic pollutants, can
interact to form hydrogen bonds."” Zhu et al. (2018) studied the
adsorption of methylene blue from cattle manure-derived bi-
ochar (CMB) at low temperature. A study showed that the oxygen-
containing functional groups (-COOH, -OH) present on CMB
contribute to the adsorption of methylene blue (MB) through
hydrogen bonding. As the pyrolysis temperature increases, these
surface functionalities are progressively lost, making the biochar
more hydrophobic. Consequently, its affinity for polar molecules
such as MB declines, leading to a noticeable reduction in
adsorption capacity.'*®

7.1.4. Pore filling. The organic contaminants enter and
occupy the mesopores (2-50 nm) and micropores (<2 nm) on the
biochar surface. The extent of pore filling is influenced by the
characteristics of the biochar, polarity and type of the organic
contaminant.’® Dou ef al. (2022) pyrolysed pre-oxidised tilapia
fish scales (PTFS) powder and activated it by KOH under

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00055j

Open Access Article. Published on 10 April 2026. Downloaded on 4/22/2026 12:25:45 PM.

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

(cc)

Review

different conditions. Pore-filling mechanism was a major
contributor in this study. The modified biochar had a larger
surface area and more micro- and mesopores. These pores
allowed pollutant molecules to enter and become physically
trapped. The improved pore structure also helped with faster
diffusion into the carbon matrix. As a result, pore filling
significantly boosted the overall adsorption performance.'*®
Overall, effective pore filling happens when the biochar has
a low volatile content, and the organic pollutants are present in
minimal concentrations.”

7.1.5. w- T interaction. The m-7 interaction is a weaker
type of dipole interaction compared to hydrogen bonding. This
interaction refers to the attraction between neutral organic
molecules and electron-rich m-systems. Delocalized electrons in
m-bonding structures, such as C=C double bonds and aromatic
rings, can interact with polar molecules or other -systems. As
the pyrolysis temperature rises, the aromatic character of bi-
ochar often intensifies due to the breakdown of aliphatic
components. Guo et al. (2023) produced the corn straw biochar
and studied the adsorption of Rhodamine B (RhB) from water.
The m-m interactions significantly enhance RhB adsorption by
enabling strong stacking between the dye aromatic rings and
the aromatic domains of biochar. Moreover, in combination
with hydrogen bonding, these interactions further increase -
electron density and shorten the distance between interacting
rings, thereby strengthening overall binding. This synergy
contributes to the exceptionally high adsorption capacity of
biochar for RhB, making m-m stacking a key mechanism in its
effective removal from water.>*

7.2. Adsorption isotherm

One of the main goals of studying adsorption thermodynamics
is to determine the relationship between the adsorbate's equi-
librium quantity (Q) and its equilibrium concentration (C.).
This basically involves understanding a system's final adsorp-
tion behaviour under different starting circumstances. Impor-
tant factors, including the maximum adsorption capacity (Qm),
the adsorption intensity, and the underlying adsorption
process, can be determined by employing suitable models to
analyse the thermodynamic data.

7.2.1. Langmuir isotherm. The Langmuir
describes the monolayer adsorption on a uniform surface with
identical sites. Its linear equation can be written as:

S= ot )
0~ 0. " houC.

Here Q represents the is the adsorption capacity (mmol g %), C.
refers to the equilibrium concentration in the solution (mmol
L"), Qm is the highest amount of adsorption, and b is the
Langmuir adsorption constant (L mmol ). The value of Q, and

isotherm

1 1
b will be obtained from the curve of 6 and—.?°* The enhanced
e

Langmuir models based on binary adsorption are known as
competitive and noncompetitive Langmuir models and are
essentially monolayer adsorption models. The noncompetitive
Langmuir model allows two adsorbates to share an adsorption

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

site without interacting, while the competitive model allows just

one. The Langmuir and the Freundlich models, empirical

formulas, were fully expressed by the Langmuir-Freundlich

model. Three models can be expressed using eqn (2)-(4):
Competitive Langmuir model:

qmKLiCei

| = 2
e 1+ Kii G + K1 G @)
Noncompetitive Langmuir model:
_ KiiCoi + K Coi Gy
Gei = qm (3)
1 4+ K Coi + K Gy + Ki3Cei G
Langmuir-Freundlich model:
Gei QmKLFi Ceil/ni [4)

14 K G Kir Cy'"

where ¢.; represents the adsorption capacity of adsorbate
(in mmol g™ ), C; and C; are the equilibrium concentrations of
adsorbates 7 and j (in mmol L"), g, is the estimated maximum
adsorption capacity for adsorbate i (mmol g "), and Ky, Ky, and
Ky are Langmuir constants. Additionally, Ky, Kigj, ni, and nj
are the Langmuir-Freundlich model constants.>” Zhou et al.
(2022) studied the impact of pyrolysis parameters (temperature,
duration, and heating rate) on biochar adsorption performance
for Cu®>" and Zn** ions in water. Biochar was produced using
optimal pyrolysis (422-425 °C, 2-3 h). Adsorption tests revealed
that fitting to the Langmuir isotherm model resulted in
maximal monolayer capacities of 210.56 mg g ' (Cu) and
223.32 mg ¢ ' (Zn). The optimised biochar exceeded the non-
optimised controls in terms of adsorption, demonstrating that
monolayer chemisorption is dominant under equilibrium
circumstances.>*

7.2.2. Freundlich adsorption Freundlich
adsorption is basically used to describe the equilibrium rela-
tionship between the quantity of adsorbate adsorbed per unit
mass of carbon and the concentration of adsorbate remaining
in the solution. It can be represented as:

isotherm.

q. = K C"" (5)

here, g. represents the total amount of adsorbate adsorbed per
unit mass of carbon. K; is a constant that indicates the
adsorption capacity. C denotes the equilibrium concentration
of the adsorbate in the solution. 7 is a constant that represents
the effectiveness and strength of sorption.** Applying log on
both sides of the equation, it can be written as,

1
logg. = log Ky + Elog C (6)

Plotting log g. versus log C gives a straight line. As activated
carbon's adsorption efficiency increases, the K; value rises. The
Freundlich isotherm fits well at low pressure but is less accurate
at high pressures.?** The research conducted by Gao et al. (2025)
produced biochar (BCL) and its acid-base modified version
(BCL-K-H). The biochar and acid treated biochar were examined
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for adsorption of thiamethoxam (TH) and Rhodamine B (RhB).
Adsorption data was fitted to both Langmuir and Freundlich
isotherms. However, Freundlich model provided a better match
(R* > 0.99) for pollutants, showing heterogeneous multilayer
adsorption on modified biochar surfaces. The modified biochar
had a higher Freundlich constant (K-F), indicating more active
high-energy sites and a stronger pollutant attraction following
pretreatment.””

7.2.3. Temkin adsorption isotherm. The Temkin adsorp-
tion isotherm includes a term that reflects the interactions
among adsorbed molecules. It assumes that, at intermediate
concentrations, the adsorption heat for each molecule falls
linearly with increasing surface coverage, instead of decreasing
logarithmically. This is based on the idea that binding energies
are uniformly distributed up to a defined maximum value. The
relationship is expressed through the following equation:

R

ge = fln(ATce) @
Ry R;

qe = b Indt + { b }lnCe (8)

¢o. = Bln At + Bln C, (10
In this model, Br represents the Temkin isotherm constant, and
Ay is the Temkin isotherm equilibrium binding constant (L
g™ "). T is the absolute temperature measured at 298 K, B is
a constant related to the heat of sorption (J mol™"), and R stands
for the universal gas constant (8.314 ] mol 'K ). The intercept
and slope of the plot of g, vs. In t are used to get the values of Ay
and By respectively.”®® Xian et al. (2018) studied the various
isotherm models employed for biochar Cd(u) adsorption prop-
erties from waste mushroom substrate at varying pyrolysis
temperatures. Compared to other models, Temkin and Lang-
muir isotherm suited the Cd(u) adsorption data better, indi-
cating that chemically regulated adsorption via electrostatic
interactions was a significant factor in the process and that the
heat of adsorption dropped linearly with surface coverage.'*

7.2.4. Radlich-Peterson adsorption isotherm. The
Radlich-Peterson (R-P) adsorption isotherm is a combined
model that integrates elements of the Freundlich and Langmuir
isotherms into a single equation and expressed as:

Kr C.

Q.= (1 + ar C)

(11)

The Redlich-Peterson constant (Kg) reflects the adsorption
capacity of the system and is expressed in L g~ '. The parameter
ag is the isotherm constant of the model, with units of L mg™".
The exponent g is a unitless value between 0 and 1 that indicates
the level of heterogeneity in the adsorption process. When g =1,
the model reduces to the Langmuir isotherm, which represents
monolayer adsorption. In contrast, when g = 0, it resembles the
Freundlich isotherm, which characterises adsorption on
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heterogeneous surfaces.>” Activated and modified bamboo bi-
ochar has been developed by Nguyen et al. (2025) to remove
oxytetracycline. A mixed adsorption was indicated by the iden-
tical 8 values (0.74) and the best fit of the R-P model to both
biochar (R* = 0.998 for steam activated biochar (B2) and 0.992
for CO, activated biochar (B1)), with B2 demonstrating superior
adsorption owing to its larger capacity and B1 having a higher
KRP‘ZOB

7.2.5. Dubinin-Radushkevic (D-R) adsorption isotherm.
The Dubinin-Radushkevich (D-R) adsorption isotherm is
widely used to distinguish between physical and chemical
adsorption of heavy metal cations by evaluating their mean free
energy. The mathematical form of the D-R isotherm model is
expressed as follows:

de = (g )exp(—Kaqe®) (12)
The above equation in a linearised form is shown as,
In ge = (gs)exp(—Kaae®) (13)

Values of g, and K,4 obtained by plotting a graph of In g, versus .

e=RT In {1 + l} (14)
ce

Bpg value is a constant used to determine the mean free energy

of adsorption in the transfer of each adsorbate molecule from

an aqueous phase to the external surface of a solid. Herein

mean free energy (E) is calculated as noted in equation.>®

1

E=—
\/23DR

(15)

Hanandeh et al. (2016) examined the adsorption of mercury
(Hg”") using biochar generated at various pyrolysis tempera-
tures (350-630 °C). The Dubinin-Radushkevich isotherm model
best suited the experimental equilibrium data, implying that
the adsorption involves pore-filling and energy distribution,
which is compatible with the D-R model assumptions. The
maximum adsorption capacity increased with pyrolysis
temperature (84.9-104.6 mg g~ ). A pseudo-second-order model
best fitted the kinetic behaviour, whereas thermodynamic
analysis revealed a spontaneous and exothermic nature.**

7.3. Kinetic models

Kinetic models are commonly used to analyse adsorption data.
The model that best fits explains how adsorption is taking place.
The most used models include the pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle diffusion models.”**
The PFO model assumes that the adsorption rate is proportional
to the adsorbent concentration, suggesting that physical
adsorption dominates.””> In contrast, the PSO model assumes
that the adsorption rate is proportional to the adsorbate
concentration at the active sites, suggesting that chemical
adsorption is the primary mechanism.****** These models help
identify the main controlling mechanisms of the reaction
process, such as diffusion and surface adsorption. A higher
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model fit indicates that the reaction process aligns well with the
model's assumptions, suggesting that the model effectively
explains the underlying mechanisms.***

7.3.1. Pseudo first order. The differential equation for the
Pseudo-first-order model (PFO) is expressed as follows.**®
dgt
L k(qe — 16
ar 1(ge — q1) (16)

where ¢, is the methane adsorbed amount when the pressure
reaches equilibrium in cc g, ¢, is the methane adsorbed
amount at time ¢ in cc g~ ', k; is the adsorption rate constant of
PFO in 1 min~", and ¢ is the adsorption time in min. Integrating
eqn (16) for the initial condition, ¢t = 0, and g, = 0, the linear
equation is obtained

In(ge — q) =Inge — kit (17)

From eqn (5), the plot of In(g. — g;) versus ¢ is linear on
a semi-log plot, and ¢, and k; can be calculated according to the
slope and the y-intercept of In g.. Thus, g, can be calculated
according to g, k;, and t.Rearranging eqn (17), the adsorption
amount at different times can be calculated by.*"”

4r = qe(1 —e ) (18)

7.3.2. Pseudo-second order. The pseudo-second-order
equation is the model that best describes the adsorption of
species in solution. The appropriate boundary conditions for its
integration are g (t = 0) = 0 and g (¢t = ¢) = q,, and the integrated
form is represented in eqn (19). The parameter &, is the pseudo-
second order adsorption rate constant (g mg~' h™"), and it
depends on the operating conditions; ¢ is the time (h), and g is
the sorbate uptake (mg g™ %).

d,

—=kage = 4:)°

; (19)

7.3.3. Intraparticle diffusion model. The intraparticle
diffusion model describes adsorption as a multi-stage process.
During this process, the adsorbate moves into the pores of the
adsorbent, revealing the diffusion barriers that can occur in
biosorption. These barriers indicate that the adsorbate may
encounter resistance as it travels toward the adsorbent's
internal active sites.

The diffusion model

classical intraparticle

q = kt% or g = kt% + b where ¢, is the adsorption amount at
time ¢, k is the sorption rate constant, and b is a constant, has
been widely used to simulate diffusion kinetics during the
adsorption process®”

7.3.4. Elovich model. This model is used to further
describe pseudo-second-order kinetics, assuming the sorbent
surface is energetically heterogeneous. Elovich model has been
used for the chemisorption of gases onto the heterogeneous
surfaces of adsorbents** (Table 6).

The Elovich equation is given as:
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& — we (20)

t

where « is the initial rate of adsorption (mg g ' min~"), B is the
desorption constant (g mg ') during an experiment. To simplify
the equation, it can be assumed that: afit >> ¢ and applying
boundary conditions; ¢,= 0 at t = 0 and g,= g, at t = ¢, eqn (5)
becomes.*"”

(21)

q; = (af) + %ln(t)

1
Ell’l
8. Lignin-derived carbons for oil—
water separation

8.1. Surface wettability and superhydrophobicity principles

Superhydrophobic/superoleophilic or superhydrophilic/
underwater superoleophobic wettability membranes improve
separation performance by allowing selective oil or water perme-
ability.”*® The equilibrium contact angle () of a liquid on a solid is
a measure of wettability, which is determined by the material's
micro texture and surface chemistry.®* Superhydrophobic
surfaces with contact angles exceeding 150° and low sliding angles
are highly desirable for oil-water separation due to their self-
cleaning and anti-wetting properties.” Yun et al. (2025) devel-
oped a lignin-derived carbon flake (L) sorbent by employing
lignin as a binder to coat melamine foam with carbonized lignin
particles. Across a range of organic solvents, the modified foam
had a WCA of 139° and an oil sorption capacity of 49-105 g g~ .
Additionally, it demonstrated hydrophobicity and mechanical
resilience, maintaining performance across multiple reuse cycles.
This demonstrates the role of carbon derived from lignin in
reusable, eco-friendly oil sorbents.>® Wu and Jiang (2025)
enhanced oil-water separation by infusing silicone oil, which
reduced interface hysteresis while maintaining selective wetta-
bility on polydimethylsiloxane. The surfaces exhibited self-healing
properties and served as an adaptable alternative to intricate
modification techniques, with potential applications in liquid
transport systems.?” Li et al. (2022) produced a superhydrophobic
coating by spraying polyvinyl alcohol (PVA), cellulose nanocrystals
(CNCs), and lignin nanospheres (LNPs) onto wood surfaces. This
was followed by surface fluorination using 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (FOTS). The final coating exhibited
a water contact angle of 162, demonstrating good abrasion resis-
tance and outstanding UV resistance for 7 h at 1000 W. These
characteristics were attributed to FOTS's low surface energy. The
combined surface roughness from LNPs and CNCs demonstrates
the promise of biodegradable biopolymers in strong super-
hydrophobic design.?*® These findings show that lignin-derived
materials can produce strong superhydrophobicity and high-
performance oil-water separation by combining micro/nano-
structuring with surface energy management.*>?*¢

8.2. Carbon sponges, foams, aerogels and membranes

Porous carbon structures, such as sponges, foams, aerogels, and
membranes, have proven highly effective in oil—water separation
due to their tunable 3D networks, large surface areas, and inherent
hydrophobicity. For example, lignin is an abundant aromatic
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biopolymer that can be transformed into carbon sponges or aer-
ogels with oleophilic surfaces and hierarchical porosity, allowing
for rapid oil absorption and simple regeneration (e.g., by thermal
treatment).?>***® Barker-Rothschild et al. (2024) derived porous
carbons from lignin, as shown in Fig. 9(a), which were primarily
produced by pyrolysis. It is a thermal decomposition process
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where lignin is heated in an inert atmosphere (above 600 °C). This
results in the breakdown of complex chemical bonds and the
formation of carbon-rich solids with huge micropores and meso-
pores. The pyrolysis proceeds through various stages, including
moisture evaporation, mainly decomposition (between 250-500 °
C) and carbonisation (above 500 °C). Therefore, this increases
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Fig. 9 (a) Schematic overview of lignin-derived porous carbon formation and surface chemistry by pyrolysis (redrawn from Barker-Rothschild
etal (2024)**). (b). Agro-industrial lignin waste extraction and use of lignin nanoparticles in adsorption (redrawn from Nargotra et al. (2025)%°).
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aromatic condensation, leading to biochar formation with surface
functional groups, such as hydroxyl and carbonyl groups, that
enhance adsorption.”® Yun et al (2025) developed a super-
hydrophobic oil sorbent by applying a lignin-based carbon-flake
layer to standard melamine foam. The modified foam (Lcf-L-MF)
absorbed 49-105 g of oil per gram of foam with various organic
solvents and exhibited a water contact angle of 139°, indicating
sufficient hydrophobization.”*® Furthermore, this lignin-carbon
foam demonstrated exceptional recyclability, retaining more
than 83% of its initial adsorption capacity even after 20 sorption-
desorption cycles.”® Feng et al. (2024) produced lignin-based
carbon fibrous aerogels that are self-supported and reinforced
with graphene oxide (GO) nanosheets. This concept produced
aerogels with linked macro- and mesopores by carbonising hard-
wood kraft lignin ultrafine fibres and graphene oxide (GO) into
a coherent 3D network. The LCA/GO composites showed excep-
tional oil sorption and were very hydrophobic (water contact
angles 132-136°). For example, the LCA/GO7.5 sample absorbed
organic liquids at rates up to 55.9 g ¢ (for CCl,) and 17-56 g g~ "
for various oils. However, this material showed durability while
delivering ultrahigh flux in dynamic separation testing.**®
Improving lignin-derived carbon sponges, foams, aerogels (and
membranes) for effective oil—water separation requires rational
structural design. This includes producing hierarchical porosity,
rough hydrophobic surfaces, and composite frameworks. In each
instance, optimised oil absorption capacity, rapid sorption
kinetics, and long-lasting reuse were enabled by customising the
3D architecture and surface chemistry. Thus, highlighting the
crucial role that material design plays in developing carbon-based
separation media.******

8.3. 0il sorption mechanisms

The surface chemistry, porosity and wettability properties that
determine interactions with oil molecules play a major role in
oil sorption by lignin-derived and biomass-based materials.
Optimising material design for oil—water separation applica-
tions needs a thorough understanding of the underlying sorp-
tion mechanisms.®® Hu et al. (2024) studied biochar derived
from 3 different lignin types and found that ZnCl,-activated
lignin-derived carbon had the highest Congo red adsorption
capacity of 2156.77 mg g~ *. Due to its customised pore structure
and high aromatic carbon content, which followed a Langmuir-
type monolayer adsorption mechanism.*® Mostovoy et al. (2025)
demonstrated that sorbents based on chemically modified
buckwheat husk can achieve oil sorption capacities of up to
6.1 g g '. Their robust physical entrapment and capillary-driven
uptake of petroleum compounds even after repeated reuse
cycles were attributed to their macro-porous fiber structure,
high specific surface area (67.00 m> g~') and hydrophobic
surface.”' The hierarchical porous architectures, surface area,
and surface chemistry of lignin-based and biomass-derived
materials collectively enhance capillary action and selective oil
affinity, the main factors influencing their oil sorption effec-
tiveness. Superhydrophobic and highly porous materials exhibit
rapid sorption, robust reusability, and high oil absorption
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capacity (up to 91.6 g g '), making them ideal candidates for
oil—water separation applications.™

8.4. Demulsification and emulsion treatment

In wastewater treatment and petroleum production, demulsifi-
cation is crucial for separating stable oil-water emulsions.
Since conventional chemical demulsifiers are expensive and
harmful to the environment, sustainable substitutes made of
renewable biomass resources are being developed.>** Jiang et al.
(2023) demonstrated that poly-oxyethylene polyoxypropylene
quaternized polyoxyolefins (PR demulsifiers). They performed
in low temperature demulsification, achieving >60% oil sepa-
ration in an hour at room temperature via two mechanisms:
flocculation of suspended particles and interfacial tension
reduction.”®® Gao et al. (2022) demonstrated that lignin nano-
particles (LNPs) work as highly effective, recyclable, selective
emulsifiers that can stabilise kerosene emulsions with >95%
stability (up to 6 months). Additionally, pH-responsive demul-
sification allows for quick oil-water separation (>85% effi-
ciency) and reuse of the lignin emulsifier for up to 5 cycles,
showing superior environmental advantages over synthetic
demulsifiers.”** All these studies show that demulsification
through interfacial tension reduction, particle flocculation, pH-
responsive mechanisms, and magnetic responsiveness with
quantifiable separation efficiencies (60-99%). The rapid
kinetics provide possibilities for ecologically friendly industrial
applications using bio-based and lignin-derived materials for
sustainable emulsion treatment.>**

8.5. Performance indicators (flux, capacity, recyclability)

Flux, sorption capacity and recyclability are the 3 main metrics
used to assess the practical usefulness of oil—water separation
materials. These performance measures help determine the
material performs in practical.***¢ Kim et al. (2021) developed
a dual-functional mesh membrane modified by atmospheric cold
plasma, which exhibited remarkable flux and excellent separation
efficiencies. Under oil-water emulsion testing, they reported
continuous operation with selectivity above 99.9% and water and
oil penetration rates of about 900 L m >h " and 400 L m > h™},
respectively.>® Alsawy et al. (2022) studied biochar regeneration
techniques and demonstrated that desorption techniques are
matched to the adsorption mechanism, materials can maintain
significant performance with repeated use. They found that while
acid regeneration (HCI and HNO;) frequently resulted in struc-
tural degradation and reduced capacity to below 70% after
repeated use. The alkaline regeneration (NaOH) enabled biochar
to retain up to 90-95% of its initial adsorption capacity for organic
pollutants, such as dyes and phenols, over five cycles. In contrast
to biochar treated with strong acids, which could leach active sites
and collapse pore structures. Thus, the study highlighted that bi-
ochar regenerated using softer alkaline agents preserved surface
area and porosity more successfully.*® The findings validate that
the most suitable materials for sustainable oil—water separation
applications are those that combine high flux, big capacity, and
long-lasting recyclability when customised for separation and
regeneration settings.**>?%
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9. Regeneration and reuse

9.1. Desorption and regeneration techniques

Desorption and regeneration include chemical (acid/base/
complexing elution), thermal (high temperature) decomposi-
tion, and other non-thermal techniques (such as wet oxidation
and electrochemical methods). Restoration employed biochar/
biocarbon adsorbents for reuse to remove or degrade adsor-
bed pollutants. High temperatures or aggressive eluents may
restore capacity, but they may also harm the pore structure. The
choice of approach is greatly influenced by the adsorbate
(organic vs. inorganic), the principal adsorption mechanism
(physisorption vs. chemisorption), and the adsorbent thermal
and chemical durability.>*® Alsawy et al. (2022) examined bi-
ochar regeneration techniques and found that mesoporous
magnetic biochar retained approximately 92.10% of its removal
efficiency after five adsorption-desorption cycles. Thus, this
demonstrates the effectiveness of 0.1 M NaOH in maintaining
the adsorption capacity. Non-magnetic biochar, on the other
hand, demonstrated a more notable decrease, underscoring the
contribution of pore structure to improving regeneration
stability.>*® Tan et al. (2023) studied the regeneration of nitric
acid-modified empty fruit bunch biochar using different
eluents. Among 6 chemicals examined, 0.1 M HCI achieved the
highest initial Na" desorption of 66.23%, but capacity fell to
18.85% by the 6th cycle, demonstrating gradual structural
deterioration with repeated acid exposure.”®” The findings from
these studies demonstrate that thermal and chemical regener-
ation can effectively enhance biochar performance. Also, its
long-term sustainability is dependent on the kind of pollutants
being targeted, the content of the sorbent, and the regeneration
environment.?”

9.2. Adsorbent stability and recyclability

The economic and environmental sustainability of wastewater
treatment depends on the sorbent's ability to retain its physical
integrity and adsorption capability across several cycles of use.
Stability and recyclability ensure lower material costs, less waste
production and long-term use of adsorbent materials under
operating conditions.>**?** Gkika et al. (2025) demonstrated
that several adsorbents derived from agro-industrial waste,
including chemlali olive pruning residues and maize biomass,
maintained 96.22% desorption efficiency with NaOH while
exhibiting structural stability over several cycles, indicating
their potential for long-term use in chromium removal appli-
cations.>*® Alcalde-Garcia et al. (2023) examined the perfor-
mance of biopolymer-based hydrogels and composites.
Therefore, demonstrating that some chemical regeneration
techniques, particularly CO, bubbling and alkaline desorption.
Additionally, they can maintain material integrity and adsorp-
tion efficiency over up to 5 reuse cycles, although efficiency
often depends on the type of pollutant and the interaction
mechanism.**® The structural design and regeneration method
play critical roles in ensuring high recyclability and long-term
stability of adsorbents for sustainable water treatment
applications.>**>%
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9.3. Oil recovery and reuse

Sustainable operation in oil—water separation systems depends
on efficient oil recovery from sorbents. In addition to allowing
sorbent and oil to be reused, high recovery efficiency reduces
resource waste and secondary contamination.>>* Ren et al.
(2025) derived a bio-based oil adsorbent from chemically altered
sphagnum moss. It demonstrated good hydrophobicity, quick
adsorption kinetics and an oil adsorption capacity of 22.756 g g~
for motor oil. After 10 regeneration cycles using rotary evapora-
tion, it maintained more than 90% of its adsorption capacity,
exhibiting good selectivity and reusability for oil—water separa-
tion.>** Li et al. (2023) explored the use of deep eutectic solvents
(DES) in biomass pretreatment and lignin extraction, emphasising
recovery techniques such as membrane filtration and rotary
evaporation. The economic and environmental characteristics of
biomass valorisation operations are greatly improved by these
recovery procedures, which allow for more than 90% recycling
efficiency of DES.**® Zaarour et al (2023) reported oil sorption
capacities ranging from 80% to over 500%, depending on fabric
type and alteration, and summarised developments in textile-
based sorbents for oil spill cleanup. Textile sorbents demon-
strated mechanical endurance after 100 abrasion cycles. It
retained over 96% separation efficiency after 30 reuse cycles,
indicating its scalability and efficacy for oil—water separation
applications.* Sustainable resource management and environ-
mental preservation rely on the recovery and reuse of oil. High
recovery rates of up to 99% are made possible by effective recovery
techniques, including solvent extraction, adsorption with bio-
based materials, and sophisticated recycling methods. There-
fore, ensure material reusability across multiple cycles. This
significantly decreases pollution and conserves resources for
industrial and ecological benefits.***>*

9.4. Valorization of spent adsorbents (catalysts, electrodes,
soil recoveries)

Valorization of spent adsorbents, such as catalysts, electrodes and
soil recovery materials is essential for resource recovery and
sustainable waste management, turning waste into useful
secondary products for industrial and environmental uses.>*****
Rial et al. (2022) investigated the potential applications of spent
adsorbents for the removal of heavy metals and dyes. It empha-
sises that bio-based spent adsorbents can maintain high heavy-
metal adsorption capacities of up to about 100 mg g ' after
their first use. For example, magnetic chitosan composites
demonstrated maximum adsorption efficiencies of 99.98% for
Cu**, 93.69% for Cd**, and 83.81% for Zn>". The circular economy
concept was promoted by the effective repurposing of used
adsorbents as catalysts, achieving up to 99% yield in acetophen-
one production, and as additional cementitious materials that
improved construction applications.*** Alcalde-Garcia et al. (2023)
presented a thorough analysis of desorption and regeneration
techniques for hydrogel composites and biopolymeric adsor-
bents. By revealing regeneration efficiencies exceeding 90% over
several cycles and desorption efficiencies of up to 98% for heavy
metals using acid eluents such as HCI at pH 1. After 5 cycles,
thermal regeneration at moderate temperatures (50 °C) retained
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approximately 82% of the adsorption capacity.”*® The ultrasonic
regeneration maintained over 96% of the adsorption capacity with
much shorter processing times, demonstrating economical and
ecologically friendly valorisation pathways.®® A sustainable
method of waste management with proven high efficiency and
reusability is the valorisation of used adsorbents by regeneration,
repurposing as catalysts, electrodes or construction additives.
Further studies and the development of these methods are
necessary to fully benefit from a circular economy framework,
economic and environmental advantages.**424

10. Industrial applications and case
studies

10.1. Industrial wastewater treatment

Urbanisation and industrial growth are increasing rapidly in
developing countries. This wastewater contains harmful chem-
icals. These chemicals can pose a threat to human health, damage
the environment, and negatively impact the economy if not treated
properly.”* Industrial effluents arise from a variety of activities,
including smelting, chemical manufacture, dye and leather pro-
cessing, battery production, pharmaceutical companies, and
mining operations. These wastewaters often contain two types of
pollutants: organic compounds and heavy metals.**® Industrial
wastewater can be treated through various methods, including
chemical approaches such as Fenton oxidation and electro-
chemical oxidation, physical methods such as adsorption and
membrane filtration, and biological treatment procedures.
According to the United States Environmental Protection Agency
(USEPA), adsorption is regarded as one of the most effective and
reliable methods for wastewater treatment. The adsorption tech-
nique could achieve the removal efficiency of up to 99.9%.>" Bi-
ochar (BC) is a carbon-rich material formed by pyrolysis of
biomass at regulated temperatures (300-900 °C) under oxygen-
limited conditions. Nargotra et al. (2025) utilised agro-industrial
lignin waste for the extraction and application of lignin nano-
particles for the adsorption of pollutants (Fig. 9(b)), which were
employed to treat contaminated water containing industrial waste.
The sustainable pathway for converting agro-industrial waste into
lignin nanoparticles via green solvent extraction methods. These
lignin-based nano-adsorbents are applied to industrial wastewater
contaminated with heavy metals, enabling efficient pollutant
removal. The process highlights waste valorization, eco-friendly
material synthesis, and effective water purification, ultimately
producing clean water while addressing environmental pollution
and promoting circular economy-based wastewater treatment
strategies.”*’

10.2. Oil spill cleanup technologies

Oil spills are a significant environmental concern associated
with the oil and gas industry. They often occur due to pipeline
and tanker corrosion, operational errors during production, or
transportation-related circumstances.***** Oils are complex
mixtures with a wide range of physical characteristics that
significantly impact the selection of restoration techniques.
During spill cleanup, viscosity and the ability to form emulsions
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(linked to water content) are the most important factors to
consider.”® The concept of the maximum oil encounter rate
(MOER), which represents each method's optimum capability
under ideal conditions, was developed to better assess the
efficacy of different technologies in large-scale disasters.
Dispersants have the highest MOER of any cleanup approach,
followed by skimming and in situ burning.”** Akpomie et al.
(2024) examined the efficiency of biochar made from Populus
nigra leaves (PLBC). The biochar was produced through low-
temperature pyrolysis at 350 °C. Furthermore, the character-
isation revealed the presence of functional groups and surface
pores in PLBC, which are suitable for oil adsorption, demon-
strating its effectiveness as a low-cost sorbent for removing
motor oil from water.”®® Hoang and Pham (2021) developed
a novel absorbent material composed of polyurethane foam
combined with rice straw for removing oil spillage and
hazardous heavy metals from marine environments. Four vari-
ations of the absorbent were tested, differing in rice straw size
and percentage. The sample comprising 25% rice straw with
a fiber size of 0.5 mm demonstrated the highest oil absorption
capacity and oil removal efficacy for crude oil, fuel oil, diesel,
and petroleum. It also exhibited strong uptake of heavy metals
such as Cd*", Pb*", and Hg>", reaching equilibrium within 60-
120 min. Finally, the results show that this low-cost, biomass-
based PU rice straw composite is a potential material for
effective marine pollution treatment.>*

10.3. Biorefinery waste valorization

Lignocellulosic biorefineries produce considerable amounts of
residual biomass from agricultural and forestry sources. These
residues provide an inexpensive and readily available feedstock
for value-added processing. Due to their high cellulose, hemi-
cellulose, and lignin content, they are ideal for circular economy
frameworks. These materials can be efficiently transformed into
high-value products through thermochemical, biochemical,
and combined conversion pathways.>**?** Bentahar et al. (2024)
evaluated the potential of biorefinery by-products as adsorbent
materials for removing methylene blue (MB). Fitting the
adsorption data to the Langmuir model indicated that biochar-
OH and humins-lignin biochar adsorbed methylene blue in
a monolayer pattern. The maximal monolayer capacities were
found to be 48.78 mg g~ " and 30.12 mg g ', respectively. These
data demonstrate that both adsorbents are highly efficient in
capturing cationic dyes.>** Furthermore, Shahid et al. (2019)
investigated the development of a microalgal biorefinery uti-
lising combined biological and thermochemical processes.
Mixed cultures of Chlorella sp. and Bracteacoccus sp. grown in
municipal wastewater produced 12 g L' of biomass, and they
removed 68% of nitrates and 75% of phosphates. The lipid-
extracted biomass showed a three-stage pyrolysis profile at
heating rates of 10-40 °C min ', with activation energies of
182-256 k] mol *, indicating favourable product formation. It
was noticed that the strong potential for simultaneous biomass
and energy production alongside wastewater treatment.>**
Pyrolysed the industrial effluent-derived lignin at 380 °C with
different additives, including H;BO;, ZnCl,, and KOH, yielding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Lignin-derived materials for the treatment of wastewater
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Type of wastewater

Lignin-derived

pollutant material Adsorption model Treatment mechanism Results References
Methylene blue dye Lignin Langmuir (best) and  Electrostatic repulsions ~ Maximum MB adsorption of 169
nanoparticles Freundlich model about 334.4 m*> g~ "
Methylene blue (MB  Lignin-derived Langmuir isotherm Electrostatic High specific surface area 257
dye) porous carbon (LPC)  model interaction, hydrogen (3382.32 m? g~ '), high MB
bonding and m-7 adsorption capacity
interactions (1119.18 mg g )
Heavy metal (Cd*") Virgin and calcined Langmuir and Calcined lignin (lig 800) was 258
lignin Freundlich model the best for Cd*>* removal, with
an adsorption capacity of
91.30 mg g "
Cr"* heavy metal Demethylated Langmuir, Electrostatic interaction ~ Cr*" adsorption of 259
alkaline lignin Freundlich and 703.6 mg g
Temkin
Sb** heavy metal Amino Langmuir and Complexation, ligand Maximum of 371.7 mg g 260
functionalized Freundlich exchange and hydrogen  adsorption capacity of Sb*"
Lignin-based bonding
biochar
Congo red dye Lignin-based Langmuir, Electrostatic Maximum adsorption of 261
magnetic adsorbent ~ Freundlich, Temkin  interactions, hydrogen 2182 mg g "
thermodynamic bonds, and -7
model interactions
Malachite green Lignin-based Adsorption Adsorption through Adsorption of 203.45 mg g~ 262
(MG) and Pb** adsorbent (C-SAL) isotherm models electrostatic, hydrogen for MG and 115.67 mg g~ *
bonding and m-7 Pb**. Good recyclability
interactions
Phosphate and Quaternary Langmuir and Electrostatic repulsion Reduction of phosphate from 263
nitrate from ammonium Freundlich isotherm 0.42-0.18 mg L !
wastewater modified alkaline models (0.59 mg g 1), nitrate from
lignin 41-23mgL " (4.5 mgg ")
(cationic lignin)
Methylene blue Bi-activated lignin- Langmuir, Electrostatic Porous carbon with high 264

(MB) and
tetracycline
hydrochloride

Polystyrene
nanoplastics in
wastewater

bio-oil along with significant amounts of char. The char

derived porous
carbon

Lignin-based
activated carbon

Freundlich, Temkin

Langmuir,
Freundlich,
Redlich-Peterson,
Toth, Slips, MLSE

produced with KOH exhibited strong adsorption of the pesti-
cide carbofuran in aqueous media. These findings indicate that
controlled pyrolysis at specific temperatures, with additives and
post-treatments, offers an effective route for converting indus-
trial lignin waste into valuable products®® (Table 7).

11. Conclusions and future research
directions

This review comprehensively highlights the growing potential
of lignin-derived carbon materials as sustainable and high-
performance solutions for pollutant removal and oil-water
separation. The escalating discharge of industrial effluents, oil
spills, and emerging contaminants, coupled with limited
freshwater availability, underscores the urgent need for envi-
ronmentally benign remediation technologies. Lignin,

© 2026 The Author(s). Published by the Royal Society of Chemistry

surface area (3522 m> g~ ') and
adsorption capacity of 1364

(MB) and 1682 mg g~ *

(tetracycline hydrochloride)

Highest surface area of 1389 57
and 1063 m* g~ ' with KOH and

FeCl; activation. Adsorption
capacity was 49.53 mg g~ '

interaction, pore filling,
hydrogen bonding, and
-7 interaction

-7 interactions, H-
bonding

accounting for 15-30% of lignocellulosic biomass and
contributing over 60% of its carbon content, represents an
abundant, renewable, and underutilised feedstock for advanced
carbon materials. Thermochemical conversion routes such as
pyrolysis, hydrothermal carbonisation, and chemical activation
have enabled the transformation of lignin into porous carbons
with exceptionally high surface areas (1700-2285 m”> g '),
tunable pore structures, and rich surface functionalities. The
reviewed studies demonstrate that lignin-derived carbons
exhibit remarkable adsorption capacities, often exceeding
300 mg g~ " for dyes and organic pollutants, and are efficient in
removing heavy metals, pharmaceuticals, and oils. In addition,
lignin-based foams, aerogels, and sponges have demonstrated
outstanding oil-absorption efficiencies (20-40 g g~ '), high
hydrophobicity, and excellent recyclability. The key adsorption
mechanisms, including electrostatic interactions, - stacking,
surface complexation, hydrogen bonding, and pore filling,
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govern their superior performance. Compared with conven-
tional activated carbons, lignin-derived carbons offer advan-
tages in terms of sustainability, tunability, and cost-
effectiveness. Despite these advances, challenges related to
feedstock heterogeneity, process scalability, regeneration effi-
ciency, and techno-economic feasibility remain.

Although significant progress has been made, several
research gaps remain to enable the large-scale deployment of
lignin-derived carbon materials in real-world water treatment
applications. First, future studies should focus on improving
feedstock consistency by correlating lignin source, extraction
method, and molecular structure with final carbon properties.
Standardisation of lignin pretreatment and fractionation strat-
egies is essential to minimise batch-to-batch variability and
ensure reproducible material performance. Second, scalable
and energy-efficient synthesis routes require further optimisa-
tion. Chemical activation produces high-surface-area carbons,
often using corrosive reagents and complex post-treatment
steps. Future research should prioritise greener activation
strategies, such as bio-based activating agents, physical activa-
tion, and hybrid low-temperature processes, to reduce envi-
ronmental and economic burdens. Life cycle assessment (LCA)
and techno-economic analysis (TEA) should be systematically
integrated to evaluate the sustainability and commercial
viability of lignin-derived carbons in comparison to conven-
tional activated carbons. Third, adsorption studies should move
beyond single-component systems toward complex, multi-
contaminant matrices that better represent real wastewater
conditions. Investigations into competitive adsorption, long-
term stability, regeneration efficiency, and performance under
fluctuating pH, salinity, and temperature conditions are crucial.
Moreover, mechanistic insights using advanced in situ and
operando characterisation techniques can further clarify
adsorption pathways and structure-performance relationships.
Fourth, the development of functional lignin-derived carbon
architectures, such as membranes, monoliths, magnetic
composites, and hybrid materials, offers promising opportuni-
ties for easy recovery, reduced pressure drops, and enhanced
reusability. Integration with advanced treatment technologies,
including electrochemical oxidation, capacitive deionisation,
and photocatalysis, may further enhance treatment efficiency.
Ultimately, future research should focus on pilot-scale demon-
strations and field validation studies to bridge the gap between
laboratory findings and industrial implementation. Addressing
these challenges will accelerate the translation of lignin-derived
carbon materials into practical, sustainable solutions for
wastewater treatment and oil—water separation, reinforcing
their role in next-generation environmental remediation
technologies.
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Per-and polyfluoroalkyl substance PFAS
Reactive oxygen species ROS
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Hydrogen H
Nitrogen N
Sulphur S
Oxygen (6]
Secondary cell wall SCW
Tracheary elements TE
v-Valerolactone GVL
Hydrothermal liquefaction HTL
Unconfined compressive strength UCSs

Adsorption capacity qe

Lignin multilayer microsphere LMM
Hydrothermal carbonisation HTC
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4-hydroxylase C4H
4-Coumarate: coenzyme A ligase 4CL
Hydroxycinnamoyltransferase HCT
p-Coumarate 3-hydroxylase C3H
Ferulate 5-hydroxylase F5H
Caffeoyl-CoA O-methyltransferase CCoAOMT
Caffeoyl-CoA reductase CCR
Caffeic acid O-methyltransferase COMT
Degree of Condensation DC
Water contact angle WCA
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