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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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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
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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.
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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 |
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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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