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The review is devoted to the use of impregnated activated carbon materials as chemisorbents of
sulfur (IV) oxide. General methods for obtaining ordinary activated carbon, preparation of raw ma-
terials, their chemical activation with alkalis and acids followed by heat treatment (carbonization) in
an inert environment or in the presence of a gaseous oxidizer, the role of acid-base and redox catalysts
in this process are considered. The influence of the chemical composition of the activated carbon
surface, the presence of functional groups, and their acid-base properties, as well as the products of
surface reactions on the peculiarities of sulfur (IV) oxide adsorption is analyzed from the point of
view of SO, removal efficiency and the possibility of SO, regeneration. An important role in these
processes is played by the pore size, the possibility of co-adsorption of water, and the presence of an
oxidant. The nature of adsorbent-adsorbate interactions on the surface of activated carbon, their ener-
gy, in particular, the contribution of so-called "physical" adsorption, van der Waals forces, hydrogen
bonding, and the influence of surface functional groups are discussed. The activation of carbon raw
materials with nitrogen-containing compounds leads to the N-doping of the surface, which increases
the efficiency of SO, adsorption, facilitating not only van der Waals and electrostatic interactions, but
also SN binding. The influence of oxygen and oxygen-containing functional groups on SO, adsorp-
tion is also discussed.

To obtain impregnated activated carbon for SO, absorption, the original activated carbon of the
required quality is impregnated with solutions of inorganic and organic compounds that remain on
the inner surface of the activated carbon after drying. Impregnation blocks partly the porosity of ac-
tivated carbon, but makes it more capable of chemical adsorption. Chemisorption, in which certain
chemical bonds are formed between the surface of the activated carbon and the compound being ad-
sorbed, is more selective than physical adsorption, where the size of molecules is critical for an effec-
tive capture process. It can be noted that unlike inorganic alkalis, which spoil the porous structure of
activated carbon, treatment with a solution of ammonia or organic N-containing bases promotes SO,
absorption. A special place in gas purification is occupied by activated carbon impregnated with ionic
liquids, non-aqueous solvents being used for impregnation. A separate issue of the chemisorption of
sulfur (IV) oxide by samples of impregnated activated carbon based on d-metals will be discussed in
detail below.

Key words: impregnated activated carbon materials, sulfur dioxide, physical adsorption, chemi-
sorption.
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INTRODUCTION. The increase in the level
of environmental danger in the conditions of
war is associated with the destruction or da-
mage, as a result of hostilities, of enterprises
that are the largest (real or potential) polluters
of the environment in peacetime [1]. Sulfur
(IV) oxide, ammonia and aromatic hydrocar-
bons are among the main emergency emissions
into the atmosphere by coke and by-product
production enterprises [2-4]. One of the tasks
of occupational health and safety departments
at the enterprises of by-product coke indust-
ry is to provide workers and engineering and
technical personnel with means of personal
respiratory protection (MPRP) equipped with
gas filter cartridges (GFCs), which are capa-
ble of absorbing toxic acid (in particular, SO,)
or/and basic (in particular, NH,) gases, as well
as vapors of organic compounds (in particular,
CH,and CH ), etc. [3].

In addition, to ensure the protection of the
respiratory organs of workers and engineer-
ing and technical personnel of enterprises,
civilians and military personnel in emergen-
cy situations, when the nature of the toxicant
present in the air is unknown, it is desirable to
have a gas filter of wide range of action.

The high porosity, large inner surface area,
non-polarity, cheapness, chemical stability
compared to other porous materials (zeolite,
silica, alumina, etc.) of activated carbon (AC)
make it suitable for removing toxic and irritat-
ing gases and vapors from the air [1-4]. The
impregnation of a porous medium (in par-
ticular, AC) with carefully selected chemical
compounds can significantly increase its ab-
sorption capacity for certain gases/vapors, as
well as provide absorption capacity for gases/
vapors that cannot be captured (detoxified) by
non-impregnated AC [5-12]. This method has
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been used for many years in the production of
gas filters and respiratory cartridges [13]. AC is
widely used for the production of impreg-
nated activated carbon materials (IACMs) -
chemisorbents of chemically hazardous sub-
stances of inhalation action and acidic (SO,,
HCI, HE, Cl, F2, H S, CO,, HCN, etc.), basic
(NH,, organic amines, etc.) and neutral (Hg,
etc.) nature, as well as for the decontamination
of volatile warfare agents from the air flow in
the case of radioactive, biological and chemical
contamination [5-9, 11, 14].

Methods of carbon activation.

To obtain ACs, which are used as adsor-
bents and catalyst carriers, methods of physi-
cal or chemical activation are usually used [5,
15-22]. Obtaining AC using physical activa-
tion includes the following stages: preparation
of raw materials (separation, crushing, drying,
etc.); pyrolysis (heat treatment in absence of
oxidant at a temperature of 550-1000 °C; ac-
tivation (heat treatment in the presence of an
oxidant, CO, or water vapor at 700-1000 °C).
The production of AC by the method of ther-
mochemical activation is based on the intro-
duction of chemical additives into the starting
material followed by carbonization in an inert
environment or in the presence of a gaseous
oxidant. The transformation of raw materials
into AC is carried out under the action of ac-
id-base or redox catalysts (ZnCl,, FeCl,, ALO;
HNO,,H,SO,,H,PO,, (NH,),HPO,; carbonates,
acetates or hydroxides of alkali metals, etc.) [5,
15-22]. Catalysts activate the transformation of
aliphatic fragments, practically without touch-
ing aryl C-C bonds, remove oxygen, hydrogen
and other heteroatoms with simultaneous car-
bonization and activation at temperatures gen-
erally below 700 °C. As a result, ACs with a de-
veloped porous structure are obtained.
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According to the results of the physico-
chemical study of the products of alkaline ac-
tivation of various raw materials, the specific
surface area, the pore volume and size, the size
distribution of pores depend on the nature
of the raw material itself and the alkali used
(LiOH, NaOH and KOH), as well as its content
in the original mixture; the activating ability
of hydroxides decreases in the order KOH >
NaOH > LiOH [18]. Phosphoric acid leads to
the expansion of micro- and mesopores in ac-
tivated carbon [19, 20, 21, 23].

Asarule, acid treatment leads to an increase
in the number of acid groups, removes mineral
elements and improves the hydrophilicity of
the surface, which will have greater access to
the aqueous phase [24, 25].

Adsorption of SO, on the surface of activated
carbon.

When studying SO, adsorption by AC, the
researchers took into account such parameters
as porosity, chemical composition of the sur-
face, acid-base properties and ash content; the
products of surface reactions were analyzed
from the point of view of removal efficiency
and the possibility of regeneration [26-31].

There is an optimal pore size (approxima-
tely 7 A) at which the adsorption of SO, [32]
and its oxidation to SO, [33] are favorable.
Although in such pores, the absorption po-
tential is not maximal (6SO, = 4.29 E [34]),
a high capacity is achieved due to the ad-
sorption of SO, and SO, with the subsequent
formation of H SO, [31]. In such pores, SO,
together with H O can statistically cover the
walls of pores, forming a monolayer. This
makes oxidation and reaction with co-ad-
sorbed water molecules possible. It should be
noted that H SO, at 25 °C has a higher density
(pH,SO, = 1.83 g/cm’) than liquid SO, (pSO, =
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1.27 g/cm’), but a lower density than that of
SO, (pSO, =1, 93 g/cm?). In addition, its boil-
ing point is about 330 °C, which is much high-
er than that of SO, (-10 °C) and SO, (45 °C)
[35]. Given the above, the amount of H,SO,
physically adsorbed from the vapor phase
should be greater than the amount of SO, and/
or SO, under the same conditions (pressure
and temperature). It follows that the order
of decreasing physical adsorption "capacity”
should be as follows: H,SO, > SO, > SO,. If the
pore size is too small, water molecules cannot
be co-adsorbed near SO,, preventing the for-
mation of sulfuric acid. Apparently, as in the
case of hydrogen sulfide adsorption [36], the
uniform distribution of micropores affects the
dispersion of active sites, where SO, can be
oxidized to SO,, which is then converted to
H,SO,, which is adsorbed until all pores are
filled. Increasing the pore size decreases the
degree of SO, — SO, conversion and thus the
total amount of SO, retained by the AC sam-
ple. According to [37], the adsorption capacity
of AC fibers for SO, is inversely proportional to
the size and volume of pores.
Adsorbent-adsorbate interactions on the
AC surface are very complex, as they include
a wide range of physical and chemical prop-
erties of the adsorbent, and sometimes there
are significant uncertainties regarding individ-
ual adsorption mechanisms [38]. Sulfur (IV)
oxide is absorbed by AC with two adsorption
energies: ~50 kJ/mol, ~80 kJ/mol; according
to [27, 33, 39-43], the first is associated with
the interaction of SO, and free sites on the sur-
face due to "van der Waals forces" and corre-
sponds to weak "physical” adsorption, and the
second corresponds to chemisorption, which
is enhanced in the presence of oxygen. How-
ever, the energy of formation of van der Waals
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complexes is 20-40 kJ/mol [44]. The first ener-
gy can also correspond to the energy of for-
mation of an "average" hydrogen bond (AH =
17-63 kJ/mol [45, 46]); directionality, not
energy, is the defining feature of a hydrogen
bond, which is one type of chemical interac-
tion [47]. In addition to porosity, the acid-base
properties of the surface are also an important
factor that increases SO, adsorption [26-28,
30, 39, 40]. Surface functional groups play the
role of active centers and predominate in SO,
chemisorption [26, 27, 43]. Functional groups
have a great influence on SO, adsorption and
oxidation [40, 48, 49]. Currently, the experi-
mental study of this effect was carried out by
impregnating AC or raw materials for its pro-
duction with aqueous solutions of HNO, [27,
29, 50-53], H,PO, [53, 54], KOH [29, 33, 54-
57], NaOH [39, 51, 58]); modification or acti-
vation by high-temperature gas or steam: CO,
33, 54], H,0O [33], etc.

Effect of chemical activator on AC proper-
ties.

Surface groups of pyrone and pyrone-like
nature or centers having Lewis basicity are
responsible for the adsorption of sulfur (IV)
oxide with an energy of ~50 kJ/mol [39, 48].
Increasing the basic nature of carbon through
the inclusion of basic forms of nitrogen turned
out to be a positive factor affecting the absorp-
tion of SO, and its oxidation to sulfuric acid
[31, 59-64]. Obviously, the above-mentioned
first adsorption energy (~50 kJ/mol) in this
case is determined not only by van der Waals
interactions (dipole-dipole interactions and
dispersion forces), but also by n-dative SN
or SO bonding (AHS<N = 20-90kJ/mol;
AHS<O = 10-55 kJ/mol [65]) with the forma-
tion of charge transfer complexes with Lewis
bases and H-bonding, similarly to [65].
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In the process of obtaining AC, the authors
of [62, 66] carried out N-doping of various
carbon raw materials (sub-bituminous coal,
lignite; AC fabric based on viscose) by activa-
tion with steam enriched with ammonia or its
derivatives ((NH,),CO,, H.NNH,, NH,OH,
H,NC (O)NH,; this leads to the formation of
various N-containing groups (amides, imides,
lactams, nitriles, pyrroles, pyridines, etc.) -
Lewis basic centers, which favors S«<O and
SN bonding, similarly to [65]. AC with a
high N content was obtained [31] by the car-
bonization of macroporous vinyl pyridine po-
lymers, which are themselves chemisorbents of
acid gases, in particular SO, [67].

The authors of [43] indicate an increase
in SO, adsorption efficiency as a result of the
N-doping of the carbon surface due to in-
creased physical adsorption. For a pristine
carbon surface after N-doping, SO, physical
adsorption mainly occurs on the basal plane
through van der Waals (similarly to [68, 69])
or mt-dative interactions (similarly to [65, 70]).
N-doping redistributes electrons on carbon
surfaces, thereby changing not only the in-
tensity but also the types of interactions in-
volved; quaternary N atoms contribute to SO,
adsorption, mainly due to the enhancement of
"van der Waals" interactions between the ba-
sal plane and SO, [43]. The improvement of
SO, adsorption by pyridine and pyrrole com-
pounds corresponds to enhanced electrostatic
interactions in the edge regions. These results
show that N-doping can increase SO, adsorp-
tion efficiency by facilitating not only van der
Waals and electrostatic interactions [43], but
also mainly SN bonding.

The oxygen-containing functional groups
on the AC surface include carboxyl, phenolic,
quinone, lactone, carboxyanhydride groups,
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cyclic peroxide, etc. [71]. According to the data
of X-ray photoelectron spectroscopy [72], when
sulfur (IV) oxide is absorbed, the relative con-
tent of the carbonyl (C=0) group, which exists
mainly in the form of quinone and chromene
on the AC surface [73], decreases, and that of
the C-O (hydroxyl and ether [74]) group in-
creases. The effect of ketone C=0O groups on
desulfurization activity was confirmed by pas-
sivation with phenylhydrazide [75]; they are
the internal active centers of the desulfuriza-
tion reaction on carbon materials. The centers
of "physical" sorption can also be carboxyl or
hydroxyl groups [31]. A small part of SO, can
also react with OH groups to form hydrosulfite
anions (as a chemisorption form) [42]; when
SO, interacts with the C=C bond, 1,3,2-diox-
athiolane and/or 1,2-oxathiethene-2-oxide are
formed, which decompose with the formation
of CO, and an intermediate episulfide [76].
There are data [30, 39] that oxygen present in
the system can negatively affect the amount of
adsorbed SO,. This is due to its ability to react
with the carbon matrix, its oxidation and, as
a result, the reduction of the surface area [37,
77]. On the other hand, during SO, adsorp-
tion in the absence of water, oxygen functional
groups significantly improve adsorption char-
acteristics, which, according to [37], is due to
surface reactions of quinones with SO, and wa-
ter with the formation of diol and sulfuric acid.
According to [33], removing oxygen from the
surface forms new high-energy SO, adsorp-
tion/oxidation centers. Surface acid groups are
a catalyst for SO, oxidation [27]; the adsorp-
tion capacity of AC for SO, is inversely pro-
portional to the amount of O, adsorbed on its
surface [29].

The reactivity of AC depends on the balance
between the content and type of oxygen func-
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tional groups and the surface area [78]. The
authors of [31, 33] found that pyridine func-
tional groups, which are located at the edges
of graphene layers, significantly increase the
amount of SO, adsorbed and converted into
sulfuric acid, especially when the groups are
located in pores with a size of 7-8 E. The only
negative point of this mechanism is a strong
adsorption of H,SO, and, as a result, difficul-
ties in the regeneration of adsorbents [27].

The chemical nature of the activated car-
bon surface can be changed by oxidation treat-
ment. After treatment with nitric acid, the total
concentration of surface oxygen increases, the
concentration of basic surface groups decreas-
es significantly, and the content of acid groups
significantly increases, which improves both
the extraction of the formed sulfuric acid and
the adsorption capacity for SO, and its oxida-
tion [27].

The oxidation of SO, to H,SO, (sulfates)
on catalysts takes place via the Eli-Riedil (ER)
[79-81], Langmuir-Hinshelwood (LH) [81,
82] or Mars-van Krevelen (MvK) [81] mecha-
nisms: the LH and ER mechanisms account for
the oxidation of SO, (adsorbed or from the gas
phase) through surface-activated molecular
oxygen, while the MvK mechanism is close-
ly related to surface O lattices that generate
atomic oxygen vacancies during the forma-
tion of SO, and H,SO,. Since the co-adsorp-
tion of SO, and O, on carbon catalysts has a
large adsorption energy (-1.03 eV) compared
to the individual adsorption of SO, (-0.45 V)
or O,, then, according to [75], the oxidation
of SO, on carbon materials is more likely to
occur by the LH mechanism, compared to the
ER mechanism. According to the data given in
the review [83], when SO, is absorbed from a
gas mixture (SO, : O, = 2: 1), the catalytic ac-
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tivity of adsorbents decreases in the following
order:

AB >V 0, > rpadit > Cr,0,> Fe,O,.

The acidic and alkaline modifications of
AC (by impregnating it with 1 M solutions of
HNO, and KOH, respectively, at 70 °C) affect
the concentration of functional groups on the
surface of AC: they reduce the relative content
of C-H, but increase the share of the functional
groups C-0O, C= O and O=C-0O; and the for-
mer modification has a stronger effect than the
latter one [84]. The BET specific surface area
and the total pore volume of acid-modified AC
were decreased, and those of alkali-modified
AC were increased.

In the presence of air moisture, sulfur (IV)
oxide on the AC surface forms a hydrate (reac-
tion 1), which subsequently dissociates (reac-
tion 2), which contributes to an increase in the
acidity of the AC surface:

SO, + H,0 2 SO,-H,0, (1)

SO,-H,0+ H,O0 2 HSO; +H,0* (2)

Methods of obtaining IACM.

For the preparation of IACM, activated car-
bon of the required quality for a specific ap-
plication is impregnated with solutions of in-
organic and organic compounds (acids, bases,
salts, etc.; see the table ), which after drying or
other stages of further treatment remain on
the inner surface of activated carbon [3, 85,
86]. AC impregnation is carried out by soaking
[14, 87-90], spraying [6], sublimation using a
fluidized bed adsorption column [13, 14]. Im-
pregnation is carried out:

- with some volume of the impregnating
solution, which occupies a certain portion of the
total volume of AC pores (foHy/VHOP) (91, 92];
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- by the initial moisture content method
(capillary impregnation, dry impregnation) —
limiting the volume of the solution only to fill
the volume of pores (it is determined at what
volume of the solution for the impregnation of
a water-soluble compound, AC particles be-
gin to adhere to each other or to the walls of
the vessel for impregnation even after several
minutes of mixing after adding the solution)
[12-14, 87, 93-98];

- by the method of ultrasonic impregnation
[36, 55, 99, 100];

- by the method of mechanical mixing [87,
100];

— by the spraying method [5] (AC is sprayed
in a rotating chamber or in a fluidized bed un-
der certain conditions);

- by the high- pressure impregnation me-
thod [100];

- by the hydrothermal sol-gel method [34].

In some cases, impregnated reagents are
present in the form of hydroxides, carbonates,
chromates or nitrates, which are subjected to
heat treatment at higher temperatures (150-
400 °C) to decompose the above anions. An
even impregnation distribution on the inner
surface of AC is important. Blocking of micro-
and mesopores (responsible for physical ad-
sorption) should be avoided in order that the
impregnating chemical reagent remains acces-
sible for adsorbates [5, 6].

AC impregnation partially blocks the po-
rosity, but in turn makes AC more capable of
chemisorption, which is necessary to captu-
re some low-molecular-weight volatile pollu-
tants [3]. Chemisorption is more selective than
physical adsorption, where the size of mole-
cules is critical for an eflicient capture process.
During chemisorption, certain chemical bonds
are formed between the surface of activated
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carbon and the adsorbed compound, so the
choice of impregnating reagents depends on
the field of application. The main technological
requirement to the obtained fibrous IACMs for
respiratory purposes is that after drying they
remain elastic for the construction of filter ele-
ments [101].

Adsorption of SO, on the surface of im-
pregnated activated carbon.

According to the data given in the table,
chemisorbents of SO, can be AC impregnated
with alkaline reagents (NaOH, KOH, K ,CO,,
ammonia, organic amines, etc.); oxidants
(KMnO,, KCIO,); ionic liquids (ILs); salts, oxi-
des and hydroxides of transition metals (V,
Cr, Mn, Cu, Zn, Ag, Mo, etc.). The protective
properties against SO,, such as dynamic acti-
vity (DA, mg of SO_/g), of IACM samples are
affected by the physicochemical characteristics
of the carrier (AC), the nature of the applied
reagents, impregnation and experimental con-
ditions.

Microporous AC obtained by mixing an-
thracite with KOH or NaOH was distinguished
by a large surface area, which makes it a pro-
mising sorbent for SO, capture [55]. In addi-
tion, the products of desulfurization are alkali
metal sulfates (K,SO,, Na,SO,, etc.) applied to
AC, which can be used as soil conditioners or
prolonged fertilizers, eliminating the need for
sorbent regeneration [32].

However, the impregnation of AC based
on coal dust with aqueous NaOH solutions
destroys the strength of the porous structure
and causes its collapse during the adsorption
process, thereby reducing the number of mic-
romesopores and the specific surface area of
the carrier and does not contribute to the ad-
sorption of SO, by AC-NaOH samples [49].
According to X-ray photoelectron spectro-
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scopy [40], pyridine and pyrrole fragments are
present on the surface of AC-NH, samples ob-
tained by impregnating AC fibers with aque-
ous solutions of NH, (for 40 hours) followed
by drying at 100 °C, which causes its increased
alkalinity and enhances catalytic sulfoxidation.
The authors of [102, 103] obtained chemisor-
bents of SO, with prolonged action by impreg-
nating AC with aqueous solutions of potassi-
um iodide. According to the results of expe-
rimental studies by the authors of this review,
the formation of molecular iodine (reaction 3)
was observed on the surface of AC-KI based
on the activated carbon fibers of the "Karbo-
pon- B-Aktiv" material, in contrast to lavsan
fibers [104, 105], which is obviously due to the
presence of acid groups on the surface of the
former:

41" + 4H,0* + O, - 2L, + 6H,0. (3)

Thus, iodine formed on a carbon base has
a promoting effect due to hydrolytic oxidation
(reaction 4), improving protective characteris-
tics, similarly to [105].

L+ HSO,+4H,0 - 2I' + SO,* + 3H,0" (4)

According to [102], increasing the potassi-
um iodide content of AC-KI to 16% improves
its protective properties against SO, (1'Pa (50,))
according to equation (5); then when wKI in-
creases to 22%, this characteristic approaches
an almost horizontal asymptote, after which it
sharply decreases. This indicates that at high
contents, KI (like K CO, [5], 1,8-diazobicy-
clooctane (DABCO) [106], triethanolammo-
nium citrate (1:3) [107]) aggregates and/or
blocks AC pores, which limits the accessibility
of I for SO,. Along with this, increasing the KI
content lowers the sorption capacity of KI with
respect to C H, according to equation (6):
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T (SO,) =-11,787 + 17,739-0,.,

R?=0,9876; n = 12, (5)

t(CH,) = 380,36 - 87,78-w,,,

R*=0,9617;n = 12. (6)

where Tpa(SOz) is the time of the protective ac-
tion against SO, (min) at CSO,= 150 mg/m’,
a relative humidity of the GAM of 90-95%, a
flow rate of the GAM of 2.0 cm/s; Tpa(C6H6)
is the time of protective action against C H,
(min) at C. H = 500 mg/m® a relative humi-
dity of the GAM of 90-95%, a flow rate of the
GAM of 2.0 cm/s); wKI is the mass fraction
of KI, %.

The addition of a water-repellent additive
(polytetrafluoroethylene) to AC-KI leads to
the fact that the formed H_ SO, is continuous-
ly released from the surface of AC-KI [102].
However, AC-KI has disadvantages due to the
carrying away of molecular I, from the surface
with the air flow.

To remove acidic gaseous pollutants, IAC
materials based on impregnating solutions of
N-containing organic bases are used: mono-
ethanolamine (MEA) [108-111], diethanola-
mine (DEA) [109, 110, 112], triethanolamine
(TEA) [113], DABCO [14, 106, 112, 114-116],
N-methyldiethanolamine (MDEA) [118], pi-
perazine [111], etc., similarly to [119, 120].
IACs based on N-containing organic bases are
also widely used for the sanitary removal of
formaldehyde from the air [121]. As is known
[122], ethanolamines and aminoguanidine
are inhibitors of S(IV) »> S(IV) sulfoxidation.
However, no information was found in the li-
terature about the effect of AC impregnation
with the listed compounds on the course of the
above reaction on the AC surface.

During the chemisorption of sulfur (IV) oxi
de by carbamide-impregnated AC in the pre-

https://ucj.org.ua

sence of oxygen and water vapor, the following
reduction reactions are possible:

1,580, + (NH,),CO - 1,55 + N, + CO, + 2 H O;
(7)

H,SO, + (NH,),CO - CO,+ N, + S + 3H20(;
8)

SO, + (NH,),CO - CO, + N, + § + 2H,O.
)

A special place in gas purification is occu-
pied by IACs based on ionic liquids; in this
case, impregnating solutions are prepared us-
ing nonaqueous solvents (methanol, ethanol)
(96, 107, 123].

Based on data from thermogravimet-
ric, IR and 1H NMR spectroscopic studi-
es, it was established [96] that IAC based on
1-ethyl-3-methylimidazolium acetate ([C mim]
[Ac]; EMA) absorbs SO, through physical
and chemical sorption. AC-EMA has a bre-
akthrough absorption capacity for SO, that
is 26 times and more greater than that of
AC samples impregnated with other salts:
1-ethyl-3-methylimidazolium (lactate, methyl
sulfate and hydrosulfate), 1-butyl-3-methyli-
midazolium (hydrosulfate and tetrafluorobo-
rate), 1-hexyl-3-methylimidazolium (bis(tri-
fluoromethylsulfonyl)imide and tris(penta-
fluoroethyl)-trifluorophosphate) and 1-allyl-3-
methylimidazolium (chloride).

The chemisorption of SO, by the ionic li-
quid [C2mim][Ac] on the AC surface occurs
as a result of displacement of acetate anions
by sulfate and sulfite anions [123]. Since hyd-
rosulfate (pK, = 17.0 [128]) and hydrosulfite
(pK, = 12.9 [128]) are weaker bases than the
acetate ion (pK, = 9.24 [128]), in the pre-
sence of two acids (H,SO, and SO,-H,0),
CH,COO- is protonated and replaced by
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HSO,- and H,O,~ anions, which leads to the
formation of CH,COOH, [C2mim][HSO,] and
[C2mim][HSO,]. Chemisorbed forms of SO,
in the AC-[C2mim][Ac] sorbent can be AC-
[C2mim][HSO,], AC-[C2mim][HSO,], H,SO,
and SO _-H,0.

It should be noted that most researchers,
in contrast to [96, 105, 122, 129], do not pay
due attention to the influence of water on the
processes of SO, capture by both AC and IAC.
The authors of [96] found that increasing the
moisture content (from 50 to 80%) of purified
air increases the protective characteristics of
AC-EMA samples against SO,, which indicates
the predominance of chemical sorption over
physical sorption in this case. Impregnation of
the AC surface with IL: with ammonium cit-
rate and triethanolamine lactate (3TEA-H3Cit
and TEA-HLact, respectively) leads to an in-
crease in their SO2 absorption capacity from
3.34and 1.29molSO2/molIL (for [TEAH],[ Cit]
and [TEAH][Lact]) to 6.60 and 1.95 mol
SO,/mol IL (for samples of AC-[TEAH],[Cit]
and AC-[TEAH][Lact]) [107]. When impreg-
nating with IL, thin films are formed on the AC
surface, and the functional centers of AC are
thereby exposed, which increases their reactiv-
ity towards SO,. The issue of the chemisorp-
tion of sulfur (IV) oxide with IAC samples
based on d-metals has been discussed in detail
in research papers [6, 114, 130] and reviews
[131, 132], which deserves special attention.

CONCLUSIONS. ACs are used as adsor-
bents and catalyst carriers to remove toxic and
irritating gases and vapors from the air. In order
to increase the chemisorption capacity of AC
for chemically hazardous substances of inha-
lation action and acidic and basic nature, their
impregnation with various reagents should be
carried out. Chemisorbents of SO, can be ACs
impregnated with alkaline reagents, oxidants,
ILs, as well as salts, oxides and hydroxides of
transition metals. The protective properties of
IACM samples against SO, are influenced by
the physical and chemical characteristics of
the carrier (AC), the chemical nature of the
applied reagents, the impregnation and ex-
perimental conditions. In this regard, IACMs
based on impregnating solutions of N-contain-
ing organic bases are promising, however, due
attention to this issue has not been given by re-
searchers. No data on SO, sulfoxidation on the
surface of the above chemisorbents were found
in the literature. In our opinion, the influence
of moisture on the chemisorption of SO, by
TACM samples has been little investigated.
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Ornapg npucBAYE€HO BUKOPUCTAHHIO iM-
IIPETHOBAHMX aKTMBOBAaHMX BYTiJIbHMX MarTe-
pianiB sk xemocopbeHTiB okcupy cipku (IV).
PosrisgHyTO 3arajnpHi CrocoOu OTpUMaHHA
3BMYAMHOTO aKTMBOBAHOIO BYILIA, IiJro-
TOBKM CUPOBMHH, 11 XiMiYHOI aKTHBAaLlil 1yra-
MM Ta KMC/IOTaMM 3 HACTYITHUM TepMO0Opo6-
neHHAM (kapboHisalli€lo) B iHepTHOMY cepef-
oBumli ab6o 3a IPUCYTHOCTI rasomopibHOro
OKIIC/IIOBAYa, PO/Ib Yy LIbOMY IPOLECi KMCTOT-
HO-OCHOBHIX Ta OKMCHO-BiTHOBHIX KaTaJIi3a-
TOPIB.

Brmms Ha ocobmuBocTi apgcopOuii okcnumy
cipku (IV) ximMiuHOrO CKIany IMOBEpPXHi aKTU-
BOBAHOTO BYTi/IA, IPUCYTHOCTi (PyHKIIiOHAIb-
HIUX TPYIIL, IXHIX KMCIOTHO-OCHOBHMX BJIacTH-
BOCTEI, a TAKOXX IPOAYKTIB IIOBEPXHEBUX pe-
aKIIil MpoaHai30BaHO 3 TOYKY 30Dy e(eKTIB-
HOCTI BUJIaJIeHHsA Ta MOXX/IMBOCTI pereHepartii
SO,. BaxnuBy ponb y nux mpornecax Bifirpa-
I0Tb PO3Mip IOpP, MOX/IMBICTH CIiBaficOpOIii
BOJM, IIPYUCYTHICTb OKucmoBada. O6roBopeHo
IPUPOJY B3aEMOIiT aficopOeHT — aficopbar Ha
IIOBEPXHiI aKTMBOBAHOIO BYTi/IIA, IXHIO €Hep-

https://ucj.org.ua

rifo, 30KpeMa BHECOK TaK 3BaHOI «(i3MyHOI»
aficopO1lii, BaH-[lep-BaabCOBUX CUJ, BOJIHE-
BOTO 3B’A3KY, BIUIMB IIOBEPXHEBUX (YHKIIiO-
Ha/IbHMX TpyIN. AKTUBalid BYTiIbHOI CUPOBMU-
HI A30TOBMICHMMM CIONTYKaMy IIPU3BOIUTH
no N-nmeryBaHHA IOBEPXHi, IO MigBUIIYE
ebexTuBHiCTD azicop6uii SO,, moneruryoun He
JIIe BaH-[IeP-BaalbCoOBi Ta €IeKTPOCTATUYHI
B3a€eMOl, a it S«N 3B’s13yBaHH:A. OOroBOpeHO
TaKOXX BIUIMB Ha aficopOIito SO, KucHIo T2 Knt-
CEeHbBMICHMX (PYHKIIIOHA/TbHUX TPYIL

JIna oTpMMaHHA IMIPETHOBAHOTO aKTUBO-
BaHOTO BYTi/IsA i ornuHanuA SO, BuxinHe
aKTMBOBaHe BYT/IA HOTPiOHOI AKOCTI Ipoco-
YYIOTh PO3YMHAaMM HEOPraHIYHMX Ta OpraHiv-
HUX CIIONYK, AKI IMIC/IA CYLIIHHA 3aNUIIAI0ThCA
Ha BHYTPIllIHi/i IOBEPXHi aKTMBOBAHOIO BY-
ris. IMnpernyBaHHA O7I0Kye 4acTMHY IO-
PUCTOCTi aKTMBOBAHOTO BYTi/ISA, ajie pOOUTDH
jioro 6inmpIr 3gaTHUM 10 XiMiuHOI afcopOii.
XeMocop6uis, 3a AKOI yTBOPIOIOTbCA IEBHI
XiMiuHi 3B’I3KM M>K IIOBEPXHEIO0 aKTVBOBAHO-
TO BYT/UIA i CIIONYKOIO, 1O aficCOpPOYETHCs, €
Oi/IBII CeNIeKTUBHOIO, HDK (i3nyHa agcopouis,
Zie po3Mip MOJIEKYII Ma€ BuUpillajbHe 3HA4YEH-
HA 711 epeKTUBHOTO IIPOLIeCY B/IOBIIOBAHHS.
MoskHa BifMiTNUTH, IO HA BifIMiHY BijJ Heopra-
HIYHUX JIYTiB, AKi ICYIOTh IOPUCTY CTPYKTYpPY
aKTMBOBAHOTO BYTi//IsA, 0OpOOIEHHsS po3un-
HOM aMiaky ab6o opraniuHux N-BMiCHIX OCHOB
cupuse nornmuHanHw SO,. Ocobnuse micie y
rasoO0YMIIEHHI 3aliMa€e aKTUBOBAaHE BYTI/IA,
IMIIperHOBaHe 10OHHMMM PifiiHaMu, Ipy IIPO-
COYYBaHHI AKMMM BUKOPVUCTOBYIOTb HEBOJHI
posunHHuKM. OKpeMe MUTAHHSA XeMOCOpOLii
oxcupy cipku (IV) spaskamu iMIperHoBaHoro
aKTMBOBAHOTO BYTi/UIA Ha OCHOBi d-merarniB
Oyze JeTalbHO PO3IIAHYTO JAJIi.

Knrodosi cmoBa: iMnpersoBaHi akTuBoBa-

Hi ByTiNbHI Matepianm, fiokcuy cipkn, ¢ismd-
Ha a/icopO1is, XeMOCOpOLIisl.
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