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Abstract

This review presents a modern comprehensive analysis of the physicochemical character-
istics of carbon materials for the sorption of gases. The main classes of carbon sorbents
are considered as follows: nanotubes, activated carbon, graphene, fullerene, composite
materials, and organic vapors. Modern methods of modification of carbon materials are
systematized. Particular attention is paid to the effect of particle size, morphology, and
porous structure on the kinetics and equilibrium characteristics of adsorption. The results
of experimental and theoretical studies of the adsorption of the gases (CO,, SO,, NOy,
H,S, NHj3, and CO) are analyzed. A comparative economic analysis of carbon materials is
carried out, taking into account the cost of production and estimated costs of modification.
Modern areas of application of carbon sorbents are analyzed as follows: industrial gas
purification, automotive filters, air conditioning systems, personal protective equipment,
and gas sensors. Particular attention is paid to the study of the prospects and future of
materials. Prospective development directions are considered, including the creation of
hierarchically porous structures, the development of self-healing materials, and integration
with artificial intelligence to optimize adsorption processes. The cost of graphene and
nanotube production is predicted to decrease by 50-70% by 2030, which will lead to an
expansion of their commercial application.

Keywords: carbon adsorbents; nanotubes; graphene; fullerenes; gas capture; adsorption
kinetics; surface functionalization; regeneration

1. Introduction

The sorption of gases, including CO, CO,, N,O, CHy, and other industrial emissions, is
one of the key tasks of modern environmental and chemical engineering. Carbon monoxide
(CO), formed mainly during incomplete combustion of carbon-containing fuels, poses
a serious toxicological hazard due to its high affinity for hemoglobin and its ability to
cause hypoxic conditions [1,2]. At the same time, the intensive development of the energy,
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chemical, and petrochemical industries is accompanied by a steady increase in greenhouse
gas emissions, including carbon dioxide (CO,), nitrous oxide (N;O), and methane (CHy),
which contribute significantly to global climate change [3].

In the context of stricter environmental regulations and the transition to the concept
of sustainable development, carbon nanostructured materials are attracting increasing
interest. This class of materials is considered a viable platform for the development of gas
purification systems with enhanced efficiency and environmental compatibility. As noted
in the article [4], the unique combination of a high specific surface area, a developed porous
structure, and the possibility of targeted chemical modification make carbon nanomaterials
particularly attractive for trapping and neutralizing toxic and greenhouse gases.

Porous carbon materials are characterized by a high ability to adsorb components of
the gas phase and are traditionally considered as one of the most economically feasible
adsorbents [5]. Adsorption remains one of the simplest and most energy efficient methods
of cleaning gas emissions from toxic and vapor pollutants. However, as Ajmal Z et al. [6]
points out, the intensification of technological processes and the increasing complexity
of industrial emissions lead to a decrease in the efficiency of traditional adsorption sys-
tems. Modern gas streams are multicomponent mixtures containing trace amounts of
highly toxic organic compounds, halogen derivatives, and heterocyclic molecules [7-9], for
which classical activated carbons and zeolites exhibit limited selectivity and pronounced
competitive adsorption.

Additional technological limitations are associated with the need to ensure high mass
transfer rates with minimal hydraulic resistance, which narrows the scope of application
exclusively for microporous adsorbents. Operation in conditions of elevated temperatures
and chemically aggressive environments requires high thermal and chemical stability
of materials. At the same time, the concept of industrial ecology assumes not only the
removal of pollutants, but also their selective extraction with the possibility of adsorbent
regeneration at minimal energy costs [10-14].

In this context, carbon nanomaterials represent a class of adsorbents with a controlled
pore structure and flexibly configurable surface chemistry [15-18]. The possibility of
targeted defect management, functional groups, and electronic properties opens up new
approaches to the development of a new generation of adsorbents combining high capacity,
selectivity, and regenerability for gas purification and capture of valuable components from
industrial emissions [19-22].

The relevance of carbon nanomaterials is determined by the need for modern, highly
efficient adsorbents for modern gas purification systems, digitalization of chemical in-
dustries, and the implementation of carbon capture technologies as part of the global
energy transition.

The purpose of this article is to analyze the adsorption properties of carbon materials
of various structures (nanotubes, activated carbon, graphene, fullerenes, and composite
materials) for gas sorption with an assessment of the prospects for their use and determining
the future of these materials.

Studies were included if they addressed the use of carbon-based materials, such as
activated carbons, carbon nanotubes, graphene, and their composites, for the adsorption
of toxic gases. The focus was on adsorption capacity, kinetics, regeneration, and techno-
economic or environmental assessment. Only peer-reviewed journal articles in English
published between 2016 and 2025 were considered.

A literature search was conducted in Scopus, Web of Science, ScienceDirect, and
Google Scholar. Relevant references cited in key articles were also manually screened to
identify additional sources.
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Data were extracted manually, and any missing or unclear summary statistics were
marked as “not presented”. The extracted information was compiled into structured tables
and visualized using diagrams to summarize material properties, adsorption performance,
and application areas.

Research issues:

1.  What are the structural features of various types of carbon materials (nanotubes,
graphene, fullerenes, and activated carbon) that determine their selectivity for specific
classes of gases?

2. How do the methods of surface functionalization of carbon nanomaterials affect the
adsorption efficiency of various toxicants and the possibility of adsorbent regeneration?

3. What synergistic effects are observed in composite carbon materials, and how do
these effects affect the overall adsorption capacity and adsorption kinetics in gas
purification processes?

4. Which technological limitations hinder the integration of carbon nanomaterials into
industrial gas purification systems, and which approaches may enable their mitigation?

5. What are the prospects for the development of carbon adsorbents in the context
of creating intelligent gas purification systems and implementing the principles of
circular economy in the chemical industry?

2. Carbon Nanotubes: Structure, Surface Chemistry, and Mechanisms of
Gas Adsorption

2.1. Chirality and Morphology of CNTs

Carbon nanotubes (CNTs) are cylindrical sp>-hybridized structures with a diameter of
0.4-100 nm and a length/diameter ratio of 103-10* [23]. Single-walled nanotubes are charac-
terized by a diameter of 0.4-2.0 nm [24] and a specific surface area of up to 2600 m?2/ g, while
multi-walled nanotubes have a diameter of 2-100 nm and a surface area of 100-500 m?/g.
Chirality determines the electronic properties and reactivity of the surface [25].

Figure 1 illustrates the fundamental relationship between the idealized structural
description of carbon nanotubes and their experimentally observed morphology. Figure 1a
summarizes the crystallographic basis of CNT formation based on the folding of a graphene
sheet along the chirality vector (n,m), which determines the nanotube diameter, chiral
angle, and atomic configuration. The difference between the armchair, zigzag, and chiral
structures emphasizes the intrinsic relationship of geometry with the electronic structure,
since it is these parameters that determine the symmetry of electronic states and determine
the metallic or semiconductor nature of conductivity. In multi-wall and double-wall
CNTs, the coexistence of coaxial shells with different chiral indices leads to additional
complexity due to inter-wall van der Waals interactions and electronic coupling, which
leads to a modification of the band structure and transport properties compared with
single-layer nanotubes.

Figure 1b presents characteristic high-resolution electron microscopy images demon-
strating the deviation of real CNTs from idealized structural models. The observed bends,
diameter fluctuations, wall distortions, and local defects reflect the kinetic nature of nan-
otube growth and the influence of synthesis conditions, including catalyst composition
and temperature gradients. Such structural imperfections play a dual role: on the one
hand, the reduction in long-range order and charge carrier mobility may occur, while
on the other hand, the formation of chemically active centers critically important for
adsorption, functionalization, and catalytic processes is promoted. As a result, the func-
tional characteristics of CN'T-based materials are determined not only by nominal chirality,
but also by the interaction between the degree of structural order, defect density, and
hierarchical morphology.
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Figure 1. The structure and morphology of carbon nanotubes: (a) a diagram of the chirality and types
of CNTs formed during the folding of a graphene sheet [26,27]; (b) characteristic electron microscopic
images demonstrating the actual morphology and defects of nanotubes [28].

2.2. Defects and Functionalization of the Surface

CNTs have unique sorption characteristics that depend on purity, defectiveness, poros-
ity, specific surface area, number of functional groups, and density of active centers [29].
Their hollow structures, high concentration of specific surface areas, and the presence of
oxygen- and nitrogen-containing functional groups (-COOH, -OH, and -NH,) make CNTs
an almost perfect sorption material for removing organic and inorganic pollutants. The
main driving forces of adsorption are -7t interactions, hydrophobic interactions, electro-
static interactions, and charge transfer [30,31]. The special properties of CNTs, including
their high mechanical strength, thermal and chemical stability, as well as the possibility
of chemical modification, make them ideal candidates for use in gas purification pro-
cesses [32]. The hollow tubular structure of CNTs creates additional adsorption centers
on both the outer and inner surfaces of nanotubes, which significantly increases their
adsorption capacity compared to traditional carbon materials [33].

Pristine carbon nanotubes exhibit several limitations, including weak interactions
with many solvents and a limited density of surface functional groups for metal ion attach-
ment. Oxidative treatment overcomes these limitations by increasing the concentration of
hydroxyl, carboxyl, and carbonyl groups on the surface, enhancing solubility in aqueous
media, and generating chemically bound oxygen-containing functionalities [34].

The CNT diameter is less than 1 nm [35], which provides a molecular sieve effect with
selectivity for the kinetic diameters of molecules. The optimal diameter for the maximum
adsorption capacity is 1.5-3.0 nm. Structural defects create active centers with binding
energy 20-50% higher than defect-free surfaces at an optimal defect concentration of
1-5%. Defects in the structure of carbon nanotubes increase their adsorption and catalytic
properties, creating active centers with binding energy 20-50% higher than defect-free
surfaces. At an optimal defect concentration of 1-5%, the adsorption capacity increases,
selectivity to certain gas molecules improves, and catalytic activity increases due to the
appearance of preferred adsorption centers and new reaction pathways. Exceeding the
optimal defect concentration can lead to degradation of the CNT structure and a decrease
in their mechanical strength; therefore, the controlled introduction of defects is a key factor
for maximizing the effectiveness of CNTs in gas purification applications [36,37].

Oxidative functionalization of HNO3;/H;50, introduces carboxyl, hydroxyl, and car-
bonyl groups with a concentration of 1.5-4.5 mmol/g. While O,-plasma selectively creates
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oxygen groups, Np-plasma introduces various forms of nitrogen in a ratio of 3:2:1. Cu-
modification provides selective adsorption of HyS at an optimal load of 8-12 wt.%, and
Ni-activation increases the capacity of NH; by 34 times. N-doping creates the main centers
effective for the adsorption of SO, and CO, at a nitrogen concentration of 3-8 at.%. The
kinetics of adsorption is described by a pseudo-second-order model with rate constants
0.05-0.12 mg/(g-min) for various gases. The isotherms correspond to the Langmuir model
with maximum capacities of SO, 45-120 mg/g, NO, 35-85 mg/g, NH;3 25-70 mg/g, and H)S
15 15-180 mg/g. The selectivity coefficients reach SO, /N, = 150450 and NO,/NO = 10-25
for functionalized samples [38]. Thermal regeneration at 150250 °C restores 95-98% of the
adsorption capacity with a loss of no more than 5-15% after 500 cycles. CVD synthesis
provides a productivity of 10-50 g/h at a cost of 50-200 USD-kg !, and economic efficiency is
achieved with a capacity of more than 50 mg/g and a service life of over 2 years [39].

2.3. Mechanisms of Gas Adsorption

The mechanisms of gas adsorption on carbon nanotubes are characterized by pro-
nounced diversity and depend on the nature of the adsorbed molecule, the surface condi-
tion, and the type of CNT modification.

Figure 2 illustrates the variety of mechanisms of interaction between gas molecules
and carbon nanotubes, demonstrating that the high sorption efficiency of CNT is due
not to a single process, but to a combination of physical adsorption, chemisorption, and
surface-mediated reactions. This multi-mechanisticity reflects the structural and chem-
ical flexibility of the carbon matrix, as well as its ability to adapt to the nature of the
adsorbed gas.

The physical adsorption of CO; on the CNT surface is mainly determined by dis-
persion van der Waals interactions and 7-7r conjugation with a graphite-like surface [40].
Despite the relatively weak nature of these interactions, the high specific surface area, the
developed curvature of the walls, and the presence of defects contribute to an increase in
the density of adsorbed molecules [41]. This mechanism is reversible and energetically
advantageous, which makes CNTs promising materials for cyclic CO, capture processes.

Carbon dioxide is one of the most studied gases in the context of adsorption on
CNTs. Studies show [32] that CO; adsorption on CNTs is primarily a physical process
characterized by an exothermic nature. At a temperature of 25 °C and a pressure of 10 bar,
the maximum CO, adsorption can reach 9.57 mmol/g for unmodified CNTs. However,
modification of CNTs with catalysts such as Fe-Ni/AC significantly improves the adsorp-
tion characteristics, allowing an adsorption capacity of up to 424.1 mg/g to be achieved
under the same conditions. The temperature dependence of CO, adsorption demonstrates
the characteristic behavior of physisorption: with increasing temperature, the adsorption
capacity decreases due to increased molecular motion and weakening of intermolecular
interactions. At low pressures, CO, molecules are preferentially adsorbed inside nanotubes
to form a monolayer, which is due to the stronger potential for solid—fluid interaction in
the confined space of the tube.

The interaction of NH3 with CNT, on the contrary, is characterized by a pronounced
chemisorption contribution. Oxygen-containing functional groups and defective surface
areas act as acid centers, providing donor-acceptor interactions and the formation of hy-
drogen bonds. This leads to a stronger fixation of ammonia molecules and explains the
high selectivity of CNT with respect to polar and base gases. At the same time, the degree
of surface functionalization is a key factor determining the balance between the capacity
and reversibility of adsorption [42,43]. High affinity for CNTs increases on the surface
of modified nanotubes, which is due to the possibility of increasing the number of hy-
drogen bonds with oxygen-containing functional groups [44]. The equilibrium amount
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of ammonia adsorption varies from 22.69 to 90.05 mg/g CNT, depending on tempera-
ture and pressure, which confirms the potential of CNTs as effective adsorbents for this
toxic gas.
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Figure 2. Schematic representation of the main mechanisms involved in gas adsorption on carbon
nanotubes. These mechanisms include physical adsorption of CO,, chemisorption of NH3 on
functional groups on the surface, charge transfer through interaction with NOy, and metal-mediated
adsorption of H,S on modified CNTs (the conceptual scheme shown in this figure has been adapted
and scientifically redesigned by the CoreDRAW Graphics Suite 2021 application based on the graphic
style and structural principles illustrated in the reference information) [45].

Hydrogen sulfide (H,S) and sulfur dioxide (SO;) are of particular interest due to
their high toxicity and corrosive activity. Traditional methods of their removal often
face problems with equipment corrosion and low efficiency at low concentrations [45].
CNTs show promising results for the adsorption of sulfur-containing gases, especially
when their surface is modified by specific functional groups [46]. The adsorption of H,S
on CNTs modified with metal or metal oxide nanoparticles is accompanied by surface
reactions with the formation of sulfide phases. In this case, CNTs act not only as a carrier,
but also as a conducting platform providing efficient electron transfer between active
centers and the carbon matrix. This mechanism refers to chemically irreversible or quasi-
irreversible processes and provides high sorption capacity and selectivity with respect to
sulfur-containing gases.

Nitrogen oxides (NOy) and carbon monoxide (CO) are efficiently adsorbed on CNTs
modified with metal catalysts such as nickel. Nickel contributes not only to the adsorption,
but also to the catalytic reduction in NOx to less harmful compounds, as well as the
oxidation of CO to CO,, which significantly increases the efficiency of gas purification. For
nitrogen oxides, charge transfer between NOy molecules and the electronically modified
CNT surface plays a crucial role. Doping with heteroatoms, in particular nitrogen, forms
local electron-active centers that promote the activation of adsorbed molecules and the
stabilization of charge-transfer complexes. Such interactions go beyond classical physical
adsorption and explain the high sensitivity of CNT to NO, which is of fundamental
importance for gas sensors and catalytic applications.
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There are various modification methods: application of a polymer matrix of nanoscale
metal particles, chemical treatment at high temperatures, and variation of the porous
structure for molecular sorption based on the sieve effect [47,48]. An increase in the active
surface due to the introduction of CNTs with unique physical and mechanical characteristics
makes it possible to increase the sorption capacity. According to Popova A.A. and Shubin
LN., an alternative method involves the preparation of a multicomponent mixture of zeolite,
binder, and carbon nanotubes, followed by molding and subsequent heat treatment. The
use of a mixture of CaA and NaX zeolites with a binder content of 20-30% and CNM 2-2.5%
was experimentally established [49].

Researchers Mollaamin, F.; Monajjemi, M. [19] used theoretical density functional
modeling (DFT) to study the effect of toxic gases on the electronic properties of zigzag
graphene nanotubes (GNTs). It has been established that formaldehyde and hydrogen
sulfide are weakly physisorbed on the surface of graphene nanotubes. In this case, charge
is transferred from the molecules to the nanotubes. As noted by Buzaeva M. V. et al. [50],
the key problem of the practical application of CNTs is their high ability to agglomerate,
which makes it difficult to introduce the material into the matrix. Carbon nanotubes are
becoming increasingly common in sorption processes for cleaning contaminated solutions
and process fluids.

The oxidative acid treatment of multi-walled carbon nanotubes (MWCNTs) was stud-
ied by treating MWCNTs with HNOj; and a mixture of H,SO4/HNOj3 in a 3:1 ratio. The
preliminary acid treatment of MWCNTs was performed to achieve two goals: (1) removal
of metal catalyst particles from the initial MWCNTs and (2) carboxylation of MWCNTs to
introduce carboxyl groups onto the surface of MWCNTs before amino functionalization.
Treatment with 15M HNOj ensures the formation of 5.2 at.% of surface oxygen with a mass
loss of only 6.8%, while treatment with 10M H,SO4/HNOj yields 3.2 at.% oxidation with a
mass loss of about 17% [51].

Collectively, the presented mechanisms demonstrate that carbon nanotubes are a
universal platform for gas adsorption, the properties of which can be purposefully adapted
by controlling the structure, defects, and surface chemistry.

3. Activated Carbons: Structure, Activation Methods, and Mechanisms of
Gas Adsorption

Activated carbon is a highly porous carbon material obtained by thermal or chemical
activation of various carbon-containing precursors [52,53]. Activated carbon is an amor-
phous carbon matrix with a developed porous structure characterized by a specific surface
area of 500-3000 m? /g and a total pore volume of 0.3-2.0 cm3/g [54].

The structure consists of graphite microcrystallites 1-3 nm in size, separated by
pores: micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm) in a ratio of
60-80:15-25:5-15%, respectively.

The chemical composition includes 85-98% carbon, and 0.5-8% oxygen with oxygen-
containing functional groups with a density of 0.5-5.0 mmol/g. Physical adsorption
dominates for nonpolar molecules in micropores through dispersion interactions with an
energy of 8-25 k] /mol according to the Dubinin—-Radushkevich volume filling mechanism.
Chemisorption occurs on functional groups with a binding energy of 40-200 kJ/mol [55,56].

Micropores provide 70-90% of the adsorption capacity due to the effect of overlapping
adsorption potentials. The optimal micropore sizes for the adsorption of the following
gases are SO,—0.6-0.8 nm, Hy5—0.5-0.7 nm, and NH3—0.4-0.6 nm. A narrow distribution
of micropores (0.5-1.2 nm) with a coefficient of inhomogeneity, W/ Wj = 1.2-2.0, ensures
maximum volumetric capacity.
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3.1. Formation of Porous Structure: Chemical and Physical Activation

The activation method is a key factor determining the morphology, pore distribution,
and chemical state of the activated carbon surface.

Schematic representation (Figure 3) of an integrated technological route for producing
activated carbon with a high specific surface area from biomass. The process includes a
stage of carbonation of the initial biomass feedstock in an inert atmosphere (N) at 550 °C
with a controlled heating rate, subsequent physical mixing of the carbonate with a chemical
activator and a stage of chemical activation at 850 °C in an inert medium (Ar), followed by
washing with deionized water to a neutral pH and drying. Alternatively or additionally,
physical activation in the CO, stream at 750 °C is realized, ensuring the development of a
porous structure. The combination of chemical and physical activation makes it possible to
significantly reduce the total process time and obtain activated carbon with a high specific
surface area and developed micro- and mesoporosity.
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Figure 3. Technological scheme for the production of highly porous activated carbon from biomass
using carbonation and combined chemical and physical activation [54].

Table 1 summarizes the main strategies for activated carbon activation and modifica-
tion. Physical activation using CO, vapor develops micropores and ensures physisorption
of small molecules at high temperatures (800-1000 °C). Chemical activation with ZnCl,,
H3POy4, or KOH produces ultra-micropores, high adsorption capacity, and enhanced selec-
tivity. Oxidative functionalization introduces oxygen-containing groups (-COOH, -OH,
—-C=0), improving adsorption of basic gases. Nitrogen doping and metal modification allow
for tuning adsorption properties for acidic gases or specific toxic gases (HS and SO,).
These examples illustrate how activation conditions influence the structural and functional
characteristics of activated carbons.

Figure 4 shows the fundamental difference in the formation of the porous structure
of activated carbon during chemical and physical activation. Chemical activation with
potassium hydroxide at 850 °C leads to the intensive development of micro- and ultra-
microporosity, accompanied by the formation of cracks and a high density of active centers,
whereas physical activation in the atmosphere of CO, at 750 °C mainly contributes to
the formation of mesopores and an increase in the available specific surface area of the
carbon matrix.
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Table 1. Key strategies for activated carbon activation and modification.
Approach Conditions/Modifier =~ Structural Characteristics Adsorption Effects Tempe}' a.ture/ Ref.
Conditions
u 2 . . .
Physical activation Vapor, CO, S5A 80.0 2000 m=/g; Physisorption of small 800-1000 °C [57]
micropores molecules
High adsorption
: = 2 /o & P
Chgm{cal ZnCly, HyPO,, KOH SSA 1000 .3500 m-/g; capacity and KOH:C = 3-4:1 157]
activation ultra-micropores b
selectivity
O?<1dat.1ve . HNO, _COOH, —OH, -C=0 Increas.ed adsorption Liquid-phase 57]
functionalization of basic gases x 2-5 treatment
Nitrogen doping NH; N 1-5 at.% Enhanced adsorption 600-900 °C [58]
of acidic gases
Metal modification Cu, Fe Me/MeO center Selective adsorption of 5-20 wt.% [59]

HzS and SOZ

CHEMICAL

PHYSICAL
ACTIVATION

ACTIVATION

KOH Thermal
Treatment Treatment
at 850°C (CO2) at 750°C

Larger micro- and

ultramicropores, New
( cracks

< 1/74
¥~ mesopores

Significantly more
micro- and ultramicropores

New mesopores and
increased surface area

Figure 4. Comparison of chemical (KOH) and physical (CO,) activation of activated carbon and their
effect on the formation of a porous structure [54].

3.2. Surface Chemistry and Defects of Activated Carbons

The surface chemistry of activated carbon is formed both during activation and during
subsequent modifications. Oxygen-containing functional groups (carboxylic, phenolic,
lactone, and carbonyl) are introduced during acid treatment or oxidation and form acid-
base centers with a density of up to several mmol/g. Nitrogen alloying, carried out by
heat treatment in an NH3 atmosphere or using nitrogen-containing precursors, creates
electron-active centers of pyridine, pyrrole, and graphite-like types.

Figure 5 shows a set of experimental data demonstrating the effect of the activation
method on the morphology, porous structure, and structural ordering of activated carbons.
The SEM images (a, b) show significant differences in the micromorphology of the samples
obtained by chemical (KOH) and physical (CO,) activation, reflecting the different nature
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of the porous structure development. The analysis of the pore distribution (c, d) indicates
the dominance of micropores during chemical activation and a more pronounced contribu-
tion of mesopores in the case of physical activation, which determines the differences in
adsorption behavior.
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Figure 5. Structural and adsorption characteristics of activated carbons obtained by chemical and
physical activation: (a,b) SEM images [60]; (c,d) pore size distribution [61]; (e,f) decomposition of
Raman spectra [62]; (g) isotherms of N adsorption [62]; and (h,i) optical spectra of samples obtained
by various activation methods [63].

As follows from the Raman analysis (Figure 5e,f), an increase in defects is accompanied
by an increase in the ID/IG ratio, reflecting an increase in the proportion of disordered sp?
regions. These defects should not be considered undesirable, as the presence of defects
increases surface reactivity, enhances chemisorption interactions, and enables the anchoring
of metal nanoparticles.

3.3. Mechanisms of Gas Adsorption in Activated Carbons

The variety of mechanisms of gas adsorption on activated carbon is clearly summa-
rized in Figure 6, where it is shown that sorption processes are determined by a com-
bination of volumetric filling of micropores, surface physico-chemical interactions and
capillary effects.

The adsorption of CO; on activated carbon occurs mainly through a physical mech-
anism, while the efficiency of the process strongly depends on the pore structure and
process conditions. Studies show that micropores with a diameter of 0.5-0.9 nm provide
optimal CO, adsorption due to the strong interaction of gas molecules with the pore
walls [64]. The adsorption capacity of activated carbon for CO, at atmospheric pressure
and 25 °C is usually 1.5-4.0 mmol/g, which depends on the specific surface area, volume
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of micropores and surface chemistry. The Langmuir model well describes the isotherms
of CO, adsorption on activated carbon with a correlation coefficient of about 0.99, which
indicates predominantly monomolecular adsorption. Chemical modification of activated
carbon with amino-containing compounds significantly improves its ability to capture
CO;. Impregnation with monoethanolamine, diethanolamine, or polyethylenamine creates
chemisorption centers capable of binding CO, to form carbamates and bicarbonates. Such
modified coals can reach an adsorption capacity of 3-6 mmol/g at low concentrations of
CO,, which makes them attractive for post-combustion carbon dioxide capture [65].
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Figure 6. Schematic visualization of the mechanisms of adsorption of gases and vapors in the pores
of activated carbon: (a) filling of ultra- and micropores and chemisorption on N-doped centers;
(b) chemisorption of NHj3 on acidic functional groups; (c) adsorption of H,O with cluster formation
and capillary condensation; and (d) weak physical adsorption of N, due to van der Waals interactions.
The proposed adsorption mechanism was inspired by the work of Vega et al. [66].

Chemical adsorption (chemisorption) involves the formation of chemical bonds be-
tween adsorbed molecules and active centers on the surface of coal. Chemisorption is
characterized by higher enthalpies (40-200 k] /mol), specificity to certain types of molecules,
and often irreversibility of the process. To enhance chemical adsorption, activated carbon
is often impregnated with various chemical compounds, creating specific active centers
for interaction with target gases. Catalytic adsorption is a special case where activated
carbon not only adsorbs gases, but also catalyzes their conversion into less toxic or more
easily removable compounds. This mechanism is especially important for the removal
of gases such as H,S and NOy, which can oxidize on the surface of coal to form stable
products [67,68].

The adsorption of H;S on activated carbon occurs through a complex mechanism
involving both physical and chemical adsorption. Physical adsorption of H,S proceeds
relatively slowly and occurs mainly in the internal pores of coal, while chemical adsorption
proceeds rapidly on the surface of coal [69]. The maximum adsorption capacity of activated
carbon for H,S can reach 164-190 mg/g, depending on the type of coal and the process
conditions. The alkaline modification of activated carbon significantly improves its ability
to remove Hj)S by creating basic centers capable of neutralizing acid gas. Impregnation
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with copper, zinc, or iron provides the catalytic oxidation of H,S to elemental sulfur or
sulfates, which increases the total capacity of the adsorbent [70].

SO, adsorption is characterized by high affinity to the surface of activated carbon
and can occur by both physical and chemical mechanisms. At low concentrations of SO,
(0.25-9 ppm), the adsorption isotherm is best described by the Sips model [71], which
indicates the heterogeneity of the adsorption centers. Humidity significantly affects the
adsorption of SO,: an increase in relative humidity from 25% to 75% leads to a 20-fold
increase in the adsorption capacity due to the formation of sulfuric acid.

The adsorption of NHj3 on activated carbon occurs mainly through acid-base interac-
tions with acidic functional groups on the surface of coal. Modification of activated carbon
with sulfuric acid or phosphoric acid creates additional acid centers, significantly increasing
the adsorption capacity of ammonia. Experimental data show that copper-impregnated
activated carbon can reach an adsorption capacity of 1.45 mmol/g NH3 at room temper-
ature [72]. Bimetallic modification of activated carbon with chlorides and metal oxides
ensures effective simultaneous removal of NH3 and H,S with high selectivity. The isotherm
of NHj3 adsorption is best described by the Langmuir model, and the kinetics follows the
pseudo-second-order model [69].

Removal of nitrogen oxides (NO and NOy) is particularly difficult due to the low
reactivity of NO under normal conditions. The presence of oxygen dramatically changes
the situation: NO can be oxidized to NO, on the surface of activated carbon, which leads
to the coadsorption of NO/NO,. The catalytic oxidation of NO on activated carbon is
significantly enhanced at low temperatures, which leads to an extraordinary increase in
the adsorption capacity from 3.8 mg/g at 80 °C to 169.1 mg/g at —20 °C [73,74]. Ni-
activated carbon composites show high efficiency of CO removal (94.87%) at the exhaust
gas temperature of diesel engines. The mechanism involves the adsorption of CO on metal
centers, followed by catalytic oxidation with atmospheric oxygen [75].

Figure 7 shows the kinetic dependences of the adsorption of various gases on activated
carbons obtained by various methods of activation and surface modification. Typical
breakthrough dynamics are shown for H,S (a), reflecting the gradual saturation of active
centers and the high sorption efficiency of KOH-activated carbon. The adsorption of SO,
on commercial activated carbon (b) is characterized by a rapid increase in capacity at the
initial stage, followed by a plateau, while the rate of adsorption naturally decreases as the
porous structure is filled.

A comparison of the kinetics of NO; (c) adsorption demonstrates the advantage of
KOH-activated carbon over HNO3-modified carbon, which indicates a more favorable
combination of porous structure and surface chemistry. The adsorption of CO, on KOH-
activated carbon (d) proceeds rapidly and reaches a high equilibrium capacity, which
indicates the dominant contribution of microporosity and physical adsorption. Taken
together, the presented data confirm the key role of the activation and chemical modification
method in controlling the kinetics and adsorption capacity of gases.

Considering the modification of activated carbon, it should be noted that activated
carbon is obtained from various carbon-containing materials, including wood, coal, coconut
shell, peat, and agricultural waste. Physical activation includes carbonation of the starting
material at 400-600 °C, followed by activation in an atmosphere of vapor or carbon dioxide
at 800-1000 °C [76]. Chemical activation uses chemical reagents (H3PO,, KOH, and ZnCl,)
to simultaneously carbonize and activate at lower temperatures.
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Figure 7. Kinetics of adsorption of H,S, SO,, NO,, and CO, on activated carbons with various
methods of activation and surface modification [77,78].

An experimental study demonstrates that modification of activated carbon with a solu-
tion of NaOH significantly improves the adsorption capacity of the material. NaOH
treatment induces the formation of oxygen-containing functional groups on the sur-
face, which can effectively bind to HCI gas molecules. Functionalized activated carbons
(FAC) are prepared with various types of alkaline treatment applied to the granular acti-
vated carbons precursor [79], including treatment with ammonia, sodium hydroxide, and
potassium hydroxide.

The choice of the activation method critically affects the pore structure and the ad-
sorption properties of the resulting coal. Activation with potassium hydroxide provides
higher specific surface area and larger pore sizes compared to activation with sulfuric acid.
CO; activation at high temperatures promotes the development of a microporous structure
optimal for the adsorption of small gas molecules. Combined modification methods, in-
cluding chemical and physical activation, make it possible to obtain coals with optimized
properties for specific applications [80].

A study by Lin Y. et al. [81] showed that adsorption on activated carbon H;S formation
of various sulfur-containing products (elemental sulfur Sg, HySO3, and H,SO), which has
effect on coal consumption during regeneration: elemental sulfur is desorbed at ~380 °C,
almost without damaging carbon structure and reducing chemical consumption of coal
59.8% compared with H,SO4, which decomposes with the destruction of the C=C bond,
highlighting SO,, CO,, and CO, and significantly reducing the strength of the coal, whereas
H,SO3 removed without the expense of coal. The main contribution to coal consumption is
made by the processes of regeneration of sulfur-containing products (more than two thirds
of the total consumption), while the decomposition of oxygen groups plays a lesser role,
while elemental sulfur is preferable, since it minimizes damage to the carbon frame.

Spiridonova E. A. et al. [82] claim that the efficiency of gas purification can be im-
proved by creating combined adsorption systems based on modified activated carbon.
Modification of activated carbon SKT-6 by ultrasonic treatment followed by impregnation
with a fullerene solution and thermal fixation leads to a significant increase in the adsorp-
tion space, increased hydrophobicity and dynamic activity of the sorbent. Fullerenes on the
surface of activated carbon provide improved sorption characteristics for operation in ex-
treme conditions when cleaning gas streams from combustion products, including benzene,
n-decane, hydrogen chloride, hydrogen fluoride, nitrogen dioxide, sulfur dioxide, and
other toxic compounds. Combined systems, including modified activated carbon and spe-
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cialized chemosorbents, demonstrate synergistic effects in the removal of multicomponent
gas pollutants [83].

4. Adsorption Properties of Graphene and Its Derivatives: Mechanisms,
Modifications, and Applications in Gas Purification

Graphene and its derivatives have attracted considerable attention due to their
unique two-dimensional sp?-hybridized structure, high specific surface area, and excep-
tional electronic properties. Monolayer graphene is characterized by a thickness of about
0.335 nm and a theoretical specific surface area of up to 2630 m? /g, whereas experimentally
achievable values for real samples are 500-2500 m? /g, depending on the synthesis method
and degree of aggregation. The electronic structure of graphene with a zero band gap
and high mobility of charge carriers determines its high sensitivity to adsorption of gas
molecules, especially in sensor applications [84]. The electronic structure is characterized
by a zero band gap, a charge carrier mobility of up to 15,000 cm?/(V-s), and a conductivity
of 10 Cm/m.

4.1. Mechanisms of Gas Adsorption on Graphene

The adsorption of gases on pure graphene in most cases proceeds by the mechanism of
physisorption and is determined by dispersion van der Waals interactions with a binding
energy of the order of 8-20 kJ/mol. The adsorbed molecules are localized within nanometer
regions of the surface with a characteristic lifetime of 10°~10~° s. Despite the relatively low
binding energy, the adsorption of donor and acceptor molecules leads to a noticeable change
in the concentration of charge carriers (10'2-10'3 cm~2), which underlies the operation of
graphene gas sensors [85].

Figure 8 schematically shows the main mechanisms of gas adsorption on the surface
of graphene and N-doped graphene structures, reflecting the role of the electronic structure
and local surface chemistry in the formation of sorption properties.
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Figure 8. Gas adsorption mechanisms on graphene-based materials: (a) schematic illustration of
physical adsorption and chemisorption of NO,, H,S, Hp, and CO, on graphene and N-doped graphene
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surfaces, involving donor—acceptor interactions and charge transfer. The panel is a reprinted version
of the original figure from Ref. [86]. (b) Atomistic models of CO, adsorption on pristine graphene as
well as graphitic-N and pyridinic-N doped graphene, highlighting the effect of nitrogen configuration
on adsorption behavior. Reprinted version of the original figure from Ref. [87].

For NO,, a predominantly chemisorption mechanism is shown, accompanied by a
pronounced charge transfer from the graphene matrix to the adsorbate molecule acting
as a strong electron acceptor. The formation of local C—-N bonds and the redistribution
of electron density in the carbon layer lead to a significant modulation of the electronic
properties of graphene, which explains its high sensitivity to NO, in sensor and sorption
applications. NO; demonstrates an adsorption energy of 18-25 kJ/mol with a capacity
of 1540 mg/g and a response time of less than 1 min. NH;3 shows a binding energy of
12-18 kJ/mol with a capacity of 8-25 mg/g with a resistance change of up to 12% at 1 ppm.
SO, interacts with an energy of 10-15 k] /mol on pure graphene, increasing to 25-40 kJ /mol
on functionalized samples with a capacity of 20-60 mg/g. H»S demonstrates an energy of
8-12 kJ /mol, increasing to 50-120 mg/g upon metallic activation.

Nitrogen monoxide (NO) is characterized by low polarity and weak adsorption ability
on most materials at room temperature. However, the presence of oxygen dramatically
changes the situation, since NO can be oxidized to more active nitrogen dioxide (NOy),
which demonstrates a significantly higher adsorption capacity [88].

H,S adsorption is realized through donor-acceptor interactions, in which the hydrogen
sulfide molecule acts as a weak electron donor, and defective or heteroatom-doped modified
sections of graphene function as acceptor centers. This mechanism is characterized by a
moderate binding energy and a pronounced dependence on the type of functional groups
and the degree of surface doping. For molecular hydrogen, a physisorption mechanism is
shown due to weak van der Waals interactions, which leads to low adsorption energies and
high reversibility of the process. Modification of adsorbents with metals such as copper,
zinc, or iron significantly enhances their ability to remove HjS due to catalytic reactions [89].
The adsorption of NH3 occurs mainly by the mechanism of acid-base interaction, while
materials with a developed system of acidic functional groups are the most effective [78].
Bimodal modification of adsorbents makes it possible to achieve simultaneous effective
removal of NHj3 and H,S, which is important for complex purification of gas streams.

Special attention is paid to CO, capture on N-doped graphene. Depending on the
configuration of nitrogen (graphite, pyridine, and pyrrole), the nature and energy of
the interaction with the CO, molecule significantly changes. Pyrrole nitrogen exhibits
the highest adsorption energy, which is associated with enhanced polarization of the
CO; molecule and localization of electronic states in defective regions of the graphene
lattice. Thus, Figure 8 clearly illustrates that the adsorption properties of graphene are
determined not only by its high specific surface area, but also by the type of heteroatoms,
defect configuration, and charge transfer mechanisms. CO; adsorption can occur by both
physical and chemical mechanisms, depending on the nature of the adsorbent and the
process conditions. On porous carbon materials, CO; adsorption occurs mainly through
physical interactions, while micropores of 0.5-0.9 nm in size provide optimal capacity due
to the effect of enhancing the adsorption potential. The adsorption capacity for CO; at
atmospheric pressure and room temperature is usually 2—-6 mmol/g for various carbon
adsorbents. Chemical adsorption of CO, occurs on basic adsorbents, such as amino-
containing materials, where carbamates and bicarbonates are formed [90,91]. Impregnation
of adsorbents with metal catalysts, especially copper and palladium, significantly improves
their ability to remove CO due to catalytic oxidation [92]. In this case, the process involves
adsorption of CO on metal centers, followed by catalytic conversion to less toxic CO;. This
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approach makes it possible to achieve high CO removal efficiency (more than 90%) under
relatively mild conditions.

4.2. Limitations and Prospects of Graphene Materials Application in Gas Adsorption

The adsorption properties of graphene significantly depend on the number of layers,
the defect, and the nature of the surface modification. Monolayer graphene demonstrates
maximum sensitivity and adsorption activity, whereas bi- and trilayer structures are char-
acterized by a 30-50% decrease in capacity due to shielding of the active surface. The
introduction of point defects forms local active centers with binding energy exceeding
the values for the ideal basal plane by 50-200% with an optimal defect concentration of
0.1-1%. The edge regions of graphene have increased reactivity, while the armchair and
zigzag configurations exceed the basal plane in terms of adsorption activity by 2-3 and
5-8 times, respectively.

Single Pt atoms coordinated with N-centers at a concentration of 0.1-2 wt.% provide
selective adsorption of CO with an energy of 80-120 kJ/mol. Au nanoparticles 2-8 nm in size
demonstrate selective adsorption of H»S with an energy of 150-200 k] /mol. The kinetics is
limited by the surface reaction with rate constants: NO,—0.8-2.5 min~!, NH3—0.3-1.2 min !,
and SO,—0.5-1.8 min L. The diffusion coefficients are Hy—10~* cm?/s, CO—10"° cm?/s,
and NO,—10~7 cm?/s.

Maximum capacities at 298 K are NO,—25-60 mg/g, NH3—15-40 mg/g, SO,—
30-80 mg/g, HyS—20-150 mg/g, and CO,—50-120 mg/g. Selectivity coefficients are
NO, /N, = 80-250, SO, /N, = 50-180, and NHj3 /N, = 30-120. Resistive sensors show a
resistance change of up to 200% for NO, with a detection limit of 0.5-5 ppb and a response
time of less than 60 s. Field effect transistors show a current change of up to 300% at
100 ppb NO,. Thermal regeneration is achieved at 150-600 °C, and photostimulated
desorption by UV irradiation at 10-100 mW/cm? in 1-10 min. Cyclic stability exceeds
1000 cycles with a capacity loss of less than 15%. Liquid phase separation provides a
productivity of 10-100 g/h at a cost of 10-50 USD-kg .

Graphene was functionalized by plasma treatment in O, Hp, and Ar media, and
the effects on the detection characteristics of NH3 gas were evaluated [93]. O,-plasma
treatment induces graphene oxidation (graphoxide), while H,-plasma causes hydrogena-
tion (graphane). Graphane had the highest resistance of a sheet with a band gap of
3.0 eV. According to Melezhik A.V. et al. [94], graphene oxide demonstrates an adsorption
capacity superior to carbon nanotubes due to its unique morphology, which ensures the
accessibility of both sides of the graphene plane for the adsorption of pollutants, which
contributes to the faster establishment of sorption equilibrium due to active elution of the
adsorbent. The potential use of graphene oxide as a solid sorbent for the pre-concentration
of trace elements and purification from heavy metal ions is due to its maximum adsorption
capacity, which significantly exceeds the characteristics of existing sorbents. According
to Ramezanzadeh M. et al. [95], the high adsorption characteristics of graphene oxide are
associated with a large surface area and high capacity of oxygen-containing functional
groups, the concentration of which can reach 30% by weight, which significantly exceeds
the oxygen content in oxidized carbon nanotubes (usually no more than 5% by weight).
Coordination bonds are formed between functional groups on the surface of graphene
oxide and metal ions, ensuring effective adsorption.

However, Khiem et al. [96] emphasized that despite its high adsorption characteristics,
graphene oxide has significant limitations associated with the implementation of the main
part of adsorption interactions due to the electrostatic mechanism on the particle surface,
which defines it as an adsorbent with a limited number of active sorption centers and
limits its use in aqueous media with a high concentration of pollutants at a constant

https:/ /doi.org/10.3390/app16031587


https://doi.org/10.3390/app16031587

Appl. Sci. 2026, 16,1587

17 of 28

amount sorbent. An additional disadvantage of graphene oxide is its hydrophilicity,
which complicates separation and removal after the adsorption stage [97-99]. Obtaining
an industrial commercial form of a multifunctional sorbent based on graphene oxide is
difficult, since it demonstrates maximum sorption characteristics in the form of an aqueous
suspension [100-102].

Considering the adsorption properties of graphene materials, it must be acknowledged
that their practical application in gas purification faces serious challenges [103-105]. Despite
the impressive theoretical characteristics, the adsorption energies of the main toxic gases
(NO; 18-25 k] /mol, and NH3 12-18 k] /mol) turn out to be quite common for physisorption,
and the lifetime of the adsorbed molecules of 107°~10~° s requires constant stabilization of
the process. The decrease in the capacity of multilayer graphene by 30-50% is particularly
puzzling—it turns out that the most efficient monolayer material is at the same time the
least technologically advanced for industrial production [106,107].

4.3. Comparative Analysis of Physico-Chemical, Sorption, and Economic Characteristics of
Carbon Materials

The methodology for assessing the economic feasibility of carbon-based sorbents in
this research is based on a mixed qualitative-quantitative approach, utilizing data from the
literature sources and industry benchmarks. The analysis takes into account the key cost-
forming factors relevant to various stakeholders involved in the production and application
of gas sorbents, including the procurement of raw materials (such as biomass precursors,
graphite, and catalysts), the energy consumption during the synthesis and activation
processes (carbonization, chemical or physical activation, and CVD), and the expenses
associated with surface modification and post-treatment. From the perspective of the
end-user, the economic efficiency is determined by the adsorption capacity per unit mass,
the adsorption kinetics, the regeneration efficiency, and the operational lifespan under
cyclic conditions. Materials with moderate initial adsorption capacity but high regeneration
stability and a long service life may therefore offer lower life cycle costs compared to
materials with high capacity but limited durability. Additionally, environmental and
sustainability considerations are taken into account, including the potential for regeneration,
reuse, and environmentally responsible disposal of spent sorbents, as well as the use of
renewable or waste-derived precursors.

The particle size of carbon sorbents is an important parameter that determines the ki-
netics of adsorption and the hydrodynamic characteristics of adsorption systems. Reducing
the particle size reduces the diffusion path and accelerates mass transfer, while the range
of 0.25-5 mm provides a compromise between effective kinetics and allowable hydraulic
resistance in flow installations [108,109].

Surface modification significantly affects the sorption properties of carbon materials.
Oxidative treatment increases the polarity of the surface by introducing oxygen-containing
functional groups, whereas reductive heat treatment in an inert atmosphere increases
hydrophobicity and promotes the adsorption of nonpolar compounds [110]. Alkaline
activation at high temperatures leads to the development of microporosity and an increase
in specific surface area to ~3000 m?/g; however, the stability of such materials over long
service cycles requires additional assessment.

The shape and morphology of carbon materials determine their kinetic characteristics.
Fibrous activated carbons exhibit accelerated mass transfer due to a small diffusion pathway,
and hierarchically porous structures provide an optimal combination of high capacity
and improved pore accessibility. Composite systems based on carbon and zeolites or
MOF are characterized by the synergistic effect of various adsorption mechanisms and
increased selectivity.
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Temperature has a dual effect on the adsorption process: an increase in temperature
reduces the equilibrium capacity, but accelerates the kinetics. For most processes, the
optimal range is 20-40 °C. The regeneration of carbon sorbents is effectively carried out
by thermal, vapor, and microwave methods, ensuring the restoration of the adsorption
capacity at the level of 90-95% in the initial cycles.

To systematize the differences between carbon materials, Table 2 presents their gener-
alized physico-chemical characteristics. The analysis shows that activated carbons have the
most balanced combination of specific surface area, stability, and cost, which explains their
dominant position in industrial gas purification. Carbon nanotubes occupy an intermediate
position in terms of sorption characteristics and cost, whereas graphene, despite its high
theoretical potential, is limited by technological and economic factors. Fullerenes are char-
acterized by a minimal specific surface area and are of limited importance for adsorption
applications. Pore characteristics reveal distinct patterns among carbon-based materials.
Carbon nanotubes exhibit the highest pore volume (0.5-2.0 cm®/g) due to their hollow
cylindrical structure, which facilitates efficient mass transfer. Composite materials show
the widest range (0.4-2.5 cm3/g), reflecting the ability to tailor their structure. Graphene is
virtually non-porous, and its adsorption properties are governed primarily by surface inter-
actions. Activated carbon displays typical pore volumes of 0.3-1.5 cm? /g, characteristic of
micro- and mesoporous materials.

Table 2. General physico-chemical characteristics of carbon materials.

Activated Carbon Composite
Property Carbon Nanotubes Graphene Fullerene Materials Refs.
Specific surface area (m?/g) 500-1500 200-900 500-2630 40-80 300-2000 [3,23]
Pore volume (cm3/g) 0.3-1.5 0.5-2.0 0-0.8 0.1-0.5 0.4-25 [30,39]
Pore size (nm) 0.5-50 1-50 Absent Molecular Hierarchical [44,46,76]
Density (g/cm?) 0.4-0.9 0.8-1.8 2.2 1.7 0.5-2.0 [78,84,106]

Economic analysis shows a clear correlation between the complexity of production and
the cost of materials. Activated carbon remains the most affordable at a price of 2-15 USD-kg
due to proven technologies and affordable raw materials. Composite materials occupy a
niche of 20-200 USD-kg !, offering improved performance with a moderate increase in cost.
Nanotubes and graphene are in the range of 50-500 USD-kg~! and 100-1000 USD-kg !,
respectively, reflecting the complexity of their synthesis and the relative novelty of the tech-
nology. Fullerenes remain the most expensive at 500-5000 USD-kg ! due to specialized
production and limited demand.

The ratio of efficiency and cost reveals different niches of materials application. Com-
posite materials demonstrate an optimal balance of characteristics, allowing for a significant
improvement in properties at an acceptable cost increase. Activated carbon retains its dom-
inant position in mass applications due to its proven efficiency and low cost. Graphene and
nanotubes justify their high cost only in high-tech solutions where maximum performance
is critical. It is advisable to use fullerenes only in highly specialized tasks, where their
unique properties cannot be replaced by cheaper alternatives. Let us present a comparison
of carbon materials in terms of cost in Table 3:

Activated carbon occupies a leading position in terms of economic efficiency with
a price of 2-15 USD-kg~! due to proven production technologies and affordable raw
materials. Centuries of experience in use and ease of scaling ensure consistently low costs,
which explains the material’s dominance in industrial applications for processing large
volumes of gases. Composite materials in the range of 20-200 USD-kg ! offer an optimal
price-performance ratio. The ability to customize properties for specific tasks justifies a
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3-10-fold increase in cost compared to activated carbon. The moderate modification costs
of 5-50 USD-kg ! make composites attractive for long-term projects.

Table 3. Cost indicators of carbon materials.

. Activated Carbon Composite
Cost Indicator Carbon Nanotubes Graphene Fullerene Materials Refs.
Material cost (USD'kg_l) 2-15 50-500 100-1000 500-5000 20-200 [6,12,19,22,29]
Modification cost (USD-kgfl) 1-10 10-100 50-300 100-1000 5-50 [40,46,58,72,88,98]

Nanotubes (50-500 USD-kg~!) and graphene (100-1000 USD-kg~!) are in a high
price category due to the complexity of synthesis and small production volumes. Multi-
walled nanotubes are cheaper than single-walled ones, and graphene oxide is much more
affordable than CVD graphene. High modification costs (10-300 USD-kg 1) further increase
the total cost of the system. Fullerenes represent a premium segment with prices of
500-5000 USD-kg~!. Cg is relatively affordable, while functionalized fullerenes reach
maximum prices. The economic justification of the application is possible only in highly
specialized high-tech areas. A life cycle cost analysis shows that at high concentrations of
pollutants, activated carbon provides a minimum cost of 0.5-2.0 USD-kg ! of treated gas.
At low concentrations, the advantage shifts to more expensive materials due to their high
selectivity. Composites demonstrate stable efficiency over the entire range of conditions,
which explains their growing market share.

Based on the data presented in Table 4, it should be noted that the carbon materials
market is clearly divided between traditional and innovative applications. Activated carbon
dominates classical cleaning technologies at 70% of the air purification market, 65% of
water purification, and 55% of automotive applications, due to its low cost and proven
effectiveness. Petrochemicals and military technologies remain practically a monopoly of
activated carbon due to proven standards and safety requirements.

Table 4. Main applications of carbon materials.

Industry AC CNTs Graphene  Fullerene Composites Market Leader Refs.
Air purification Dominant Active Weak Not used Widely applied AC (70% of market) [5,6]

Water treatment Dominant Active Active Weak Widely applied AC (65% of market) [18,22]

Energy Active Dominant Dominant Weak Widely applied Graphene/CNTs [33,46]

Automotive Dominant Widely applied Weak Not used Widely applied AC (55% of market) [57,75]
Electronics Weak Dominant Dominant Weak Active Graphene/CNTs [88,91]
Petrochemicals Dominant Active Weak Not used Widely applied AC (dominant) [96,101]
Medicine Widely applied Active Active Active Active AC (detoxification) [109,110]
Military technologies Dominant Active Active Weak Widely applied AC (PPE) [111,112]

Carbon nanotubes and graphene are taking over high-tech industries such as energy
and electronics, where their superior electrical properties are critically important. These
materials are growing at a rate of 15-40% per year versus 3-5% for activated carbon, which
indicates a shift in technological priorities. Composite materials demonstrate versatility,
being actively used in all industries with a growth of 20-30% per year, which makes them a
transitional link between traditional and revolutionary solutions.

Fullerenes are limited to applications in medicine and specialized electronics due to
their high cost, but they show stable growth of 5-10% per year. Medicine remains the only
industry with an even distribution of all types of carbon materials, reflecting the diversity
of medical tasks and the willingness of the field to innovate.

Table 5 shows the main barriers to the introduction of carbon materials.

https:/ /doi.org/10.3390/app16031587


https://doi.org/10.3390/app16031587

Appl. Sci. 2026, 16,1587

20 of 28

Table 5. Main barriers to the implementation of carbon materials.

Material Main Barriers Solutions Refs.
AC Limited selectivity Surface modification [35,46]
CNTs High cost Production scaling [49,57,75]
Graphene Technological challenges New synthesis methods [78,89]
Full Very high cost Niche applications [100,103]
urerenes Processing complexity Design for recycling [105,112]
Material Main Barriers Solutions Refs.
AC Limited selectivity Surface modification [35,46]
CNTs High cost Production scaling [49,57,75]
Graphene Technological challenges New synthesis methods [78,89]
Full Very high cost Niche applications [100,103]
urerenes Processing complexity Design for recycling [105,112]

Activated carbon is limited by non-selectivity—it adsorbs all substances indiscrim-
inately, without distinguishing between desired and undesired components. This can
be addressed through chemical surface modification to create selective adsorption sites.
Carbon nanotubes and graphene are costly due to complex production processes at extreme
temperatures and low product yields; the price of nanotubes is 50-100 times higher than that
of activated carbon. This barrier can be mitigated by scaling up production and improving
synthesis technologies. Graphene additionally suffers from quality issues, as commercial
material contains numerous defects that reduce its unique properties. Most “graphene”
available on the market is defective and exhibits limited performance. Fullerenes remain an
exotic material because of extremely expensive production with low yield, restricting their
use to niche applications where the high cost is justified by special properties. Composites
face recycling challenges, as their components are strongly bonded, making reuse nearly
impossible and raising environmental concerns at the end of their life cycle.

The carbon nanomaterials market will reach $5.7 billion by 2030 with growth of 17.2%
per year [111-113], concentrating in the energy sector with a volume of 662 USD million
and growth of 23.9% per year. These projections provide an economic rationale for the
large-scale development of advanced sorption technologies, which is consistent with recent
peer-reviewed analyses emphasizing cost reduction trends and scalability challenges of
carbon nanomaterials [5,31].

Nanotube-graphene hybrids demonstrate synergistic effects in sensors and actua-
tors [105,106], creating self-adapting filtration systems [114]. Nanoresonators reach tera-
hertz frequencies with the detection of individual molecules [115-117], turning adsorption
into an intelligent feedback process.

Machine learning reduces the development time of composites from months to weeks
by predicting properties before synthesis. Digital twins optimize processes without physical
experiments, which is critical for expensive nanomaterials. Additive manufacturing creates
personalized filters with controlled pore geometry for specific operating conditions.

Direct CO, capture requires an increase in current capacity from 0.0385 to 20 Gt of CO,
per year [118,119]. This stimulates the development of materials with extreme selectivity
to low concentrations, where composites with programmable porosity show maximum
potential. Smart textile materials integrate monitoring and protection from toxic gases into
clothing [120-122], creating a market for personalized protection for workers in hazardous
industries and residents of polluted megacities. Graphene composites displace nanotubes
due to their ease of handling [123-127].
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Graphene’s 70% reduction in cost by 2030 makes it competitive with activated carbon
in high-tech applications. Self-healing materials with catalytic nanoparticles will ensure
continuous regeneration without external heating. Biomimetic structures can reach the
theoretical limits of adsorption efficiency by copying natural filtration mechanisms.

Scaling is hindered by the production of high-quality graphene without loss of prop-
erties and the lack of standardization for mission-critical industries. The future will be
determined by the creation of integrated systems that combine adsorption, catalytic decom-
position, and intelligent control into an autonomous cycle.

The particle size and shape of carbon materials critically affect their sorption properties
through kinetic effects, equilibrium capacity, and hydrodynamic characteristics. Reducing
the particle size from 5 mm to 0.1 mm reduces the diffusion path by 50 times and the
time to reach equilibrium from several hours to 10-30 min, while the optimal size for
industrial applications is 0.25-5 mm as a compromise between mass transfer efficiency and
hydraulic resistance.

Metallic activation by transition metals (Cu, Ni, Ag, Pd, and Pt) provides catalytic
oxidation of toxic gases, dissociative adsorption, and formation of intermetallic com-
pounds [128]. Copper is effective for the oxidation of CO and the adsorption of H,S
through the formation of CuS [129], nickel catalyzes the hydrogenation and dissocia-
tive adsorption of H, [130], silver provides antimicrobial properties and oxidation of
olefins, and palladium and platinum demonstrate the highest catalytic activity in oxidative
reactions [131,132].

Nonmetallic activation includes nitrogen activation with ammonia at 800-900 °C
to introduce pyridine, pyrrole, and graphite nitrogen, which increases surface elasticity
and selective co, adsorption by up to 150%. Phosphoric activation of H3PO, develops
mesoporosity and improves the adsorption of large organic molecules, sulfur activation pro-
vides selectivity to thiocompounds and improves mercury adsorption, and boric activation
introduces electron acceptor centers for selective adsorption of NH3 and amines.

Combined activation of metal-nonmetal systems (Ni-N, Cu-S) provides a synergistic
effect and bifunctional activity, while optimizing temperature conditions (300-500 °C to
preserve functional groups, 800-1000 °C to form stable bonds) and control of the activation
medium (inert, reducing, and oxidizing) make it possible to purposefully modify the
properties of carbon compounds and sorbents for specific applications.

5. Conclusions

Carbon materials exhibit excellent adsorption characteristics for a wide range of
toxic gases due to their high specific surface area (up to 3000 m?/g for activated carbons,
1315 m?/g for single-layer carbon nanotubes, 2630 m? /g for graphene) and advanced
porous structure, while composite systems provide a synergistic effect exceeding the
characteristics of individual components by 20-50%.

Physical adsorption through van der Waals interactions dominates for most organic
vapors with energies of 20-60 k] /mol, chemical adsorption (40-200 kJ/mol) provides high
selectivity with difficulty in regeneration, and capillary condensation in mesopores is
significant at high relative pressures. Micropores determine the main adsorption capacity
for small molecules, and mesopores provide transport and accessibility of the inner surface,
while the optimal particle size is 0.25-5 mm for industrial applications.

Covalent functionalization (oxidation, amidation, and esterification) makes it possible
to purposefully change surface properties, doping with heteroatoms radically changes the
electronic structure and selectivity, and metallic activation provides catalytic properties
and improves regeneration. Nitrogen-doped CNTs (up to 4.5 mmol) are most effective for
CO,/g) and CNT-MOF composites (8-15 mmol/g); for NHj, high selectivity is achieved on
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acid-modified materials; for NOy, functionalization by amino groups provides selectivity
to NO,; and for H,S, adsorption on metal-modified carbons is effective.

The cost of materials ranges from 2 to 5 USD-kg~! for activated carbon to
50-200 USD-kg~! for CNT composites and 100-500 USD-kg ! for graphene composites,
while economic efficiency is achieved due to increased selectivity, capacity, and extended
service life with a projected reduction in the cost of nanotubes and graphene by 50-70% by
2030. The kinetics of adsorption is described by first/second order models with an equi-
librium time from minutes to hours, thermal regeneration at 100-200 °C provides 90-95%
efficiency, and microwave and vapor regeneration show prospects for energy conservation.

Promising areas include the creation of hierarchically porous structures to optimize
mass transfer, the development of self-healing materials to increase service life, the creation
of multifunctional systems for simultaneous capture, transformation, and detection, and
integration with machine learning for rational material design. DFT calculations are effec-
tive for determining interaction energies and adsorption mechanisms, GCMC modeling
adequately predicts adsorption capacities, and combining experimental and theoretical
approaches accelerates the development of new materials.

Practical applications include industrial gas purification with high efficiency at high
volumes, automotive filters with compactness and selectivity, personal protective equip-
ment with lightness and high protective ability, and gas sensors with fast response and high
sensitivity up to 10 ppb, which confirms the versatility and promise of carbon materials for
solving problems of gas purification and detection of toxic substances.

Future research on carbon-based adsorbents is expected to focus on the optimization of
adsorption kinetics and dynamic mechanisms under realistic conditions. The development
of hierarchically porous structures and multifunctional composites will enhance mass
transfer, selectivity, and regeneration efficiency. Advanced modeling approaches, such
as DFT calculations and GCMC simulations, combined with experimental studies, will
allow accurate prediction of adsorption energies, capacities, and competitive interactions
in multicomponent gas streams. Integration of machine learning and data-driven design
strategies promises to accelerate the discovery of next-generation carbon materials, while
kinetic studies will provide essential guidance for scaling laboratory results to industrial
applications. Emphasis on energy-efficient regeneration methods and long-term stability
will be key to translating these materials into sustainable, high-performance gas capture
and sensing technologies.
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