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A major driver of global climate change is the rising concentration of atmospheric CO,, the mitigation of which
requires the development of efficient and sustainable carbon capture technologies. Solid porous adsorbents
have emerged as promising alternatives to liquid amine counterparts due to their potential to reduce
regeneration costs. Among them, porous carbons stand out for their high surface area, tailorable pore structure,
and exceptional thermal and mechanical properties, making them highly robust and efficient in cycling
operations. Moreover, porous carbons can be synthesized from readily available organic (waste) streams,
reducing costs and promoting circularity. Lignin, a renewable and abundant by-product of the forest products
industry and emerging biorefineries, is a complex organic polymer with a high carbon content, making it a
suitable precursor for carbon-based adsorbents. This review explores lignin's sources, structure, and thermal
properties, as well as traditional and emerging methods for producing lignin-based porous adsorbents. We
examine the physicochemical properties, CO, adsorption mechanisms, and performance of lignin-derived
Received 16th September 2024 materials. Additionally, the review highlights recent advances in lignin valorization and provides critical insights
DOI: 10.1039/d4cs00923a into optimizing the design of lignin-based adsorbents to enhance CO, capture efficiency. Finally, it addresses
the prospects and challenges in the field, emphasizing the significant role that lignin-derived materials could
rsc.li/chem-soc-rev play in advancing sustainable carbon capture technologies and mitigating climate change.
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1 Introduction

The mitigation of climate change is a pressing contemporary
issue that motivates research across diverse scientific disci-
plines and influences evolving government policies worldwide.
The consequences of climate change are realized in their
impacts on marine and freshwater ecosystems, water and food
security, economy and human migration, health and well-
being." Climate change is driven by a combination of natural
variations and other contributing factors, including anthropo-
genic activities, such as atmospheric pollution. Among the
main greenhouse gases (GHG)—carbon dioxide (CO,), methane
(CH,), nitrous oxide (N,O), and water vapor (H,Oy.p)—the
atmospheric concentration of CO, shows a particularly strong
correlation with rising surface temperatures.””
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Since pre-industrial times, atmospheric CO, has risen from
280 ppm to over 400 ppm.° This trend is expected to continue
unless drastic changes take place following increased public
awareness, and the adoption of new regulations and policies
along with remediation via sustainable and cost-effective tech-
nologies. A dominant source of anthropogenic GHG emissions
has been CO, emissions from the combustion of fossil fuels,
accounting for 88% of the total emissions over the last decade.”
In the long term, a significant amount of fossil energy is anti-
cipated to be replaced with ‘green’ sources (e.g., solar, wind,
nuclear, and hydro). However, it will take time to phase out
fossil fuels and products due to their ingrained relationship
with modern civilization. Beyond petroleum, many other indus-
trial activities also produce CO,, for instance, as reaction
by-products (e.g., cement and steel). Therefore, in the short
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term, emission reduction and mitigation via CO, capture are
necessary.®

Generally, CO, capture works by separating and concentrating
it from gas streams, whereupon the CO, is compressed and
transported for storage or utilization. In the broad context, carbon
capture approaches can be categorized as carbon capture and
storage (CCS), carbon capture and utilization (CCU), and reactive
carbon capture (RCC).” In CCS, the captured carbon is typically
stored in reservoirs such as geological formations for permanent
storage. Alternatively, CCU approaches seek to utilize CO, after
capture and storage. In contrast to CCS and CCU, RCC immedi-
ately converts CO, to another product, potentially significantly
improving energy efficiency by eliminating the thermal energy
requirement for CO, release.

Current carbon capture technologies include post-
combustion (CO, and N, from flue gas), pre-combustion (CO,
and H, from syngas), or oxy-fuel combustion (O, from air) as
classified by the composition of the stream (i.e., the com-
pounds to be separated).® The implications of these distinc-
tions are realized in the different processes and conditions
required for separation. Today, with currently available carbon
capture technologies, power plants could reduce their carbon
emissions to close-to-zero, however, at the cost of consider-
able energy and financial penalties.'” For example, within the
framework of post-combustion carbon capture, amine-based
liquids are among the most mature technologies applied to
scrub CO, from flue gas based on the formation of water-
soluble carbamates or bicarbonate species. Yet, major challenges
exist in the form of the regeneration of aqueous solvents, which
requires CO, stripping at high temperatures.'”> Such demands,
associated with major capital and operation costs, energy, and
solvent intensity, limit or prevent the adoption of technologies
that have already been demonstrated for their technical feasibility.

To fulfill the ever-increasing pursuit of high-performance
carbon capture materials, porous solid adsorbents have garnered
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attention due to their high surface area and CO, selectivity.
Compared to liquid adsorbents that rely on chemisorption,
porous solids mainly work by physisorption, leading to efficient
gas separation, thereby reducing energy requirements during
regeneration, especially under the conditions of a low adsorption
enthalpy. Porous solids can be sourced at low costs and can be
tailored for morphology and stability under harsh operating
conditions (high temperatures, pressures, and humidity).">"?
Of critical importance, solid adsorbents can be regenerated more
efficiently than liquid adsorbents, for example, by pressure or
temperature swings. Notably, these regeneration approaches
imply reduced space requirements and system complexity,
although, in practice, their implementation is highly depen-
dent on the type of solid adsorbent used and the possibility of
use at scale.'® Regeneration of solid adsorbents often drives the
techno-economic feasibility of the technology.

Typical solid adsorbents include zeolites, metal-organic
frameworks (MOFs), covalent organic frameworks (COFs) and
activated carbons, all of which display high porosity, available
specific surface area and physisorption capability. However,
zeolites, MOFs, and COFs are often moisture-sensitive, expen-
sive, and difficult to regenerate.'* Various alternative techno-
logies have also been developed, including renewable
feedstocks such as amine-functionalized fibrillated cellulose,
or nanochitin aerogels.">'® Among these materials, porous
carbons are promising solid adsorbents for CO,. Porous car-
bons can be produced from renewable, carbon-rich agricultural
or industrial by-products and residual streams, offering an
opportunity to add value to these resources. Current efforts
highlight material conversion from a variety of bioresources
such as wood sawdust,'® fruit seeds,'® oil palm,*° gelatin and
starch,?! date seeds,?? nutshells,?* and food wastes,?*** to name
just a few. While these materials present significant opportu-
nities for conversion into activated carbons, a key challenge
persists: their lower CO, adsorption capacity and selectivity
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compared to zeolites or MOFs. This has prompted new strategies
for controlling the material pore structure and surface inter-
actions of porous carbon, critical to adsorption performance.

In this context, lignin has emerged as a promising precursor
of solid porous adsorbents. Lignin is the most abundant
aromatic biopolymer found in nature, accounting for up to
10-35% by weight and 40% by energy of plant biomass.*®
Lignin-containing by-products from industry represent a viable
source of this biopolymer, which can be isolated downstream
through fractionation processes. In such conditions, industrial
lignin is produced in large quantities (~50-70 million tons
annually),”” and used primarily as a low-value biofuel through
combustion that enables chemical recovery after wood pulping.

Lignin’s aromatic structure endows it with a high carbon
yield (~40%, the highest of all biopolymers), while its func-
tionalities offer various pathways for physical and chemical
modification. In fact, many of the alternative resources selected
for the production of activated carbon (e.g., coconut shells,
wood) are actually lignin-rich, endowing them with higher carbon
yields. Indeed, using lignin alone may be a more efficient
approach. Further, there are pathways for exploiting the poly-
meric structure of lignin for strategic upgrading strategies that
are not possible for other feedstocks that are complex mixtures
of several biopolymers and biomolecules. Therefore, lignin has
great potential as a major feedstock for producing renewable
activated carbons. The use of lignin in material applications,
particularly in carbon capture technologies, sequesters bio-
genic carbon, providing industries with a viable path toward
achieving net-zero—and potentially even net-negative—CO,
emissions.

Despite decades of efforts from various stakeholders, the full
potential of lignin has yet to be fully realized on the industrial
scale, primarily due to the inherent composition variability and
chemical complexity. However, owing to its inherent advan-
tages, there are major incentives to find cost-effective and
scalable methods that adhere to green chemistry principles
for the commercialization of lignin-based carbon capture tech-
nologies. In this review, we offer a perspective on lignin-based
solid gas adsorbents for CO, capture. We discuss lignin sources
and availability, its structure and chemistry, as well as the
strategies employed for lignin deployment in the field. A review
of the key metrics for the properties and performance of lignin-
derived carbon materials is included, which is critical for
developing  structure-property-performance relationships.
We also describe the traditional and emerging methods for
processing lignin into porous materials designed for CO,
capture. We provide critical viewpoints and identify key gaps
in innovation. Finally, we discuss the prospects of lignin as a
technological alternative for CO, capture and outline future
directions for research and development.

2. Lignin chemistry and properties

The term “lignin” encompasses a broad class of biomacro-
molecules exhibiting significant variability in their chemistry,

626 | Chem. Soc. Rev., 2025, 54, 623-652
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structure, bonding patterns, and properties.”® Special consi-
deration of lignin’s origins and structure is essential for pro-
cessing it into value-added materials; lignin-based carbon
adsorbents are no exception. In this section, we review the
origins of lignin, its chemical structure, and relevant defini-
tions. The discussion then covers lignin’s thermal properties
and current processing strategies. Finally, we address the
sustainability aspects associated with the utilization of techni-
cal lignins in the context of the main processing routes.

2.1 Lignin origins and resources

Originating roughly 400 million years ago as land plants
adapted to terrestrial ecosystems - lignin is a class of polyaro-
matic compounds mainly derived from three canonical mono-
lignols, p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol, which differentiate by the number of ortho methoxy
groups on the phenolic ring.>® These fundamental building
blocks are synthesized by plant cells in the cytoplasm from
phenylalanine and transported to the cell walls, where they
undergo chemically controlled free radical coupling reactions
to form polymeric constructs.>® The monolignols are therefore
monomeric units of the lignin polymer and are referred to as
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), respectively.
Due to the absence of biochemical control dictating polymer
formation and the high functionality of its monomer precur-
sors, lignin is a highly complex, three-dimensional random
polymer with a variety of linkages and structures (Fig. 1)
including covalent linkages to the polysaccharide framework
of the cell wall. Further, lignin variation according to the plant
source and the plasticity of the lignin biosynthetic pathways
result in high compositional and macromolecular variability.**
Hence, there is no strict definition of lignin, and there are still
ongoing critical discussions on key elements of its structure
and definition.

A distinction should be made between native lignins, and
lignins that have been extracted from biomass, termed technical
lignins or those that remain attached to other polymeric struc-
tures, namely, residual lignins. Technical lignins are of practical
relevance and have a significantly altered structure compared to
their native counterparts. The former distinguish from the latter
as far as its (i) reduced primary and secondary aliphatic hydroxy
groups, (ii) reduced oxygenated aliphatic moieties, such as the
B-O-4, and (iii) higher phenolic hydroxy and ester groups, satu-
rated aliphatic moieties, and degree of condensation.* The extent
of these differences can vary significantly depending on proces-
sing history. Technical lignins can be bound to carbohydrate
units, the so-called lignin-carbohydrate complexes (LCCs), espe-
cially lignosulfonates and hydrolysis lignins. These complexes
include both covalent and non-covalent bonding between lignin
and carbohydrates, and therefore, their separation and/or
characterization introduce further challenges. Depending on
the dissolution and fractionation processes used, technical
lignins can be modified to include heteroatoms. For example,
kraft lignin contains small amounts of organically bound sulfur
(thiol compounds).*® Further, a significant number of native
linkages are cleaved and the propyl side chain on the lignin

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Main lignin precursors (top), typical inter-unit linkages and proposed structural model macromolecule corresponding to spruce milled-wood
lignin. Some of the elements shown in this illustration are inspired by ref. 32. Adapted under terms of the CC-BY 4.0 license.>?> Copyright 2020,
Royal Society of Chemistry.

subunits is modified, resulting in a change of chemical func-
tionality, new linkages, and a new polymer chain architecture.

According to the plant source, three main categories of
lignin exist: softwood lignins, hardwood lignins, and herbaceous
lignins. Softwood lignins are primarily composed of G-type sub-
units and possess less compositional variability. In comparison,
hardwood lignins have varying proportions of S and G units
(i.e., a diverse S/G ratio), whereas herbaceous lignins are consid-
ered to be a complex mixture of H-, S-, and G-types.

This journal is © The Royal Society of Chemistry 2025

In terms of processing differences, technical lignins are pri-
marily produced by the pulp and paper industry during the
chemical digestion of biomass, where lignin is dissolved to
liberate the cellulosic fibers. Kraft lignins and lignosulfonates,
which originate from the kraft and sulfite pulping processes,
respectively, are commercially available. Lignosulfonates are a
special case of technical lignins with different behavior relative
to other technical lignins. The chemistry of the sulfite pulping
process results in the production of highly sulfonated and

Chem. Soc. Rev,, 2025, 54, 623-652 | 627
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amphiphilic lignin, which is soluble in water at neutral pH and
possesses enhanced surface activity. Due to the significant
differences of lignosulfonates with other technical lignins, in
this review, it will be specified clearly when discussing them.
Despite sulfite pulping being much less common than kraft,
lignosulfonates have been the main source of lignin-derived
commercial products.*® However, the kraft pulping process can
afford partial lignin removal without offsetting the chemical
and energy recovery cycle. This can be done by implementing
separation processes from the so-called black liquor by the
LignoBoost and the LignoForce process.’*™® As a result, the
Kraft lignin market has the potential to surpass that of ligno-
sulfonates in the near future.*”

Beyond traditional pulping processes, there have been signi-
ficant developments in the area of biorefining processes that
incorporate organic solvent extraction, ionic liquids, acid-
hydrolysis, and steam explosion.’*™** The obtained lignins
may comprise new categories since these alternative processes
differ significantly from established pulping systems. Hence,
the term “lignin” actually describes a broad category of macro-
molecules and special attention should be dedicated to clearly
identifying their nature or origins and processing conditions
(e.g., botanical source and industrial process). Even lignins that
originate from the same botanical source and industrial pro-
cess possess high variability, which is not easily quantified due
to their complexity.

2.2 Lignin thermal properties

To date, there is still no systematic understanding of the direct
relationship between lignin’s chemical and structural features
and the corresponding thermal properties. Yet, thermal proces-
sing is critical for producing solid-porous adsorbents from
lignin. Pyrolysis, the thermal decomposition of a material in
the absence of oxygen, is a common lignin treatment method.
Under inert conditions, lignin is decomposed at high tempera-
tures, with no combustion, leading to a high carbon yield.
This process and others have been discussed in a comprehen-
sive review,** which proposes lignin pyrolysis occurs in three
main stages: dehydration (~30-200 °C), active pyrolysis
(~200-450 °C), and passive pyrolysis (>450 °C) (Fig. 2). In the
dehydration stage, moisture and volatiles are released,
although it should be noted that significant rearrangement of

Moisture, volatiles

l rearrangement | Active pyrolysis |

View Article Online
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the lignin structure will also occur below 200 °C. Above 200 °C,
decomposition proceeds more rapidly, first cleaving weak ether
bonds and eventually condensed C-C bonds, producing depo-
lymerized primary products, including monomeric fragments.
In this stage, roughly 40 wt% of the material is lost in gaseous
forms. Above ca. 450 °C, the decomposition mechanism transi-
tions to a gradual passive stage dominated by secondary
degradation and transformation, including the cleavage or
rearrangement of functional groups and depolymerization of
carbon species. The pyrolysis degradation mechanism is very
complex and includes various reactions and physiochemical
phenomena - dependent on both the nature of the lignin
structure, processing parameters (such as heating rate and
final temperature), and their interactions. Unless otherwise
stated, in this review, we consider carbon production from
lignin by pyrolysis, which is most often performed under a
nitrogen (N,) atmosphere.

Various thermal analyses can be used to investigate the
thermal properties of lignin. Typical approaches include ther-
mogravimetric analysis (TGA) and differential scanning calori-
metry (DSC). Along with a decomposition profile, TGA provides
information regarding moisture content, volatile matter, fixed
carbon, and ash content, thus serving as a valuable tool to
guide thermal processing regimes and estimate carbon yield.
DSC provides thermodynamic information such as phase tran-
sitions, reaction temperatures, and, importantly, the glass
transition temperature (Ty) - a critical property for stabilizing
the given structures during carbonization.

Kraft lignins are mostly degraded in the range of 250-450 °C
(roughly 40 wt%), after which degradation begins to plateau.
Most kraft lignins have a relatively low glass transition tem-
perature, between 100 and 170 °C.** Often, a goal prior to/
during thermal processing is to increase the glass transition
temperature of lignin, to facilitate direct decomposition instead
of melting. The former mechanism, referred to as thermal
stabilization (or oxidative pretreatment), preserves structures
such as pores or hierarchical assemblies. Heating lignin at low
to moderate temperatures in the presence of oxygen is an
effective means to improve the thermal stability of lignin. Not
all lignins are equal; in particular, thermostability strongly
depends on lignin type. Lignosulfonates have higher molecular
weights than most other technical lignins (M,, 10 000-40 000 Da)

Passive pyrolysis

0°C 100°C  200°C

1

g
Typical lignin
glass transition

300°C  400°C

500°C

600°C  700°C  800°C  900°C  1000°C

Fig. 2 Key regions for the thermal decomposition and glass transition of typical lignin streams.
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and therefore may preserve the inherent morphologies and pore
structures at small scales.® Also, the fractionation of lignin
impacts its glass transition, and this can be exploited for thermal
stabilization.”*®

2.3 Processing of technical lignins

In contrast to tailorable synthetic polymers with uniform
structure, the heterogeneity of lignin is a major challenge in
processing. Therefore, different strategies have been developed
to produce lignin streams with less heterogeneity and selected
features, which can be classified mainly as fractionation and
assembly (Fig. 3).

Lignins are separated into more chemically uniform streams
by using solvent fractionation, ultrafiltration, and/or pH shift-
ing. Increasing lignin uniformity through fractionation may be
necessary for developing solid-porous adsorbents from lignin,
with tailorable and ordered pore structures. Fractionation is
effective in producing fractions of (relatively) narrow molecular
weight distribution. Secondary effects of fractionation lead
to lignin sub-streams with chemical gradients between each
other - a consequence of the inextricably linked molecular
weight and functionality-type distributions inherent to
lignins.*® Larger molecular weight fractions typically contain
more aliphatic and less phenolic and carboxylic hydroxy
groups; differences in the inter-unit linkages among fractions
are also typical. Collectively, the solubility of lignin is greatly
impacted, together with properties such as thermal stability,
reactivity and surface energy/wettability.>°

Alternatively, assembly has been applied to transform poly-
meric lignin into spherical colloidal particles of tailorable size
(1 nm-10 pm) and surface charge. They are readily produced in
wet or dry forms through solvent exchange, spray-drying, or
aerosol flow processes.”’ Despite the broad molecular weight
distribution and functionality of the starting lignin profile,
remarkably narrow particle size distribution is attainable
within assembled lignin structures. The degree of uniformity
can be further improved with particle size fractionation,
offering avenues for highly ordered structures.>*>?

Hierarchical assembly and chemical modification can be
applied to tailor both the molecular- and macro-scale proper-
ties of lignin-based materials. Lignin supraparticles, which
display hierarchical porous structures, have been shown for
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their potential for CO, capture.>® Controlled porosity at multi-
ple length scales facilitates molecular and gas transport, pro-
ducing materials with macrostructures that meet the technical
requirements for scaled processes.

The abundant functional groups of lignin, including alipha-
tic, phenolic, carboxyl hydroxy, and methoxy groups, as well
as ether bonds, offer convenient possibilities for chemical
modification and to impart properties matching given applica-
tions (Fig. 4).>> Chemical modification can take the form of
depolymerization, modification of its functional groups, or
graft copolymerization.’® Depolymerization of lignin macromo-
lecules to platform chemicals enables bottom-up approaches
for materials synthesis, yet is not a trivial task due to its
structural complexity and recalcitrant C-C and C-O bonds.*’
Functional group modification can include the synthesis of
new active sites or the modification of the present hydroxy
groups.”® Graft copolymerization can be performed to attach
new polymer chains to the lignin structure via its reactive
hydroxy groups.

While the processing strategies covered in this section have
been discussed individually, more sophisticated efforts involve
the combination of two or more of these strategies.’* The
compositional profiles (and associated properties) of the
derived lignins must be considered for its impact on the final
product. This can be addressed through early-stage techno-
economic analyses, which are recommended to identify viable
pathways for valorization.

2.4 Sustainability aspects relevant to technical lignin
valorization

Emerging carbon capture technologies must be critically eval-
uated in terms of their sustainability. Ideally, sustainable
solutions should consider the entire environmental impact
over their full life cycle, from raw material sourcing to recycling
or disposal. While bio-based materials provide renewable car-
bon sources, they must also meet these sustainability stan-
dards. In this context, standardized life cycle assessments
(LCAs) are essential.®

Generally, lignin valorization approaches have the potential
to reduce the environmental impact of kraft pulp mills by
decreasing stack emissions from the recovery boiler.®® The
utilization of lignin for carbon capture applications further
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expands the potential for reducing net CO, emissions and
the associated environmental impacts of lignin valorization.
A critical assessment of 42 peer-reviewed LCAs regarding lignin
and lignin-derived products found that they often offer better
environmental performance compared to their fossil-based
counterparts, particularly concerning their impact on climate
change.®” Moreover, when considering the displacement (sub-
stitution) of petroleum-derived products by lignin, this impact
can be even more significant. Life cycle assessments involve
assumptions, boundary conditions, and standardized methods
that must be taken into account when interpreting their results,
as these factors can significantly influence decision-making.®

In Section 2.3, we introduced various techniques typical for
technical lignin processing aimed at reducing heterogeneity
and tailoring its properties. While these approaches have
gained popularity in the literature, they should be approached
with caution. Excessive or redundant processing steps can
significantly increase the complexity of the system, as well as
capital and operational costs, and may also heighten environ-
mental impacts.

Chemical modification of lignin must adhere to the principles
of green chemistry and sustainability.®>** Molecular fractiona-
tion of lignin can be employed to reveal structure-property

630 | Chem. Soc. Rev., 2025, 54, 623-652

relationships. However, if not properly integrated, these schemes
can become complex and expensive, often providing only
incremental improvement in lignin uniformity and properties.
A practical approach is assembling lignin into spherical parti-
cles, which addresses multiple technical challenges and
produces relatively homogeneous and structured materials.
However, in the most common methods for obtaining colloidal
lignin particles—such as pH shift and the use of anti-
solvents—considerable expenses arise due to the large volumes
of organic and aqueous solvents (used for solvent exchange)
and the energy-intensive drying processes.

In Section 4 to follow, we will discuss the processing of
lignin to porous carbon adsorbent materials. These operations
are often energy and chemical-intensive. Thermal processing
incurs a significant energy penalty during the carbonization
and activation steps. Chemical activation, which is a common
approach because of its simplicity and efficacy, requires the use
of an activation reagent typically at amounts of at least twice
that of the carbon source by mass. Further, a washing step is
typically necessary for post-treatment to remove the remaining
activation agent and expose the formed pore structure. Assem-
bling porous structures prior to carbonization are promising
approaches to bypass or reduce the requirement for chemical

This journal is © The Royal Society of Chemistry 2025
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activation and associated washing steps, but this is often at the
cost of increased processing time, complexity, and energy for
procedures such as thermal stabilization - often required to
maintain those structures at the high temperatures necessary
for carbonization.

In lignin valorization efforts, processing steps often drive
costs and environmental impact, ultimately affecting sustain-
ability. However, in the context of carbon capture technologies,
the sustainability of lignin-based adsorbents will critically
depend on their adsorption performance. In the following
section, we discuss the key performance indicators for lignin-
based carbon adsorbents, which ultimately determine the
success of these emerging technologies.

3. Properties and performance of
lignin-based carbon adsorbents

The performance indicators of lignin-based carbon adsorbents
are essential for advancing their commercial-scale implemen-
tation in adsorption systems. These indicators encompass both
material properties and adsorption performance, which are
interrelated. Regarding material properties, standard charac-
terization of carbon materials typically involves assessing
the specific surface area, pore structure, surface chemistry,
purity, and degree of graphitization. Adsorption capacity, selec-
tivity, and kinetics are key factors that influence adsorption
performance.

One of the key challenges for the scaleup adoption of solid
adsorbents is the lack of standardization in the characteriza-
tion and evaluation. To adequately compare various lignin-
based adsorbents and benchmark them against competing
technologies, it is essential to align experimental methods
and subsequent analyses. Therefore, this section will first
introduce the properties of lignin-based carbons, which dictate
adsorption performance, with a focus on methods for their
determination. Subsequently, we will discuss adsorption per-
formance in terms of the most critical performance indicators.

3.1 Carbon properties

The specific surface area of a solid material can be determined
using gas physisorption experiments based on equilibrium van
der Waals interactions between the gas molecules and the solid
surface.”> The BET (Brunauer-Emmett-Teller) theory is the
most common approach to obtain the specific surface area
(SSA) of carbonized lignin.*® Adsorption isotherms can also be
used to calculate pore size distributions. Extreme caution is
necessary for applying the BET theory to materials with a high
degree of microporosity.®” Further, the choice of adsorptive is
also of critical importance, adsorption of CO, at 273 K (0 °C)
has become the accepted method for carbonaceous materials
with very narrow micropores.®”” The influence of porosity on
CO, uptake will be discussed in Section 5.1.1.

Activated carbons typically contain disordered arrangements
of aromatic carbon structures that stack to create local order.®®
Their degree of graphitization is therefore dependent on many
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factors of the precursor material and thermal processing.
Carbonizing lignin produces hard carbon, which is a dis-
ordered material that is not easily graphitized, even at very
high temperatures (>1500 °C).®® The degree of graphitization
or order can provide insights into the structure and perfor-
mance of carbon materials. Powder X-ray diffraction (XRD) is a
typical approach to gain insights into the order of the carbon
and can be used to estimate the degree of graphitization
by comparing peak intensities of the (002) and (100) reflections.
Raman spectroscopy can also be utilized to provide informa-
tion on order and crystallite or domain size. A stretching
vibration in aromatic layers is known as the G (graphite) band
~1580 cm™", which can be compared to the D (disorder or
defect) band ~1350 cm™ " attributed to the breakdown of
translational and local lattice symmetries.”®

Carbon materials derived from technical lignins can also
exhibit diverse surface chemistries, yet they all share in common
considerable sp>hybridized carbons with two-dimensional order
in addition to many heteroatoms (mainly oxygen).” Minor
differences in surface chemistry can play an important role in
dictating the adsorbent-adsorbate interactions, and there-
fore, characterization of these groups is critical. Common
approaches to identify and attempt to quantify these groups
include spectroscopy/spectrometry techniques such as Infrared
spectroscopy (IR), Raman, X-ray photoelectron spectroscopy
(XPS), and temperature-programmed desorption (TPD). Bochm
titration can also be employed, with caution, to measure the
concentration of functional groups on the carbon surface.”

Other important material properties include their structural
topology, thermal stability, and mechanical stability. The struc-
tural topology can be evaluated with microscopy, in particular,
electron microscopy is typical for evaluating the structural
features at smaller length scales. Thermal stability, of which
can be decisive under the various operating conditions neces-
sary considering feed-gas temperatures and regeneration, is
typically evaluated with TGA. Mechanical stability of structured
adsorbents is essential for determining their suitability for
withstanding compression forces in packed bed systems and
can be evaluated with compression tests, for example with
dynamic mechanical analysis.>*

3.2 Adsorption performance

Adsorption capacity (equilibrium capacity and working capacity) is
a primary performance indicator for solid gas adsorbents.
Equilibrium capacity refers to the amount of CO, adsorbed at
equilibrium under specified conditions, while working capacity
represents the amount of CO, captured during a complete
adsorption/desorption cycle, calculated as the difference in
capacity between adsorption and desorption conditions.”
Working capacity is more relevant at the industrial scale;
however, equilibrium adsorption capacity is often the only
metric reported in the literature, particularly for adsorbents
associated with low technology readiness levels (TRLs). Equili-
brium adsorption capacity is typically determined using volu-
metric methods (gas adsorption isotherms) or gravimetric
methods (TGA).
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Dynamic column breakthrough experiments are important
indicators of adsorbent performance. The breakthrough
response of an adsorption column refers to the signal observed
at the column’s outlet stream resulting from a step change in
the concentration of one or more adsorbate components.”*
Notably, breakthrough experiments provide both single- and
multi-component equilibrium information, in addition to
enabling the characterization of adsorption kinetics. Dynamic
column breakthrough experiments are not widely reported,
particularly in material development labs that do not specialize
in adsorption systems, where sample production is often
limited to the milligram scale. Advances in microscale dynamic
column breakthrough measurements may accelerate the
screening of solid adsorbents, especially from materials that
exhibit high variability, such as lignin.”

Additional indicators of the performance of solid adsorbents
include selectivity, heat of adsorption, and their recyclability/
regeneration. In real processes, feed gas streams consist of
multicomponent mixtures that compete for adsorption on the
surfaces of the adsorbent. Therefore, evaluating CO, selectivity
is essential.”® Of the various models proposed for predicting
multi-component gas adsorption equilibria from pure-
component isotherms, the Ideal Adsorbed Solution Theory
(IAST) has remained a preferred choice due to its simplicity and
reliability.”””® The isosteric enthalpy of adsorption—defined as
the heat released upon binding to a surface—governs the local
adsorbent temperature and, consequently, the local adsorption
equilibria, kinetics, and resulting separation efficiency.”
In particular, a large isosteric enthalpy of adsorption can delay
equilibrium and indicate stronger adsorbent-adsorbate inter-
actions, which can increase the costs associated with adsorbent
regeneration.®’"®> The isosteric enthalpy of adsorption is typi-
cally determined indirectly by applying the Clausius-Clapeyron
equation to adsorption isotherms obtained from volumetric
gas adsorption measurements.®® To assess the regeneration
stability (mechanical, chemical, and thermal stability) of the
adsorbent, cycling experiments under the relevant operating
conditions are performed.

4. Processing of lignin-based porous
materials

There are several methods for producing solid porous adsor-
bents from lignin. Traditional approaches involve two main
processes: carbonization and activation, which can be carried
out either simultaneously in a one-step process or sequentially
in a two-step process. In carbonization, thermal treatment is
applied to induce a complex reaction that results in a material
with a higher carbon content. Thermal treatment is most often
performed via pyrolysis, while hydrothermal carbonization and
microwave treatment are also promising alternatives. In con-
trast to carbonization, activation aims to introduce or augment
the porosity of the material, creating cavities, which facilitate
gas transport or create sites for molecular adsorption. This is
typically achieved via chemical or physical activation. Chemical
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activation creates pores by reacting the material with an acid,
base, or salt at elevated temperatures. In contrast, physical
activation uses a reactive gas environment at high temperatures
to etch the material’s surface.

The above-mentioned approaches are effective in producing
highly porous lignin-based materials but lack control over pore
sizes, leading to disordered morphologies and non-uniform
pore-size distributions. However, ordered porosity is known to
promote molecular transport and adsorption.®* Thus, recent
approaches have advanced morphology control at multiple
scales, reducing or eliminating the severity of the activation
steps. Hierarchically structured materials are those with well-
defined and reliably controlled combinations of structural
features at various scales and typically exhibit multiple advantages
compared to their more disordered counterparts. In particular,
control over macroscopic dimensions has technical advantages for
industrial adoption, for example, in the case of packed columns
typical for adsorption processes, where powdery material can
induce undesired pressure drop due to insufficient void volume
for gas transport. In terms of pore structure, mesopores (2-50 nm)
facilitate gas transport and molecular diffusion, forming scaffolds
for and access to micropores (<2 nm), which in turn greatly
enhance the surface area, offering adsorption sites and molecular
sieving capacity. Ultramicropores (<0.7 nm) are critical in deter-
mining the dimensions of the binding sites and provide molecular
sieving function.

In the following section, we examine lignin processing into
solid porous CO, adsorbents and the various strategies used
to increase the apparent surface area and optimize porous
structure at multiple length scales. We begin with traditional
processing to produce irregular porous carbon, simple one-step
carbonization, and multi-step or hybrid techniques with vari-
ous carbonization/activation/doping schemes. Subsequently,
we cover 3D networked structures produced by crosslinking
chemistries. Finally, we examine the approaches for hierarchi-
cally structured materials with more sophisticated designs and
greater control over the multi-scale pore structure and macro-
scopic dimensions of the material, through the formation of
superstructures or by hard or soft templating.

4.1 Traditional approaches to CO, adsorbents

4.1.1 One-step carbonization/chemical activation. The
most convenient approach for producing activated carbon from
lignin is a one-step process that simultaneously combines
carbonization and activation. Here, lignin is pre-mixed with
an activation agent. During carbonization, a pore structure is
developed via two simultaneous reactions: (i) the degradation
of lignin and the activation agent, and (ii) the reactions
between lignin and the added reagents. Carbonization of low-
grade lignin streams in one step, harnesses the activation effect
of the salts already present in the sourced lignin. Cao et al.
obtained lignin-based biochar from high ash content (~46%)
alkali lignin via pyrolysis at 750 °C in a muffle furnace for
3 hours.®” The biochar exhibited a maximum CO, adsorption
capacity at 0 °C of ~4 mmol g~ ' with a specific surface area of
1134 m* g, total pore volume of 0.84 cm® g and micropore
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volume of 0.49 cm® g~ '. The authors demonstrated the effective
role of acid washing with a short ultrasonic treatment time in a
post-treatment stage, which significantly increased CO, adsorp-
tion by improving the material purity and unobstructing the
pore structure.

Pan et al. investigated the effect of pressure during pyrolysis
of high ash-content alkali lignin.*® They carbonized lignin at
10 °C min ' to 800 °C for 3 hours and under three different
pressures: negative pressure (—0.1 MPa), atmospheric pressure
(0 MPa), and elevated pressure (0.1 MPa). It was found that CO,
adsorption capacity, specific surface area, and micropore
volume positively correlated with lower pressure during carbo-
nization, with a trade-off in carbon yield. The optimized carbon
material obtained under negative pressure had a specific surface
area of 1577 m*> g ' and micropore volume of 0.695 cm® g/,
leading to a CO, adsorption capacity of ~3.6 mmol g~ * (at 0 °C).
The vacuum reduced the boiling point of volatiles and reduced
vapor residence time, facilitating their removal and minimizing
undesired secondary reactions during pyrolysis.

The impurities of high ash-content lignin are resource-
dependent and unpredictable, limiting the applicability of
one-step carbonization protocols and compromising quality
control over the activation process. More consistent carbon
production can be achieved by adding activation agents to
purified lignin. Sun et al. used a one-step procedure by soaking
corn straw lignin in 2 : 1 w/w phosphoric acid (H;PO,), followed
by heating at 30 °C min ' to 300-600 °C for 120 min.%”
Mesopores were formed below 500 °C with the presence of
H;PO,, after which the pore volume decreased sharply, poten-
tially due to the decomposition of phosphorous esters. Their
approach could produce specific surface areas and pore
volumes of 820 m? g~ ' and 0.8 cm® g7, respectively. However,
the dynamic adsorption performance in a packed bed reactor
indicated a relatively poor separation performance of the as-
produced carbon pellet, despite a promising selectivity between
CO, and methane (CH,) from equilibrium adsorption results.
The authors suggest that further modification of the functional
groups on the carbon surface is necessary to improve the
selectivity towards CO,.

Li et al. utilized the one-step method by using wet impreg-
nation with KOH solutions at a 1:1 or 2:1 w/w activation ratio
to process kraft lignin.®® After drying, the mixtures were carbo-
nized at a rate of 5 °C min~" to 600, 700, or 800 °C and holding
for one hour. Regardless of the activation ratio or final tem-
perature, the resulting carbons primarily possessed micro-
porous structures (84-93%). Mild carbonization/activation
conditions produced lignin-based adsorbents that favor adsorp-
tion at lower CO, partial pressures, while those from high tem-
peratures and high activation ratio conditions performed better at
high CO, partial pressures. In general, CO, uptake depends on
ultra-microporosity at low partial pressures, while total micropore
volume is more important at high CO, partial pressures. For this
work, the uptake capacities can go up to 2 mmol g~ * (at 25 °C) at
low CO, partial pressures, whereas the CO,/N, selectivity can reach
38 at 15 kPa CO,. Importantly, Li et al. provide strong evidence that
KOH activation can leave intercalated potassium (K') ions under
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the carbon surface that are not leached by washing in water. These
ions can significantly increase favorable interactions with CO,,
improving uptake by up to 50%.

In the above cases, technical lignins (such as kraft lignins)
already have abundant oxygen-containing functional groups
that play a role in the surface interactions with CO,, although
the impact on CO, adsorption is still a topic that remains
unclear.®® Aside from harnessing the heteroatoms within the
lignin, doping is the most common strategy to produce carbon
materials from lignin with favorable surface chemistry for CO,
adsorption. Heteroatoms, such as nitrogen or sulfur, can
increase the affinity to CO,. In the discussion that follows, it
is also shown that the surface chemistry is shown to be
adjustable according to the technical lignin type, i.e., its func-
tional groups (for example in the case of lignosulfonate or
enzymatic hydrolysis lignins), which contain varying quantities
of sulfur or nitrogen, respectively.

Saha et al. extended the one-step approach to include S-
doping by combining lignin, KOH, and sodium thiosulfate
(Na,S,03), followed by pyrolysis at 10 °C min~* to 800 °C and
holding time of 2 minutes.® A high surface area was generated
through activation, while simultaneously introducing sulfur
content (1-12.6%) to the carbon surface to improve the surface
interactions with CO,. The highest surface area (surface area
and pore volume of 3626 m”> g~ " and 1.7 cm® g~ ', respectively)
was achieved from the largest ratio of KOH and the lowest ratio
of Na,S,0;, attributed to a large percentage of microporosity
and, consequently, the best CO, adsorption capacity (11 mmol g~
at 25 °C).

N-doping has become popular in the literature, since it can
significantly promote the Lewis acid-base interactions. Tka-
chenko et al. combined nitric acid (as the chemical activator)
with urea (as the N-doping agent) to produce N-doped activated
carbon from softwood kraft lignin (Fig. 5).°" In their synthesis,
lignin was combined with urea and nitric acid (300 mg urea/
2.5 mL 40% Nitric acid/1 g lignin) and heated at 6 °C min ™"
to 800 °C. The resulting carbon material was significantly
microporous with 3.5% N content and achieved a specific
surface area of up to 1000 m”> g~ *. The CO, adsorption capacity
boosted to 1.4 mmol g~ ' at 15 kPa and 20 °C.

4.1.2 Hybrid carbonization, chemical and physical activa-
tion. In the typical one-step method (as shown in Section 4.1.1),
chemical activation has been established as an effective means
to improve porosity. However, a high activation ratio is often
necessary to reach the desired high surface areas. Large
amounts of activation agents drive up costs, including that of
the agents themselves, as well as costs associated with the
subsequent washing steps. To address such issues, physical
activation is a common alternative to replace or reduce the
chemical activation agent. Further, since physical activation is
performed using gas, it can be implemented into existing one-
step procedures simply by switching gases from the inert
pyrolytic atmosphere to the physical agent of choice.

Chen et al. used microwave treatment and combined physi-
cal/chemical activation with humidified nitrogen and KOH to
prepare carbon from enzymatic hydrolysis lignin (Fig. 6).”>
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Fig. 5 Schematic illustration of the transformation of lignin to N-doped carbon. Reproduced under terms of the CC-BY 4.0 license.®* Copyright 2024,
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Microwave heating can be advantageous because of its low
energy consumption, short heating duration, and uniform
heating gradient. Lignin powder was mixed with KOH at a
1:3 ratio and dried, then placed in a microwave under a
humidified nitrogen atmosphere. The humidified nitrogen

634 | Chem. Soc. Rev,, 2025, 54, 623-652

presence of humidified nitrogen and oxygen-enriched porous carbon.

could act not only as a microwave absorber to increase
temperature, but also, with steam, as a physical activator.
In an optimum processing condition (30-minute microwaving),
the porous carbon showed a specific surface area of 2870 m* g~ *
and 2.02 cm® g~ ' pore volume, associated with high oxygen
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content. Collectively, these properties enable CO, uptake of
1.31 mmol g~ at 30 °C. Most remarkably, the rapid carboniza-
tion time during microwave heating is the major advantage of
this approach.

In another approach, Saha et al. synthesized a carbon with
hierarchical porosity from lignin via a hybrid one-step chemical
activation, followed by physical activation/nitrogen doping with
ammonia (NH;).”® Lignin was first mixed at a 1:1 ratio with
KOH, pyrolyzed at 10 °C min " to 800 °C, and held for two
minutes before washing and drying. The dried carbon product
was later physically activated with NH; at 800 °C. The NH;-
induced physical activation increases the surface area and pore
volume, as well as grafted a variety of nitrogen groups on the
carbon scaffold, such as pyridinic, amino (combined primary,
secondary, tertiary), pyrrolic (in combination with pyridone),
graphitic (or quaternary amine), nitro and nitroso. It is note-
worthy that the physical activation process would reduce the
carbon yield and cause undesired over-activation effects if not
optimized. Nevertheless, CO, selectivity increased monotoni-
cally with nitrogen content, indicating that N-doping can
improve the CO, selectivity of carbon materials. Surface
area was not directly correlated with selectivity towards CO,
over N,. Their method achieved specific surface areas of up
to 2922 m> g ' and CO, adsorption capacities of 5.5 and
8.6 mmol g " at 25 °C and 0 °C, respectively.

4.1.3 Two-step carbonization/activation. A typical two-step
approach separates the degradation and porosity development
steps. Compared to the one-step approach, it features better
control over pore formation and reduced dosage of the activa-
tion agent. Therefore, certain hierarchical porosities may only
be attainable through this approach. Further, the two-step
approach can significantly reduce the requirement of activation
chemicals. However, two-step carbonization may suffer from
the significant time and energy requirements of multiple
thermal treatments.

Slow pyrolysis is the typical initial step in the two-step
approach. Gong and Bao investigated a two-step carbonization
and activation process to produce porous carbon from lignin.**
They first pre-carbonized the lignin at a heating rate of
5 °C min~ " to three different temperatures (350, 450, 550 °C)
for 2 hours. The resulting char was ground with KOH at ratios
1:1, 1:2, and 1:3, followed by activations at 5 °C min~" to
600 °C or 800 °C under N,. The authors found that a lower final
activation temperature favored the development of pores. Their
approach could achieve gas adsorption performance of
3.98 and 5.82 mmol g~ at 100 kPa, 25 °C and 0 °C, respectively.

Hydrothermal carbonization is a promising alternative for
the thermal conversion of wet organic streams such as indus-
trial pulping residues, especially since the vast majority of
technical lignins are extracted as a soluble residue in the form
of black or brown liquor. The hydrothermal process can effec-
tively avoid the energy-intensive drying and demineralization
steps. Interestingly, the concept of hydrothermal processing
was first conceived as a simulation of coal formation.”>°°
In such a process, biomass is subjected to an aqueous treat-
ment at low to moderate temperatures (~ 180-250 °C), whereby
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various chemical reactions (e.g., hydrolysis, dehydration, dec-
arboxylation, polymerization, aromatization, condensation)
result in a solid carbonaceous material.”” While the carbon
product of biomass pyrolysis is commonly known as biochar,
the product of hydrothermal carbonization is known as “hydro-
char”, as will be denoted in the following paragraphs.

Sangchoom et al. synthesized porous carbon from lignin
without demineralization via a two-step process.”® Their
approach involved hydrothermal carbonization at 300-390 °C,
followed by chemical activation with KOH at ratios 4:1 or 2:1
via heating at a rate of 3 °C min ™" to 600-900 °C and holding for
1 hour. While the original lignin contained a 20 wt% non-
combustible ash content, the hydrochar contained only organic
material without minerals. This result indicates that the hydro-
thermal carbonization successfully subverted the demineralization
step. Remarkably, the as-produced carbon products achieved high
surface area and pore volumes of 1157-3235 m”> g~ and 0.59-
1.77 cm® g, respectively, allowing excellent CO, adsorption
capacity of 4.6 mmol g * at 25 °C and 100 kPa, 17.3 mmol g *
at 25 °C and 2000 kPa, and 7.4 mmol g~ at 0 °C and 100 kPa. The
authors denoted that pore size, particularly micropores ~7 A, is
key for CO, uptake at ambient conditions.

Hydrothermal carbonization can be used to produce hydro-
char but can also be modified for other objectives, such as the
co-production of bio-oils.”® Hao et al. used the solid by-
products from the conversion of lignin to bio-oil, and inciden-
tally, they produced a magnetic-activated carbon from eucalyp-
tus enzymatic hydrolysis lignin and softwood kraft lignin."*°
These hydrochars were considered as a side product of a lignin-
to-liquid process when performing hydrothermal treatment
together with formic acid. Briefly, 200 g of lignin, 200 mL of
formic acid, 500 g of water, and the catalyst were added toa 5L
stainless-steel reactor. A temperature of 380 °C was used to
produce hydrochars from the kraft lignin from Norway spruce
and 365 °C when using the lignin derived by enzymatic hydro-
lysis of eucalyptus biomass. The as-produced biochars were
mixed with KOH solutions and heated for 5 hours under 200 °C,
followed by activation at 700 °C or 800 °C for 4 hours. The
magnetic properties of the porous carbon were likely a conse-
quence of corrosion of the stainless-steel reactor during hydro-
thermal treatment with formic acid, resulting in hydrochars of
up to 12.3% iron by weight. These lignin-based magnetic
carbons exhibited high surface area and adsorption capacities
(up to 2975 m*> g~ and 6 mmol g~ " at 101 kPa and 0 °C), but it
is perhaps also a good example of the potential challenges for
hydrothermal carbonization treatment, being affected by corro-
sion. It is further not clear the advantage of such a magnetic
material.

Although the most attractive feature of hydrothermal carbo-
nization is the energy savings (from bypassing the drying step
compared to traditional pyrolysis), it has also been employed to
treat dry feedstocks. Demir et al. produced N-doped porous
carbon from organosolv lignin via a two-step hydrothermal
carbonization and chemical activation scheme.'®" Hydrother-
mal carbonization was performed in water at 300 °C and
10 MPa, together with probe ultrasonication. Later, the
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hydrochar was heated to 700-1000 °C for activation with the co-
addition of KOH and adenine (N-doping source). With their
approach, a high surface area was achieved (1788-2957 m* g™ %),
together with up to 4.8 mmol g~ in CO, adsorption capacity
(100 kPa, 25 °C). Heteroatom doping increased the CO, cap-
ture performance slightly, compared to the pristine carbon.
CO, adsorption selectivity was dependent on the synergism of
heteroatom doping and microporosity, rather than micro-
porosity alone.

Atta-Obeng et al. used a two-step hydrothermal carboniza-
tion and activation with additional polyethyleneimine (PEI)
functionalization."®> Hydrothermal treatment was performed
at 350 °C, activation at 4:1 KOH to char ratio 10 °C min™" to
800 °C for 1 hour. The activated samples were further functio-
nalized with PEI at 5-25 wt%. Activation increased the surface
area from 2.8 to 1341 m? g ', and PEI functionalization
increased CO, adsorption capacity from 1.53 mmol g~ ' to
2.0 mmol g~ ' at 30 °C. However, the authors also found that
increasing PEI impregnation beyond 5% leads to severe pore
blockage.

While typical two-step approaches separate carbonization
and activation, alternative methods maintain simultaneous
carbonization/activation treatments followed by a separate
doping step. Dong et al. produced porous carbon from lignin
using a KOH carbonization/activation step, followed by
N-doping through hydrothermal treatment or pyrolysis.'®?
Pyrolysis was performed at 5 °C min~ ' to 700 °C for 2 h at
KOH:lignin mass ratios of 0.25, 0.5, 1, and 2. The resulting
porous carbon was N-doped by mixing with 5 g of urea and
subjected to pyrolysis under the same conditions used for
carbonization/activation or by hydrothermal treatment in a
reactor at 220 °C for 2 hours. The authors found that pore
volumes in the range of 0.6-0.8 nm played a critical role in
determining the adsorption capacity at 25 °C and 101 kPa,
consistent with some density functional theory (DFT) simula-
tion results that indicated an optimal pore size for CO, adsorp-
tion of 0.62-0.72 nm, based on the optimal adsorption distance
for CO, molecules (0.31-0.36 nm).'** However, at lower adsorp-
tion pressures or higher adsorption temperatures, pore size
became less significant, and nitrogen-containing functional
groups gained importance for enhancing chemical and physi-
cal interactions with CO,, thereby increasing adsorption capa-
city. The chemisorption of CO, by surface nitrogen groups at
50 °C was indicated by in situ diffuse reflectance infrared
Fourier transform (DRIFT) spectra. Furthermore, the N-doped
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samples exhibited higher selectivity at lower adsorption pres-
sures, suggesting that under those conditions, nitrogen-
containing functional groups had a stronger affinity for CO,
than narrow micropores. Overall, their approach achieved high
surface areas of up to 2126 m”> g~ ' and high adsorption
capacities of up to 4.79 mmol g~ ' at 25 °C and 101 kPa.

Bai et al. employed a two-step method involving simulta-
neous carbonization and N-doping treatment, followed by
chemical activation."® Lignin was mixed with melamine at a
1:1 mass ratio and pyrolyzed at a rate of 10 °C min~" to 500 °C
for 1 h under an Argon atmosphere. The resulting carbon
powder was then mixed with CuCl,-2H,O at a weight ratio of
1:2 for activation and heated at 10 °C min~' to 800, 850, or
900 °C for 2 h. The authors found that melamine not only
served its N-doping function but also introduced mesoporosity
and enhanced micropore development during CuCl, activation.
Notably, the selected lignin contained approximately 2% sulfur,
which contributed oxidized sulfur functionalities to the carbon
surface, increasing its basic character. The analysis revealed
that narrow micropores (<1 nm) exhibited a strong linear corre-
lation with adsorption capacity; meanwhile, nitrogen and sulfur
content only showed a weak correlation. However, when compar-
ing the IAST selectivity of the prepared adsorbents, it was found
that heteroatom content (nitrogen and sulfur) was critical for
enhancing selectivity towards CO, over N,. Overall, the optimized
method achieved high surface areas (1678 m” g~ ') and adsorption
capacities (6.78 and 3.57 mmol g~ at 100 kPa and 0 °C and 30 °C,
respectively), along with remarkable CO,/N, IAST selectivity
(132 and 81 at 100 kPa and 0 °C and 30 °C, respectively).

4.1.4 Other multi-step carbonization/activation routes.
Multi-step schemes have been used to introduce heteroatoms
or to tune the carbon porosity. In certain scenarios, additional
thermal processing steps could be incorporated on top of the
typical two-step carbonization and activation protocols, such as
physical activation for increasing surface area or heteroatom
doping to improve surface interactions with CO,. The primary
objective of these extra steps is to improve the performance of
the adsorbent, while, obviously, at the expense of increased
operational complexity and costs. Liu et al. used a hydrother-
mal treatment with melamine, followed by mechanochemical
processing of enzymatic hydrolysis lignin with KOH into pel-
lets, and then proceeded with pyrolysis to produce an N-doped
porous carbon material (Fig. 7)."°® In step 1, melamine was
added to enzymatic hydrolysis lignin at a 1:1 mass ratio, and
dispersed in water for thermal treatment (150 °C, 20 hours).

Activated carbonization

600 °C

Coralloid-liked LSY-C series porous carbon

Fig. 7 Multistep process for mechanochemical processing of enzymatic hydrolysis lignin to nitrogen-doped activated carbon. (LDD: lignin-based
hydrothermal carbon; LSY: lignin-based N-doped porous carbon). Reproduced with permission.1°¢ Copyright 2024, Elsevier.
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In the second stage, the dried material was combined with KOH
at a 4:1 ratio and compacted into 1.5 cm pellets at different
pressures (10, 20, 30 MPa) and residence times (10, 20, 40 min).
Finally, the resulting pellets (~3 mm thick) were pyrolyzed in a
tube furnace at a heating rate of 3 °C min~" to 500-800 °C and
held for 1 hour. The advantage of introducing mechanochem-
ical processing (step 2) is its operational simplicity and scale-up
capability. Mechanical treatments also bypass more intensive
chemical reaction schemes, such as high temperatures. After
the multi-step treatment process, both the microporosity and
pore volume of the lignin-based carbon material increased. In
particular, CO, uptake is measured to be improved with the
introduction of narrow micropores (<1 nm) and N-containing
groups. The resulting material could achieve large surface area
(1233.2 m* g~ '), micropore volume (Vig1.0nm) 0.27 cm® g~ %)
and CO, adsorption capacity (5.00 mmol g~ * at 0 °C).

Lignosulfonates represent a special case of lignin resources
due to their sulfonated structure, higher average molecular
weight distribution, and solubility in water, as previously
introduced in Section 2.1. Yet, lignosulfonates are, to date,
the most commercially relevant lignin resource. Gao et al.
produced porous carbon from sodium lignosulfonate at various
initial pH using a three-step approach, that sequentially
involves hydrothermal carbonization, pyrolysis, and CO, physical
activation.'” Sodium lignosulfonate (7.5 g) was first added to
100 mL aqueous solutions and titrated by sulfuric acid at a 1:7
ratio. Hydrothermal carbonization was then conducted at 260 °C
for 24 hours. The resulting char was further carbonized at
10 °C min ' to 900 °C for 1.5 hours and, subsequently, physically
activated using CO, gas at 800-900 °C. The first step of acid
treatment increased the degree of graphitization of the resulting
carbon. Also, increasing acid dosage raised the carbon yield and
decreased the oxygen content, reflected in a rise of carboxyl and a
decrease of hydroxy and carbonyl groups.

The structural and chemical differentiations resulted in
various CO, adsorption capacities at different temperatures.
The authors found that adsorption is primarily influenced by
CO,-substrate interactions at low temperatures (e.g., electro-
static and van der Waals forces), whereas the diffusion resis-
tance of the pore channel becomes the dominating factor at
higher temperatures, when CO, diffuses fast. With a vast pore
size and functional group selection from the multi-step produc-
tion of lignin-based carbon materials, Gao et al. investigated
their corresponding interactions towards CO, molecules by
quantum DFT (Fig. 8). It was shown that smaller pores and
oxygen-containing functional groups increased the favorable
adsorption energy between CO, and the carbon surface, with
carboxylic groups displaying the strongest attraction to CO,.
This is because the oxygen-containing groups act as a Lewis
base to interact with the acidic CO, molecule. Ultimately, these
lignin-derived carbons could achieve an adsorption capacity of
up to 5.10 mmol g ' at 0 °C and 100 kPa.

Park et al. synthesized an N-doped porous carbon from
sodium lignosulfonate via the multi-step approach, which
included (i) hydrothermal carbonization, (ii) KOH activation
and (iii) post-doping with urea at high temperatures and under

This journal is © The Royal Society of Chemistry 2025
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Ar gas flow."®® Hydrothermal carbonization was performed at
200 °C for 12 hours. The resulting char was activated with KOH
ata1:3 ratio at 5 °C min~" to 700 °C. The activated carbon was
doped with urea at a 1:1-1: 8 ratio, and subjected to a heating
rate of 5 °C min™" to 800 °C. The KOH activation step signifi-
cantly increased the surface area from 125 to 3170 m> g~ .
However, the doping step could introduce undesired blocking
of micropores. The highest CO, adsorption capacity was char-
acterized to be 13.6 mmol g~ " at 1 MPa, achieved with the 4:1
mass ratio of urea to activated carbon, originating from the
optimal balance of the high surface area and nitrogen-
containing surface functional groups.

Following the concept of RCC, Zhao et al. produced a porous
carbon CO, reduction electrocatalyst from sodium lignosulfo-
nate. ZnCl, activation was applied to pre-carbonized samples
(pyrolysis at 500 °C for 1 hour), followed by the N-/P-doping
with melamine or triphenylphosphorus.'®® The activation was
operated with ZnCl, at a ratio of 2:1 at 800 °C for 2 hours.
Then, the carbon materials were mixed with melamine (N) or
triphenylphosphorus (P) at a 5:1 doping agent to lignin ratio,
and pyrolyzed at 700-1000 °C for 2 hours under N,. Both N and
P doping are beneficial for CO, reduction and hydrogen evolu-
tion. However, P doping was more favorable towards hydrogen
evolution than CO, reduction, compared to the N-doped sam-
ples. The authors found that the enhanced CO, reduction
performance from their N-doped porous carbon was actually
the result of a combination of multiple factors. For example,
the textural properties, degree of graphitization, pore structure,
and surface functionalities were highly dependent on the
carbonization temperature, and the resulting electrocatalytic
performance of the material was determined by the combined
effect of these variables. Overall, their material was reported
with surface areas of up to 1459 m”> g~ " and adjustable syngas
H,/CO ratios from 2.3 to 8.0.

4.2 Structured porosity via crosslinking

Amorphous hyper-crosslinked polymers are a type of porous
materials with high surface area and pore volume, as well as
adjustable surface chemistry. They can be synthesized with
lignin via Friedel-Crafts reactions, which proceed from electro-
philic aromatic substitution. Hyper-crosslinking is a promising
approach for constructing highly rigid crosslinked bridges
between the aromatic repeat units of lignin. These hyper-
crosslinked polymeric materials may not necessarily require
carbonization steps, as they are designed to exhibit pore
structures from crosslinking. These crosslinked samples are
typically more mechanically and thermally stable than the raw
material, giving them a higher tolerance to harsh environ-
ments. The major drawback of the crosslinking approach is
the extra cost of chemical reagents and the complex chemistry
of the reactions.

Meng and Weber crosslinked organosolv lignin with formal-
dehyde dimethyl acetal (FDA). The resulting materials were
evaluated by their CO, capture performance, either with or
without further low-temperature pyrolysis (550 °C). In their
scheme, organosolv lignin, anhydrous iron chloride (FeCly),
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Fig. 8 Carbon sheets with varying pore sizes represented by ball-and-stick model and electron cloud density with bond lengths between the oxygen
atoms of CO,, as well as calculated adsorption energy specified. Here, (a) depicts the comparison between interactions with different pore structures
(non-porous, microporous, macroporous) and (b) shows the comparison of various functional groups on the carbon sheets (pure carbon, carbonyl,
hydroxy, and carboxylic acid group). Reproduced with permission.*®” Copyright 2024, Elsevier.
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CR-0
Fig. 9 Lignin-modified hyper-crosslinked porous resins using from poplar
sawdust organosolv lignin. (OL: organosolv lignin; CR-0: resin without lignin;

LMCR-2: resin with lignin). Reproduced with permission.'2 Copyright 2024,
Elsevier.
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and FDA were mixed in 1,2-dichloroethane (DCE) and added to
a round bottom flask equipped with a condenser under an
Ar atmosphere. The mixture was stirred for 1 hour at room

638 | Chem. Soc. Rev, 2025, 54, 623-652

temperature, followed by heating at 45 °C for 5 hours to form a
crosslinked network. Subsequently heated at 80 °C for 19 hours
to complete the reaction. Both materials were found to be
primarily ultra-microporous. Notably, the crosslinked material
was capable of maintaining its shape during carbonization, in
addition to having increased CO, uptake, despite a reduced
selectivity."*°

Shao et al. used six model lignin monomer units to prepare a
hyper-crosslinked polymer in a one-pot Friedel-Crafts reaction,
also utilizing the FDA as the crosslinker.''" These six phenols
were first dissolved in DCE at 35 °C. Catalysts (FeCls, or AlCl;)
were added to the mixture and then heated to 80 °C under
reflux for 24 hours. The crosslinking reaction took place in the
porous materials, while some of the samples could preserve

This journal is © The Royal Society of Chemistry 2025
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micro-scale spherical morphologies. However, the materials
exhibited relatively low specific surface areas for all six mono-
mer types (7.8-246.9 m”* g~ '). Of the monomers studied, 4-ethyl
phenol produced the highest surface area by far (246.9 m* g™ ).
The authors hypothesized that this higher surface area is due to
more highly reactive sites leading to increased crosslinking and
more abundant micro/mesopores. They proposed that for the
other phenol monomers, the Friedel-Crafts reaction suffer
from steric hindrance. Further, they speculated that methoxy
groups have an adverse impact on crosslink formation via
Friedel-Crafts reaction due to catalyst deactivation by com-
plexation with FeCl; and the oxygen atoms. Their hyper-
crosslinked polymers could achieve up to ~1.5 mmol g at
0 °C.

Liu et al. produced lignin-modified hyper-crosslinked por-
ous resins, using extracted ethanol organosolv lignin from
poplar sawdust (Fig. 9)."*> A free-radical copolymerization step
was first conducted within the organic phase of lignin, VBC
(monomers), DVB (crosslinker), ethyl acetate, and 2,2-azo-
bisisobutyronitrile (AIBN) (initiator) in a 1 wt% aqueous
poly(vinyl alcohol) (PVA) solution at 45 °C. Continuous stirring
was applied while the mixture was gradually heated to 75 °C for
3 hours, 85 °C for 3 hours, and 95 °C for 2 hours, respectively.
After purifying and drying the lignin-modified polymer spheres,
Friedel-Crafts reactions were performed to crosslink the resins.'*?
While their results showed that lignin could be incorporated in
the hyper-crosslinked composites, most of the lignin-modified
resins became broken particles after Friedel-Crafts reactions. It is
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most likely that lignin destabilizes and disrupts the network of
copolymers during suspension polymerization. They also found
that the control resin (without the addition of lignin) had superior
CO, adsorption capacity. Therefore, the lignin addition was
predominantly not beneficial for the formation of micropores,
potentially because of reduced crosslinking in the presence of
lignin. The authors found that CO, adsorption was highly depen-
dent on both specific surface area and micropore volume. Nota-
bly, at reduced pressure (25 °C and 15 kPa), one of the lignin-
modified resins could achieve better performance than the con-
trol sample, potentially the results of weaker surface chemistry
without the addition of lignin. Their lignin-modified hyper-
crosslinked porous resins could achieve up to ~2 mmol g™ " at
0 °C and 100 kPa.

Karaaslan et al. used epoxide chemistry to react kraft lignin
in alkaline solutions with epichlorohydrin and then crosslinked
into hydrogels using diamine hardeners (Fig. 10)."* The hydro-
gels were subsequently solvent exchanged into organogels and
then supercritically dried with CO, to keep the internal pore
structure. Carbonization produced a high surface area structured
carbon aerogels that contained both mesopores and micro-
pores. Activation resulted in an increase in surface area (up to
1609 m> g~ ') and micropore volume and 5.4 mmol g ' of CO,
adsorption capacity at 0 °C was achieved at 100 kPa.'*

4.3 Hierarchical-structured adsorbents

The approaches discussed so far produce materials with multi-
scale porosity, but most of them do not attempt to control the

Fig. 10 Epoxy chemistry for lignin treatment and carbonization. Reaction mechanism between lignin and epichlorohydrin: (a) Epoxidation of hydroxyl
groups of lignin, followed by (b) formation of crosslinks. (c) Schematic and photography of the processing steps of lignin carbon aerogels. (d)—(k) SEM
images of the lignin carbon aerogels, showing how surface morphologies were affected by the lignin-to-crosslinker ratio: (d), (e) 55% lignin, (f), (g) 68%
lignin, (h), (i) 81% lignin, (j), (k) 87% lignin. Reproduced under terms of the CC-BY 4.0 license.*** Copyright 2022, Frontiers Media S.A.
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hierarchical structure at multiple length scales. More recently,
controlled synthesis of multiscale architectures has become
increasingly desirable because it directly impacts CO, capture
applications. These approaches offer improved integration in
scalable processes, improved gas phase transportation efficiency,
and facilitate the accessibility of CO, gas molecules to surface
adsorption sites. In this section, we cover the approaches that
attempt to control the hierarchical architecture of the material.

4.3.1 Direct formation of carbon structures. Graphitic car-
bon materials with a hollow core are known as carbon nano-
cages. Carbon nanocages have generated increased attention
due to their unique geometric (3D nanostructure), high specific
surface area, and tunable electronic structure.’*® Qin et al.
reported the direct synthesis of hollow graphitic carbon from
lignin at low pyrolysis temperatures."”” The synthesis involved
first reacting formalin/lignin/NaOH (3/7/0.5 w/w) at 70 °C for
1 hour, followed by fixing with ferric nitrate and polymerization
at 10 °C for 12 hours. Finally, pyrolysis was performed at a slow
heating rate (1 °C min~") to 600 °C for 3 hours under Ar. The
process is both time- and energy-consuming, and, unfortu-
nately, the resulting material had a relatively low specific
surface area and CO, adsorption capacity of 192.8 m”> ¢ and
~0.65 mmol g~ ', respectively (25 °C and 101 kPa).

The conversion of lignin to carbon fiber materials has been
discussed for at least 55 years,''® since carbon fibers have
excellent functional properties potentially useful for CO, capture
applications, such as high strength-to-weight ratio, stiffness,
conductivity, and excellent thermal and chemical resilience.""’
Particularly, lignin is a promising feedstock for carbon fibers
because of its low cost, high carbon content, and thermoplastic
properties. Lignin-based carbon fibers are typically produced
via extrusion method, such as melt-spinning, wet-spinning, dry-
spinning, gel-spinning, and electrospinning.

Calvo-Mufioz et al. produced lignin-based carbon fibers
from organosolv lignin with almost exclusively ultra-micro-
pores (< 0.7 nm) and reported promising breakthrough adsorp-
tion capacities of 1.3 mmol g~ " or 5.7 wt% (in a column system,
25 °C, 15 kPa)."® The electrospun lignin/ethanol fibers were
treated with an intensive oxidative thermostabilization under
an air atmosphere with a ramp of 0.08 °C min " to 200 °C,
followed by a 48-hour hold. The materials were then carbonized
at 900 °C. Carbon fibers from this protocol feature narrow
micropores, which are likely to be responsible for the superior
CO, uptake. A general and major challenge of this approach to
utilize lignin-based carbon fibers is the requirement for a time-
and energy-intensive thermostabilization step. Further, the
density of the material, specifically of the carbon fibers, is
much less than that of regular granulated lignin-based acti-
vated carbon, which has implications for their translation to
scalable processes.

4.3.2 Templating methods. In the field of pore structure
engineering, ordered porous materials are a class of materials
that exhibit long-range order and size homogeneity in their
pore structure.®® Templating methods are the most common
approaches for the production of ordered porosity. The shaping
of the targeted material is guided by additional sacrificial
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material of a controlled or defined morphology.">" These
shaping methods can be classified into hard and soft templat-
ing. Soft templating exploits the assembled structures of soft
matter, such as polymers, surfactants, foams, and emulsions,
including the subsequent removal of the template. Similarly,
hard templates employ solid templates to construct the desired
pore structure.'*?

4.3.2.1 Hard templating. Sani et al. produced ordered meso-
porous amine-functionalized lignin-based carbons, using a
siliceous mesostructured cellular foam as a hard template in
a solvothermal process. In their approach, 2.4 g of lignin was
mixed with 1.2 g of template in 15 mL tetrahydrofuran
(THF).'**'>* After drying, the composite was carbonized (700-
900 °C) for 1 hour, and the carbon product was subsequently
stirred in 1 M NaOH for 24 hours to remove the hard silica
template. The resulting carbons were demonstrated to be
mainly mesoporous high BET surface areas (up to 960 m*> g™ )
and mesopore volumes of 1.50 cm® g~ . Further, the carbon
preserved a quasi-spherical porous morphology after carboni-
zation, inherited from the mother template. While the pristine
mesoporous carbon demonstrated low CO, uptake, the meso-
porous carbon could be used as a support for polyethylenimine
(PEI) to enhance its CO, adsorption properties. Given the
mesoporous structure, the material could accommodate high
PEI loadings of up to 60 wt%, at which point the CO, adsorption
was highest at 2.95 mmol g~ ' at 75 °C and 15 kPa. Due to this
combination, the PEI-modified carbons exhibited enhanced
adsorption kinetics and good cycle stability.

Zhao et al. developed a templating method with basic
magnesium carbonate (BMC) or magnesium oxide (MgO) for
the production of activated carbon from acid-precipitated alkali
lignin, and compared the obtained results with those of sam-
ples chemically activated with ZnCl, or KOH."* In the templat-
ing approach, lignin was dispersed in water with BMC or MgO
at a 1:3 or 2:1 ratio, respectively. The dispersion was later
heated to 80 °C, followed by drying and calcination at
5 °C min~' to 600 °C for 2 hours. The templated carbons
appeared rough with slit-like pores, whereas relatively flat with
etched pores were found with the chemically activated samples
(Fig. 11). However, the templated samples exhibited weaker
performance than the chemical activation counterparts, in
terms of specific surface area, total pore volume, and CO,
adsorption capacity. The latter reached specific surface areas
of 1336.5 m* g " and adsorption capacity of 3.60 mmol g~ * CO,
at 25 °C. Apparently, chemically activated samples had a more
pronounced microporosity (89.1-93.2%) compared to the tem-
plated samples (58.7-44.6%). This is probably because hard
templating methods mainly influence macroscale morphologies.
Besides, CO, interaction relies more on microporosity, whereas
macroporosity is more critical for transport phenomenon.

4.3.3.2 Soft templating. The amorphous 3D nature of the
lignin macromolecular structure limits its potential for producing
well-defined structures such as fibers. In efforts to fully unleash
the potential of multiscale design, new lignin morphologies have

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Porous carbon materials prepared from lignin by using four
different activation strategies: (a) chemical activation with ZnCl, and
(b) KOH. Templating method with (c) BMC and (d) MgO. (C-BLL: carbo-
nized black liquor lignin; BMC: basic magnesium carbonate) Reproduced
with permission.1?> Copyright 2023, Elsevier.
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garnered interest in combination with available bio-based addi-
tives. Such lignified hierarchical assemblies of plants found in
nature can inspire the construction of new hierarchically struc-
tured materials with engineering porosity.

Geng et al. used an ice-templating approach to produce
carbon aerogels from kraft lignin.'*® Lignin was pre-mixed with
TEMPO-oxidized cellulose nanofibers (TOCNF) of ~ 8-12 wt%.
The high aspect ratio of TOCNF can establish a robust fibrous
network that forms the aerogels during ice-templating and freeze-
drying. The as-produced aerogel was carbonized with a 2-hour
hold at 500 °C to stabilize the material, followed by heating to
1000 °C. This ice-templating approach could produce an aniso-
tropic macroporous structure, while the carbonization process
could introduce meso- and micropores, demonstrating hierarchical
porosity (Fig. 12). The carbon aerogels at 12 wt% TOCNF exhibited
a high surface area (1101 m> g~') and adsorption capacity of
5.23 mmol g~ at 0 °C and 100 kPa.

In most literature, a structural polymer would be required to
interconnect spherical lignin particles during soft templating
since lignin itself is difficult to form a mechanical-robust inter-
connected network. Under such scenarios, the most common

-
|<— Teflon mold

Tube oven
Heater
N ™ |
. || =T
--------- >
Carbonization
at 1000 °C
\/

Lignin/TOCNF carbon aerogel (LTCA)

(a) Synthesis of lignin/TOCNF carbon aerogels, and SEM images of (b) cross section and (c) longitudinal section of the lignin/TOCNF precursors

with different TOCNF contents. Reproduced under terms of the CC-BY 4.0 license.??® Copyright 2022, American Chemical Society.
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choice is cellulose. Cellulose naturally assembles in the form of saturated with water (steam activation) or N, gas saturated with
fibrils and can be liberated from the cell wall matrix, in the form aqueous ammonia vapor (ammonia-steam activation).
of cellulose nanofibrils (CNF) or nanocrystals (CNC).'*” Both CNFs The properties of lignin supraparticles are largely dependent
and CNCs have garnered significant attention as functional agents  on their specific preparation protocol. The thermal stability of
in nanocomposite materials due to their attractive physical and lignin supraparticles could be improved by a slow oxidative
chemical properties, not least their universal availability. For thermo-stabilization, transforming lignin from a fusible ther-
example, it has been demonstrated that the topology of nanonet- moplastic to a thermosetting material. The rate of pre-oxidation
works formed from CNFs induces interparticle cohesion and is also critical to preserve the particles’ hierarchical properties.
enables universal and robust superstructure of nanoscale particles In general, smaller particles require slower heating rates, which
for the lay-in of spherical lignin particles.>*"*®'*® Further, the requires more time and energy investment. Since the prepara-
cellulosic network acts as a sacrificial template during carboniza- tion of supraparticles relies on drop casting, the droplet size is
tion due to its lesser relative thermal stability and carbon content.  critical to ensure the roundness of the as-produced suprapar-
These features are particularly attractive given the increasing ticles. Too large droplets would be deformed by gravity into
momentum for spherical lignin particles as promising and versa- more elliptic shapes. CNF is also critical for providing mechan-
tile assemblies. ical robustness and avoiding structural failure; without CNF,
The rate of CO, adsorption/desorption in lignin-based car- a ring-shaped superstructure was obtained. CNF loadings >
bon materials is often limited by the diffusion rate of CO, gases 2.5 wt%, and particle size in the range of 200-500 nm turned
in amorphous carbon networks. To address such bottlenecks, out to be the optimal processing conditions for the coassembly
the superstructuring of spherical lignin particles can be with the fibers."*® The incorporation of CNF was also critical for
employed to tailor the molecular transport. In this context, preserving the suprastructure during thermal treatment. After
Zhao et al. produced multiscale carbon supraparticles, utilizing oxidative thermo-stabilization and carbonization, the resulting
the drying cohesion of cellulose nanofibrils to bind spherical carbon supraparticles with CNF were preserved, while the CNF-
lignin particles (Fig. 13).>* Softwood kraft lignin was applied free particles were reduced to a powder.
to produce spherical particles at 200 and 420 nm via solvent The excellent mechanical strength and controlled macro-
exchange. Supraparticles were formed via evaporation-induced structure of the spherical supraparticles are well-suited for
self-assembly of aqueous lignin particles and CNF over various packed bed adsorption systems, since they are able to with-
ratios (CNF solid fraction in the dried supraparticles ranging stand the load of an entire packed column and reduce pressure
from 0.5-15 wt%) by casting on a superhydrophobic Teflon- drop (i.e., enabling sufficient gas transport during operation),
coated surface at 60 °C. The dry supraparticles required oxida- especially compared to smaller materials. The specific surface
tive thermostabilization (0.01-5 °C min ") at 250 °C for 2 hours  area and CO, uptake of the carbon supraparticles ranged from
under an air atmosphere. After thermo-stabilization, the supra- 348 to 405 m* ¢ ' and ~1.6 to 1.3 mmol g ' (40 °C and
particles could be carbonized at 10 °C min " to 600-900 °C for 101 kPa), respectively, depending on the final carbonization
1 hour. Physical activation was also performed with N, gas temperature. In an attempt to further improve the CO, capacity

a) P ’4. Evaporation induced self-assembly Oxidation . Carbonization - f)

g ®o° %L : & |
S S0 e e

CNF fraction ~ Cohesion (particle network)

Superstructuring ™

Lignin SPs-CNF 1.5

Mesopores ~ LNP size

.

uwinjos Bunjoed

Particle size

CO:2 uptake

Processability

Pore hierarchy

Open spaces ~ SP size

Fig. 13 (a) Process of carbon supraparticle formation via evaporation-induced self-assembly followed by oxidation and carbonization. (b)—(e) Electron
microscope images of the lignin-based supraparticles with different contents of CNF (insets are at lower magnification). (f) Super structuring of lignin
particles (nanometer-scale) into millimeter-scaled carbon supraparticles (SPs) for use in CO, capture in a packed column. Reproduced under terms of
the CC-BY 4.0 license.>* Copyright 2021, American Chemical Society.
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of the supraparticles and also to investigate the potential
synergism of ultramicropores and N-doping on CO, uptake,
the effect of N-doping on CO, content was analyzed with the
same structure but different nitrogen content with steam and
ammonia-steam activation. It was found that steam could
enhance the surface area to up to 967 m*> g~' and ammonia
1152 m> g~ ! with N-content of 4.78 wt%. Further, the maximum
CO, uptake for steam activation and ammonia-steam activation
was 1.8 and 1.7 mmol g~ ', respectively. Comparing the samples
with steam vs ammonia-steam physical activation, showed
similar porosity, surface area, graphitic structure, and CO,
uptake, suggesting incorporation of nitrogen heteroatoms
may not have a significant influence on CO, uptake. In sum-
mary, it was found that the carbon supraparticles with larger
surface area or doped with nitrogen actually did not show
higher CO, uptake, highlighting the complexity and multi-
variate nature of CO, uptake of porous carbon materials.
Shao et al. produced a naturally N-doped porous carbon
adsorbent through the self-assembly of sodium lignosulfonate
and chitosan to gel microbeads in the presence of KOH for
chemical activation (Fig. 14)."*° In their protocol, sodium
lignosulfonate and chitosan were mixed at different mass ratios
(3:1, 2:2, 1:3) in water followed by the addition of 2 M
hydrochloric acid (HCI) to dissolve the chitosan with dispersed
lignosulfonate. The dispersion was subsequently dropped into
an 8 wt% KOH solution to form the gel beads. After drying, the
beads were carbonized at 5 °C min~" to 600 °C for 2 hours. If
the beads were washed to remove KOH prior to carbonization,
the beads could maintain their structure to produce an aerogel,
compared to those reduced into powder forms if no washing.
Nonetheless, the powdered material (i.e., no washing treat-
ment) exhibited a high surface (~892-1308 m> g ") area,
whereas the washed sample had a very low surface area
(13.4 m? g !). XPS measurements showed that the N-content
of the carbon materials ranged from ~3-5% according to
chitosan content. The porosity and N content of N-doped
microporous carbon could be effectively regulated by adjusting

This journal is © The Royal Society of Chemistry 2025

the ratio of lignin to chitosan in the precursor gel microbeads.
Surface area, total pore volume, micropore volume, and
N-content increased as the lignin:chitosan ratio decreased.

5. Perspectives on the rational design
of lignin-based adsorbents

In the previous section, we reviewed the state-of-the-art of
lignin-to-carbon processing and its implications in CO, cap-
ture. Table 1 provides a summary of the lignin-based porous
adsorbents covered in this review, from traditional approaches
to structured porosity via crosslinking and hierarchically struc-
tured materials. However, one has to admit that the develop-
ment of lignin-based materials is mostly in the early stages, and
rational design will become essential to improve CO, capture
performance. In this section, we provide several perspectives on
the future development of lignin-based carbon materials, that
are design-driven following (i) a fundamental understanding,
and (ii) computational simulations. Lastly, we introduce recent
developments that use artificial intelligence (AI).

5.1 Fundamental design-driven carbon capture with lignin

5.1.1 Physisorption. The most critical factor affecting
the CO, uptake potential of lignin-based adsorbents is the
porous structure, which is also the most prioritized feature in
material development.****3* CO, capture in a porous medium
is primarily controlled by physisorption, which originates from
van der Waals interactions. Due to the nature of non-covalent
bonding, the physisorption process of CO, adsorption occurs
spontaneously without the requirement of activation energies,
but is also reversible at the same time.'** Therefore, an
optimized porous structure could offer more interaction points
for effective CO, capture via physisorption, of which the surface
area and pore volumes should characterize the properties.
It is worth mentioning that the presence of functional groups
(e.g., nitrogenous groups) could significantly enhance the

Chem. Soc. Rev., 2025, 54, 623-652 | 643
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material affinity towards CO, molecules, attributed to much
stronger chemisorption mechanisms, which will be discussed
later in Section 5.1.2.

The pore size distribution requires specific attention, when
aiming at improving the carbon capture efficiency of biomass-
derived porous materials. The significance of pore size and size
distributions lies in their impact on the accessibility of reaction
sites and the accommodation of CO, molecules within the
material matrix. For well-defined synthetic nanomaterials
(e.g., MOFs, zeolites, porous organic polymers), their CO,
capture capability can be precisely controlled by tuning
the microporosity and mesoporosity during material syn-
thesis.”**"*” For heterogeneous bio-based materials, pore sizes
could exhibit a broad distribution, ranging from a few nan-
ometers to micrometers, depending on the pretreatment and
activations. Such a hierarchical porosity is generally considered
to be beneficial for CO, capture efficiency with a sacrifice in
selectivity."*® Macroporosity facilitates the gas flow and trans-
portation within a torturous porous medium. Mesopores could
promote local mass transports and act as local constraints
to enhance gas-solid interactions, being suitable for high-
pressure CO, adsorption, while improving microporosity is
the key to generating active adsorption sites in both low- and
high-pressure conditions.

Accordingly, tailoring pore sizes within lignin-based materi-
als affects the kinetics of CO, molecule adsorption. In general,
faster CO, uptake kinetics is favorable. The early-stage diffusion of
CO, gas into microporous regions is the rate-limiting step for
adsorption kinetics. Increasing the pressure could facilitate the
accessibility of CO, molecules to micropores that are smaller than
0.33 nm to allow strict physical adsorption."*>'** In real practice,
functional groups are introduced to improve the CO, affinity with
adsorbent substrates, accelerate their early-stage diffusion, and
enhance low-pressure adsorption performance. Templating and
controlled activation processes are the most common metho-
dologies for producing consistent and well-dispersed pore
structures.'”>*'?¢1"1 These endeavors seek to strike a balance
between pore size and distribution, aiming for materials that offer
enhanced adsorption kinetics and selectivity in CO, capture
applications. Recently, Keffer et al.'*>'** utilized computational
approaches to investigate the effect of N-doping in lignin-derived
carbon quantum dots (CQDs) for carbon capture. They found that
both N-doping within the aromatic structure of the CQDs and the
introduction of amine groups positively influenced CO, capture
efficiency and selectivity over N,, O,, and H,O.

5.1.2 Chemisorption. Apart from the physisorption, CO,
uptake can be largely facilitated through the introduction of
chemical binding sites, i.e., chemisorption. Common func-
tional groups for chemisorption include various N-containing
molecules, alkoxides, and carboxyl groups, as successfully
demonstrated on a variety of MOFs'®>#*'45 and biomass-
based porous carbon materials.’*® In terms of amino groups,
the DFT results indicate that the neutral amino group can only
weakly adsorb a CO, molecule through non-covalent interac-
tions, as evidenced by the N-C distance of 2.82 A.**” Nitrogen
atoms in the bulk materials exhibit a Lewis basic characteristic,
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indicating an affinity towards CO, and the potential to serve as
CO, adsorption sites."*® This is because the deprotonated
amine group R;R,N~ easily catches a dissolved CO, molecule
to produce carbamate, through the following reactions:'*”

2R;R,NH = R;R,NH," + R;R,N~ (1)
R,R,N™ + CO, — R;R,NCOO~ (2)

Additionally, the nitrogen atoms from tertiary amines
(R4R,R3N) tend to undergo protonation to generate hydroxide,
which serves as the Lewis base to the capture the acidic CO,

gas‘mg,lso
CO, + H,0 — H,CO; - HCO;  + H' (3)

HCO,~ — CO;>” + H' (4)

R;R,R3N + H —» R R,R;NH' (5)

Alkoxides are another highly promising group of substances
for adsorbing CO,. They are less sensitive to O, and have the
ability to directly interact with CO, to create a carbonate
compound.

RO~ + CO, — ROCO,~ (6)

Even though the above-mentioned functional groups are
likely to provide chemical reaction sites for CO, capture, the
steric effects of the applied macromolecules cannot be ignored.
The exchange-repulsion from the non-polar groups could
cancel the attractive effects between CO, and reaction sites.*>*
Due to the propensity of lignin to induce coil-globule transi-
tions at high temperatures or in a cosolvent environment,*>* *3°
it is more probable that it would augment the exposed surface
area, hence improving the accessibility of lignin for CO,
chemisorption.

Cui et al. grafted the active amine group on a lignin-derived
compound vanillin and alkaline lignin by Mannich reaction."®
The ratio of material n(vanillin):n(formaldehyde): n(amine
reagent) is 1:1:1 in the protocol, all of which are 0.06 mol.
The vanillin modified by acrylamide obtained a CO, uptake
capacity of 0.114 g CO, per gram (2.6 mmol g~ ) of the material
under 25 °C and 100 kPa. In-depth analysis identified the multi-
site synergistic adsorption process, in which CO, double inter-
acts with the amide group and single interacts (hydroxy oxygen
on the adsorbent’s benzene ring) due to a large local difference
in electronegativity and a small steric hindrance.

CO,, adsorption mechanisms can involve a complex inter-
play of both physisorption and chemisorption. It is crucial to
approach fundamental interpretations carefully, as an over-
simplified acid-base interaction model may not adequately
account for all interactions. Sun et al™’ synthesized four
conjugated azacyclo-copolymers that self-assembled into two-
dimensional layered structures with well-defined and uniform
amino and azacyclo groups. Experimental and computational
results revealed that the negative electrostatic potential around
the azacyclo-N-doping sites could induce strong van der Waals
interactions, facilitating selective CO, adsorption. Although the
reported CO, uptake efficiency was below the theoretical limit
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(0.255 mmol g " at 0 °C and 1 bar, compared to the 1 mmol g*
predicted for N-doping), this advancement represents a signifi-
cant shift in the design of highly effective porous carbon
adsorbents through chemical and surface modification.'***>°

PEI impregnation is another common practice for lignin
chemisorption requires amine modification/grafting, in
which PEI is commonly applied with alkaline combined high-
temperature treatment. An example has been given in previous
sections,'** where the derived mesoporous carbon material demon-
strates a high CO, adsorption capacity, above 2 mmol g~ '. Some
mechanistic analysis was also performed to identify the CO,
interactions with amide and hydroxy groups.

5.2 Computational design-driven carbon capture with lignin

Computational chemistry and molecular modeling approaches
offer fundamental insights into complex physiochemical phe-
nomena that would otherwise be inaccessible with experiments
alone. These approaches have been employed in efforts to
address a range of challenges in lignin chemistry, from its
polymerization, linkages and supramolecular interactions in
the plant cell wall,'®*™*%* to its functional properties such as
solubility and glass transition temperature.'>>'°1%4
Computational methods, such as DFT and quantum
mechanics/molecular mechanics (QM/MM), can be utilized to
investigate molecular-level phenomena and support the devel-
opment of modeling approaches at larger length scales, such as
those conducted with molecular dynamics (MD) and Monte
Carlo (MC) simulations. Of particular relevance for the pro-
duction of carbon from lignin include reactive force field
approaches that enable the modeling of thermochemical
reactions (i.e., pyrolysis)."® Yet, the variability and multiscale
complexity of lignin offers a significant challenge for modeling
and simulation approaches."®® To address the challenge of
lignin heterogeneity and variability in molecular simulations,
tools have been developed for the generation of libraries of
lignin polymer topologies suitable for classical and quantum-
level studies.’®”"**® With the introduction of these tools, new
levels of topological complexity may be studied, offering an
improved representation of broader lignin populations.
Insights on the molecular level provide an in-depth under-
standing of the interaction of CO, and porous carbon and
guidelines on further materials design and optimization.
Theoretical analysis has shown that there is physisorption
between CO, and cyclo[18]carbon,"®® as well as acyclic imine-
based functional molecules and a range of functional mole-
cules that contain multi-N-containing superbases and hetero-
aromatic ring complexes (Fig. 15)."7%'"! In order to gain a
deeper comprehension and to distinguish the significant and
insignificant factors of non-covalent interaction between CO,
and the lignin molecules, the utilization of energy decomposi-
tion analysis (EDA) is crucial. This method effectively decom-
poses the overall interaction energy into distinct physical
components that are readily comprehensible. Briefly, EDA
can be categorized into two main methods, one of which
involves Kitaura-Morokuma,'’> LMOEDA,> GKS-EDA,'"?
NEDA,'”* and ALMO-EDA.'”> Another representative one is
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Fig. 15 Non-covalent interactions involved in CO, capture mechanisms.
(@) Optimized structures and non-covalent interaction maps of CO,
molecule containing cyclo[18]carbon. (b) Components of interaction
energy between cyclo[18]carbon and various chemical species obtained
from symmetry-adapted perturbation theory (SAPT) calculations. Repro-
duced with permission.’®® Copyright 2021, Elsevier.

the symmetry-adapted perturbation theory (SAPT) method."”®
Lu et al. employed SAPT theoretical calculations to forecast the
physical adsorption of CO, on cyclo[18]carbon, incorporating a
London Dispersion interaction energy of —7.6 kcal mol ',
resulting in a total attraction ratio of 87.36%.'°° Neutral
compounds, like aromatic systems, can exhibit a similarly high
ratio of London Dispersion interactions.’”* On the other hand,
this ratio will exhibit a bias towards electrostatic interaction
(Ele) dominance, when the physical absorption occurs between
CO, and ionic solvents.'”” Remarkably, the interaction
strength between COO~ and CO, is nearly equal to that of
pyrrole and indole, with a similar magnitude of higher than
—10 keal mol~". This result could provide a theoretical insight
for surface modification on lignin molecules, such as amine-
functionalization and carboxylation,"”®'”® to enhance non-
covalent interaction with CO,.

5.3 Artificial intelligence (AI) design-driven carbon capture
with lignin

In recent years, the development of Al has created a paradigm
shift in material design strategies. Compared to the conven-
tional bottom-up (i.e., fundamental-driven design) or top-down
(i.e., performance screening) approaches, Al-driven design
relies on the collection of large databases (e.g., materials’
structural, properties) through literature, experiments and/or
simulations, and then using a nonlinear pathway within high-
dimensional geometric-variable space'®® (i.e., the machine
learning algorithm) to optimize and predict performances.
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The most critical criterion for successful machine learning
research is the access to large amounts of reliable data. For
example, machine-learning or deep-learning methods have
been successful in determining the reaction pathways for
catalyst designs, CO, adsorption, and particle analysis, among
many others,"®"'#* owing to the abundant data availability.

In the regime of lignin research, state-of-the-art research is
mostly still in the stage of data exploration, collection, and
validation. Establishing a more comprehensive lignin knowl-
edge library would be beneficial to boost the Al-driven designs
for lignin-based materials in general. In this regard, it is
essential for researchers to provide a comprehensive descrip-
tion of the feedstock properties, including lignin supplier,
biomass source, extraction process, chemical structure charac-
teristics and purity indicators.'®> Apart from the experimental
results, simulations are less expensive for data collection with-
out the need for materials gathering and consumption, despite
a debatable extent of reliability. Nevertheless, current simula-
tion means can be efficient in predicting intra-/intermolecular
forces, colloidal interactions, particle assembly, etc.,"*#% all of
which can be the resources for machine learning research.

6. Conclusion and outlook

With growing concerns about climate change, developing effi-
cient and sustainable CO, capture materials has become a
matter of high relevance, including the exploration of related
technologies for their upstream and downstream applications
(e.g., CO, storage, utilization, and adsorbent regeneration).
Despite its advancements, the aminated liquid-based carbon
capture technologies face challenges due to the energy intensity
required for solution regeneration, which limits the sustain-
ability of its carbon-negative life cycle. In this context, carbon
adsorbents are highly promising materials due to their cost-
effective synthesis, customizable properties, and potential to
lower costs associated with adsorbent regeneration.

Bio-derived residues can be effectively converted into carbon
materials with high surface area and multi-scale porosity.
In particular, lignin stands out as a promising source due to
its high carbon content, versatile functional structure, and low
cost. This work reviewed recent developments in lignin-based
carbon adsorbents for CO, capture. Unlike petroleum-based
chemicals, which are commercially upgraded into homoge-
neous compounds, the biomass processing industry, particu-
larly in the context of lignin utilization, has not yet reached full
maturity. We began this review by examining the origins of
lignin feedstocks and their industrial varieties, thermal proper-
ties, processing strategies, and sustainability aspects. We follow
with an overview of the key performance indicators for lignin-
derived carbon adsorbents, including their carbon properties
and adsorption performance. We then covered state-of-the-art
processing of technical lignins to produce carbon adsorbents
and offered a critical discussion on this emerging interdisci-
plinary field, focusing on the potential of rational designs in
future developments.
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The field of lignin-based materials for CO, capture is still in
its early stages. Several challenges need to be addressed for
future development. The primary challenge of lignin valoriza-
tion lies in its natural variability, heterogeneity, and chemical
complexity. The impact of lignin’s origins on the final products
is not yet fully understood, and there is a lack of consistency
and broad applicability across various processing techniques.
Further investigation into the structure-property relationships
for carbon development is necessary. Despite these challenges,
the field is advancing and aligning with current trends in the
broader lignin community, such as fractionation, chemical
modification, and the assembly into particles.

As discussed in this review, the diversity of lignin has
significant implications for processing. This serves as both a
caution and a reminder of the importance of selecting the
appropriate lignin type. For instance, different grades of lignin
can be utilized for specific purposes, such as using pulping
salts as chemical activators. Additionally, the presence of
heteroatoms in various technical lignins can enable novel
processing strategies or provide options for additive-free dop-
ing, such as with water-soluble sulfur-containing lignosulfo-
nates or nitrogen-containing enzymatic hydrolysis lignins.
Thermal processing also varies with lignin selection due to
differences in molecular weight and thermal stability. Further-
more, there are ongoing efforts to use advanced protocols, such
as assembly and supraparticle formation, to address challenges
related to disordered porosity and technological scalability,
crucially, these approaches are highly dependent on lignin
source and grade.

Due to the variety of new competing technologies, techno-
economic assessments should accompany lignin-based tech-
nologies to evaluate their feasibility at an early stage, identify
key process variables, and establish benchmarks. New technol-
ogies require knowledge of various thermodynamic and kinetic
parameters for design and optimization that go beyond the
typical metrics such as adsorption capacity and selectivity.'®°
Alternative technologies, such as MOFs and COFs, are also
rapidly advancing, often exhibiting high adsorption capacities
relative to carbon adsorbents. Membranes of various types of
COFs have achieved up to 22.6 mmol g~ ' for TAPB-PDA COF
aerogels.’®”'®! While these materials have typically faced chal-
lenges with moisture, mechanical stability and scalable produc-
tion, many of these challenges are also being addressed.'®?
Furthermore, emerging functional materials such as photo-
responsive adsorbents offer additional opportunties.'®**%*
In this context, a systems approach to the rational design and
comprehensive assessment of lignin-based adsorbents is essen-
tial to facilitate development in this active field.

Finally, current research on lignin carbonization is predo-
minantly driven by top-down approaches, where experimental
screening is used to identify optimal performance. Future
developments could shift towards bottom-up designs, utilizing
fundamental principles or Al-driven methods, which involve
synthesizing designed structures followed by performance
validation. This shift is due to the long-standing challenges in
understanding the complex carbonization process. We anticipate
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that in-depth mechanistic studies will enhance the rational design
of lignin-based carbon materials,*>'*® and advance the broader
field of carbon capture. Additionally, leveraging existing experi-
mental and simulation data, we expect that combining machine-
learning techniques with materials synthesis will enable data-
driven optimization of the carbonization process.
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