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Abstract 

Direct Air Capture (DAC) is gaining worldwide attention as a negative emissions strategy 

critical to meeting climate targets. Among emerging DAC materials, pyrolysis chars (PCs) 

and gasification chars (GCs) derived from biomass present a promising pathway due to 

their tunable porosity, surface chemistry, and low-cost feedstocks. This review critically 

examines the current state of research on the physicochemical properties of PCs and GCs 

relevant to CO2 adsorption, including surface area, pore structure, surface functionality 

and aromaticity. Comparative analyses show that chemical activation, especially with 

KOH, can significantly improve CO2 adsorption capacity, with some PCs achieving more 

than 308 mg/g (100 kPa CO2, 25 °C). Additionally, nitrogen and sulfur doping further im-

proves the affinity for CO2 through increased surface basicity. GCs, although inherently 

more porous, often require additional modification to achieve a similar adsorption capac-

ity. Importantly, the long-term stability and regeneration potential of these chars remain 

underexplored, but are essential for practical DAC applications and economic viability. 

The paper identifies critical research gaps related to material design and techno-economic 

feasibility. Future directions emphasize the need for integrated multiscale research that 

bridges material science, process optimization, and real-world DAC deployment. A syn-

thesis of findings and a research outlook are provided to support the advancement of 

carbon-negative technologies using thermochemically derived biomass chars. 

Keywords: biomass-derived sorbents; biochar activation; carbon capture materials; CO2 

adsorption; surface functionality 

 

1. Background and Importance of Atmospheric CO2 Mitigation 

According to the latest global report on CO2 emissions by the International Energy 

Agency [1], worldwide CO2 emissions continue to increase despite ongoing mitigation 

efforts. This upward trend has led to a record high atmospheric CO2 concentration of 424.6 

ppm in 2024, approximately 3.5 ppm higher than in 2023 [2]. Figure 1 shows that the at-
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mospheric CO2 concentration increased by 25.8 ppm between 2014 and 2024. This alarm-

ing rise underscores the urgent need for innovative strategies to reduce atmospheric CO2 

levels, beyond merely reducing emissions at their source. 

This review aims to bridge critical knowledge gaps by offering a comprehensive and 

structured analysis of pyrolysis and gasification chars as adsorbents for direct air CO2 

capture. Although many previous reviews have focused on carbon materials in general, 

they often lack detailed comparisons between pyrolysis and gasification chars in terms of 

their physicochemical properties, CO2 adsorption capacity, and process limitations. This 

work distinguishes itself by integrating mechanistic insights (e.g., surface chemistry, po-

rosity development, and aromaticity) with process-level considerations (e.g., energy re-

quirements, scalability, and real-world application challenges). By combining a compara-

tive perspective with a focus on direct air capture, this review provides a timely resource 

to guide future material design and system integration strategies in the context of climate 

mitigation. 

 

Figure 1. Increase in global average atmospheric CO2 concentration during the past dec-

ade (2014–2024). Source: Mauna Loa Observatory [2]. 

To guide this review, we formulate the following research questions: 

(1) What are the key physicochemical properties and modification strategies that en-

hance the CO2 adsorption capacity of the pyrolysis and gasification chars? 

(2) What are the major knowledge gaps and future research needs that must be ad-

dressed to enable the large-scale implementation of char-based materials in direct air 

capture systems? 

2. Overview of Direct Air Capture Technologies and Materials 

Direct air capture (DAC) is a promising approach to mitigating excess atmospheric 

CO2 by capturing it directly from ambient air. DAC refers to the process of extracting CO2 

directly from the ambient air and storing it in geological formations for long-term seques-

tration [3]. Due to the low concentration of CO2 in the ambient air (≈425 ppm), DAC re-

quires considerable energy input and depends on advanced sorbent materials with high 

selectivity and affinity for CO2 under such dilute conditions. Various DAC technologies 

have been developed and evaluated for the mitigation of atmospheric CO2. An overview 

of DAC techniques is presented in Table 1. 
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Table 1. Overview of direct air capture technologies. 

Type Technology Mechanism and Key Features Refs. 

Liquid-based  Alkaline Solvents (KOH, NaOH) 
CO2 reacts with an alkaline solution to form carbonates; re-

generated by calcination. 
[4,5] 

Liquid-based  Amino Acid Solution 
CO2 forms bicarbonates; regeneration through mild heat-

ing; low volatility and energy demand. 
[6] 

Solid-based Amine-Functionalized Solids 
CO2 chemically absorbed by amines on supports (e.g., alu-

mina, resins). 
[7,8] 

Solid-based 

Temperature-Vacuum Swing  

Adsorption (TVSA) 

CO2 is physically adsorbed at room temperature and is de-

sorbed by heating and vacuum. 
[9,10] 

Chars/Activated Carbons 
Porous carbon materials (e.g., doped chars); adsorption via 

surface area and functionality. 
[11] 

Metal-Organic Frameworks  

(MOFs) 

Crystalline porous materials with a tunable structure and 

high CO2 selectivity. 
[12] 

Zeolites 
Selective CO2 separation using microporous crystalline 

structures. 
[13] 

Electrochemical 

Electro-Swing Adsorption 
Redox-active materials bind/release CO2 via voltage control 

under mild conditions. 
[14] 

Electrochemical Cells 
CO2 capture and conversion using ion transport through 

electrochemical cells 
[15] 

Hybrid 

TVSA + Dehumidification 
The pre-drying air improves the CO2 capture efficiency in 

TVSA systems. 
[16] 

Passive Air Contactors 
Wind-driven flow over solid sorbents (e.g., amine-grafted 

monoliths); low energy demand. 
[17] 

2.1. Liquid-Based Absorption 

Liquid-based DAC technologies employ aqueous solvents to capture CO2 efficiently, 

even from highly diluted air streams. These systems, which use alkaline solutions, such 

as KOH [5] and NaOH [4], have demonstrated considerable capture capacities and eco-

nomic viability. General reactions (1) through (4) describe the sequential steps of the CO2 

capture process using KOH, which takes place in the air contactor, causticizer, calciner, 

and slaker units, respectively [18]. 

CO2(g) + 2KOH(aq) → H2O(l) + K2CO3(aq) (1) 

K2CO3(aq) + Ca(OH)2(aq) → 2KOH(aq) + CaCO3(s) (2) 

CaCO3(s) → CaO(s) + CO2(g) (3) 

CaO(s) + H2O(l) → Ca(OH)2(aq) (4) 

KOH-based systems can achieve CO2 capture of up to 1.1 million tons per year, with 

potential economic offsets from CO2 utilization [5], while NaOH–Na2CO3 systems offer 

high mass transfer coefficients, but require optimized concentrations to balance absorp-

tion efficiency and solubility dynamics [10]. The KOH production process is more expen-

sive, making it a costlier option compared to NaOH [19]. Recent advances have also ex-

plored the use of aqueous amino acid solvents, such as potassium sarcosinate, in combi-

nation with 3D-printed gyroidal structures that improve gas–liquid contact and reduce 

pressure drop [6]. These systems offer CO2 capture performance comparable to that of 

conventional packings, while benefiting from improved stability, lower volatility, and re-

duced energy demand for regeneration. According to Kiani et al. [20], potassium salts of 

sarcosine and proline are among the most promising DAC solvents, due to their high CO2 



Energies 2025, 18, 4120 4 of 45 
 

 

absorption rates and superior oxidative stability compared to monoethanolamine. How-

ever, due to their limited thermal stability, further process optimization is needed to ena-

ble regeneration under milder desorption conditions. Kiani et al. [21] developed a second 

generation DAC system using an amine-based liquid, called the mist contactor, which is 

expected to reduce CO2 capture costs to USD 68 per ton by 2035, at a capacity of 1 million 

tons of CO2 per year. 

2.2. Solid-Based Absorption 

Solid sorbents impregnated with amines have received substantial attention because 

of their high selectivity and tunable adsorption properties. These hybrid materials can be 

customized by physical impregnation (Class I) [22], covalent grafting (Class II) [22], or in 

situ polymerization (Class III) [23] to optimize the loading of amines and ensure long-

term stability. The performance of these sorbents depends not only on the support struc-

ture, but also on the type of amine used, with optimized blends of primary, secondary 

and tertiary amines that offer a compromise between fast kinetics and resistance to deg-

radation [24]. 

Amine-impregnated alumina supports (e.g., γ-Al2O3 with poly(ethyleneimine) or tet-

raethylenepentamine, TEPA) demonstrate promising CO2 adsorption capacity at ambient 

and sub-ambient temperatures, reaching up to 1.8 mmol of CO2/g [8]. Similarly, polyeth-

yleneimine loaded polymeric resins exhibit high CO2 capacities, excellent thermal stabil-

ity, and durability over multiple cycles, particularly under humid conditions, which can 

improve performance up to 130 mg/g [7]. 

2.3. Solid-Based Adsorption 

Solid-sorbent DAC systems operate by passing ambient air through chambers filled 

with materials that can capture CO2 from the air. In this process, air is typically pushed 

through the system using fans, and as it flows over the solid sorbent, CO2 binds to the 

material at room temperature. The cleaned CO2-depleted air then exits the system. Such 

systems operate cyclically, with the sorbent regenerated, typically by heating or vacuum, 

to release the captured CO2 [25]. Air contactors in DAC systems include fixed beds, mon-

olithic structures [26], and fluidized beds [27], depending on system design and scale. 

Temperature-Vacuum Swing Adsorption (TVSA) is a widely used regeneration 

method for solid-sorbent-based DAC systems. In this process, CO2 from the ambient air 

is first captured at room temperature as it passes through a solid sorbent bed. To release 

captured CO2, the system applies both heating and pressure reduction (moderate vac-

uum) to efficiently desorb CO2. This combination allows efficient desorption while avoid-

ing the need for the extremely deep vacuum levels required in pressure-swing systems. 

Metal–organic framework (MOF) sorbents have demonstrated high productivity and en-

ergy efficiency in TVSA cycles (≈5.5 h), with additional potential for thermal optimization 

through integrated heating and vacuum management [10]. Pilot-scale implementations 

using steam-assisted TVSA systems have achieved stable operation and CO2 production 

of 1.3 kg/day, with energy use ranging from 14.5 to 16.4 GJ per ton of CO2 [9]. 

Chars, metal-organic frameworks (MOFs), and zeolites are three distinct classes of 

porous materials explored for the capture of CO2 from air, each offering unique structural 

and functional characteristics. Ultimately, the choice between these materials depends on 

trade-offs between performance, cost, moisture tolerance, and regeneration efficiency. 

Chars are carbon-rich solids derived from the pyrolysis or gasification of biomass. Ac-

cording to the EU Renewable Energy Directive (RED II) [28], some waste materials can be 

legally classified as biomass, provided they meet specific quality criteria and are intended 

for recovery, based on technological and environmental documentation. 
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Char adsorbents prepared from sewage sludge have shown potential for DAC, espe-

cially when produced at high pyrolysis temperatures and modified by amine doping [11]. 

These materials provide a sustainable pathway for CO2 capture while allowing waste val-

orization. MOFs represent a more advanced class of crystalline materials composed of 

metal nodes and organic linkers. They offer highly tunable structures, large surface areas, 

and a variety of adsorption mechanisms, including open metal sites and functional group 

interactions [29]. However, their high production costs and sensitivity to moisture remain 

barriers to widespread DAC deployment. MOFs have been extensively studied for their 

tunable pore structures and strong electrostatic interactions, which drive selective CO2 

adsorption at low pressures. Frameworks such as ZIF-69 and CAU-10 demonstrate excel-

lent uptake due to confined pore sizes and polar functional groups that facilitate high-

affinity CO2 binding [12]. Zeolites, on the other hand, are crystalline aluminosilicates with 

well-defined pore structures and a strong affinity for polar molecules such as CO2 due to 

their negatively charged frameworks [30]. Although low-cost and abundant, zeolites suf-

fer performance losses in humid environments and often require air pre-drying. Engi-

neered variants such as Fe-doped 13X zeolite exhibit faster kinetics and greater CO2 ad-

sorption capacity under ambient conditions [13]. This modification improves the selectiv-

ity of CO2 while maintaining thermal stability and low-pressure operability. 

2.4. Electrochemically (Liquid and Solid Sorbent) 

Electrochemical technologies for DAC offer a promising alternative to thermal regen-

eration methods by allowing CO2 capture and release through controlled redox reactions 

under mild conditions. They generally operate under ambient conditions, allowing seam-

less integration with renewable energy systems. Two main approaches are used: (1) direct 

electrochemical capture, where redox-active sorbents, such as quinones or organic dyes-

bind or release CO2 in response to an applied voltage [14]; and (2) electrochemically me-

diated competitive complexation, where an external redox-active agent modulates the 

sorbent’s affinity for CO2 [31]. A third approach uses electrochemical cells with anion ex-

change membranes to transport carbonate or bicarbonate ions, allowing CO2 capture and 

separation on the output side [15]. Although still in development, these methods have 

shown significant reductions in energy consumption compared to traditional thermal pro-

cesses, offering potential for scalable, low-energy DAC systems. 

Electro-swing adsorption systems using NR/NRH2 redox pairs exhibit reversible op-

eration and low energy demand (≈65 kJe/mol CO2) although the design of the absorption 

unit still constrains stability and efficiency [14]. Electrochemical cells using anion ex-

change membranes have reached current densities of 326 mA/cm2 at 1.2 V and CO2 cap-

ture efficiencies of up to 95.7%, particularly when humidity and electrode structure are 

optimized [15]. 

2.5. Hybrid Systems 

Hybrid DAC systems, which combine temperature–vacuum swing adsorption 

(TVSA) with predehumidification methods (e.g., condensation or solid desiccants), offer 

enhanced energy efficiency and cost-effectiveness in humid environments. Techno-eco-

nomic analyses show that performance is optimized at 40.0% relative humidity, with lev-

elized DAC costs reduced to USD 194–200 per ton of CO2 and thermal energy use reduced 

to 15.5 GJ/ton [16]. Furthermore, passive air contactors equipped with amine-grafted, alu-

mina-coated monoliths provide low pressure drop and rapid CO2 adsorption kinetics. 

Their uniform functionalization and compatibility with industrial substrates make them 

promising for large-scale DAC deployment, however, further investigation is needed to 

assess moisture tolerance and long-term operational stability [17]. 
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2.6. Relevance of Carbon-Based Solid Adsorbents for DAC 

Among the various DAC approaches, solid adsorbents, particularly low-cost carbon-

based materials, have emerged as a major research hotspot. Compared to liquid solvents 

or metal–organic frameworks (MOFs), solid adsorbents offer several advantages, includ-

ing lower regeneration energy, better thermal and chemical stability, and reduced sensi-

tivity to contaminants such as moisture or trace gases [32–34]. Furthermore, carbon mate-

rials derived from biomass are abundant, inexpensive, and tunable in terms of porosity 

and surface functionality, making them attractive candidates for scalable, low-cost DAC 

systems. These features position pyrolysis and gasification chars as a promising class of 

sorbents for next-generation carbon removal technologies. 

3. Pyrolysis and Gasification Chars as CO2 Sorbents 

Carbon-based materials, such as pyrolysis and gasification chars, are increasingly 

recognized as promising solid sorbents for CO2 capture. They are low cost [35], resistant 

to moisture [34], and thermally stable [36]. Their renewable origin, adjustable porosity, 

and diverse surface functionalities make them attractive candidates for DAC applications 

[25]. Pyrolysis char (PC), commonly known as biochar, and gasification char (GC), are 

solid carbonaceous residues derived from the thermochemical conversion of biomass. 

However, they differ markedly in their formation mechanisms, process conditions, and 

resulting physicochemical characteristics. Pyrolysis is carried out under an oxygen defi-

cient atmosphere at temperatures ranging from 300 °C [33] to 1200 °C [37], thermally de-

composing biomass into char (PC), bio-oil and non-condensable gases. PC forms mainly 

through the aromatic stabilization of lignin-derived structures through depolymerization, 

dehydration, and aromatization [38]. The yield and quality of PC are influenced by tem-

perature [39], feedstock type [40], and moisture content [41]. On the contrary, gasification 

operates at higher temperatures (700–1500 °C) in a partially oxidizing atmosphere (e.g., 

air, steam, or CO2), primary producing syngas (H2, CO, CO2) and a small amount (≈10%) 

of GC [37]. The GC results form partial oxidation and secondary cracking of organic mat-

ter. 

3.1. Physicochemical Properties 

This section describes the key physicochemical properties of pyrolysis and gasifica-

tion chars that govern their CO2 adsorption capacity, including surface area, porosity, ash 

content and carbon structure. 

3.1.1. Specific Surface Area 

The specific surface area (SSA) of char materials, commonly measured using the 

Brunauer–Emmett–Teller (BET) method, is a fundamental parameter governing the ad-

sorption capacity of CO2. Quantifies the total surface area available for adsorption per 

gram of material and is particularly relevant for microporous solids such as PCs or GCs. 

Table 2 summarizes the BET surface area of various PCs under different thermal and ac-

tivation conditions. In general, higher pyrolysis temperatures result in an increased sur-

face area. For example, bamboo-derived chars reached 89–350 m2/g in a temperature range 

of 350–950 °C [42]. However, this increase plateaus or even declines at excessively high 

temperatures or extended residence times. It has been observed that prolonging residence 

time beyond 120 min at high temperatures can result in structural collapse or pore sinter-

ing, reducing the surface area of BET [42]. 

Chemical activation, especially with KOH, significantly increases the surface area. 

For example, PC from a mixture of pine wood and sewage sludge reached an exceptional 

2623 m2/g after activation at 700 °C [33]. Other activated PCs, derived from garlic peel, 
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whitewood, and pine sawdust, also exhibited surface areas above 900 m2/g [43–45]. In 

particular, the maximum surface area does not always correspond to the maximum CO2 

adsorption capacity [43]. The mass ratio of the activating agent to chars a critical factor 

[46,47]; higher ratios tend to improve porosity, but overly high doses can reduce the yield 

or damage the structure. 

Table 2. Effect of biomass types, temperature (T), residence time (RT), and activation conditions on 

the specific surface area (SSA) of PCs. 

Biomass 

Types 

Pyrolysis  Activation BET SSA,  

m2/g 
Refs. 

T, °C RT, min Method T, °C RT, min C:A (a) 

70% Pine Wood- 

30% Sewage Sludge 

600 240 

Raw - - - 

182 

[33] 

700 240 223 

800 240 150 

300 240 KOH 

KOH 

KOH 

600 

700 

800 

240 

240 

240 

1:1 

1:1 

1:1 

703 

300 240 2623 

300 240 2047 

Bamboo  

impregnated  

with H2SO4 

350 120 

- - - - 

89 

[42] 

550 120 140 

750 120 229 

950 60 310 

950 120 350 

950 180 346 

950 240 314 

Garlic Peel 400 120 

Raw - - - 306 

[43] 
KOH 600 60 1:2 947 

KOH 700 60 1:2 1179 

KOH 800 60 1:2 1262 

Whitewood 500 - 

Steam 700 85 1:0.94 840 

[44] CO2 890 100 1:8.7 820 

KOH 775 120 1:1.23 1400 

Pine Sawdust 800 5 

Raw - - - 368 

[45] Steam 850 25 1:0.4 701 

KOH 850 60 1:3 1375 

Wood Pellet 1200 - 

Raw  - - - 161 

[48] 

Steam 550 60 1:2.5 307 

CO2 550 60 1:16.7 287 

ZnCl2 550 60 1:1 4.56 

H3PO4 550 60 1:1 3.19 

KOH 550 60 1:1 439 

Solid digestate 

600 

9 Raw - - - 

6 

[49] 
700 5 

800 16 

900 63 

(a) C:A is the ratio of pyrolysis char to the activating agent. For activating agents in the solid state, 

this refers to the mass ratio of pyrolysis char to the activating agent. For steam as the activating 

agent, it is the mass ratio of pyrolysis char to steam. For CO2 as the activating agent, it refers to the 

ratio of the mass (in grams) of pyrolysis char to the volume of CO2 (in cm3). 

As shown in Table 3, GCs often exhibit higher BET surface areas in their non-acti-

vated form compared to PCs, as exemplified by solid digestate samples in both tables [49]. 

To support this statement, a comparison of SSA for PCs and GCs is shown in Figure S1 

(Supplementary Materials). BET SSA in GCs is also influenced by the heating method: 
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microwave-assisted gasification tends to yield significantly higher SSA than conventional 

electric heating. The SSA of the GCs also depends on the heating system used. GCs with 

microwave heating have been shown to exhibit significantly higher SSA compared to 

those obtained using conventional electric heating [50]. Non-activated GCs listed in Table 

3 exhibit SSA BET values ranging from 11 to 1027 m2/g [49–53]. However, chemical acti-

vation significantly enhances their porosity using KOH [54]. Chemically activated chars 

that use only KOH have also been confirmed to achieve higher surface areas compared to 

those activated by a hybrid KOH/CO2 method [55]. Another important parameter that 

influences SSA is the equivalence ratio (ER), defined as the ratio between the actual 

amount of air supplied to the gasifier and the amount required for complete combustion. 

Higher ERs have been shown to result in lower SSA values [56]. Unlike pyrolysis, where 

increasing temperature can improve SSA, high temperature gasification often reduces mi-

croporosity due to increased carbon burn-off and ash accumulation [52]. Therefore, acti-

vation is even more critical for GCs to restore and enhance their surface properties. 

Detailed analysis of CO2 adsorption capacities in different chars is provided in Sec-

tion 3.2.3, where the adsorption capacity is discussed in relation to the activation strategy. 

Table 3. Effect of biomass types, temperature (T), atmosphere, residence time (RT) and activation 

conditions on the specific surface area of GCs. 

Biomass 

Types 

Gasification  Activation  BET SSA, 

m2/g 
Refs. 

T, °C Atmosphere RT, min Method T, °C RT, min C:A (a) 

Solid  

digestate 

600 

N2/Steam 9 Raw - - - 

11 

[49] 
700 337 

800 461 

900 374 

Corn stalk 

600 

CO2 25 Raw - - - 

452 (b) 

[50] 

700 481 (b) 

800 512 (b) 

900 526 (b) 

1000 490 (b) 

600 312 (c) 

700 408 (c) 

800 481 (c) 

900 503 (c) 

1000 423 (c) 

Straw 

Wood 

Wood 

725–750 Air - Raw - - - 

75 (d) 

[51] 426 (e) 

1027 (f) 

Wheat straw 

800 

CO2 30 Raw - - - 

470 

[52] 900 892 

1000 624 

Hay 

800 

CO2 30 Raw - - - 

256 

[52] 900 419 

1000 269 

Poplar wood 

750 N2/Steam  30 

Raw - - - 

429 

[53] 
750 N2/Steam 60 621 

750 N2/CO2 30 435 

920 N2/CO2 30 687 

Wood  

chips 
900 - - 

Raw - - - 603 

[54] KOH 600 60 1:1 774 

ZnCl2 600 60 1:1 739 
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Wood 800–1000 Air 180 

Raw - - - 126 

[55] KOH 850 120 1:1 1282 

KOH/CO2 850/550 120/60 1:1/1:100 1013 

70% Wood 

30% Manure 
800–1000 Air 180 

Raw - - - 256 

[55] KOH 850 120 1:1 1409 

KOH/CO2 850/550 120/60 1:1/1:100 1404 

(a) C:A is the ratio of gasification char to the activating agent. For activating agents in solid state, this 

refers to the mass ratio of gasification char to the activating agent. For CO2 as the activating agent, 

it refers to the ratio of the mass (in grams) of gasification char to the volume of CO2 (in cm3). (b) 

Microwave gasification. (c) Electric gasification. (d) Particle size 0–0.1 mm, (e) 0–0.5 mm. (f) 0.5–1 mm. 

The comparison of Tables 2 and 3 shows that PCs generally offer a wider range of 

surface areas in their unmodified state and respond more effectively to thermal treatment 

alone. In contrast, GCs are more dependent on chemical activation to attain similar or 

superior surface areas. This difference likely stems from the harsher oxidative environ-

ment and the higher ash content characteristic of gasification, both of which inhibit the 

development of natural micropores. Additionally, PCs tend to preserve more oxygenated 

surface functional groups that contribute to the affinity of CO2, while GCs are often more 

aromatized and contain fewer heteroatoms, affecting both the physisorption and chemi-

sorption mechanisms. 

In summary, PCs might be more dependent on activation because their original po-

rosity from pyrolysis is not high compared with that of GCs. Ultimately, the choice be-

tween PCs and GCs depends on the process parameters, targeted modification strategies, 

and cost–performance trade-offs. 

3.1.2. Pore Size Distribution 

The pore size distribution (PSD) in PCs is typically dominated by micropores and 

mesopores, particularly when material is produced at moderate temperatures (400–500 

°C) [57,58]. GCs, on the contrary, tend to exhibit broader pore structures, as micropores 

coalesce into mesopores and macropores under oxidative and high-temperature condi-

tions [49,59,60]. These structural differences influence the adsorption behavior: mi-

cropores are crucial for CO2 capture due to their size similar to the kinetic diameter of CO2 

molecules, while mesopores and macropores facilitate faster diffusion and improve over-

all adsorption kinetics. Table 4 shows a comparison between the pore size distribution for 

the chars produced by pyrolysis and gasification. 

Table 4. Comparison of the pore size distributions of pyrolysis and gasification chars. 

PC 

Feed-

stock 
T, °C Dominant Pore Types Main Observations Ref. 

Wheat 

straw 
>350  Macropores (>75 µm) 

Larger macropore volumes; suitable for improving soil structure 

and supporting larger organisms (e.g., nematodes, protists). 
[57] 

Rice husk <550 Mesopores (30–75 µm) 
Higher mesopore volume; beneficial for increasing plant-availa-

ble water. 
[57] 

Miscan-

thus 

straw 

<350 Micropores (5–30 µm) 
More micropores; may serve as habitat for bacteria and fungal 

hyphae. 
[57] 

Wheat 

Straw 
500–700 Micropores (44–75%) 

Micropores increase with temperature; short residence time at 

700 °C yields the highest microporosity (75%). The mesopore 

content declines and the macropores remain minimal. 

[58] 

GC 
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Poplar 

Wood 
1150 

Micropores (constant), mes-

opores (minor), macropores 

(vascular channels) 

Despite > 90% char conversion, the micropores remain un-

changed. Pore volume increases due to vascular channel wall 

thinning and macropore growth. 

[60] 

Pine 

wood 

700, 

750, 

800 

Micropores (<2 nm) 

Micropores dominate the surface area, but mesopores grow 

faster initially. Beyond 70% conversion, macropores increase 

while mesopores decrease, indicating progressive pore widen-

ing. 

[59] 

3.1.3. Ash, Fixed Carbon, and Volatile Matter 

The ash content constitutes a relevant factor that influences the overall adsorption 

efficiency. As highlighted by the arrows in Figure 2a,b, increasing pyrolysis and gasifica-

tion temperatures are strongly associated with elevated ash content in the resulting chars. 

It varies widely for both types of char, depending on the feedstock. An increase in pyrol-

ysis temperature leads to a decrease in the content of volatile matter, accompanied by a 

relative increase in the content of ash resulting from the loss of volatiles [61]. Analyzing 

the review work [62], GCs ash due to inorganic accumulation under oxidizing conditions 

ranges from 2% to 75%. However, as illustrated in Figure 2a, the ash content in PCs can 

reach 74% [63], underscoring the significant influence of the type of feedstock (in this case 

it was pig manure) on the resulting char composition. The low ash content of PCs provides 

a better adsorption potential by preserving surface accessibility [64]. 

The fixed carbon content has also changed with temperature and can range from 3.2 

to 92% in PCs, and up to 90% (in GC) under optimized conditions [64,65]. Fixed carbon 

content increases with pyrolysis temperature, while in the case of gasification, particularly 

under a steam atmosphere, a decrease has been reported [66]. As shown in Figure 2a,b, 

PC contains a lower proportion of volatile matter compared to GC. 

 

Figure 2. Ash, volatile matter, and fixed carbon contents of non-activated (a) PCs and (b) GCs (based 

on the literature data:  [63],  [67],  [68], [66]). 

3.1.4. Hydrogen-to-Carbon and Oxygen-to-Carbon Ratios 

The aromaticity of char materials is a critical structural property that influences their 

thermal stability, chemical reactivity, and performance in CO2 adsorption applications. 

The aromaticity of char is commonly assessed using elemental ratios, particularly the hy-

drogen-to-carbon (H:C) and oxygen-to-carbon (O:C) atomic ratios, which serve as proxies 
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for structural condensation and oxidation states, respectively. Figure 3a,b illustrate the 

evolution of these ratios in biomass-derived chars during pyrolysis and gasification. A 

decreasing H:C ratio reflects increased aromatic condensation and carbonization. As 

shown in Figure 3a, PCs with H/C < 0.25, typically produced at temperatures above 800 

°C, indicate highly condensed aromatic structures with high thermal stability [33,42,49]. 

On the contrary, higher H:C values suggest the presence of aliphatic groups and lower 

structural stability [69]. The O:C ratio complements this analysis by indicating the degree 

of oxidation and polarity; lower values (e.g., <0.2) denote more hydrophobic and aromatic 

materials. In comparison, GCs tend to retain slightly lower O:C values in similar H/C ra-

tios [49,52,54]. These differences probably arise from variations in reaction atmosphere 

(inert vs. oxidative), heating rate, and the presence of gasifying agents, which influence 

devolatilization and aromatic ring formation. 

In general, aromaticity and thermal stability increase with process temperature. Py-

rolysis promotes the formation of stable polyaromatic ring systems [70]. On the other 

hand, gasification, which is often carried out under more severe thermal and reactive con-

ditions, can result in even more carbonized and condensed aromatic structures [71]. Pe-

tersen and Sanei [72] underscore the robustness of the H:C molar ratio as a key indicator 

for to evaluate char carbonization, but caution against relying solely on it to evaluate char 

permanence in carbon sequestration initiatives. 

 

Figure 3. Comparison of H:C and O:C ratios for non-activated chars obtained via (a) pyrolysis and 

(b) gasification (Sources:  [42],  [33],  [49],  [54],  [52],  [52], [49]). 
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3.2. Adsorption Mechanisms 

CO2 adsorption on char-based materials occurs through a combination of physical 

and chemical interactions, largely determined by surface functionality and pore structure. 

3.2.1. Surface Chemistry 

The surface chemistry of the chars significantly affects its CO2 adsorption capacity, 

especially under the low partial pressure characteristic of DAC applications. PCs gener-

ally retain more oxygenated surface functional groups, including carboxylic, lactonic, 

phenolic, and quinonic moieties as a function of feedstock type and pyrolysis conditions 

[73]. The content of surface acidic functional groups decreases significantly with increas-

ing pyrolysis temperature, indicating a transformation from aliphatic to more aromatic 

structures. In turn, the total surface basicity of PCs increases as the temperature increases, 

in correlation with the observed elevation in the pH of the char [67]. In contrast, GC con-

tains fewer oxygenated groups due to more intense oxidative processing conditions [74]. 

3.2.2. Nitrogen Function Groups 

Regarding nitrogen-containing functionalities, PC can retain or even enhance these 

groups, particularly when the feedstock is protein-rich or when doping is applied, thus 

introducing basic surface sites favorable for CO2 interaction [75]. GC typically exhibits a 

very low nitrogen content, as nitrogen species are volatilized during the high-temperature 

treatment [76]. 

3.2.3. CO2 Adsorption Capacity 

The capture of CO2 by PCs and GCs is predominantly governed by two mechanisms: 

physical adsorption and chemical adsorption (Figure 4). Physical adsorption is based on 

weak van der Waals forces and is most effective in chars that have well-developed mi-

croporous networks and large surface areas, which facilitate the capture of CO2 within 

microporous domains [77]. Chemical adsorption, on the other hand, involves more spe-

cific and energetically favorable interactions between CO2 and surface functional groups, 

including oxygen- and nitrogen-containing moieties (e.g., –OH, –COOH, pyridinic or qua-

ternary nitrogen), that serve as chemisorption-active centers [78]. Moreover, relative to 

single-heteroatom doping, dual-heteroatom functionalization enhances the density and 

diversity of CO2-active sites [79]. Surface modification techniques, including chemical ac-

tivation (e.g., KOH, H3PO4), steam activation, or impregnation with amine compounds 

(such as polyethyleneimine, PEI), are frequently employed to increase surface area, pore 

volume, and functional group density, thus improving overall sorption capacity and se-

lectivity toward CO2. 

The CO2 adsorption capacity of the pyrolysis and gasification chars is typically meas-

ured using volumetric or gravimetric techniques, both of which allow for reliable quanti-

fication under controlled conditions. The adsorption capacity is strongly influenced by 

temperature and pressure [54,55]: higher adsorption temperatures tend to reduce CO2 ad-

sorption capacity due to increased kinetic energy of the gas molecules, whereas increasing 

pressure generally enhances CO2 adsorption by promoting greater interaction between 

the gas and the char surface. To provide a consistent basis for comparison, Table 5 presents 

a literature-based summary of CO2 adsorption capacities for various PCs and GCs under 

standardized conditions of 25 °C and 100 kPa. 
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Figure 4. Simplified illustration of CO2 physisorption and chemisorption mechanisms. 

Table 5. Summary of CO2 adsorption capacities of pyrolysis and gasification chars under different 

preparation and activation conditions. 

PC 

Feedstocks 

Activation   

Doping  

element 

CO2 Con-

centration, 

% 

CO2 ads.  

Capacity in 1st 

Cycle (b), mg/g 

CO2 ads.  

Capacity After 

10th Cycle (b), 

mg/g 

Refs. 
Methods T, °C C:A (a) 

Eucalyptus saw-

dust 
KOH 

600; 650;  

700; 800 

600; 700;  

800 

1:2 

1:2 

1:4 

1:4 

- 

100 

100 

100 

100 

212; 206;  

190; 170 

128; 128; 

130 

- [32] 

70% Pine wood 

30% Sewage 

sludge 

Raw - - - 100 43 - [33] 

KOH 600; 700; 800 1:1 - 100 
137; 187;  

142 

-; 181 

138 
[33] 

Garlic peel 

Raw  - - - 100 73 - [43] 

KOH 

600; 700;  

800 

600 

1:2 

1:2 

1:4 

- 

100 

100 

100 

186; 176;  

124 

125 

- [43] 

Whitewood 

Steam 

CO2 

KOH 

700 

890 

775 

1:0.94 

1:8.7 

1:1.23 

- 

30 

30 

30 

59 

63 

78 

51 

63 

77 

[44] 

Pine sawdust 
Steam 

KOH 

850 

850 

1:0.4 

1:3 
- 

100 

100 

104 

156 
- [45] 

Wood pellet 

Raw 

Steam 

CO2 

ZnCl2 

H3PO4 

KOH 

- 

550 

550 

550 

550 

550 

- 

1:2.5 

1:16.7 

1:1 

1:1 

1:1 

- 

15 

15 

15 

15 

15 

15 

168 

175 

175 

178 

172 

180 

- [48] 

Coffee grounds KOH 600 
1:2 

1:3 
- 

100 

100 

132 

132 
- [80] 

Pomegranate 

peels 

Carrot peels 

Fern leaves 

KOH 

 

KOH 

KOH 

700 

 

700 

700 

1:1 

 

1:1 

1:1 

- 

 

- 

- 

100 

 

100 

100% 

181 

 

184 

181 

- [81] 

Rice husk CO2 900 - - 100 136 - [82] 
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Bamboo KOH 
500; 600; 700; 

800; 850 
1:3 - 100 

187; 308; 308; 

279; 242 
- [83] 

Grass cuttings CO2 800 - - 100 119 - [84] 

Coconut shell 

Raw 

H3PO4 

KOH 

- 

600 

800 

- 

1:2 

1:4 

- 100 

60 

75 

50 

- [85] 

Enteromorpha KOH 
700; 800;  

900 
1:3 - 100 

125 (d); 126 (d); 

127 (d) 
- [86] 

Enteromorpha 

KOH 

 

KOH 

 

KOH 

700 

 

800 

 

900 

1:3 

 

1:3 

 

1:3 

N, S (c) 

 

N, S (c)  

 

N, S (c)  

100 

 

100 

 

100 

123 (d); 121 (d); 

119 (d) 

121 (d); 130 (d); 

121 (c) 

122 (d); 121 (d); 

120 (d) 

- [86] 

Greasyback 

shrimp shell 
KOH 800 

1:1 

1:2 

1:3 

N 100 

190 

157 

155 

- [87] 

Water chestnut KOH 
600; 650; 700; 

800 
1:3 N  

158; 180; 207; 

141 
 [88] 

Coconut shell KOH 600; 650; 700 

1:2 

1:3 

1:4 

N 100 

180; 180; 180 

176; 211; 207 

189; 189; 194 

- [89] 

Peanut shell KOH 680; 730; 780 1:2 N 100 194; 186; 172 - [90] 

Sugarcane ba-

gasse 
KOH 

500; 600; 700; 

800 
1:2 N 100 

158; 211; 208; 

190 
- [91] 

Camphor leaves KOH 
500; 600; 700; 

800 
1:2 N 100 

122; 165; 124; 

107 
- [92] 

GC 

Wood 

Raw 

KOH 

KOH/CO2 

- 

850 

850/550 

- 

1:1 

1:1/1:100 

- 100 

27 

33 

37 

- 

- 

~37 

[55] 

70% Wood 

30% Manure 

Raw 

KOH 

KOH/CO2 

- 

850 

850/550 

- 

1:1 

1:1/1:100 

- 100 

22 

31 

29 

- 

- 

~29 

[55] 

Olive stones 

Almond shell 

Raw 

Raw 

- 

- 

- 

- 

- 

- 
100 

106–136 (e) 

101–119 (e) 
- [93] 

Bagasse 

Macadamia nut 

shell 

Rice straw 

Raw 

Raw 

 

Raw 

- - - 

100 

100 

 

100 

106 

123 

 

53 

106 

123 

 

53 

[94] 

Palm shell Raw - - - 100 96 - [95] 
(a) C:A is the ratio of char to the activating agent. For activating agents in the solid state, this refers 

to the mass ratio of char to the activating agent. For CO2 as activating agent, it refers to the ratio of 

the char mass (in grams) to CO2 volume (in cm3). (b) at 25 °C and 100 kPa; (c) Na2S2O3⋅5H2O to PC was 

set to 0.25:1, 0.5:1, 1:1; (d) at 30 °C and 100 kPa; (e) lower value for gasification time of 0.5 h and higher 

for 8 h. 

In general, raw PCs show moderate CO2 adsorption capacities, typically ranging 

from 43 to 169 mg/g [33,43,48,85], depending on feedstock and production conditions. 

However, activation, particularly chemical activation using KOH, significantly enhances 

its capacity, with values that frequently exceed 150 mg/g and reach 308 mg/g for bamboo-

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bagasse
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bagasse
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derived char [83]. Similar high-performance levels are observed for KOH-activated euca-

lyptus [32], garlic peel [43], and sugarcane bagasse [91]. The adsorption capacity tends to 

increase with activation temperature up to an optimal point, beyond which excessive ther-

mal treatment may reduce the density of functional groups or lead to pore collapse. In 

addition, doping with heteroatoms such as nitrogen and sulfur has been shown to further 

improve CO2 adsorption capacity by increasing the number of basic and chemically active 

sites on the surface of the char [86–92]. 

On the contrary, GCs in their raw form tend to exhibit lower CO2 adsorption capaci-

ties, commonly ranging between 22 and 136 mg/g [55,93–95]. This is attributed to their 

more condensed aromatic structure and lower surface functional group density as a result 

of harsher gasification conditions. However, GCs also respond positively to chemical ac-

tivation, and KOH-activated GCs achieve improved capacities of up to 33–37 mg/g under 

standard conditions [55]. Nevertheless, even after activation, their capacities generally re-

main below those of comparably activated PCs. 

The disparity in adsorption capacity between PCs and GCs is largely attributed to 

differences in surface chemistry and textural properties. PCs retain more oxygen- and ni-

trogen-containing groups, which favor chemisorption, while GCs, though often more 

graphitized, have fewer polar surface functionalities. Additionally, PCs exhibit greater 

tunability via process parameters, whereas GCs typically require a more aggressive post-

treatment to approach a similar adsorption capacity. 

These findings suggest that PCs, particularly those subjected to chemical activation 

and nitrogen doping, are better suited for DAC applications under ambient conditions. 

However, GCs may still offer viable low-cost options, especially when co-produced in 

integrated systems or enhanced through advanced activation strategies. 

3.2.4. Regeneration Energy, Cyclic Stability, and Environmental Degradation Risks 

The viability of DAC systems depends not only on the initial CO2 adsorption capacity 

but also on the energy required for regeneration, the durability of the sorbent over re-

peated cycles and its resistance to environmental degradation. PCs and GCs generally ex-

hibit favorable regeneration profiles due to their physisorption-dominated mechanisms, 

which involve weak van der Waals interactions and low adsorption heats (~20 kJ/mol), 

allowing CO2 to be desorbed with minimal thermal input [32,96]. Experimental results 

confirm that porous carbons can achieve rapid and nearly complete CO2 desorption at 

mild temperatures (e.g., >95% release within 3 min), maintaining capacity over multiple 

cycles [32,82]. 

However, some studies report small but progressive decreases in adsorption perfor-

mance after five or more cycles, attributed to irreversible chemical interactions between 

surface functional groups (particularly N- and S-doped sites) and CO2, which can lead to 

loss of heteroatoms and mass [86]. Despite this, several doped chars retain over 95% of 

their initial capacity after ten cycles, indicating promising recyclability for DAC applica-

tions [86]. Still, long-term data over hundreds or thousands of cycles remain sparse and 

must be a research priority to validate commercial feasibility [25]. 

From an energy perspective, the total regeneration demand, including both thermal 

and electrical components, remains a bottleneck for DAC. PCs and GCs can benefit from 

electric or hybrid regeneration methods, especially when powered by renewable sources 

or low-grade waste heat, enhancing their environmental and economic performance 

[19,25]. Operating conditions such as humidity also affect energy requirements; while hu-

midity has limited impact on adsorption kinetics, it can influence thermal regeneration 

demands and system design [97]. 
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The risks of environmental degradation, especially due to trace atmospheric contam-

inants such as ozone (O3), sulfur oxides (SOx), and nitrogen oxides (NOx), present addi-

tional concerns. These oxidants can degrade carbonaceous adsorbents by surface oxida-

tion or destruction of active sites, as has been observed in amine-based systems [98,99]. 

Although PCs and GCs are generally more stable, studies indicate that O3 can still react 

with double bonds C=C, especially during desorption heating, leading to material degra-

dation [98]. Moreover, long-term exposure to SOx and NOx can shorten the useful life of 

the sorbent and increase operating costs [99]. Therefore, future testing protocols must in-

corporate realistic ambient air conditions, including pollutants and co-adsorbed gases, to 

evaluate the resilience of char-based sorbents under true DAC scenarios. 

3.3. Spectroscopic Characterization 

Several analytical techniques are commonly used to characterize chars, including 

Fourier transform infrared spectroscopy, carbon-13 nuclear magnetic resonance spectros-

copy, X-ray photoelectron spectroscopy, and Raman spectroscopy. 

3.3.1. Fourier Transform Infrared Spectroscopy 

Char surfaces are enriched with various functional groups that serve as active sites 

for CO2 interactions. The chemical nature of these groups significantly influences the sorp-

tion mechanisms and the overall reactivity of the carbonized material. Fourier transform 

infrared (FT-IR) spectroscopy is widely used for characterizing PCs and GCs, in which the 

sample absorbs infrared radiation at wavelengths corresponding to the vibrational fre-

quencies of specific chemical bonds. FT-IR spectra provide information on the surface 

functional groups and chemical structure of the analyzed material [100]. Numerous stud-

ies have shown that the temperature of pyrolysis [101,102] and the temperature of gasifi-

cation [50,103] are a key factor influencing the presence of oxygenated functional groups, 

which decreases significantly with increasing temperature. Brewer et al. [104] compared 

FT-IR spectra of PCs (from fast and slow pyrolysis) and GCs. Fast PCs exhibited the high-

est intensity of oxygen-containing groups (e.g., O–H ≈ 3400 cm−1, C=O ≈ 1700 cm−1), while 

slow pyrolysis and GCs showed progressively lower functional group signals and 

stronger aromatic features, with GCs showing only weak peaks below 1800 cm−1. As the 

pyrolysis temperature increases from 500 to 600 °C, the bands associated with aromatic 

CH and C=C (observed in the range of 730 to 895 cm−1 and 1566 to 1650 cm−1, respectively) 

and phenolic C–OH (from 1260 to 1310 cm−1) increased significantly [105]. With increasing 

pyrolysis temperature, the vibrational intensity of the aromatic functional groups de-

creases, indicating the progressive decomposition of the carbon material and a gradual 

increase in the character of the formed PC [106]. Similar conclusions were drawn for GC 

obtained at 900 °C, which exhibited a nearly featureless FT-IR spectrum [107]. This ab-

sence of characteristic peaks indicates that most surface functional groups were elimi-

nated during thermal treatment, resulting in an almost purely carbonaceous solid. 

Generally, these spectral changes confirm the transition from oxygenated, aliphatic-

rich surfaces to more condensed, aromatic carbon matrices. This evolution of surface 

chemistry has direct implications for CO2 capture, as the decrease in polar oxygenated 

groups can reduce chemical affinity, while the formation of microporous aromatic do-

mains improves the physical adsorption capacity. 

3.3.2. Carbon-13 Nuclear Magnetic Resonance 

Solid-state 13C nuclear magnetic resonance (13C NMR) spectroscopy is a valuable 

technique for characterizing the structural composition of chars by distinguishing be-

tween various carbon environments such as alkyl, O-alkyl, aromatic and carboxylic car-

bons. It enables the calculation of aromaticity indices based on the relative abundance of 
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aromatic carbon signals (typically 110–145 ppm), which are indicative of thermal maturity 

and the potential sorption stability of the material. 

Reviewed studies consistently show that increasing the temperature of pyrolysis 

leads to greater aromaticity, reflected by a higher share of condensed aromatic carbons 

and a reduction in O-alkyl and aliphatic structures [104,108,109]. The aromaticity values 

derived from NMR correlate with thermal stability and reduced reactivity, which are crit-

ical parameters for long-term CO2 capture. Among the different pyrolysis modes, slow 

pyrolysis yields the highest proportion of edge-site aromatic –CH groups, compared to 

fast pyrolysis and gasification [110]. This is favorable for surface interactions with CO2. 

Some studies also highlight the influence of feedstock composition and post-treatment on 

final aromatic character, suggesting that lignin-rich and manure-derived materials pro-

mote stable polyaromatic networks [111,112]. On the contrary, GCs often show more con-

densed but less protonated aromatic domains, with broader or weaker NMR signals due 

to increased graphitization and possible interference from residual inorganics [110]. De-

spite these limitations, NMR remains a robust method for comparing the carbon structure 

of chars and identifying materials with favorable long-term properties for carbon seques-

tration. 

3.3.3. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) enables quantitative analysis of surface ele-

ments and their chemical states by detecting photoelectrons emitted from a material upon 

X-ray irradiation. XPS provides quantitative data on the presence of elements such as car-

bon, oxygen, and nitrogen, as well as insight into their chemical environments. In the con-

text of carbonized materials, XPS can be used to evaluate the aromatic character of chars 

by detecting the relative abundance of sp2 hybridized carbon (C=C) associated with aro-

matic structures versus sp3 hybridized carbon or oxygen-containing functional groups. 

This makes XPS a valuable tool for assessing the degree of carbon condensation and sur-

face chemistry evolution during pyrolysis or gasification. 

XPS analyses of PCs consistently reveal the progressive aromatization and deoxy-

genation of PCs with an increase in pyrolysis temperature. For example, Bin Mobarak et 

al. [113] reported high C 1s peaks in PCs of rubber seed shell assigned to graphitic C–C/C–

H, with decreasing oxygenated functionalities as temperature increased. The O 1s spectra 

supported the predominance of phenolic and carbonyl groups at moderate temperatures, 

while higher temperature samples lacked hydroxyl signatures, indicating advanced car-

bonization. Similarly, Zhang et al. [114] documented an increase in the intensity of the 

C=C (signal sp2) and a decrease in the aliphatic and oxygenated groups with prolonged 

heating of the biomass of Taxodium ascendens. Yang et al. [115] showed that phosphorus-

doped chars undergo significant structural evolution, where π–π satellite peaks and shift-

ing P 2p signals confirmed increased aromaticity and possible lattice incorporation of 

phosphorus atoms at higher temperatures. Other studies [116,117] further emphasized the 

dominance of sp2-hybridized carbon after activation or exposure to volatiles, with the for-

mer detecting carbonate peaks after KOH activation and the latter observing progressive 

removal of oxygen groups and enhancement of aromatic C–C/C=C peaks across the py-

rolysis range of 250–550 °C. 

In contrast, GCs exhibited surface chemistry shaped by reactive atmospheres and in-

organic interactions. Wang et al. [118] identified strong carbonate signals (O 1s ~535 eV) 

and confirmed the presence of CaCO3 and MgCO3 in chars formed in CO2 at 900 °C, high-

lighting the participation of minerals in surface chemistry. Zhu et al. [56] used XPS to 

show dynamic shifts between the C=O and C–O structures in the chars from the air gasi-

fication of poplar sawdust, with oxidative atmospheres that promote the formation of sta-
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ble C=O at the expense of the C–O groups. Chen et al. [119] found that the oxidative con-

ditions during gasification enhanced the formation of aromatic C–C bonds via thermal 

cyclization, whereas the CO2-enriched atmospheres promoted aromaticity more than the 

inert conditions. In oxygen-enriched gasification, significant enrichment was observed in 

sp2 carbon, KOH activation aiding in heteroatom removal and improving structural order 

[120]. Lastly, Del Grosso et al. [121] demonstrated that GCs from steam/air processes ex-

hibited high fractions of C–C/C–H functional groups, correlating with enhanced aromatic 

character and surface stability, whereas increased oxygen content in air-only chars led to 

higher levels of O=C–O groups, indicating a trade-off between aromaticity and surface 

polarity. 

3.3.4. Raman Spectroscopy 

Raman spectroscopy is a non-destructive and highly sensitive analytical technique 

commonly employed to investigate the structural order of carbonaceous materials, includ-

ing biomass-derived chars. It is particularly effective for detecting sp2-hybridized carbon 

structures and graphitic domains. The primary diagnostic features in the Raman spectra 

of chars are the D-band (~1350 cm−1), which indicates disordered carbon or defects, and 

the G-band (≈1580–1600 cm−1), corresponding to the in-plane vibrations of graphitic car-

bon. The intensity ratio of these bands (ID/IG) is a widely used parameter to evaluate the 

degree of structural disorder and aromatic ring condensation in chars. 

In PCs studies [114,122–125], a consistent trend was observed in which increasing the 

pyrolysis temperature leads to a shift of the D and G-bands, reflecting increased aromatic 

condensation and a higher degree of order [114,122,124]. The ID/IG ratio generally in-

creased with temperature, indicating the formation of larger and more condensed aro-

matic systems, although at very high temperatures, some studies reported a plateau or 

even a decrease due to incipient graphitization [114,122]. Moreover, secondary parame-

ters such as IV/IG or IS/IG were also utilized to describe the valley region and cross-linked 

structures, respectively (IV denotes the valley intensity, defined as the minimum signal 

intensity observed between the D and G bands). For example, chars prepared at 750 °C 

showed significantly improved ID/IG and ID/I(DR+GL) ratios, indicating the growth of aro-

matic clusters of 3 to 6 rings [114]. The broad deconvolution of overlapping peaks into 

multiple sub-bands provided further insight into the evolving polyaromatic networks 

[125]. 

GCs presented similar D and G bands but often showed higher ID/IG ratios compared 

to PCs under equivalent or even milder thermal conditions [56,119,120]. This suggests that 

the oxidative or CO2-rich atmosphere during gasification promotes structural defects and 

hinders complete graphitization. Some GCs exhibited high values of ID/IG (>2.5), indicat-

ing the dominance of disordered and defect-containing aromatic domains [119]. Changes 

in gasifying agents and equivalence ratios significantly influenced carbon structure, with 

intermediate ratios favoring greater disorder, while higher temperatures or residence 

times promoted order [56,126]. The persistence of valley regions and shoulder peaks fur-

ther indicated the coexistence of amorphous and crystalline carbon structures in these 

materials. 

Overall, Raman spectroscopy confirms that both pyrolysis and gasification processes 

significantly influence the aromaticity and structural evolution of chars. While pyrolysis 

tends to produce more ordered and thermally stable structures at higher temperatures, 

GCs often retain a higher level of disorder due to process-specific factors such as partial 

oxidation and gas–solid interactions. 
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4. Optimization Strategies and Char-Based Adsorbents 

4.1. Structural and Chemical Modifications 

Optimization of char physicochemical properties constitutes a fundamental axis to 

improve its CO2 adsorption capacity, thereby reinforcing its applicability as an economi-

cally viable and environmentally sustainable sorbent for carbon capture systems [127,128]. 

The adsorption of CO2 on the char surfaces is governed by a complex interplay between 

the textural attributes and chemical functionalities of the surface, both of which determine 

the strength, capacity and selectivity of the adsorption process. 

The development of a hierarchical porous architecture within the char matrix is im-

perative to balance adsorption capacity and mass transfer efficiency. Micropores (<2 nm), 

particularly those in the range of 0.5–1.0 nm, play a critical role in CO2 physisorption due 

to their capacity to induce overlapping potential fields that enhance the strength of van 

der Waals interactions [129–132]. The confinement of CO2 within ultramicropores (<0.7 

nm) increases the adsorption potential via the Dubinin–Radushkevich mechanism, which 

is particularly effective at low pressures typical of post-combustion CO2 capture scenarios 

[133,134]. 

However, an excessive development of microporosity can lead to diffusional limita-

tions, particularly at industrially relevant flow rates, due to the restricted mobility of gas 

molecules within the narrow pore channels [135]. Therefore, the incorporation of meso-

pores (2–50 nm) serves as transport pathways that alleviate resistances to mass transfer, 

facilitate faster adsorption kinetics and improve the overall efficiency of the process [136–

138]. This dual-pore strategy exemplifies a fundamental design trade-off: optimizing the 

microporous volume for maximal adsorption while ensuring sufficient mesoporosity for 

rapid diffusion and facile regeneration. 

Beyond textural optimization, the surface chemistry of char exerts a decisive influ-

ence on CO2 adsorption through the introduction of specific functional groups capable of 

engaging in physicochemical interactions with CO2 molecules. Oxygen-containing func-

tional groups, such as hydroxyl (-OH), carbonyl (C=O), carboxyl (-COOH), and lactone 

moieties, can act as weak Lewis base sites that engage in dipole-quadrupole interactions 

with the quadrupolar CO2 molecule [139]. However, their contribution is generally limited 

to enhancement of physisorption through increased surface polarity and hydrophilicity. 

However, while nitrogen doping enhances chemisorption strength and CO2 uptake, 

particularly under diluted CO2 conditions as in DAC, it simultaneously introduces a 

trade-off in terms of regeneration energy. Stronger chemisorption bonds, though benefi-

cial for capture capacity, require greater energy input to reverse during the desorption 

step, which is intrinsic to cyclic adsorption processes. This leads to an elevated energy 

penalty during thermal or pressure-swing regeneration, thereby impacting overall pro-

cess efficiency and operating costs. To address this, recent studies have focused on tuning 

the type and distribution of nitrogen functionalities to favor moderately strong but re-

versible interactions, e.g., by maximizing pyrrolic-N over quaternary-N groups, thereby 

maintaining a balance between capture efficiency and regenerability [140]. Additionally, 

hybrid adsorbents combining N-doped char with materials exhibiting low regeneration 

enthalpies (e.g., physisorptive supports or functional coatings) have shown promise in 

reducing the total regeneration load without compromising CO2 uptake. 

The pyrolysis temperature and residence time profoundly affect the structural order 

and chemical reactivity of char. Higher pyrolysis temperatures (>800 °C) typically pro-

mote the development of graphitic domains through progressive aromatization and de-

hydrogenation, leading to increased structural ordering of carbon [141,142]. This transfor-
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mation improves the mechanical stability and electrical conductivity of char, but concom-

itantly reduces the density of surface functional groups due to thermal degradation of the 

oxygen and nitrogen labile moieties [143]. 

Conversely, lower pyrolysis temperatures (400–600 °C) preserve a greater abundance 

of reactive functional groups, enhancing surface reactivity and chemisorption potential, 

although at the cost of reduced thermal stability and mechanical integrity. This requires 

careful optimization of pyrolysis parameters to achieve an optimal compromise between 

surface reactivity—crucial for CO2 capture—and structural robustness, particularly for in-

dustrial applications requiring multiple adsorption-desorption cycles. The aromaticity of 

the carbon structure also modulates π-electron interactions with CO2. While the CO2 mol-

ecule is linear and nonpolar overall, its quadrupolar nature allows for weak π–π interac-

tions with graphitic domains on the char surface, although these are generally considered 

secondary to the dominant physisorption and chemisorption mechanisms [144,145]. 

Contemporary advances in activation methodologies have enabled the fine-tuning of 

char porosity and surface chemistry to maximize CO2 adsorption capacity. Physical acti-

vation, which typically employs steam or CO2 as activating agents at elevated tempera-

tures (≈800–1000 °C), facilitates selective gasification of amorphous carbon regions, thus 

generating additional porosity while preserving the inherent structural integrity of char 

[146,147]. 

Chemical activation, using reagents such as potassium hydroxide (KOH), zinc chlo-

ride (ZnCl2), or phosphoric acid (H3PO4), promotes the development of a highly porous 

network through complex thermochemical reactions. For example, KOH activation pro-

ceeds via the intercalation of K species in the carbon lattice, followed by redox reactions 

that etch micropores and develop a high surface area structure [148]. Despite its remark-

able effectiveness in enhancing microporosity and surface area, the industrial-scale appli-

cation of KOH activation is considerably constrained by several significant drawbacks. 

The highly corrosive nature of KOH requires specialized, corrosion-resistant equipment, 

which increases capital expenditure. Moreover, the cost of KOH and the large volumes 

needed for activation impose economic burdens. The process also results in high water 

consumption and generates large amounts of alkaline wastewater during post-activation 

washing steps, which pose serious environmental challenges and require expensive efflu-

ent treatment systems, compromising the environmental viability and scalability of this 

method [149,150]. 

To overcome these issues, the concept of “green activation” has emerged as a prom-

ising alternative aimed at developing sustainable and environmentally benign activation 

processes without sacrificing adsorption performance. Green activation approaches in-

clude the utilization of bio-derived alkalis, such as potassium salts recovered from bio-

mass ashes, which offer a circular economy perspective by valorizing waste materials. In 

addition, naturally occurring organic acids such as citric acid can serve as mild activating 

agents, reducing the environmental impact. Deep eutectic solvents (DES), composed of 

biodegradable and non-toxic constituents, have also shown potential as effective pore-

forming agents. Nevertheless, although lab-scale results are encouraging, more pilot-scale 

validation is required to confirm their performance, scalability, and long-term environ-

mental safety under industrial conditions [151]. 

Furthermore, molten salt activation employing low-melting inorganic salts (e.g., 

NaCl-KCl eutectic mixtures) has gained traction for its ability to produce highly porous 

carbons under milder conditions, while enabling facile salt recovery and recycling, 

thereby enhancing process sustainability. Complementing chemical methods, physical ac-

tivation techniques, such as microwave-assisted activation, offer notable advantages. This 

method uses volumetric and selective heating of carbon precursors to rapidly induce pore 
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formation with lower energy consumption and reduced processing time compared to con-

ventional thermal activation methods. However, gains in energy efficiency must be bal-

anced against limitations in heating uniformity and scale-up feasibility, which remain 

technical hurdles to industrial deployment [152,153]. Collectively, these emerging activa-

tion strategies present complementary benefits, but also reveal scalability gaps that must 

be addressed through techno-economic analyses and pilot-scale demonstrations to ensure 

their industrial viability. 

The advent of computational tools, particularly machine learning (ML) algorithms 

coupled with molecular simulation techniques, represents a transformative development 

in the rational design of char-based adsorbents [154]. Data-driven approaches enable the 

prediction of optimal char properties, such as specific surface area, pore size distribution, 

and functional group density, based on precursor characteristics and process parameters 

[155]. For example, density functional theory (DFT) calculations and grand canonical 

Monte Carlo (GCMC) simulations facilitate the elucidation of adsorption energetics and 

pore-filling mechanisms at the atomic scale, providing insights that inform experimental 

synthesis strategies [156,157]. 

ML models trained on large datasets that encompass diverse char materials and pro-

cessing conditions have demonstrated the capacity to identify non-obvious correlations 

and optimize synthesis parameters to achieve target adsorption capacities with minimal 

empirical experimentation [158,159]. This integration of computational and experimental 

methodologies accelerates the development cycle of advanced char materials, promoting 

process intensification, and reducing resource consumption. 

4.2. Influence of Pyrolysis Atmosphere on CO2 Capture Efficiency 

The pyrolysis atmosphere constitutes a decisive extrinsic factor that governs not only 

the thermal decomposition pathways of the precursor material, but also the chemical func-

tionalities and defect structures imprinted onto the resultant char, which, in turn, critically 

modulate its CO2 capture performance [160]. This influence operates at both the thermo-

dynamic and kinetic levels, affecting reaction equilibria and promoting distinct reaction 

mechanisms that govern the physicochemical evolution of the solid carbon matrix. 

Under inert atmospheres, such as N2 or Ar, pyrolysis proceeds predominantly 

through devolatilization and polycondensation reactions, leading to progressive aromati-

zation and the formation of graphitic domains with relatively low defect densities 

[161,162]. However, when pyrolysis occurs in reactive atmospheres, additional heteroge-

neous gas-solid reactions come into play. 

For example, under a CO2 atmosphere, the Boudouard reaction (Equation (5)) is acti-

vated at temperatures typically above 700 °C, promoting controlled gasification of the car-

bon structure. 

𝐶(𝑠) + 𝐶𝑂2(𝑔) → 2𝐶𝑂(𝑔);  ΔH° = + 172.5 kJ/mol (5) 

This reaction not only damages the carbon surface, thereby introducing additional 

porosity, but also generates active sites such as carbonyl (>C=O) and lactone groups at the 

pore edges [163–165]. These oxygenated functionalities can serve as basic Lewis sites, pro-

moting specific interactions with the quadrupolar CO2 molecule through dipole-quadru-

pole or acid-base mechanisms [166,167]. 

Similarly, the presence of steam during pyrolysis activates the water-gas shift reac-

tion (Equation (6)) and the water-gas reaction (Equation (7)), which contribute to both 

porosity development and the incorporation of hydroxyl (–OH) and carbonyl groups on 

the carbon surface [168,169] 

𝐶(𝑠) + 𝐻2𝑂(𝑔) → 𝐶𝑂(𝑔) + 𝐻2(𝑔);  ΔH° =  + 131.3 kJ/mol (6) 
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𝐶𝑂(𝑔) + 𝐻2𝑂(𝑔) ⇌ 𝐶𝑂2(𝑔) + 𝐻2(𝑔);  ΔH° =  − 41.1 kJ/mol (7) 

Unlike conventional ex situ activation processes, these in situ gasification reactions 

proceed concurrently with pyrolytic decomposition, allowing for the simultaneous tailor-

ing of textural and chemical properties without necessitating additional post-treatment 

steps. 

Beyond porosity, the pyrolysis atmosphere exerts a profound impact on surface 

chemistry by dictating the nature and abundance of surface functional groups that influ-

ence CO2 adsorption through chemisorption mechanisms. 

Oxidative or semi-oxidative atmospheres (e.g., limited O2 or air) promote partial ox-

idation of the carbon framework, leading to the formation of oxygenated moieties such as 

carboxylic acids (–COOH), phenolic (–OH), lactones, and quinones [170–172]. These 

groups increase the surface polarity and allow specific acid-base interactions with CO2, 

which is a weak Lewis acid. Notably, carboxyl and hydroxyl functionalities can engage in 

hydrogen bonding with CO2, stabilizing its adsorption through reversible complexation 

mechanisms [77]. 

On the other hand, pyrolysis under reduced atmospheres, particularly those contain-

ing ammonia (NH3) or urea-derived vapors, promotes nitrogen doping through the incor-

poration of pyridinic-N, pyrrolic-N, and quaternary-N species into the carbon lattice [173]. 

Pyridinic-N and pyrrolic-N, located at the edges and defects of graphene layers, are 

known to enhance CO2 adsorption through increased local basicity and the ability to do-

nate electron density to the electrophilic carbon atom of CO2, thus stabilizing its adsorp-

tion through Lewis acid-base interactions [78,174]. Furthermore, the presence of quater-

nary-N improves the electrical conductivity of the material, which may be beneficial for 

electrochemically assisted CO2 capture applications. 

The interplay between the pyrolysis temperature and the atmospheric composition 

further complicates the evolution of surface functionalities. At elevated temperatures 

(>800 °C), most oxygenated groups are thermally unstable and tend to decompose via 

decarboxylation, dehydration, or decarbonylation reactions, leading to a more hydropho-

bic and less functionalized surface under inert atmospheres [73]. However, the presence 

of reactive gases such as CO2 or steam can mitigate this loss by enabling continuous func-

tionalization through dynamic surface oxidation processes [175]. This duality allows for 

the generation of thermally stable oxygen functionalities, such as carbonyls and ethers, 

even at high pyrolysis temperatures. 

Moreover, under ammonia-rich atmospheres, nitrogen functionalities can be stabi-

lized at high temperatures through nitridation reactions, leading to the incorporation of 

graphitic-N species that are more resilient to thermal degradation [176,177]. This stabili-

zation is critical for the long-term performance of nitrogen-doped chars in CO2 capture 

applications, particularly under fluctuating operational conditions. 

From a process engineering point of view, the deliberate manipulation of the pyrol-

ysis atmosphere offers significant opportunities for the integration of pyrolysis with car-

bon activation processes, enabling one-step synthesis of highly functionalized chars suit-

able for CO2 capture [178,179]. The use of CO2 or steam as the reactive gas not only valor-

izes these industrial by-products, but also aligns with the principles of the circular carbon 

economy by reintegrating captured CO2 into the production cycle, thereby reducing the 

overall carbon footprint [180]. However, the selection of atmosphere must also account 

for operational constraints, such as gas purity, reaction kinetics, equipment corrosion, and 

safety considerations, particularly when handling reactive or toxic gases such as NH3 

[181]. 
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In summary, modulation of the pyrolysis atmosphere emerges as a strategic lever for 

the rational design of char materials with optimized surface chemistry and textural prop-

erties for enhanced CO2 capture performance. Future research should focus on elucidating 

the reaction mechanisms at the molecular level through in situ characterization techniques 

(e.g., in situ FTIR, XPS under reactive atmospheres), as well as the kinetic modeling of 

coupled pyrolysis and gasification processes under varying atmospheric compositions 

[182]. Additionally, the development of scalable pyrolysis reactors with precise atmos-

phere and temperature control will be essential to bridge the gap between laboratory-scale 

studies and industrial carbon capture and utilization (CCU) applications [183]. 

4.3. Coupling Pyrolysis/Gasification with Carbon Capture and Utilization 

The integration of pyrolysis and gasification processes with carbon capture and uti-

lization (CCU) frameworks constitutes a burgeoning and promising paradigm for the val-

orization of carbonaceous residues, especially within the ambit of sustainable energy pro-

duction and circular carbon management strategies. By synergistically coupling thermo-

chemical conversion with either in or ex situ CO2 capture and downstream utilization 

pathways, it is feasible not only to enhance the overall energetic efficiency of biomass or 

waste conversion, but also to significantly mitigate greenhouse gas emissions through ef-

fective carbon recycling [184–186]. 

Pyrolysis and gasification are intrinsically complementary thermochemical pro-

cesses. Pyrolysis, typically operated at intermediate temperatures ranging from 400 to 700 

°C, facilitates the thermal decomposition of complex organic feedstocks predominantly 

through bond cleavage reactions such as dehydration, decarboxylation, and depolymeri-

zation. This process yields a carbon-rich solid residue—char—characterized by an increas-

ingly aromatic and graphitic microstructure that exhibits an abundance of surface func-

tional groups, including carboxyl, hydroxyl, phenolic and lactonic moieties [187]. These 

surface oxygenated functionalities confer polar characteristics that enhance the physical 

adsorption of CO2 molecules through dipole-quadrupole interactions and hydrogen 

bonding. Moreover, the presence of heteroatoms and defects within the carbon matrix can 

facilitate chemisorption mechanisms, particularly acid-base interactions, in which CO2, a 

weak Lewis acid, interacts with electron-rich basic sites on the char surface [78,188]. 

On the contrary, gasification operates at significantly higher temperatures (800–1200 

°C) under a controlled supply of oxidizing agents such as O2, air, steam, or CO2 itself, thus 

affecting partial oxidation of the feedstock. This results in the generation of a syngas pre-

dominantly composed of CO, H2, and CO2, formed through a network of endothermic and 

exothermic reactions, including the Boudouard reaction (5), the water-gas shift reaction 

(6), and methanation pathways under specific conditions [189]. In particular, the CO2 gen-

erated within the gasifier can serve as an intrinsic activating agent for the residual char. 

The high-temperature interaction between CO2 and carbon leads to a self-activation mech-

anism whereby CO2 gasification selectively gasifies amorphous carbon fractions, promot-

ing the development of microporosity and enhancing the specific surface area of the char 

[190]. This effect improves the adsorptive capacity and regenerability of the char material 

for subsequent CO2 capture, thus creating an elegant feedback loop that contributes to 

carbon recycling within the system. 

This coupling strategy realizes a dual benefit: (i) the production of tailored, function-

alized chars exhibiting optimized pore size distribution and surface chemistry conducive 

to selective CO2 adsorption; and (ii) the generation of a reactive syngas stream that can be 

either directly utilized as a fuel or feedstock or subjected to advanced separation tech-

niques to isolate and valorize CO2 [191]. Furthermore, the selective capture of CO2 from 
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syngas streams using these optimized chars paves the way for integrated process intensi-

fication, wherein adsorbents are derived from the same feedstock conversion process, re-

ducing external material inputs and enhancing overall system sustainability. 

The subsequent valorization of the captured CO2 through CCU technologies encom-

passes catalytic hydrogenation routes such as methanation (Equation (8)) or methanol 

synthesis (Equation (9)), mineral carbonation by reaction with alkaline earth metal oxides 

(Equation (10)), and biological conversions using autotrophic microorganisms [192]. 

𝐶𝑂2(𝑔) + 𝐻2(𝑔) → 𝐶𝐻4(𝑔) + 2𝐻2𝑂(𝑔);  ΔH° =  − 164.9 kJ/mol (8) 

𝐶𝑂(𝑔) + 3𝐻2(𝑔) → 𝐶𝐻3𝑂𝐻(𝑔) + 𝐻2𝑂(𝑔);  ΔH° =  − 49.5 kJ/mol (9) 

𝐶𝑎𝑂(𝑠) + 𝐶𝑂2(𝑔) → 𝐶𝑎𝐶𝑂3(𝑠);  ΔH° =  − 178.0 kJ/mol (10) 

These pathways enable the conversion of CO2 into value-added chemicals or fuels, 

thus transforming the traditionally linear carbon flows of pyrolysis and gasification into 

closed-loop systems with substantially reduced net carbon emissions. Importantly, the co-

production of syngas and high-performance char-based adsorbents aligns with the prin-

ciples of process intensification and circular economy, maximizing resource efficiency 

while minimizing waste and environmental impacts. 

From a process engineering perspective, the realization of coupled pyrolysis/gasifi-

cation-CCU systems demands meticulous control over critical reaction parameters, in-

cluding temperature gradients, residence times, oxidant partial pressures, and feedstock 

characteristics, to optimize the yield and physicochemical properties of both gaseous and 

solid products [193,194]. Advances in reactor configurations, such as dual fluidized bed 

reactors that allow separate pyrolysis and gasification zones, or modular units that inte-

grate sequential thermochemical stages, are essential to ensure seamless coupling with 

CO2 capture and utilization modules. Moreover, the durability and cyclic stability of char-

based adsorbents under repeated adsorption-desorption regimes remain key operational 

challenges requiring further material innovation. 

Life cycle assessment (LCA) and techno-economic analysis (TEA) studies have un-

derscored the potential of these integrated systems to achieve negative carbon emissions, 

particularly when deploying lignocellulosic biomass as feedstocks. However, obstacles 

related to scale-up, system complexity, energy integration, and cost-effectiveness persist, 

necessitating continued multidisciplinary research efforts to overcome kinetic constraints 

and ensure the robustness and economic viability of full-scale implementations. 

4.4. Integration of CO2 Recycling in Gasification Processes 

The strategic integration of CO2 recycling within gasification processes represents a 

key step towards the development of carbon-neutral and potentially carbon-negative 

thermochemical conversion technologies. By reinjecting either captured CO2 or internally 

generated process CO2 at selective stages of the gasification operation, it becomes possible 

to manipulate reaction equilibria, improve syngas composition, and foster a more sustain-

able and circular management of carbon fluxes within the system [195,196]. 

A principal approach to CO2 recycling in gasification is its use as a reactive gasifying 

agent, partially or wholly substituting conventional oxidants such as steam or oxygen. 

The central reaction involved is the Boudouard reaction (5), a key heterogeneous equilib-

rium process that occurs at the interface of solid carbonaceous residues (char) and gaseous 

CO2 [197–199]. This reaction is fundamentally endothermic, favoring higher temperatures 

typically above 900 °C, where the equilibrium shifts toward CO production, thereby aug-

menting syngas yield through efficient conversion of residual char carbon into carbon 

monoxide [200]. The enhancement of CO concentration in syngas not only improves its 
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heating value and reactivity, but also enables downstream catalytic syntheses, such as 

Fischer–Tropsch or methanol production, extending the carbon utilization cascade 

[201,202]. 

Beyond the primary role of CO2 as a gasifying agent, its reintegration offers ancillary 

benefits that influence both operational economics and process sustainability. By reducing 

the dependence on external oxidants, especially oxygen, CO2 recycling decreases costs re-

lated to oxygen production and handling, mitigating safety concerns inherent in oxygen 

enrichment systems [203,204]. Moreover, the valorization of captured CO2 streams de-

rived from syngas purification units, flue gas post-combustion capture, or industrial point 

sources fosters closed-loop carbon management, aligning with circular economy objec-

tives and enabling integration with carbon capture and utilization (CCU) infrastructures 

[205]. 

On the physicochemical front, CO2-mediated gasification exerts profound effects on 

the microstructure and surface chemistry of the residual chars and ash components. The 

gasification of char by CO2 promotes selective gasification of less ordered, amorphous car-

bon phases, leading to enhanced development of microporosity and mesoporosity 

through carbon gasification etching [206]. This in situ activation modifies the pore size 

distribution and increases the specific surface area, which can enhance the subsequent 

adsorption capacity of char for CO2 or other gaseous contaminants in downstream envi-

ronmental applications [207,208]. Such self-activation mechanisms mirror those observed 

under pyrolysis atmosphere modulation, but operate at higher temperature regimes char-

acteristic of gasification. 

Despite its advantages, the practical implementation of CO2 recycling in gasification 

is limited by intrinsic thermodynamic and kinetic factors. The Boudouard reaction’s equi-

librium and rate depend sensitively on temperature, pressure, and char reactivity, neces-

sitating tight control of reactor conditions to maximize conversion efficiency and syngas 

quality [209,210]. Additionally, potential operational challenges include carbon deposi-

tion phenomena (coking), catalyst poisoning or deactivation, and tar formation, all of 

which may impair gasifier stability and longevity. To address these issues, advanced re-

actor configurations such as dual fluidized bed systems, plasma-assisted gasification, and 

staged gasifier designs have been developed to enable more effective control over reaction 

environments and facilitate continuous CO2 recycling [211]. 

From a systemic viewpoint, integrating CO2 recycling into gasification enhances the 

synergy between thermochemical conversion and broader CCU frameworks. The CO gen-

erated through the Boudouard reaction can be channeled into catalytic conversion pro-

cesses, including Fischer–Tropsch synthesis or hydroformylation, to produce liquid hy-

drocarbons, oxygenates, or specialty chemicals, valorizing carbon streams and reinforcing 

economic feasibility. Moreover, integration with renewable hydrogen sources can facili-

tate further upgrading of syngas components, enabling sustainable pathways for the pro-

duction of synthetic fuels [212,213]. 

Finally, comprehensive life cycle assessment (LCA) analyses substantiate the envi-

ronmental merits of CO2 recycling integration within gasification. These assessments con-

sistently demonstrate significant reductions in net CO2 emissions compared to conven-

tional fossil-based thermochemical processes. When biomass or biogenic waste feedstocks 

serve as carbon sources, these integrated gasification-CO2 recycling systems exhibit the 

potential for net negative carbon footprints, contributing meaningfully to climate change 

mitigation and fulfilling policy mandates for decarbonization [214,215]. 
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4.5. Technological Advances in Char Modification and Activation 

Recent technological progress in the modification and activation of char has consid-

erably expanded its capabilities as a highly efficient and selective adsorbent for CO2 cap-

ture, while simultaneously enabling its integration into a wider spectrum of energy con-

version and environmental remediation applications. These advances transcend tradi-

tional physical activation methods and encompass innovative approaches rooted in ma-

terials engineering, surface chemical functionalization, and process intensification strate-

gies [216,217]. 

Chemical activation remains a cornerstone for tailoring the porosity of the char and 

surface chemistry. Conventional activating agents such as potassium hydroxide (KOH), 

phosphoric acid (H3PO4), and zinc chloride (ZnCl2) are well-known for their capacity to 

induce extensive microporosity and mesoporosity through controlled chemical etching 

and dehydration reactions [218]. These agents interact with the carbonaceous matrix, pro-

moting bond cleavage and volatilization of non-carbon elements, which results in the en-

largement of pore volume and development of hierarchical pore networks [219]. For ex-

ample, KOH activation involves complex redox reactions in which KOH penetrates the 

carbon matrix, reacts with carbon to form potassium compounds, and releases gases such 

as H2 and CO that generate micropores [220]. 

However, the large-scale application of KOH raises significant concerns related to its 

environmental impact and economic feasibility. The process requires substantial amounts 

of KOH and large volumes of water for subsequent neutralization and washing, leading 

to high operational costs and the generation of alkaline wastewater that requires proper 

treatment and disposal. These issues limit the scalability and sustainability of KOH-based 

activation methods, especially when targeting industrial carbon capture processes. 

In response to these limitations, the concept of “green activation” has gained traction. 

It encompasses the development and adoption of environmentally benign alternatives 

that maintain or improve activation efficiency while reducing ecological burdens. Green 

activators include biomass-derived alkalis, organic acids, and deep eutectic solvents 

(DES), which are less corrosive and are easier to recover. Molten salts, such as carbonates 

or chlorides, have also emerged as effective activating media, enabling high porosity de-

velopment without generating hazardous residues. In addition, physical methods such as 

microwave-assisted activation and CO2 or steam treatment offer cleaner pathways by 

avoiding chemical residues altogether, making them attractive from both environmental 

and regulatory perspectives. 

Among these, microwave-assisted activation stands out because of its rapid volumet-

ric heating, which enhances energy efficiency and allows for precise control over pore 

development. Likewise, supercritical CO2 treatment provides mild-temperature activa-

tion that minimizes carbon loss and structural collapse, while maintaining high pore con-

nectivity and adsorption capacity [221]. 

Beyond pore generation, functionalization of char surfaces has evolved as a crucial 

strategy to improve CO2 affinity and selectivity. Incorporation of nitrogen-containing 

functional groups, through techniques such as post-synthetic amination or co-pyrolysis 

with nitrogen-rich precursors (e.g., urea, melamine), introduces basic sites that enhance 

acid-base interactions with acidic CO2 molecules [222]. The basic nitrogen moieties, in-

cluding pyridinic, pyrrolic, and quaternary nitrogen, contribute electron lone pairs that 

interact with the CO2 quadrupole moment via dipole-quadrupole forces and Lewis acid-

base interactions, thereby increasing adsorption capacity and selectivity [223,224]. Simi-

larly, grafting metal oxides (e.g., MgO, CaO) or nanoparticles onto the char surface facili-

tates chemisorption mechanisms and may provide catalytic sites that enable CO2 activa-

tion and conversion reactions [78,225]. These hybrid materials exhibit multifunctionality, 

combining adsorption with catalytic transformation capabilities. 
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In parallel to chemical methods, advanced physical activation approaches have 

gained significant attention. Techniques such as supercritical CO2 treatment allow pore 

development under mild temperature conditions, minimizing structural damage while 

improving pore connectivity and volume [226,227]. Steam activation under controlled at-

mospheres is also utilized to create oxygen-containing surface groups that enhance hy-

drophilicity and CO2 binding sites without excessive burn-off of carbon. Microwave-as-

sisted pyrolysis represents a particularly promising technology due to its rapid and volu-

metric heating, which promotes uniform activation and reduces processing time [228]. 

The rapid heating rates facilitate the formation of hierarchical pore structures that im-

prove multi-scale mass transfer, a critical feature for practical adsorption systems. 

At the nanoscale, templating methods—both hard (e.g., silica, alumina) and soft (e.g., 

block copolymers, surfactants)—have revolutionized the synthesis of ordered porous car-

bons with highly uniform pore size distributions and tailored geometries optimized for 

CO2 diffusion and adsorption kinetics [229]. Hard templating exploits sacrificial inorganic 

templates to produce carbons with a precise mesopore architecture upon template re-

moval. Soft templating provides more flexible and scalable routes, enabling the formation 

of mesoporous and microporous carbons with tunable morphology under mild synthesis 

conditions. 

The integration of these chemical, physical, and templating techniques has led to the 

development of multifunctional chars suitable for dynamic adsorption processes such as 

temperature swing adsorption (TSA) and pressure swing adsorption (PSA) systems. 

These materials exhibit enhanced CO2 adsorption capacity, superior regeneration stabil-

ity, and mechanical robustness, critical for the cyclic loading and unloading conditions 

encountered in industrial carbon capture applications [230,231]. 

Complementing experimental advancements and computational materials science 

tools have become instrumental in the rational design of char-based adsorbents. Density 

functional theory (DFT) and molecular dynamics (MD) simulations enable atomic-scale 

understanding and prediction of adsorption energetics, pore size effects, and functional 

group interactions with CO2 [232]. Such simulations reduce the reliance on empirical op-

timization, guiding the targeted synthesis of char materials with optimized pore struc-

tures and surface chemistries, thus accelerating the development of next-generation CO2 

adsorbents with tailored performance metrics. 

5. Key Challenges and Limitations 

This section highlights the urgent need to look for innovative procedures to reduce 

atmospheric CO2 levels, as well as minimize gaseous emissions from various emission 

sources. In this context, several researchers around the world present perspectives and 

key challenges, as well as possible limitations to the implementation of these strategies. 

In a recent review, Wu et al. [3] listed that a major challenge for the implementation 

of DAC can be understood in the integration of new component technologies through the 

implementation of large-scale commercial projects. Such an application can go beyond the 

energy sectors, as well as the various industrial sectors that emit CO2, such as the metal-

lurgical, steel, and civil construction industries, which are not easy to decarbonize. 

For Liu et al. [11], studies that evaluate DAC are extremely important and bring in-

teresting challenges even in low concentration atmospheres. The authors also stated that 

these studies open new perspectives for treating some municipal waste (sewage sludge 

char), as they demonstrate its use and utilization in a rational way, making it possible to 

treat waste with waste, extracting its potential, and presenting incomparable social and 

environmental benefits. 
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In the review article, Faizan and Song [37] highlighted the formation of tar in gasifiers 

during the continuous gasification of the lignocellulosic substrate as one of the main prob-

lems for commercialization. The authors focused on recent advances in biomass gasifica-

tion using various techniques, for example supercritical water, catalytic steam gasification 

and catalytic CO2 gasification, and discussed improvements in gasification process, para-

metric impacts, biomass pretreatments, and catalytic deactivation mechanisms to over-

come challenges, limitations, and improve catalytic yield. The future direction and critical 

perspectives of catalytic biomass gasification were also analyzed, which considered and 

highlighted socio-environmental and economic aspects as depreciating factors. 

Sabatino et al. [233] conducted a comparative study on the cost assessment and opti-

mization of energy consumption for the implementation of DAC technologies. Some pa-

rameters such as productivity, exergy analysis, and energy consumption were calculated, 

based on process simulations and mathematical optimization. The authors discussed the 

necessary costs, challenges, and limitations for the implementation of DAC systems on a 

large scale. They showed that all the technologies employed provided CO2 with high pu-

rity and good performance, but required high exergy and productivity. As a limitation, 

they showed that productivity and energy consumption for CO2 capture, within a large-

scale system, is a high capital cost, which is a very determining factor. 

According to Realmonte et al. [234], the urgency of large-scale atmospheric CO2 re-

moval to achieve the most stringent global climate goals remains unmet. The authors pre-

sented some mechanisms for DAC using char, which are considered innovative alterna-

tive options for mitigating these emissions. They conducted a first comparison on the role 

of DAC in some temperature variation scenarios, under technical-economic circum-

stances. They reported that the implementation of DAC using char significantly reduces 

and complements mitigation costs, possibly not requiring replacement by other NET 

forms, bringing great potential for the implementation of this type of system. However, 

they also warned that a limiting factor for this implementation is the high rate at which it 

must be expanded. A pronounced implementation requires a major reorientation, organ-

ization, and change of mindset of industries (manufacturing and chemical), as these de-

mand a large dependence on energy (electricity and heat). Therefore, they demonstrated 

the considerable potential of DAC using char, but also highlighted numerous challenges 

that require caution and further targeted analyses. 

Zolfaghari et al. [235] reported that although the technology readiness level (TRL) of 

DAC is at the demonstration stage, identifying commercialization gaps and potential op-

portunities can aid in the diffusion, adoption, and establishment of this technology. In this 

research, the authors used databases and data mining (bibliometric analysis) to under-

stand the state-of-the-art, future prospects, and development of DAC from a commercial 

optical perspective, and identified some more problematic areas. Bibliometric analysis 

showed that DAC has not yet reached an adequate level of maturity when compared to 

other existing carbon capture and storage technologies (CCST). They demonstrated that: 

(i) new systematic designs, improvement in nanocatalysts, increase in capture capacity, 

(ii) economic and investment improvements in combination with environmental assess-

ment of the optimized DAC technology, (iii) future perspectives, (iv) integration with 

other alternative energy sources (renewable energy) to meet the energy needs and inte-

gration with current carbon emission processes, (v) technology demonstration and readi-

ness assessment, and (vi) analysis of policy and market uncertainties are the primary areas 

that need to be rigorously explored for the success and implementation of this technology 

in a highly competitive market. 

According to Fasihi et al. [236], despite technological advances, there are still miscon-

ceptions about the current and long-term costs of DAC, as well as the demands on energy 
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consumption, water consumption and location area. The authors highlighted this as a pos-

sible compromise of the expected role of DAC in a neutral or negative GEEs system, in-

fluencing policy makers. They performed techno-economic analyses of DAC technologies, 

which were categorized as high-temperature solutions and low-temperature systems 

from an energy perspective. Capital expenditures, energy demands, and DAC costs were 

estimated in two scenarios for DAC capacities, and financial learning rates were measured 

over the period 2020–2050. The costs of the DAC system could be significantly reduced 

with commercialization in 2020, followed by intensive deployment in 2040 and 2050, mak-

ing them cost-competitive with point carbon capture and an affordable climate change 

mitigation solution. They concluded that these new findings positively enhance the role 

of DAC, presenting successful strategies for further mitigation of climate change. 

Based on a critical analysis of the various studies presented in this section, some im-

portant points still deserve full attention so that highly operational strategies can be im-

plemented, for example: 

(a) The just energy transition between the energy and industrial sectors can be better 

smoothed; 

(b) Socioenvironmental benefits can be supported with more everyday practices in the 

population’s lives; 

(c) Socioenvironmental and economic aspects, such as detrimental factors, can be con-

siderably mitigated through the adoption of public policies; 

(d) The high capital costs of implementing DACs can be addressed more specifically and 

quantified; 

(e) The problems in developing DACs from a commercial perspective can be addressed 

through bilateral agreements between countries interested in this technology; 

(f) Successful strategies for implementing  DACs can be more widely quantified and 

disseminated. 

This section also proposes some concrete strategies to mitigate certain parameters, 

for example, moisture sensitivity, feedstock variability, and technoeconomic optimiza-

tion: 

Moisture Sensitivity: 

(a) Hybrid SST—dehumidification system: develop projects that integrate supersatu-

rated steam treatment (SST) technologies with dehumidification systems to minimize 

the influence of moisture on process efficiency; 

(b) Moisture control: implement real-time humidity control systems to monitor and ad-

just process operating conditions [231,237]. 

Feedstock variability: 

(a) Residual biomass supply chains: establish policy frameworks to ensure compliance 

with regulations such as RED II (Renewable Energy Directive II) and promote sus-

tainability in the residual biomass supply chain; 

(b) Biomass characterization: perform detailed analyses of biomass to understand better 

its physicochemical properties, morphostructural characteristics, and thermal behav-

ior, enabling process adjustments to optimize efficiency [238]. 

Technical-economic optimization: 

(a) Coal reactivation energy: conduct technical-economic optimization studies to mini-

mize the energy required for coal reactivation and reduce operating costs. 

(b) Life cycle analysis: conduct life cycle analyses to assess the environmental and eco-

nomic impact of different design and operation options [25]. 
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It is important to note that all of these strategies can be implemented together or sep-

arately to mitigate the challenges associated with DAC implementation, ensuring the ef-

ficiency and sustainability of the entire process on a smaller or even industrial scale. 

Finally, among the different researchers consulted in this review article, a considera-

ble number were unanimous in reporting that the implementation of DAC from PC and 

GC presented positive and negative aspects, challenges, and limitations. Among these, 

the following can be listed: physicochemical properties, thermal behavior, non-homoge-

neity in the structural and morphological characteristics of lignocellulosic biomass, char 

production processes, and functionalization methods. From a socioeconomic perspective, 

this study has exposed opportunities that may be useful to address the technical-economic 

challenges associated with these materials through a combination of experimental tech-

niques and technical-economic evaluations. It is interesting to note that with the 

knowledge provided here it was possible to present guidelines on the design and imple-

mentation of DAC technologies based on scalable and energy-efficient production, facili-

tating a successful, coherent, and reliable application in industrial settings, which may 

possibly help global initiatives for CO2 mitigation. 

6. Research Outlook and Future Directions 

The application of PCs and GCs for DAC of CO2 is still in its early stages. Although 

numerous studies confirm their potential, research remains largely on a laboratory scale 

and lacks standardization in testing conditions and material design [8,11,86,239–245]. 

The fundamental advantage of char lies in its low production cost, environmental 

compatibility, high porosity, and adaptability of properties depending on feedstock and 

process conditions [240,241]. However, current research is fragmented and primarily lab-

scale, with little consensus on optimal material properties or operational conditions under 

ambient air settings. Thus, future research should prioritize systematic investigations that 

compare chars in realistic DAC scenarios, especially those involving low CO2 concentra-

tions (~400 ppm), humidity variations and dynamic capture–regeneration cycles. 

A clear future direction is the optimization of activation strategies to enhance the 

surface area and porosity of chars while maintaining stability and minimizing energy in-

put. Chemical activation, particularly with KOH, has repeatedly shown superior im-

provements in specific surface area, micropore development, and CO2 capture capacity 

[86,242]. However, activation with KOH and other chemicals remains cost- and energy-

intensive. Hybrid methods (e.g., KOH followed by CO2 activation) and emerging micro-

wave-assisted pyrolysis offer promising alternatives, providing greater control over pore 

structures and allowing the development of graded microporous/mesoporous frame-

works. However, the scalability and economic feasibility of these techniques must be fur-

ther validated through life cycle and techno-economic assessments. 

Another critical area is the functionalization of char surfaces with heteroatoms such 

as nitrogen and sulfur. N-doped and S-doped carbons introduce basic sites and defects, 

which significantly improve CO2 adsorption through chemisorption mechanisms [86,239]. 

In particular, dual doping has demonstrated synergistic effects, improving not only the 

number of active sites but also the selectivity towards CO2 under low partial pressure 

conditions. Future work should explore cost-effective precursors for doping (e.g., sewage 

sludge, algae, or chitosan [86,239]), while assessing long-term durability and regeneration 

potential of sorbents. Furthermore, the influence of co-existing gases (e.g., H2O, O2, N2) on 

doped char performance in DAC systems must be better understood. 

Relative humidity presents both a challenge and an opportunity. Although high hu-

midity typically reduces the CO2 adsorption capacity of some chars, certain porous struc-

tures doped with N have demonstrated enhanced performance in humid air [240]. There-
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fore, more systematic studies are needed to determine the role of water vapor in modify-

ing sorption equilibria, sorbent degradation, and regeneration pathways under DAC con-

ditions. Incorporating hydrophobic surface treatments or tailoring pore hydrophilicity 

may offer solutions to moisture-related performance losses. 

Feedstock selection and process integration are additional key research vectors. Stud-

ies show that digestate solids, sludge, agricultural residues, and waste biomass can be 

effectively converted to DAC sorbents with reasonable capture capacities and environ-

mental benefits [11,241,242]. Integrating char production with waste valorization or bio-

gas systems could support circular carbon strategies while simultaneously lowering ma-

terial costs and environmental footprints. However, variability in precursor composition 

requires a better understanding of how the ash content, inorganic impurities, and volatiles 

affect the long-term performance of the resulting chars in DAC. 

From a mechanistic standpoint, more detailed investigations of adsorption kinetics, 

pore diffusion mechanisms, and surface interaction energetics (e.g., via in-situ FTIR, XPS, 

or DFT modeling) are needed to bridge the gap between empirical performance and the-

oretical understanding. In particular, the working capacity of char-based sorbents (i.e., 

CO2 adsorbed/desorbed per cycle) should be emphasized over total capacity in future 

benchmarking studies, especially under dynamic DAC conditions [239]. 

Pilot-scale demonstrations, environmental impact assessments, and integration with 

carbon conversion technologies (e.g., fuel synthesis, mineralization) are essential to trans-

late the promising laboratory-scale findings into industrial DAC applications. As high-

lighted in [239], few studies have addressed the dynamic behavior of char-based materials 

during multi-cycle capture and regeneration. In addition, there is a strong need to develop 

structure–performance–cost models, potentially through machine learning, to guide ma-

terial design and process optimization. 

Future studies should focus on identifying viable commercialization pathways, in-

cluding the integration of char-DAC systems into existing industrial infrastructure, and 

evaluating site-specific deployment scenarios. Most existing DAC installations are small-

scale and located in Europe, the U.S., and Canada, primarily targeting CO2 reuse in appli-

cations such as carbonated beverages, greenhouses, and synthetic fuel production. Inte-

gration with the carbon utilization sectors, such as enhanced oil recovery and urea pro-

duction, offers practical short-term avenues for deployment [245]. Additionally, combin-

ing DAC with bioenergy systems (e.g., BECCS–DAC) presents an opportunity to improve 

cost-effectiveness and net CO2 removal. Regulatory support, voluntary carbon markets, 

and financial incentives such as tax credits will be critical to enabling commercial uptake. 

Accurate estimates of capital (CAPEX) and operating (OPEX) costs for large-scale 

char-based DAC systems are essential. These should account for the activation energy, the 

replacement of sorbents, and the regeneration demands. Although some companies an-

ticipate future costs below USD 100 per tCO2, most projections based on available data 

suggest a more realistic range of USD 100 to 300 per tCO2 [246]. Performing the lower end 

of this range will require significant advances in the integration of sorbent materials, pro-

cess integration, and manufacturing efficiency. The contactor unit—especially the sorbent 

design—offers major opportunities for cost reduction. Coordinated investment in R&D, 

infrastructure and techno-economic assessments is necessary to guide viable scale-up 

pathways [247]. 

The long-term durability of the sorbent must be repeated adsorption–desorption cy-

cles. In parallel, char-DAC technologies must be evaluated against regulatory frameworks 

to determine eligibility for carbon offset credits, particularly when using waste-derived 

feedstocks. The thermodynamic and chemical stability of the sorbent is critical for sus-

tained performance, especially under harsh regeneration conditions that can involve ele-

vated temperatures or reactive environments [25]. Functionalized chars, such as those 
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doped with nitrogen or amine groups, must retain their active surface sites without deg-

radation or leaching over multiple cycles. Moreover, potential irreversible degradation 

mechanisms, such as oxidation, thermal decomposition, or reactions with trace atmos-

pheric components such as ozone [98], should be systematically investigated to ensure 

structural integrity and long-term viability in industrial applications of DAC. 

In addition to optimizing CO2 adsorption capacity, future research should place 

greater emphasis on the regeneration potential and long-term stability of pyrolysis and 

gasification chars. For DAC applications, sorbents must withstand multiple adsorption–

desorption cycles under ambient or slightly elevated conditions without significant struc-

tural degradation or loss of performance. While promising CO2 uptake values have been 

reported, very few studies have assessed the durability or recyclability of these materials 

over time. Investigations of the thermal, mechanical, and chemical stability of modified 

chars, especially after chemical activation or surface functionalization, are essential to 

evaluate their viability in continuous DAC operations. Understanding regeneration mech-

anisms and degradation pathways will be key to designing robust and cost-effective 

sorbents suitable for real-world deployment. 

A summary of key research priorities and future directions is illustrated in Figure 5. 

 

Figure 5. Key research directions for advancing the application of pyrolysis and gasification chars 

in Direct Air Capture (DAC) of CO2. 
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