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Abstract

With rising atmospheric CO, levels driving global warming, carbon capture and storage (CCS) technologies are critical.
Biochar, an eco-friendly and cost-effective carbon material, has gained attention for low-temperature CO, capture due

to its sustainable adsorption properties. However, raw biochar’s limited pore structure and surface chemistry hinder its
efficiency. Among modification strategies, heteroatom doping is particularly effective. By enriching functional groups

and tuning the carbon framework, this approach significantly improves CO, capture performance. This review explores
recent advancements in the development of engineered biochar for CO, adsorption, with a focus on heteroatom dop-
ing techniques. Additionally, key quantitative performance metrics were compiled and compared, including adsorption
capacities and isosteric heats of adsorption (Q,,) (and, where available, selectivity/working capacity), to quantify how differ-
ent doping strategies alter gas uptake and binding strength and to establish structure-performance relationships. Among
various dopants (such as nitrogen, sulfur, phosphorus, and boron), nitrogen doping has attracted much attention due

to its significant enhancement in the ability to capture CO,. This is mainly because nitrogen atoms can more effectively
regulate the electronic structure and pore structure of the material in a coordinated manner, thereby enhancing the dual
effects of physical and chemical adsorption on CO,. A critical comparison is made between pre-modification doping
(incorporating heteroatoms during biomass carbonization) and post-modification doping (treating already-formed
biochar), revealing that pre-maodification generally offers superior doping efficiency and structural stability. Moreover,

the review examines co-doping strategies, where synergistic effects between multiple elements, as exemplified by nitro-
gen-phosphorus co-doping or nitrogen-sulfur co-doping of biochar, further optimize the adsorption capacity. Finally,
critical barriers to industrialization, including techno-economic feasibility and regeneration energy costs, are discussed.
Future perspectives emphasize the integration of machine learning for rational design, standardized characterization
protocols, and life-cycle assessments (LCA) to accelerate the deployment of biochar in practical CCUS applications. The
review highlights the mechanisms of CO, capture, emphasizing the balance between physical adsorption and chemisorp-
tion. The challenges for development of engineered biochar for CO, capture are prospected. Further research on improv-
ing chemical adsorption performance while preserving physical adsorption properties is still required to improve biochar’s
application in sustainable CO, capture technologies.
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Recent advances of engineered and modified biochar for CO, capture were reviewed.
Tuning physicochemical properties to enhance CO, capture of biochar were discussed.
Different modification approaches of biochar were reviewed.

The heteroatoms and doping methods of biochar on CO, capture were analyzed.

The mechanisms of modified biochar on CO, adsorption were summarized and discussed.

Keywords CO, adsorption, Biochar, Heteroatom doping, Physical activation, Chemical activation
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1 Introduction

Climate change over the past two centuries has been
driven by both human activities and natural factors, lead-
ing to global warming and frequent extreme weather
events (Donger et al. 2025). The industrial revolution
and continuous fossil fuel combustion have significantly
increased atmospheric CO, concentrations (Sinta and
Garbai 2025), reaching 419 ppm in 2024—50% higher than
in the 18th century (Fig. 1a), with coal combustion being
the dominant contributor (Fig. 1b). The united nations
intergovernmental panel on climate change (UN IPCC)

projects—that atmospheric CO, concentrations will rise to
around 570 ppm by 2100 (Liang and Zhou 2024). Exces-
sive CO, emissions are thus the principal cause of global
warming and climate anomalies (Wang et al. 2024c), high-
lighting the urgent need for mitigation strategies.

The conversion of CO, into valuable products such
as fuels, polymers, and chemicals can recycle carbon
resources and reduce environmental impacts (Ji et al.
2022). Although CO, capture, utilization, and storage
(CCUS) technologies provide mature and cost-effec-
tive solutions that mitigate climate change impacts and
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Fig. 1 a Global CO, emissions in 1990-2024, and b contribution of each CO, emission source. Adapted from Shafawi et al. (2021). Copyright 2021

Elsevier

offer substantial economic benefits (Osman et al. 2021;
Sai Bhargava Reddy et al. 2021), the capture process
remains the most energy-intensive and costly compo-
nent. Current research primarily focuses on CO, capture,
purification, and adsorbent preparation. CO, capture
technologies are divided into pre-combustion, total oxy-
gen combustion, and post-combustion capture (Fig. 2).
Post-combustion capture offers compatibility with exist-
ing emission control systems and reduced technical risk
(Cui 2022; Gao et al. 2020). However, methods such as
chemical absorption and solvent absorption among them
face long-term application challenges such as high energy
consumption and equipment corrosion (Lu et al. 2023).
Solid adsorbent-based CO, capture provides an alter-
native with broader temperature tolerance and lower
regeneration energy (Portillo et al. 2019). An ideal CO,
adsorbent should possess a high adsorption capacity
and selectivity, rapid kinetics, stability, and low produc-
tion cost for large-scale application. Various adsorbents
have been extensively studied, such as metal-organic
frameworks (MOFs), metal oxides, zeolites, activated
carbon, mesoporous carbon, ion exchange resins, and
carbon nanomaterials (Cui 2022). However, despite their
superior CO, adsorption properties, these materials face
significant challenges in terms of cost, scalability, and sus-
tainability, which limit their large-scale application. For
instance, while MOFs exhibit high efficiency under high-
pressure conditions, their high production costs make
large-scale application challenging (Lee et al. 2024; Yang
et al. 2025). Zeolites, although highly selective, perform
poorly in humid conditions (Abd et al. 2020; Jiang et al.
2024). Activated carbon, despite its enhanced adsorp-
tion capacity due to oxidized surfaces, still struggles with

CO,/N, selectivity (Llamas et al. 2021). In comparison,
metal oxides like calcium oxide suffer from reduced effi-
ciency after multiple cycles. Table 1 provides a compari-
son of the performance of various physical adsorbents
for CO, capture, as reported in numerous review articles
(Abd et al. 2020; Elhenawy et al. 2020; Osman et al. 2021).

These limitations highlight the urgent need for devel-
oping adsorbents that integrate efficiency, cost-effective-
ness, and sustainability. In this context, biochar offers
a unique solution. Biochar is a carbon-based product
derived from abundant biomass resources, such as ligno-
cellulosic residues and organic waste, through cost-effec-
tive thermochemical methods (Khoshraftar and Ghaemi
2022). It shows potential for diverse applications in agri-
culture (improving soil fertility and reducing greenhouse
gas emissions), climate change mitigation (adsorbing
pollutants like NO,, SO,, H,S, and greenhouse gases),
environmental remediation (removing pollutants, heavy
metals, nitrogen, and phosphorus), and materials science
(developing materials for catalysts, building materials,
and batteries) (Dai et al. 2019; Dissanayake et al. 2020;
Khandaker et al. 2020; Liu et al. 2019b), as illustrated in
Fig. 3. More importantly, its production process is more
economical and environmentally friendly compared
to conventional synthetic materials (Khoshraftar et al.
2023). Through engineered design, biochar’s adsorp-
tion performance can be enhanced, providing a distinct
advantage in creating economical, efficient, and sustain-
able carbon capture solutions. From an engineering per-
spective, engineered biochar also shows strong potential
for large-scale deployment at both the adsorption reactor
and system levels. Owing to its high mechanical stabil-
ity, tunable particle size, and resistance to thermal and
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Fig. 2 Diagram of CO, capture technologies (Shafawi et al. 2021). Copyright 2021 Elsevier
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Table 1 A selection of physical solid adsorbents utilized for CO, capture (Ahmed et al. 2016; Ledn et al. 2020; Ruen-ngam et al. 2009)

Solid adsorbent Activated carbons Zeolites MOFs
Optimal operating temperature (C) 25-75 <100 —78t0+80
Optimal operating pressure (psi) 1.45-145 1.45-145 1.4-440
Primary application in gas separation CO,/CH, CO,/N, CO,/CH,, CO/H,
CO, selectivity Medium Low High
CO, adsorption capacity Higher than zeolite at high pressures, which Medium High
decreases at low pressure
Stability under humid conditions Stable Unstable Unstable
Synthesis cost $2.15/kg $ 40-96/Kg ~$200/kg (MOF-5)

and $130/kg (MOF-
177)
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Fig. 3 The diverse utilization of biochar across various domains. Adapted from Shafawi et al. (2021). Copyright 2021 Elsevier

chemical degradation, engineered biochar can be readily
integrated into fixed-bed, packed-bed, and fluidized-bed
adsorption reactors commonly used in post-combustion
CO, capture. In addition, its relatively low regeneration
temperature and good cyclic stability enable energy-
efficient operation in continuous adsorption—desorption

systems, offering advantages in terms of operational cost,
scalability, and compatibility with existing industrial
infrastructure.

Biochar has been extensively studied over the past few
decades. However, there are still significant gaps in its
production, activation and application, which restrict its
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large-scale application. Therefore, establishing a full-chain
research framework encompassing feedstock selection-
targeted preparation-functional modification-multi-field
applications is essential for unlocking its potential as a
high-performance adsorbent. Biochar activation and mod-
ification remain key bottlenecks restricting its broader
implementation. Physical and chemical activation strate-
gies enhance pore development and surface functionality
(Li and Xiao 2019; Zubbri et al. 2020), but recent research
has increasingly emphasized structural precision through
heteroatom doping. Heteroatoms such as N, S, P and B
form unique chemical structures within the carbon matrix
(Jang et al. 2019), improving surface polarity, functional
groups, and active sites, thereby significantly enhancing
CO, adsorption through mechanisms such as stronger
acid—base interactions and improved micropore utiliza-
tion (Fang et al. 2023; Sun et al. 2023a). Studies reported
in the original text show substantial increases in adsorp-
tion capacity and selectivity after doping, underscoring its
practical efficacy. At the application stage, fully optimized
biochar demonstrates outstanding adsorption and envi-
ronmental capabilities: in water treatment, it efficiently
removes antibiotics (e.g., sulfamethazine) and organic
dyes; in climate mitigation, it serves as a highly competi-
tive and low-cost CO, sorbent through mechanisms such
as micropore filling, hydrogen bonding, and acid—base
interactions (Guo et al. 2022; Sun et al. 2025). Despite
these advancements, a comprehensive understanding of
how different heteroatoms, doping pathways, and syner-
gistic activation strategies influence CO, capture remains
incomplete. Therefore, this review focuses on the latest
progress in heteroatom-doped biochar for CO, adsorp-
tion, emphasizing synthesis strategies, adsorption mecha-
nisms, and future challenges. By establishing a detailed
framework that links biomass resources, engineered prep-
aration, functional modification, and multi-field applica-
tions, this work aims to identify key limitations and outline
pathways toward developing high-performance, scalable,
and sustainable CO, adsorbents, and to provide an eco-
nomic and sustainable solution for environmental pollu-
tion control and resource recovery.

2 Properties analysis of biochar

2.1 Physical properties

Biochar is predominantly composed of elements such as
C, O, H, N, K, Ca, Na, Mg, among others (Li et al. 2026,
2024a). The carbon predominantly manifests in the form
of aromatic rings, whereas K, Na, Ca, and Mg are typi-
cally present in the ash as carbonates, phosphates, or
oxides. The relative proportions of these elements exhibit
considerable variation based on the feedstock, thereby
influencing the properties of the resultant biochar. As the
pyrolysis temperature escalates, a more comprehensive
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transformation of the organic components in the biomass
occurs, resulting in an increase in C and ash content, and
a decrease in H, O, and N content. This reduction in H
and O content significantly lowers the oxygen-to-carbon
(O/C) ratio, a critical determinant of hydrophobicity. The
reduced O/C ratio enhances the biochar’s hydrophobic-
ity, thereby boosting its adsorption capacity for non-
polar molecules like CO,. Specifically, the elimination of
polar oxygen-containing functional groups (e.g., hydroxyl
and carboxyl) diminishes the capacity of the biochar sur-
face to form hydrogen bonds with water molecules. Con-
sequently, this shift in surface chemistry, quantitatively
reflected by lower O/C ratios, directly correlates with a
transition from hydrophilicity to enhanced hydrophobic-
ity, thereby minimizing competitive water vapor adsorp-
tion under humid conditions.

During pyrolysis, volatile substances in biomass are
released, resulting in high-porosity biochar characterized
by a diverse pore structure and low density. The specific
surface area and pore size are pivotal for CO, adsorption.
Research has demonstrated a direct correlation between
surface area and CO, adsorption capacity, as CO,
adsorption is primarily physical. A larger surface area
offers more active sites for adsorption. The pores formed
during pyrolysis include nanopores (<0.9 nm), micropo-
res (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm). Notably, micropores, especially ultramicropo-
res (<0.7 nm), are instrumental in CO, adsorption due
to their size being comparable to the kinetic diameter of
CO, molecules, which enhances van der Waals interac-
tions and increases the probability of molecular sieving
effect. The pore range optimally maximizes interaction
efficiency at a molecular level and selectively traps CO,
molecules by limiting the movement of larger gas mol-
ecules. At the same time, it is also affected by tempera-
ture and pressure. At 25 °C and 0 °C, CO, adsorption is
predominantly in pores smaller than 1 nm, whereas for
pressures up to 100 kPa, CO, adsorption is controlled
by 1 nm micropores (Tang et al. 2024). Table 2 presents
the specific surface area and pore size distribution of dif-
ferent types of biochar. It is evident that cellulose-based
biochars (e.g., straw, shells, and wood) exhibit notably
higher surface areas than non-cellulose-based biochars
(e.g., manure and sludge). This can be attributed to the
inherent rich pore structure of cellulose-based biomass.
As pyrolysis temperature increases, the release of volatile
substances augments the pore size and surface area of the
biochar (Cao et al. 2022). Nevertheless, excessive temper-
atures can damage the micropore structure, diminishing
the surface area and leading to pore obstruction. Studies
have reported that micropore collapse or shrinkage tends
to occur when pyrolysis temperatures exceed a typical
threshold of approximately 700-800 °C, depending on
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Table 2 Specific surface area and pore size distribution of different types of biochar

Biochar sample Temperature/C Surface area/(m?/g) Total pore volume/ Average pore size/ Ref.
(cm3/g) nm

Straw Corn straw 300-700 1.56-316.00 0.002-0.007 1.56-37.66 (Wang et al. 2022a)

Wheat straw 200-600 1.72-512.29 0.0386-0.1032 231-18.63 Yan et al. 2022)

Rice straw 300-700 421-13.13 0.007-0.026 1.54-13.38 (Cao et al. 2022)

Rape straw 450-650 37.58-68.07 0.095-0.261 393-9.17 (Wang et al. 2024b)
Shell Peanut shell 300-600 1.63-355.70 0.008-0.0494 2.69-3.82 (Wang et al. 2020a)

Rice husk 300-1046 1.39-377.72 0.0001-0.006 14.56-50.00 (Huong et al. 2020;

Singh Karam et al. 2022)

Wood  Rhus vernicifera 300-550 2.38-22943 0.0001-0.006 10.72-17.79 (Yu etal. 2023)

Charcoal 300-600 1.63-21.03 0.004367-0.04096 12.36-16.38 (Li et al. 2024b)
Manure  Pig manure 400-600 5.17-10.56 0.0130-0.0440 12.36-16.38 (Yang et al. 2023)

Cow dung 300-700 1.55-31.23 0.0026-0.0234 3.00-7.34 (Yang et al. 2023)
Sludge  Pharmaceutical sludge 500-900 9.46-264.05 0.014-0.330 227-593 (Wu et al. 2022a)

Pharmaceutical sludge 300-900 4.00-67.60 0.0537-0.0986 3.74-384 (Rangabhashiyam et al.

2022)

biomass type and heating conditions. Therefore, meticu-
lous regulation of biochar porosity is essential for ampli-
fying CO, adsorption capacity.

2.2 Chemical properties

The surface chemical properties of biochar have a signifi-
cant impact on CO, adsorption, owing primarily to the
presence of diverse functional groups, such as carboxyl,
hydroxyl, amine, amide, and lactone groups. These func-
tional groups influence both the adsorptivity and hydro-
philicity of biochar. Surface functional groups of biochar,
such as -COO-, -OH, and -COOH, can adsorb H* (Dong
et al. 2025), thereby improving soil pH. Additionally,
ether groups and aromatic rings can interact with heavy
metals to limit their migration. As CO, is acidic, it can
react with alkaline groups in biochar, such as nitrogenous
functional groups, and can engage hydrogen bonding
and nucleophilic interactions with -OH, -COOH, and
other oxygenated groups (Zhang et al. 2025c). However,
acidic groups such as carboxylic acids, phenols and lac-
tones have a poor effect on CO, adsorption. High pyroly-
sis temperatures (100-700 °C) induce the dissociation of
these acidic groups into CO and CO, (Fig. 4a), render-
ing biochar more conducive for CO, adsorption. Notably,
although pyridone, chromene, and ketones have limited
alkalinity, they are considered alkaline groups (Fig. 4b)
(Dissanayake et al. 2020) and exhibit stability at elevated
temperatures. In general, pyrolysis temperature strongly
affects the elemental composition of biochar. As temper-
ature escalates, the carbon content increases, whereas the
contents of H, O, and N diminish due to the loss of OH
groups and dehydration. Nitrogenous functional groups,
such as amino groups, undergo removal above 400 °C

during biomass pyrolysis. Biochar retains stable amino
groups within its aromatic structure, but further activa-
tion is imperative to incorporate nitrogenous groups.
The expulsion of water, CO,, CO, hydrocarbons, and tar
vapors during carbonization additionally diminishes the
contents of H, O, and N (Ali et al. 2025). The decline in
H and C elements at elevated temperatures might be due
to the cleavage of weak bonds within the carbon matrix
(Table 3; Beljin et al. 2024; Sierra-Jimenez et al. 2025).

The surface charge of biochar depends on the func-
tional groups. These groups can be divided into two cat-
egories: electron donors such as OH, NH,, O(C=0)R,
and electron acceptors such as (C=0)H, NO,, (C=0)
OH). Owing to these functional groups, biochar surfaces
exhibit a variety of acidic and basic sites, such as weakly
acidic phenolic and carbonyl groups, strong Brensted
acids (e.g., carboxyl groups), and basic pyridone groups
and chromene groups (Kazemi Shariat Panahi et al
2020). Predominantly, biochar surfaces exhibit a negative
charge, rendering them apt for CO, capture.

The quantity of functional groups varies according to
the type of biomass and the method of preparation, with
non-cellulosic biochar demonstrating a greater num-
ber of nitrogen- and sulfur-containing groups (Luo et al.
2023). Hydrophobicity and non-polarity enhance CO,
adsorption by reducing competition from H,O mol-
ecules. The ratios of H/C, O/C, and (O+N)/C serve as
indicators for aromaticity, hydrophobicity, and polarity,
respectively. Low O/C and H/C ratios, coupled with high
aromaticity, signify pronounced hydrophobicity, which
augments CO, adsorption. Carbonization reduces the O,
H, N, and S content, thus diminishing the polarity of bio-
char. This reduction limits the competition for adsorption
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with polar molecules, subsequently promoting CO, that has been activated with KOH retains a variety of
adsorption. Studies have shown that higher tempera- surface functional groups, providing the requisite acidic
tures eliminate polar functional groups, thereby enhanc-  or alkaline characteristics to the biochar surface. These
ing hydrophobicity and aromaticity. This improvement characteristics are essential for effective CO, adsorption
leads to an increase in CO, adsorption capacity. Biochar ~ (Zubbri et al. 2021).
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Table 3 The impact of pyrolysis temperature on the properties of pristine biochar derived from diverse biomass feedstocks

Feedstock Pyrolysis C(%) H(%) N(%) O(%) BETsurface Total pore Micropores Ref.
temperature area (m?/g)  volume volume
(C) (cm3/g) (cm/g)
Rambutan peel 500 7636 290 1.35 19.22 7.80 0.011 0.002 (Zubbrietal. 2021)
700 81.64 137 1.00 15.93 175.84 0.111 0.066
900 8338 090 0.77 14.71 569.64 0313 0.201
Walnut shell 500 6942 385 1.54 25.07 94.509 0.054 0.021 (Lahijani et al. 2018)
700 80.35 1.61 0.41 17.54 246.991 0.141 0.104
900 8486 1.16 034 13.63  397.015 0.198 0.159
Date palms 300 6365 3.82 1.01 18.78 2.040 0.0057 - (Elnour et al. 2019)
400 6495 296 0.89 1704 5535 0.0055 -
500 70.75 233 0.86 9.85 123.625 0.0209 -
Peanut shell 600 7476 160 0.71 731 221.230 0.0371 - (Gaietal. 2014)
700 7276 09 0.61 532 249.130 0.0308 -
400 584 15 18 210 3.0 0.007 -
Vegetable waste 500 64.5 35 1.7 18.5 50 0.022 - (Igalavithana et al. 2017)
600 719 2.8 1.6 15.0 280 011 -
700 744 2 14 14.2 195.0 0.033 -
Pine cone 200 5289 69 4.2 36.02 0.36 0.00259 - (Gai et al. 2014)
500 74.71 3.08 541 16.01 1.16 0.00242 -
200 69.74 213 1.03 2709 047 0.00238 -
Wheat straw 500 7464 262 1.81 20.94 19297 0.0102 - (Gai et al. 2014)
400 57.8 32 1.5 216 55 0.012 -
500 703 29 14 17.7 10.0 0.09 -
Corn straw 600 743 2.1 14 149 111.0 0.11 - (Gaietal.2014)
700 739 43 1.2 14.6 177.0 0.058 -
400 56.1 13 24 220 40 0.008 -
Miscanthus 500 58.0 2.7 23 21.5 6.0 0.012 - (Chatterjee et al. 2020)
600 586 2.0 2.0 18.7 7.0 0.012 -
700 59.5 15 16 16.6 3.0 0.006 -
Switchgrass 500 7460  3.38 0.45 1742 168 0.08 - (Chatterjee et al. 2020)
600 8235 232 035 11.22 345 0.18 -
700 8369 240 0.29 8.20 368 0.18 -
Corn stover 800 8447 228 0.30 761 390 0.20 - (Chatterjee et al. 2020)
500 6783 328 1.01 1632 162 0.08 -
600 7700 204 057 9.68 325 0.15 -

3 Mechanisms of CO, capture by biochar

CO, adsorption by biochar involves multiple interaction
mechanisms (Fig. 5a). These include physical processes
driven by van der Waals forces and micropore filling, as
well as chemical interactions such as hydrogen bonding
and Lewis acid—base reactions facilitated by O and N
functional groups.

From a quantitative perspective, the physical adsorp-
tion and micropore-filling behavior of CO, on biochar
surfaces can be effectively described using adsorption
isotherm models such as the Langmuir and Freun-
dlich equations. The Langmuir model describes mon-
olayer adsorption on homogeneous surfaces, while the

Freundlich model applies to multilayer adsorption on
heterogeneous surfaces, which are widely applied to
evaluate adsorption capacity, surface heterogeneity,
and adsorption affinity in porous carbonaceous materi-
als (Khoshraftar and Ghaemi 2024). CO, adsorption is
influenced by factors such as the Vn value, nitrogen con-
tent, and pore size distribution. Gaseous CO, molecules
primarily rely on micropore adsorption, and smaller
micropore sizes may help enhance CO, adsorption per-
formance. The highly developed micropores in activated
carbon continuously adsorb CO, until saturation, while
mesoporous channels decrease mass transfer resist-
ance, thereby improving micropore efficiency. From a
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kinetic standpoint (e.g., the analysis based on the parti-
cle internal diffusion model), the presence of mesopores
facilitates gas diffusion and reduces intraparticle diffusion
resistance, promoting faster CO, transport to micropo-
rous adsorption sites and enhancing overall adsorption

efficiency. An effective activated carbon should possess
an abundant surface area and functional groups, par-
ticularly oxygen-containing groups, which may facilitate
interactions between the adsorbent and adsorbate via
hydrogen bonding. However, acidic oxygen groups such
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as carboxylic, phenolic, and lactonic groups, can impede
CO, adsorption; their presence not only diminishes the
surface basicity required for effective Lewis acid—base
interactions with acidic CO, but also enhances hydro-
philicity, thereby intensifying competitive adsorption by
forming preferential hydrogen bonds with water mol-
ecules (Gao et al. 2025). Nitrogen groups such as amino
and imino, due to their alkalinity and the presence of lone
electron pairs in their structure, exhibit a higher affin-
ity for CO,, thereby augmenting CO, chemisorption.
Microporous materials, particularly those with pyrrole-
N and pyridine-N groups, are more conducive for CO,
capture at low temperatures. Zhang et al. (2025a) found
that the synergistic effect of nitrogen content and narrow
micropores influences CO, adsorption, while Wu et al.
(2024b) noted that the selectivity of the samples mirrored
the order of nitrogen content, indicating that nitrogen
also augments selectivity. When pyrolysis temperature
exceeds 400 °C, most nitrogen functional groups are lost,
leaving only the pyridine groups that maintain their aro-
matic structure. Therefore, chemical modification using
nitrogen-rich precursors is necessary to introduce basic
nitrogen functional groups. Notable nitrogen functional
groups include pyridone, pyridine, pyridine-n-oxide, pyr-
role, amine, quaternium-N, and cyanide groups (Fig. 5b).
These groups differ in their alkaline strengths, with pyri-
done, pyridine, and pyrrole being the most prominent,
all of which significantly influence CO, adsorption (Lim
et al. 2016; Wang et al. 2025b).

Certain nitrogenous functional groups, such as pyri-
done and pyrrole, can interact with CO, through hydrogen
bonds due to the proximity of the H atom to the N atom,
while exhibiting energetic favorability as indicated by nega-
tive AG,y, values. In terms of Lewis acid—base interactions,
the N atom possesses a pair of lone electrons, making it
electron-rich, a property that facilitates the adsorption of
acidic CO,. Lim et al. (2016) employed density functional
theory (DFT) to deeply analyze the interactions between
various nitrogenous functional groups and CO,. It was
found that these groups vary in their adsorption energies
for CO,, owing to a range of interactions, including Lewis
acid—base and hydrogen bond interactions. Specifically,
the calculated adsorption energies (AE,4) serve as quan-
titative indicators of binding stability, where more negative
values correspond to stronger interactions. Furthermore,
thermodynamic parameters, such as the isosteric heat of
adsorption (Qg, indicative of AH,y), provide experimen-
tal corroboration of these mechanisms; CO, isotherms
measured at multiple temperatures can be used to derive
adsorption enthalpy (AH,4,) and free energy (AG,q,) via
the Clausius-Clapeyron relationship or isotherm-based
analyses, thereby quantitatively describing CO, affin-
ity and interaction strength and enabling comparison of
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the relative contributions from narrow micropores ver-
sus N-containing sites, elevated enthalpy values in nitro-
gen-doped biochars confirm the transition from weak
physisorption to robust chemisorption driven by these
functional groups. For the pyridone group, the hydrogen
bond between the H atom of the hydroxyl group and the
highly electronegative O of the pyridone group provides
the strongest adsorption energy. The pyridine group has
strong electronegativity and the adsorption mechanism is
the Lewis acid—base reaction. For pyrrole group, it mainly
interacts with CO, through hydrogen bonds. The pyridine-
N-oxide group mainly interacts with CO, through hydro-
gen bonds, although these are weaker than those formed
by pyridine. Consequently, its role in the Lewis acid—base
reaction is less significant than that of pyridine. Other
nitrogenous functional groups, such as amine, quaternary,
and cyano, exhibit only weak Lewis acid—base interactions
with CO,, resulting in a relatively small minimal adsorp-
tion effect on CO, (Dong et al. 2024). Here, the results of
the theoretical study are compatible with experimental
data, where previous experimental studies (Sai Bhargava
Reddy et al. 2021) showed that biochar with pyridone, pyr-
idine and pyrrole functional groups have strong interac-
tion with CO,. In a study carried out by Yang et al. (2022)
to develop chitosan derived N-doped microporous carbon
for CO, capture, the major nitrogen-containing functional
groups of porous carbon were determined by XPS analysis.
It was found that while high carbonization temperatures
favored the stability of graphitic-N, the presence of pyri-
dinic and pyrrolic-N was crucial for performance, as these
species are more CO,-philic than graphitic-N. It was dis-
cussed that in pyridonic nitrogen, the N atom is positioned
just next to the -OH group, and the p orbital in -OH would
form p-m conjugation effect with the m bond. Hence, the N
atom located in the ortho-position of -OH is surrounded
by a higher electron density, and consequently, its Lewis
basicity is improved. As a result, pyridone nitrogen serves
as the main anchor for CO, capture. This experimental
evidence corroborates that rational design targeting spe-
cific nitrogen configurations, such as pyridinic and pyr-
rolic forms, is essential. Therefore, it is imperative to adjust
the porosity and surface chemistry of biochar to guarantee
optimal selectivity and absorption of CO,.

4 Development of engineered biochar

Biochar is a promising and cost-effective CO, adsorbent.
However, its CO, absorption capacity is constrained by
its limited microporosity and insufficient surface chem-
istry (Borhan et al. 2020). To enhance CO, adsorption,
modification to biochar is necessary to improve its sur-
face chemical attributes, particularly its alkalinity and
the quantity of functional groups. These enhancements
are vital to promote Lewis acid-base interactions and
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hydrogen bonding, which are key molecular interactions.
Utilizing various activators and conditions to modify the
inherent characteristics and surface chemistry of bio-
char is essential for the development of “engineered bio-
char” that has enhanced CO, adsorption capacity and
selectivity.

Engineered biochar is the modified biochar that has
enhanced CO, adsorption capacity in comparison to its
unmodified counterpart. It must exhibit suitable physi-
cal and chemical attributes for effective CO, adsorption
(Dissanayake et al. 2020), including structural charac-
teristics such as a large surface area and high micropore
volume. These features notably augment the capacity for
CO, absorption via physical adsorption (Guo et al. 2023;
Yuan et al. 2024).

To achieve the desired properties, biomass feedstock
requires treatment either before or after carbonization.
The production of engineered biochar necessitates a
balance between structural characteristics, such as sur-
face area and micropore volume, and surface chemical
properties including alkalinity, functional groups, and
hydrophobicity. This balance is key to maximizing the
synergistic impact of physical and chemical adsorption
(Haider et al. 2024). Specifically, this synergy becomes
evident under varying conditions: at lower temperatures
(e.g., 0-25 °C), physical adsorption driven by micropore
filling typically dominates, contributing to high total
uptake. Conversely, under elevated temperatures (typical
of flue gas) or low CO, partial pressures, physical adsorp-
tion weakens. In these scenarios, chemisorption becomes
paramount for maintaining capture efficiency. This chem-
ical mechanism is primarily driven by enhanced surface
basicity and active sites introduced via heteroatom dop-
ing. Subsequent sections will delve into various modi-
fication techniques, encompassing physical activation
methods such as CO, and steam activation, and chemical
activation approaches including amine modification and
element doping. Additionally, their effects on the phys-
icochemical properties of biochar will be explored.

4.1 Physical adsorption

The physical treatment of biochar typically involves heat
treatment in an activated atmosphere or with oxidiz-
ing agents to improve its pore structure, increase micr-
oporosity and mesoporosity, increase surface area, and
introduce oxygen-containing functional groups. Tech-
niques such as gas activation, ball milling, and radia-
tion modification are commonly employed, with steam
and CO, being the predominant oxidants (Igalavithana
et al. 2020). At temperatures above 700 °C, these oxi-
dants penetrate the biochar, prompting carbon atoms
to vaporize. The elevated activation temperature results
in the elimination of volatile substances, leading to the
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creation of a highly porous biochar structure. CO, oxi-
dation facilitates the formation and expansion of exist-
ing micropores, whereas steam activation generates
both micropores and mesopores (Sajjadi et al. 2019). The
selection of oxidants is key to creating microporous bio-
char. CO, oxidation serves to widen micropores, whereas
steam activation results in the creation of both micropo-
res and mesopores. These processes can be proceeded
either during or following pyrolysis. In comparison to
chemical treatments, steam or CO, activation is more
industrially viable, as it eliminates the need for chemicals,
reduces costs, prevents secondary pollution, saves time,
and results in fewer impurities (Rashidi and Yusup 2020).
Table 4 provides a review of studies on improving bio-
char’s CO, absorption via physical modification.

4.1.1 Activation of biochar using carbon dioxide

Gas activation predominantly utilizes oxidizing gases
such as water vapor and CO,, as well as inert gases like
N, and He. The gas purging process facilitates the ther-
mal cracking of carbonaceous materials, thereby aug-
menting the aromatic content in biochar. This results in a
decrease in its polarity and an enhancement in its hydro-
phobicity, thereby restricting H,O adsorption. Steam and
CO, modification stand as the main gas activation tech-
niques for biochar employed in CO, adsorption. Both
techniques promote pore formation through reactions on
the carbon surface of biochar. The reaction mechanism is
depicted in Fig. 6a, and the comprehensive CO, activa-
tion process is delineated as follows:

Cs + COy, — C(O) + CO (1)
C(0) - CO (2)
Cs + CO — C(CO) (3)

Contrary to steam activation, which yields a pore dis-
tribution of micropores and mesopores, CO, activa-
tion typically generates micropores that are essential
for the adsorption of small molecules such as CO,. The
creation of a highly microporous biochar through CO,
activation is beneficial for CO, adsorption under envi-
ronmental conditions. CO, can serve as an activator
during the pyrolysis of biomass feedstock (direct acti-
vation) or in post-pyrolysis treatment. The Boudouard
reaction provides insight into the process of biochar
activation by CO,. In this reaction, the vacant active
site C; on the carbon surface adsorbs CO, through
dissociative chemisorption, generating C(O) and CO
(Eq. (1)). Subsequently, the C(O) on the carbon sur-
face dissociates to CO (Eq. (2)). As the surface C(O)
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complex dissociate into CO, carbon atoms are progres-  product is adsorbed onto the activated carbon site,

sively removed from the lattice, leading to the develop-  thereby inhibiting gasification (Eq. (3)).

ment of pores. Finally, the CO present in the gaseous Zhang et al. (2025c¢) proposed that in this reaction, CO,
initially chemisorbs onto the free carbon active site (Cy),
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subsequently decomposing on the surface to form active
carbon—oxygen complexes (C(O)) and CO. The active
surface oxide then transitions from the solid phase to
the gas phase, extracting one carbon atom from the car-
bon and generating a new vacant active site for subse-
quent CO, dissociative chemisorption. Ogungbenro et al.
(2018) demonstrated that CO, activation of date seed
carbonized at 900 °C for 1 h increased the CO, adsorp-
tion capacity of the modified biochar to 3.21 mmol/g
(20 °C, 1 bar), significantly improving CO, adsorption.
High CO, activation temperatures bolster micropore for-
mation by increasing thermal corrosion and removing
more carbon atoms. Consequently, when CO, activation
temperatures increase, there is a corresponding increase
in burnout, resulting in the removal of a larger quantity of
carbon atoms. The Boudouard reaction is distinguished
by a substantial positive enthalpy, approximately 172 kJ/
mol at 25 °C. As a result, in order to tilt the reaction equi-
librium towards the production of CO, it is necessary to
employ very high temperatures that surpass 700 °C.

The parameters for CO, activation include activation
temperature, CO, flow rate and holding time. Among
these, temperature plays a key role in determining the
structural properties of biochar. Zhang et al. (2016)
observed that increasing the pyrolysis temperature, par-
ticularly up to 950 °C, augments both the surface area
and pore volume of biochar. Elevated temperatures pro-
mote the endothermic reaction between CO, and the
carbon matrix, thereby enhancing porosity and expand-
ing micropores. Lower temperatures inhibit this reaction,
thereby restricting porosity development. Higher acti-
vation temperatures generally enhance surface area and
porosity of biochar (Abubakar et al. 2024; Kwon and Lee
2025). However, when the reaction rate surpasses the dif-
fusion rate, the formation of micropores is constrained.
Additionally, elevated temperatures can diminish surface
functional groups, hydrophobicity, and biochar yield, ren-
dering them unsuitable for industrial applications. Thus, it
is imperative to strike a balance between surface area and
other properties such as yield and functional groups to
optimize the structure and surface chemistry of biochar.

4.1.2 Activation of biochar using steam

By steam activation of biochar, porous structures are
formed, and oxygen-containing functional groups such
as carbonyl, ether, carboxyl, hydroxyl, and phenol groups
are introduced to the carbon surface (Petrovic et al.
2021). This process can be carried out in superheated
steam at 700—900 °C, with a minimum activation time of
30 min—a duration notably shorter than that required for
CO, activation. The steam flow rate ranges from 120 to
300 mL/min. The smaller size of the H,O molecule allows
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it to penetrate the porous carbon network more rapidly.
Steam activation, akin to CO, activation, can be carried
out either by directly activating the biomass or by acti-
vating after biochar pyrolysis. Theoretically, the porous
structure of biochar can be enhanced by devolatilizing
residual products such as ketones, aldehydes and certain
acids, which are the byproducts of incomplete combus-
tion during pyrolysis. The formation of pores during
steam activation correlates with carbon depletion and the
water—gas conversion reaction. As a result, steam activa-
tion can produce a wide range of pore sizes, leading to
the formation of micropores and mesopores (Amer et al.
2024b; Salimi et al. 2024; Schroeder et al. 2024). The rel-
evant reactions involved in steam activation are depicted
in Egs. (4, 5, 6, 7 and 8).

CO + HO0 — CO,; + Hy (4)
C + 2H,O — COy + 2H, (5)
Cf + CO; — 2CO (6)
C¢ + 2Hy — CHy 7)
CH; + H,O — CO + 3H, 8)

During steam activation, the oxygen in H,O interacts
with active centers on the carbon surface, leading to the
formation of surface oxides such as CO and hydrogen
complexes (C(H)). The CO, and H, produced from the
water vapor conversion reaction further stimulate sur-
face activation, facilitating pore formation. Superheated
steam simultaneously purges the trapped products from
biomass pyrolysis within the pores, thereby enhancing
porosity. In contrast to CO, activation, steam activation
results in a wider range of pore sizes (Fig. 6a), generat-
ing both micropores and mesopores (Salimi et al. 2024;
Schroeder et al. 2024).

The activation temperature significantly influences
the surface area and pore volume (Razzak 2024). Below
750 °C, steam activation promotes the formation
micropores, whereas temperatures exceeding 750 °C
result in a distribution of pores that includes both
micropores and mesopores (Razzak 2024). Research
indicates that biochar derived from barley straw, acti-
vated at 700 °C, possesses the maximum micropore
surface area (540 m?/g). Elevated activation tempera-
tures, up to 850 °C, result in the expansion of pores
and the transformation of some micropores into
mesopores. Nevertheless, extended activation (beyond
45 min) can lead to over-widening of the pores, thereby
decreasing pore volume and surface area (Dong et al.
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2025; Mochizuki et al. 2025). Consequently, determin-
ing the optimal activation temperature and duration is
vital for optimizing microporosity and enhancing CO,
adsorption.

4.2 Chemical treatment

The chemical modification of biochar involves changing
its surface structure, enhancing the micropore structure,
increasing the surface area, and improving CO, adsorp-
tion capacity by introducing functional groups. This
can be achieved through various methods such as alkali
modification, amino modification, and metal immer-
sion. Additionally, heteroatom doping has the potential
to enrich functional groups and adjust the carbon frame-
work, generating considerable interest due to its potential
to enhance biochar properties.

Chemical adsorption typically results from the syner-
gistic interactions among various functional groups (Xu
et al. 2020; Zubbri et al. 2020), primarily hydrogen bonds
and Lewis acid—base interactions involving nitrogen and
sulfur functional groups. These interactions depend on
the biochar’s physical structure and surface chemistry.
Given the Lewis acidity of CO,, functional group acting
as Lewis bases can react with CO, molecules. Among
chemisorption processes, those initiated by acid—base
reactions are the most robust. Nitrogenous groups, such
as pyridine, pyrrole, and graphite nitrogen, significantly
enhance CO, adsorption capacity. Notably, 1 mol of
CO, can interact with either 1 mol of pyridine nitrogen
or 2 mol of pyrrole nitrogen (Mukhtar et al. 2020; Wang
et al. 2020b). Amine reagents such as TETA, EDA, and
TEPA are commonly used to modify biochar, leading to
the formation of primary, secondary and tertiary amines
on its surface. Gao et al. (2025) demonstrated that sul-
fur-containing functional groups and phenolic hydroxyl
groups also contribute to CO, interactions, further
enhancing CO, uptake. A high oxygen-to-carbon ratio
in carbon materials enhances this interaction through
hydrogen bonding with CO,.

In summary, CO, capture by biochar is contributed
by physisorption and chemisorption. The enhancement
of chemical adsorption through heteroatom doping and
the improvement of physical adsorption dominance are
the key factors for the design of biochar structure. The
increase of micropores, specific surface area and effec-
tive functional groups are the main control factors for
enhancing the adsorption capacity of biochar. As the
main investigated elements for doping, nitrogen, boron,
sulfur and phosphorus are used to illustrate the effects of
the four dopants on biochar in Fig. 6b.
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4.2.1 Nitrogen doping

Among various hybrid elements, including N (Liu et al.
2021), B (Sui et al. 2021), S (Ding et al. 2020), P (Suo et al.
2019), and O (Liu et al. 2019a), N is particularly effec-
tive in doping carbon due to its proximity to carbon in
the periodic table and similar atomic radii. As a result,
the bond length between carbon and nitrogen closely
mirrors that of carbon—carbon. This similarity facili-
tates the substitution of carbon atoms with nitrogenous
functional groups. The incorporation of the more elec-
tronegative nitrogen atom generates a dipole moment,
thereby enhancing the interaction between the positively
charged carbon and external materials. This in turn aug-
ments the polarity, alkalinity, and surface activity of the
biochar. Therefore, nitrogen-doped biochar (NBC) not
only boasts a highly porous structure, large specific sur-
face area, and strong intermolecular forces, but also
displays significant surface activity and electrochemical
properties. These include a robust ion exchange capacity,
pH buffering capacity, and adsorption ability. This wide
range of properties gives it broad application potential
in fields such as soil treatment (Fakhar et al. 2025), CO,
adsorption (Wang et al. 2021), sewage treatment (Liang
et al. 2020), electrochemical energy storage (Zhou et al.
2021), and catalysis (Zhang et al. 2021).

The type of nitrogen precursor and biomass results
in varying nitrogen-containing functional groups. For
instance, urea phosphate promotes pore formation and
amplifies surface alkalinity by generating nitrogen-con-
taining free radicals. These free radicals form nitrogen-
containing functional groups, such as pyrrole, which
facilitate the degradation of the carbon surface and sub-
sequently induce the generation of novel pores. During
pyrolysis, ammonia interacts with nitrogen precursors
to release free radicals that subsequently form nitrogen-
containing groups on the carbon matrix, contributing to
pore formation (Dong et al. 2024).

Research has demonstrated that NBC possesses a
superior CO, adsorption capacity compared to origi-
nal biochar. This is attributed to exceptional adsorption
properties such as a high absorption rate, robust adsorp-
tion selectivity, swift adsorption kinetics, suitable adsorp-
tion heat, and high chemical and mechanical stability
(Zhang et al. 2025b). The production of NBC with nar-
row micropores, specific nitrogen existence state, and
high nitrogen content typically involves activation and
in situ pyrolysis techniques. For instance, Wang et al.
(2021) synthesized NBC using cyanobacteria as both
carbon and nitrogen sources, coupled with KOH acti-
vation and high-temperature pyrolysis. The resultant
NBC had a pore size predominantly between 0 to 2 nm
and an N-Q content of 32.9%. Density functional theory
(DFT) calculations (Fig. 7) showed that the electrostatic
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potential (ESP) of the carbon skeleton in non-doped bio-
char was uniformly distributed (Fig. 7a). In contrast, the
N-doped biochar exhibited a heterogeneous ESP distri-
bution (Fig. 7b), with positive potential migration pre-
dominantly observed around the N-Q atoms, leading
to the formation of Lewis acid/base centers. This effect
augmented the CO, adsorption energy (AE, ) of NBC,
rendering it approximately double that of its undoped
biochar (Fig. 7c). Notably, the material achieved a CO,
adsorption capacity of 4.88 mmol/g at 1 bar and 0 °C, a
CO,/N, selectivity ratio of 39.3%, and exhibited merely
a 7% degradation after seven cycles of adsorption/des-
orption. This underscores its impressive separation effi-
ciency, adsorption efficacy, and durability. The selectivity
of NBC is paramount for CO, adsorption, as it effectively
separates and adsorbs mixed gases, thereby enhancing
collection and reutilization.

During the production of N-doped biochar, treatment
temperatures that reach up to 900 °C can convert some
nitrogenous groups into N-containing aromatic species.
This process reduces the nitrogenous functional groups
and the surface alkalinity of biochar, thereby diminishing
its interaction with CO,. The modification of -COOH rich
biochar using ammonium hydroxide introduces nitrile and
amine groups. These N-functional groups, such as pyridi-
nyl, pyrrole, and amide, enhance the surface basicity and
polarity of biochar, thus improving its CO, adsorption
capacity (Fig. 8a; Tiyawate et al. 2024). Figure 8b illustrates
the reaction mechanism by which polyvinylimidazole, NH,,
and HNO; interact with the native functional groups on
the biochar surface, incorporating N-containing functional
groups. Surface amination, typically achieved using amines
like MEA, DEA, PZ, PEL, and TEPA, is a common method
for introducing amino groups. Among the single amines,

TEPA exhibits a CO, adsorption capacity of 2.04 mmol/g,
surpassing that of unmodified biochar (0.30 mmol/g). Cano
et al. (2025) proposed a tri-stage process for the function-
alization of biochar with TEPA (Fig. 9): initially, EDC acti-
vates the -COOH groups to form O-acylhydrazide as an
intermediate, which then undergoes a nucleophilic reac-
tion with amino groups to form amides and by-products
such as isocyanate. Subsequently, appropriate additives
(e.g., HOBL) are selected to inhibit the formation of these
by-products and improve product yield; ultimately, epoxy
groups interact with TEPA to produce modified biochar.

Nitrogen has similar chemical properties to carbon,
facilitating its doping during or after carbonization. Nitro-
gen exists in two forms: chemical and structural nitrogen.
Chemical nitrogen, including amino and nitroso surface
functional groups, augments the Brgnsted-Lowry alkalinity
of carbon materials (Ouyang et al. 2021; Park et al. 2019).
On the other hand, compounds containing structural nitro-
gen, such as pyridine, pyrrole, and graphite-nitrogen, form
specific chemical bonds with carbon atoms. This enhances
the Lewis basicity of the carbon materials, thereby improv-
ing the interaction with CO, and promoting adsorption
performance. Moreover, the electronegativity of nitro-
gen modifies the electron density of neighboring carbon
atoms, generating positively charged regions and special
active sites within the carbon structure, further enhancing
adsorption performance (Li et al. 2022¢; Senthilkumaran
et al. 2020).

4.2.2 Sulfur doping

The process of sulfur doping notably affects the structure
of biochar. Sulfur appears to be an effective strategy for
modifying the structure of biochar. Sulfur, with an elec-
tronegativity of 2.58, which is close to that of carbon
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Fig. 8 a Different nitrogenous functional groups introduced by various amination agents. Copyright 2021 Elsevier. Adapted from Shafawi et al.
(2021), and b mechanism of activation using amino

(2.55), does not cause a significant imbalance in the gap between molecular orbitals, forms thiophene groups,
electronegativity of doped carbon. Instead, it redistrib- and boosts the reactivity of catalyst, thereby improving
utes electrons, leading to structural defects that improve its adsorption performance (dos Reis et al. 2024; Wang
adsorption properties. This doping narrows the energy et al. 2025a). Additionally, the incorporation of sulfur
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atoms can modulate the spin density and polarizability
of biochar, augmenting structural defects in the carbon
materials and carbon layers. Such reaction sites amplify
the adsorption properties and ion storage capacity of
energy storage devices. Given its abundance, cost-effec-
tiveness, and environmental friendliness compared to
transition metals, sulfur emerges as a promising dopant.
The sulfur functional groups in biochar have been dem-
onstrated to enhance the adsorption of heavy metals
(Zhang et al. 2019), facilitate organic adsorption (Guo
et al. 2020), enhance catalysis (Dehkhoda et al. 2010),
and improve CO, capture and energy storage (Leng et al.
2019). In contrast, untreated biochar primarily relies on
physical adsorption, which results in low adsorption effi-
ciency due to the absence of active adsorption sites.
However, the presence of sulfur-containing functional
groups in biochar which has been directly preserved or
transformed via biomass heat treatment is relatively rare.
Numerous studies have documented the loss of sulfur-
containing functional groups during heat treatment,
particularly at elevated temperatures. Consequently,
strategies such as the selection of biomass composition,
the optimization of processing parameters, and the use
of additional treatments have been suggested to enhance
the abundance of S functional groups in biochar (Shao
et al. 2025; Yang et al. 2019). Among these approaches,
the addition of sulfur during preparation stands out as

the most effective and widely employed method for intro-
ducing S functional groups, a process usually referred
to as vulcanization (e.g., sulfur doping, post-treatment)
(Velempini and Pillay 2019). Vulcanization is a sophis-
ticated chemical reaction that primarily occurs on the
surface of the biochar, where unpaired electrons from
unsaturated carbon atoms on the edge of the carbon
plane are prone to forming bonds with the introduced
sulfur atoms. The process of S doping during biochar
pyrolysis or post-treatment serves as an effective vulcani-
zation method, significantly augmenting the abundance
of S functional groups.

Sulfur in biomass acts as a precursor for sulfur func-
tional groups, which are categorized into organic sulfur
(e.g., C-S, thiophene, cysteine) and inorganic sulfur (e.g.,
sulfates, sulfides) (Wu et al. 2019). Inorganic sulfates are
absorbed by organisms, transformed into sulfides, and
then combine with organic molecules to form cysteine,
where sulfur exists in reduced forms such as -SH or -S-S-.
This process plays a crucial role in metabolism (Bagheri
Novair et al. 2024).

During the pyrolysis of biomass, certain original func-
tional groups remain intact, while novel sulfur-based
functional groups are formed through interactions with
xylose present in the biomass. These groups can be cat-
egorized into volatile sulfur compounds (e.g., SO,, H,S),
sulfides, and organic sulfur compounds, or alternatively
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classified into reducing sulfur species (e.g., sulfides) and
oxidizing sulfur species (e.g., sulfates, sulfites) (Fig. 10).
For a more comprehensive classification, sulfur func-
tional groups in biochar can be further divided into
organic and inorganic categories to facilitate the study of
their distinct transformation pathways (Schnieder et al.
2025) (Fig. 11).

4.2.3 Phosphorus doping

Heteroatom doping, such as with P, N or S, effectively
modifies carbon-based adsorbents by enhancing their
chemical reactivity. When doping with heteroatoms
such as N, S, and P, the physical and chemical proper-
ties of biochar are altered, endowing the material with
superior performance. In particular, phosphorus-doped
(P-doped) biochar exhibits enhanced adsorption per-
formance due to phosphorus’s lower electronegativ-
ity and larger covalent radius of compared to nitrogen
and sulfur. This doping modifies the carbon structure
and heightens polarization (Wu et al. 2022b). The intro-
duction of heteroatoms to carbon generates defect
sites, and the number of defects slightly increases with
temperature. Thereby increasing the electron cloud
density and material conductivity. It is observed that
carbon has an electronegativity of 2.55, while phospho-
rus stands at 3.19. This difference suggests that carbon
atoms next to phosphorus could act as Lewis base sites
with lone pairs of electrons, facilitating bond forma-
tion (Liu et al. 2025). Recent research indicates that
phosphorus doping in biochar can increase active sites,
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thereby promoting CO, molecule adsorption on the
surface of biochar. Additionally, P-doping introduces
acidic sites on the carbon surface, bolstering its chemi-
cal stability as well as the adsorption of metal ions and
organic compounds. The increased active sites and
strong electron donor properties of P-doped biochar
promote efficient CO, adsorption (Puziy et al. 2020).
Research demonstrates that, among all surface func-
tional groups, P doping markedly improves adsorption,
electron acquisition, and the overall performance of
materials, expanding the potential applications of acti-
vated carbon materials (Chen et al. 2021).

Studies have utilized the petioles of the aquatic plant,
Nymphaea, as precursors to prepare biochar. The bio-
char is modified by phosphorus doping and KOH acti-
vating to enhance its carbon dioxide adsorption capacity
(Fig. 12). Zhi’s research (2025a, b, c) details the synthe-
sis process of this innovative adsorbent, which includes
pre-carbonizing the Nymphaea petioles at high tempera-
tures, integrating phosphorus atoms through phytic acid
modification, and ultimately activating with varying con-
centrations of KOH at different temperatures. The result-
ing adsorbent, prepared through phosphorus doping and
KOH activation, reached 4.00 mmol/g at 25 °C under
approximately 1 bar and 6.05 mmol/g at 0 °C (Fig. 12b).
This underscores the importance of phosphorus doping
in enhancing the adsorption capacity of porous carbon
and provides a potential pathway for the development of
high-performance CO, adsorbents using abundant bio-

mass resources.

ST (14
Elementals (11)
SO* 12
SO, @3)

Fig. 10 The various forms of S functionalities present on carbon surface. Adapted from Saha and Kienbaum (2019). Copyright 2019 Elsevier
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DFT calculations reveal that P possesses the capabil-
ity to enhance porosity, making it suitable for integration
with nitrogen-doped porous carbon. When P atoms are
introduced, they foster the development of pyridine-
N and pyrrolic-N functional groups in N-doped car-
bon materials. Both P and N belong to the same main
group with similar chemical properties, but P has a
slightly atomic radius than N. Notably, the C-P bond is
longer than the C-N bond and exhibits a distinct polar
bond orientation. This difference offers greater scope for
structural modifications and variations in electron den-
sity within carbon materials. Furthermore, P predomi-
nantly exists in carbon materials as O-atom-rich PC,0,
PC,0, and PCO; functional groups, thereby enhanc-
ing the wettability of carbon materials (Ma et al. 2023).
Wang et al. (2022b) found that an appropriate amount
of P doping could promote the formation of defects and
increase the active content in NFA-TPD-12 samples. To
further improve the porosity and nitrogen content of
carbon materials, nitrogen- and phosphorus-rich com-
pounds were pyrolyzed. The effects of P groups on the
pore structure of N, P-Co-doped porous carbon-X mate-
rials, N groups and the interaction between different
functional groups were studied. Compared to the non-
P-doped A-TDP-0 and low-P-doped A-TDP-6 materials
with CO, adsorption capacities of 4.97 and 3.01 mmol/g,
respectively, the nitrogen-phosphorus co-doped mate-
rial A-TDP-12 demonstrates significantly enhanced CO,
adsorption performance. With an optimized phospho-
rous doping concentration, it achieves capacities of 1.52
and 5.68 mmol/g at 1 and 5 bar, respectively. Moreover,
its performance exhibits negligible decline after eight
consecutive cycles. Thus, the strategic incorporation of
phosphorus can substantially enhance the CO, adsorp-
tion capacities of carbon materials.

4.2.4 Boron doping

Research has demonstrated that the integration of het-
eroatomic elements can delicately adjust the electronic
structure of carbon atoms, thereby generating a substan-
tial number of active centers that can be used for cata-
lytic reactions. Boron (B), as a neighbor of carbon in the
periodic table, exhibits significant similarities with car-
bon at the atomic cluster scale. Consequently, it has been
selected as a non-metallic element for biochar modifica-
tion. The strategy of doping boron onto a carbon matrix
effectively disrupts the electrical neutrality of the sp car-
bon-carbon network, thereby, generating new defects
and charged sites for material adsorption. The atomic
radius of B (1.92 A) is smaller than that of C, with lower
electronegativity (Shinde et al. 2025). Consequently, it
can be incorporated into the carbon matrix, disrupt-
ing the electron-neutral two-carbon network of sp, and
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inducing defects and charged sites within the adsorbent.
Given these characteristics, the addition of boron can
enhance the carbon material’s ability to adsorb carbon
dioxide. The boron-doped structure exhibits Lewis basic-
ity, favorably interacting with the CO, molecule, which
exhibits weak Lewis acidity. Therefore, boron-doped
carbon materials represent a mature choice with poten-
tial for carbon dioxide adsorption (Pan et al. 2023; Wang
et al. 2025d). This process can alter the microstructure
of biochar surface and optimize its activation properties,
as confirmed by existing studies (Chen et al. 2025; Wang
et al. 2025¢). In addition, research has demonstrated that
B doping can introduce B-O bonds, which serve as active
sites for adsorption reactions (Pan et al. 2023). Nota-
bly, recent studies have revealed that B-doped graphene
exhibits lower formation energy than N-doped graphene.
B-doped tea seed shell biochar was prepared by Pan and
coworkers (Pan et al. 2023). Similarly, Wang and co-
workers (2025c) synthesized B-containing porous carbon
derived from water chestnut shell biomass, demonstrat-
ing that boron incorporation effectively modulates the
carbon framework and generates oxygen-coordinated
boron species. It was found that the presence of boron-
oxygen functional motifs (e.g., -O-B-O) significantly
improves the adsorption performance of modified carbon
materials by enhancing surface polarity and CO, affinity.
Consequently, B-doped biochar derived from sustainable
biomass feedstocks is anticipated to be an ideal candidate
material for achieving high CO, adsorption capacity and
stability.

4.2.5 Codoping

Research (Wu et al. 2024a) has demonstrated that the
multi-element co-doping of biochar is notably more
effective in enhancing its performance in comparison to
single-element doping. This can be attributed to the syn-
ergistic effects of multi-element co-doping and assorted
functional groups, which augment the active sites on the
surface of porous carbon, thereby bolstering its adsorp-
tion performance. The heterogeneous atom doping
(incorporating elements such as N, O, S, P, and halogens)
has been identified as a successful technique for increas-
ing the active sites on the surface of porous carbon. This
method of heterogeneous doping has the potential to
generate a diverse array of functional groups that con-
tain heteroatoms within the carbon lattice (Fig. 13a).
The study conducted by Shi et al. (2022) resulted in
the synthesis of N-O co-doped porous carbon using
melamine-urea—formaldehyde resin as a carbon pre-
cursor. The resultant product exhibited an impressive
specific surface area of 2784.53 m?/g and a superior CO,
adsorption capacity of 18.49 mmol/g at 25 °C and 1 bar.
The enhancement in CO, interactions was attributed
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to the presence of N-O functional groups, which facili-
tated multilayer adsorption. A nitrogen-sulfur co-doped
porous carbon was synthesized by Xiao et al. by using a
single-step condensation process with trimellitic anhy-
dride, glucose, and thiourea (Fig. 13b) (Xiao et al. 2021).
This material demonstrated superior CO, absorption
capacity (5.56 mmol/g), rapid adsorption kinetics, and
exceptional regeneration ability (Fig. 13c, d). The co-
doping of nitrogen and sulfur could significantly enhance
CO, adsorption in carbon materials, with the contents
of nitrogen and sulfur being critical factors (Shao et al.
2022).

Heteroatom doping modifies the surface charge distri-
bution and augments the number of active sites, thereby
enhancing CO, adsorption. Nitrogen, phosphorus, and
boron create functional groups that amplify the Lewis
acid—base properties of biochar. On the other hand, sul-
fur and phosphorus, owing to their larger atomic size,
induce defects in the carbon structure, which further
escalates the number of active sites. This process can
broaden the pore structure of pure biochar, increas-
ing both the surface area and the number of active sites,
consequently improving its adsorption performance. For
optimal doping effects, the techniques and conditions

of heteroatom doping must be meticulously examined,
with pre-modification and post-modification doping con-
stituting the two primary approaches (Xiao et al. 2021).
While the choice of co-doping elements, techniques, and
the underlying mechanisms of co-doping’s impact on
CO, adsorption are not yet fully understood (Sun et al.
2023b; Wu et al. 2024a), further research is required to
elucidate the synergistic effects of various heteroatoms in
augmenting CO, adsorption.

5 Doping method

5.1 Pre-doping method

The process of pre-doping, alternatively referred to as
in-situ synthesis, entails the addition of N sources to
raw materials prior to carbonization or the utilization
of precursors containing both N and C as raw materi-
als. This in-situ synthesis can be further categorized
into various methods, including the activation method,
hydrothermal method, pyrolysis method, and template
method among others. The introduction of N sources
during the carbonization process ensures that the
nitrogen protons are distributed evenly within the car-
bon skeleton, resulting in a superior doping effect and
high nitrogen content. The nitrogen in the prepared
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carbon material primarily exists as relatively stable
structural nitrogen (Mou et al. 2021). Table 5 provides
a summary of the different raw materials and biochar
preparation methods used for the pre-decoration of
heteroatom-doped biochar. Such biochar exhibits supe-
rior CO, adsorption performance under standard pres-
sure and room temperature. For illustrative purposes,
a direct comparison with an unmodified counterpart
is included for the sample from (Han et al. 2019) to
demonstrate the significant enhancement afforded by
the modification. For pyrolytic carbonization method,
it refers to the direct pyrolysis of biomass into biochar
under a limited oxygen or inert gas atmosphere (Li et al.
2022b). This method offers several advantages over oth-
ers, including simplicity, convenience, a broad adjust-
able temperature range, and easy control. The process
of nitrogen-doped pyrolysis carbonization is illustrated
in Fig. 14a. However, research has shown that although
nitrogen doping can enhance the CO, adsorption per-
formance of biochar, the primary factor influencing its
CO, adsorption is the physical adsorption predicated
on optimal pore structure characteristics. Therefore,
it is essential to employ common chemical activation
methods to create an effective pore structure. How-
ever, chemical activation may alter the nitrogen struc-
ture in biochar and reduce its nitrogen content. Future
research should aim to enhance CO, adsorption perfor-
mance through nitrogen doping, while preserving the
biochar’s optimal chemical activity and pore formation,
and avoiding undesirable changes in nitrogen structure
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5.2 Post-doping method

Post-doping method, also known as post-treatment
method, refers to the process of preparing carbon mate-
rials and modifying biochar with N-containing com-
pounds to produce NBC (Li et al. 2025). Typical sources
of nitrogen utilized in this process include NH;, ammo-
nium salts, nitric acid, urea, melamine, and aniline. The
type of N doped via this method is primarily influenced
by the reaction temperature. At lower temperatures,
nitrogen predominantly exists as chemical nitrogen,
resulting in minimal alterations in surface properties
and pore structure. Conversely, at higher temperatures
(e.g., above 700 °C), C atoms are substituted by some
N atoms, manifesting as structured N within NBC.
This results in a higher N content (Niu et al. 2023). Fig-
ure 14b illustrates the process flow involved in prepar-
ing nitrogen-doped biochar using the post-decoration
method. Post-treatment methods, such as KOH activa-
tion, can increase N-Q content but may alter the pore
structure, thereby diminishing the efficiency of CO,
adsorption. Additionally, ball milling is a technique that
introduces N-containing functional groups to the sur-
face, although the quantity of N doping remains rela-
tively low. For instance, after undergoing ball milling
with ammonia, the N content in bagasse increased from
0.3% to 1.8% (Dong et al. 2024).

Compared to pre-doping method, post-modification
of biochar generally exhibits lower heteroatom con-
tent and poorer CO, adsorption due to the potential
instability of the heteroatomic structures. Conversely,

and loss of nitrogen content. pre-doping  method incorporates  heteroatoms

Table 5 The production of heteroatom-doped biochar obtained by the method of pre-decoration doping

Biomass Heteroatom source Biochar preparation Doping CO, uptake Ref.

elements (mmol/g, 25°C
and 1 bar)*

Longan shell Carbamide Pyrolysis N 4.30 (Wei et al. 2017)
700°C,2h

Glucosamine Self doped Hydrothermal N 4.50 (Shi et al. 2017b)

Hydrochloride 200°C,6h

Water chestnut shell Sodium amide Pyrolysis N 4.50 (Rao et al. 2019)
500°C,2h

Sugarcane bagasse Carbamide Pyrolysis N 4.80 (Han et al. 2019)
600 °C,0.5h

Resorcinol-formaldehyde resin H,S0, Pyrolysis S 3.69 (Shietal. 2017a)
500°C,2h

L-glutamic acid thiourea Pyrolysis N, S 3.54 (Shao et al. 2022)
550°C,1h

Cornstalks melamine; phytic acid Pyrolysis N, P 3.10 (Yuan et al. 2022)
400°C, 2 h

Sugarcane bagasse none Pyrolysis none 232 (Hanetal. 2019)
600 °C,0.5h

- CO, uptake at 25 “C and 1 bar (mmol/g)
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during the polymerization process of the carbon skel-
eton, resulting in more stable modifications. Future
research should focus on improving post-modification

techniques to bolster doping efficiency, stabilize func-
tional groups, and optimize pore structures for better
performance (Sun et al. 2024).
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6 Reusability of biochar

For economic viability and large-scale applications,
it is essential to ascertain the regenerative capacity
of biochar in consecutive CO, adsorption—desorp-
tion processes. Beyond its high adsorption capacity,
the adsorbent must exhibit consistent performance
throughout the regeneration process. The reusability of
biochar is essential for CO, capture, especially in large-
scale applications.

Research has demonstrated that biochar derived from
wheat grass particles through CO, activation maintains
stability across five adsorption—desorption cycles, exhib-
iting an 18.2% reduction in CO, capture capacity (Manya
et al. 2020). Biochar produced from pine sawdust via KOH-
activation retains a consistent CO, adsorption capac-
ity throughout 15 cycles (Quan et al. 2020). Meanwhile,
rambutan peel biochar doped with MgO displays steady
performance over 25 cycles (Zubbri et al. 2020). Similarly,
Mg-loaded walnut shell biochar shows no significant CO,
adsorption capacity loss after 10 cycles (Lahijani et al.
2018). Moreover, various biochars, including those sourced
from pine and pecan, among others, demonstrate remark-
able reusability, with all adsorbents regaining up to 90%
of their initial adsorption capacity within 10 cycles (Cao
et al. 2022). However, white wood steam-activated biochar
experiences a decline in adsorption capacity after 20 cycles
(Francis et al. 2023), suggesting that steam-activated bio-
char is not stable in multiple CO, adsorption—desorption
cycles, and regeneration is needed.

The regeneration capacity of biochar is intrinsically
linked to the isosteric heat of adsorption (Q,), a meas-
ure of the interaction strength between the adsorbent
and CO,. A higher Q, value corresponding to the fill-
ing of ultrafine pores, while a lower Q, value suggests
weaker CO, interactions within larger pores (Wang et al.
2024a). The presence of ash in biochar has the poten-
tial to block micropores and hinder physical adsorption.
However, the ash contributes to the chemisorption of
CO,, a process that is irreversible. Analyses indicate that
the primary cause of the decline in adsorption capacity
of biochar is the incomplete release of CO, molecules
chemically bonded to biochar during the adsorption—
desorption cycle. For heteroatom-doped biochar, such
as melamine-modified rice husk biochar, which primar-
ily depends on CO, chemisorption, elevated regenera-
tion temperatures may be necessary for CO, desorption.
However, even under these conditions, some adsorbed
CO, may not be regenerated, resulting in a reduction
of adsorption capacity. This observation aligns with the
results reported by Li et al. (2022a), where biochar acti-
vated at higher temperatures (700-800 °C) showed slight
activity loss after 10 cycles (Li et al. 2022a). Biochar was
produced from a mixture of sewage sludge and pine
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sawdust, and subsequently activated with KOH at various
activation temperatures (600, 700 and 800 °C). After 10
cycles, the activity of biochar activated at 700 “C and 800
°C decreased by 3% and 2%, respectively.

From both technical and economic standpoints, it
is imperative to have an adsorbent that possesses high
CO, capture capacity and maintains stable performance
across multiple cycles of adsorption—desorption. This
is essential to guarantee the viability of the adsorption
process.

7 Conclusion and Perspectives

7.1 Conclusion

Biochar has gained recognition as a remarkably promis-
ing material for CO, adsorption, owing to its environ-
mentally friendly properties, cost-effective production,
and adaptable physicochemical attributes. This review
highlights that engineered biochar is not merely a simple
carbon skeleton but serves as a highly tailorable phys-
icochemical framework. Through heteroatom doping
(N, S, P, B) and activation processes (encompassing both
physical and chemical activation), it enables the synergis-
tic optimization of surface chemistry and microporous
structure. On the one hand, ultramicropores/micropores
provide pore-filling and molecular sieving effects, which
largely determine capacity and selectivity at low tempera-
ture and low partial pressure. On the other hand, intro-
ducing specific functional groups-particularly pyridinic
and pyrrolic nitrogen-effectively bridges the gap between
physical adsorption capacity and chemical selectiv-
ity. These groups modulate adsorption strength and gas
selectivity through Lewis acid—base interactions, hydro-
gen bonding, and van der Waals forces. Consequently,
this enables highly efficient CO, capture even under low
partial pressures. However, bridging the chasm between
laboratory breakthroughs and industrial deployment
requires a pragmatic confrontation of current limita-
tions. While modifications enhance performance, they
often incur higher energy consumption and production
costs. However, the transition to industrial viability faces
several hurdles. Key challenges include uncertainties in
techno-economic feasibility and potential performance
degradation over long-term cycles. Furthermore, the lack
of standardized protocols for characterizing biochar het-
erogeneity remains a critical barrier.

7.2 Overarching perspectives

To advance biochar-based adsorbents toward industrial
CO, capture, future research should move beyond maxi-
mizing single-gas uptake and increasingly address manu-
facturability, regenerability, and process integration. Key
directions include:
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(1) Condition-oriented structure-chemistry co-
design: optimizing the balance among ultramicr-
oporosity, N-functionalities, selectivity, and regen-
erability for targeted scenarios (post-combustion
capture, gas upgrading, or DAC).

(2) A closed loop between mechanism and identifica-
tion: combining operando/quasi-operando charac-
terization with theoretical calculations to quantita-
tively link pore filling, hydrogen bonding, van der
Waals forces, and Lewis acid—base interactions to
adsorption thermodynamics and kinetics; strength-
ening reproducible identification of N-species using
cross-validated techniques such as XPS and FTIR
to mitigate uncertainties from peak overlap.

(3) Validation in realistic gas mixtures and cyclic oper-
ation: prioritizing tests under the coexistence of
H,0, SO,, and multicomponent gases to determine
competitive adsorption, selectivity retention, and
performance decay, together with systematic com-
parisons of regeneration modes (TSA/VSA/PSA) in
terms of energy demand and structural stability.

(4) Pilot-scale scale-up and process integration: pro-
moting pilot fixed-bed and pressure-/vacuum-
swing tests, establishing traceable links among
feedstock, synthesis, pore/chemistry descriptors,
performance, and cycle life; and assessing compat-
ibility with practical capture units or utilization
processes.

(5) Industrial constraints and policy coupling: extend-
ing evaluation to life-cycle considerations, feed-
stock logistics, and process safety (e.g., activator
corrosion), and connecting material development
with policy incentives and carbon-market mecha-
nisms.

In summary, biochar shows strong promise for CO,
capture, yet its role as a CCUS-enabling material must
be assessed in a balanced manner against the remain-
ing technical and economic barriers, particularly scal-
able manufacturing with consistent quality, long-term
stability in humid/impurity streams, and demonstrably
low-energy regeneration coupled with system-level inte-
gration. Interdisciplinary collaboration should therefore
focus on coordinated advances across materials, pro-
cesses, equipment, and policy frameworks to bridge labo-
ratory performance to engineering validation.
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