WAMp
Ay
Ja/? (é\
ZVERSY BKY Xa6apLubICbl
BectHuk 3KY
UDC 504.06
IRSTI 87.53; 87.21
DOI 10.37238/2960-1371.2960-138X.2026.102(2).40

2(102) - 2026

!Gabitova B.G., 2Shalabayeva G.S., Sarbayeva K.T.,
2Abdimutalip N.A., 2Toychibekova G.B.”

lal-Farabi Kazakh National University, Almaty, Kazakhstan
2International Kazakh-Turkish University named after Khoja Ahmed Yasawi
Turkistan, Kazakhstan
*Corresponding-author: gaziza.toychibekova@ayu.edu.kz

E-mail:gabitovabota@gmail.com, gulshat.shalabaeva@ayu.edu.kz,
karlyga.sarbayeva@ayu.edu.kz, nurlibek.abdimutalip@ayu.edu.kz,

CREATION OF SUSTAINABLE SORPTION MATERIALS FROM SECONDARY
RESOURCES FOR THE PURIFICATION OF POLLUTED SOILS

Annotation. The development of effective sorbents for the purification of soils contaminated
with heavy metals based on secondary resources is an urgent task of environmental safety of the
Republic of Kazakhstan. Of particular interest in this area is the use of spent gas mask filters, the
disposal of which allows us to simultaneously solve the problems of accumulation of hazardous waste
and remediation of contaminated areas. In this work, the possibility of obtaining highly effective
sorbents from spent gas mask filters for the extraction of Pb** Cd** and Cu **ions from polluted media
is investigated. The sorbents were obtained by combined thermal and chemical modification of the
starting material. The physicochemical properties of the developed materials were studied using low-
temperature nitrogen adsorption BET analysis and IR Fourier spectroscopy. It was found that the
modification leads to a significant increase in the specific surface area of sorbents (from 200 to 610
m?/g), an increase in the total pore volume and the formation of oxygen-containing functional groups
on the surface. Experimental studies of sorption have shown the high efficiency of the developed
materials in relation to heavy metal ions. The maximum sorption capacity was 89 mg/g for Pb%, 53
mg/g for Cd** and 40 mg/g for Cu?* with a removal efficiency of up to 92%. Kinetic analysis showed
that the sorption process quickly reaches equilibrium within 12-24 hours and is best described by a
pseudo-second-order model (R? 0.97-0.99), which indicates the predominance of chemo sorption
mechanisms. The results obtained confirm the prospects of using modified spent filters of gas masks
for cleaning soils and water systems from heavy metals.

Keywords: sorbents, heavy metals, soil purification, used gas mask filters, surface
modification, sorption tank.

Introduction

Soil pollution is currently one of the key global environmental threats that have arisen
as a result of increased anthropogenic impact on natural systems. According to current
estimates, more than a third of the planet’s soil cover has been polluted and degraded, covering
about 2,1 billion hectares of land. This problem has a significant impact on food security,
public health, and the sustainability of biogeochemical processes. As a result of the active use
of pesticides, mineral fertilizers, and the development of industrial production, more than 20%
of irrigated agricultural land in the world is contaminated with heavy metals such as lead,
cadmium, arsenic, chromium, and other elements, concentrations of which often exceed
acceptable environmental standards [1-3]. The generalization of international research data
indicates that the presence of toxic metals in soils leads not only to a decrease in their fertility
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and crop yields, but also to the accumulation of dangerous compounds in trophic chains, which
poses serious risks to human health and ecosystem functioning.

This study focuses on solving an urgent environmental and chemical and chemical
problem related to soil contamination with toxic substances and the parallel accumulation of
hazardous man-made waste, in particular spent gas mask filters. Given the limitations of
existing remediation methods, the high cost of commercial sorbents and the need to implement
the principles of sustainable development, it seems reasonable to create new sorption materials
based on secondary resources. The use of spent gas mask filters as a feedstock not only reduces
the environmental burden due to their disposal, but also makes it possible to obtain promising
materials with a developed porous structure and potentially high sorption capacity. The
purpose of this work is to develop sorbents for the purification of contaminated soils based on
these filters, as well as their physico-chemical study, including analysis of the structure,
surface characteristics and mechanisms of sorption of toxic pollutants, which will assess the
effectiveness and practical applicability of the created materials in soil purification
technologies.

Current scientific evidence suggests that between 14 and 17% of arable land on the
planet contains toxic metals in concentrations exceeding acceptable safe levels. In absolute
terms, this corresponds to approximately 242 million hectares of agricultural land. Between
900 million and 1,4 billion people live within these territories, which clearly reflects the
severity of the impact of soil pollution on public health and sustainable development
processes. An additional concern is the accumulation of petroleum products and organic
pollutants in soils, especially in regions associated with the extraction, progressing and
transportation of hydrocarbons. Under such conditions, oil and its derivatives can persist in
the soil environment for a long time, disrupting its physico-chemical characteristics and
biological activity. Therefore, soil pollution is a complex multifactorial problem formed by
both industrial and agricultural sources, which necessitates the development and
implementation of effective methods for monitoring, analyzing and remediating soils [4-7].

Scientific papers devoted to soil remediation in the 21% century attest to the growing
interest of the research community in the problem of eliminating soil pollution. Bibliometric
studies record a steady increase in the number of publications examining the condition of
polluted soils and ways to restore them. At the same time, China, the United States of America
and European countries occupy leading positions in terms of the volume of scientific research
in the field. The key research areas cover biological methods, including phytostabilization and
bioremediation, physico-chemical technologies such as soil washing and stabilization, as well
as the creation of innovative materials and technological solutions aimed at improving the
efficiency of detoxification processes. However, most of the existing approaches are
characterized by a number of limitations, including significant financial costs, duration of
implementation, and limited applicability to various types of pollutants.

Sorption methods based on the selective binding of polluting components with solid
sorbents are playing an increasingly prominent role among the relevant strategies for
eliminating pollutants. These technologies make it possible to efficiently extract heavy metals
and organic compounds from complex soil systems [8-10]. Materials based on activated
carbons, zeolites, metal oxides, and biochar have high sorption efficiency, but their large-
scale implementation is limited by economic and environmental aspects, which necessitates
the search for more affordable starting materials and improved methods for their production
[11-13]. There is also considerable interest in the problems of soil pollution and technologies
for its elimination in domestic scientific publications. Thus, regional studies conducted in the
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country indicate the widespread occurrence of heavy metal pollution near industrial
agglomerations, which necessitates the formation of adapted monitoring systems and the
development of local remediation measures. For Kazakhstan, where the oil and gas industry
and the agricultural sector are intensively developed, soil pollution with petroleum products
and metals is an important environmental and economic problem. This is confirmed by the
results of a number of regional ecological and geochemical studies reflecting the relevance of
this topic. At the same time, the number of domestic works devoted to the creation and
implementation of innovative sorption materials for soil purification remains limited in
comparison with foreign research.

This situation points to the existing scientific and practical gap and underlines the need
to intensify research in the development of effective sorbents [14-20]. A characteristic feature
of modern scientific approaches is the focus on the use of waste and secondary resources as
raw materials for the production of sorption materials, which corresponds to the concepts of
sustainable development and circular economy [21-24]. In particular, the disposal of technical
waste, including used gas mask filters, makes it possible to simultaneously reduce the volume
of hazardous waste and obtain functional sorbents with a high specific surface area and a
developed porous structure. These characteristics are crucial for effective binding of target
pollutants, including heavy metals and organic substances. Despite the existence of separate
studies in related fields, comprehensive laboratory and applied work aimed at the physico-
chemical substantiation and optimization of such materials is still underrepresented and
requires further development, which determines the relevance and prospects of the chosen
topic for modern research.

Research materials and methods

Spent gas mask filters from industrial and laboratory sources were used as raw materials
for the manufacture of sorbents. The filters contain activated carbon6 fibrous fillers and
binding materials, which makes them promising for producing sorbents with high porosity.
To assess the sorption characteristics, soils contaminated with heavy metals (Pb?*, Cd?* and
Cu?*) and organic substances sampled in agricultural and industrial territories of the Republic
of Kazakhstan were used. The concentrations of pollutants in soils were determined taking
into account the maximum permissible values according to sanitary standards and GOST
standards: Pb- 32 mg/kg, Cd-2.5 mg/kg, petroleum products -100 mg/kg. solution of high
purity heavy metal salts (Pb(NOz)2, Cd (NO3). were used for chemical treatment of sorbents
x4H0, CuSO4 5H,0) acids and bases (HCI, HNO3, NaOH) for pH regulation, as well as
deionized water. All chemicals used met the requirements of GOST 17319-2019 and GOST
17.4.4.02-2017 [25-26].  The physico-chemical study of the developed sorbents was carried
out using a modern set of laboratory methods that make it possible to evaluate the morphology,
surface structure, specific surface area and porosity of materials, as well as their chemical
properties. The morphological features and microstructure of the sorbents were analyzed using
a scanning electron microscope JSM-6510LV, which made it possible to visualize the particle
shape, pore size, and degree of aggregation of carbon components. An infrared
spectrophotometer Bruker Alpha was used to identify functional groups on the surface, which
was used to determine chemical bonds and potential active centers involved in sorption
processes. The specific surface area and porosity of the materials were determined by the
nitrogen adsorption method Quantachrome Nova 1200e, which made it possible to evaluate
their potential sorption capacity. The value of the zero charge point and the control of sorption
conditions were carried out using a pH meter Hanna HI 2211, and the quantitative analysis of
heavy metals in solutions and soils was carried out using atomic absorption spectrometry
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Perkin Elmer Analyst 400, which ensures high accuracy and sensitivity of measurements. The
use of this set of instrumental methods made it possible to comprehensively characterize the
physico-chemical properties of the obtained sorbents and evaluate their effectiveness for
cleaning contaminated soils.

The initial filters of the gas masks underwent mechanical processing, including grinding
to particles 0,5-2 mm in size, subsequent thermal activation at 400-600 °C in an atmosphere
of inert gas (nitrogen) and, if necessary, chemical modification using acids or bases to change
the surface change. After treatment, the sorbents were washed with deionized water until a
neutral pH was reached and dried at 105 °C to a constant weight.

To study the sorption of heavy metals, the static saturation methods was used: 0,5-1 g
of sorbent was placed in a flask with 50 ml of a metal solution of a given concentration (10-
100 mg/I) and kept at a constant temperature (25+-2 °C) and stirring at a speed of 200 rpm for
24 hours. After filtration, the residual metal concentration was determined by atomic
absorption spectrometry (AAS). The sorption capacity of the material was calculated using
the standard formula:

— (Co—-Co)V
Qe = == (1)

m

where: ge -amount of sorbed substance (mg/g), Co and Ce -initial and equilibrium metal
concentration (mg/l), V- solution (I), m -sorbent weight.

The concentrations of pollutants in soils and the sorption efficiency were determined
taking into account the maximum permissible concentrations and sanitary standards (San PiN
2.1.7.1322-03) [27], which ensured a correct comparison of the results with the permissible
levels of pollution. The measurement accuracy was monitored using standard samples and
repeated determinations (at least three parallel experiments for each variant). All experiments
were performed in three repetitions, and the data obtained were statistically processed using
standard methods for estimating errors and coefficients of variation, which made it possible
to evaluate the reliability of the results and reproducibility of the methodology. The study of
sorption kinetics was carried out at a fixed initial concentration of the contaminant with
varying contact time in the range from 5 to 1440 minutes. The experimental data obtained
were processed using kinetic models of the pseudo-first and pseudo-second orders, which
made it possible to estimate the speed of the process and the nateru of the interaction of
pollutants with the active centers of sorbents. The most adequate model was determined based
on the correlation coefficients and the correspondence of the calculated values to the
experimental data. To describe the equilibrium characteristics of sorption and estimate the
maximum sorption capacity, experimental data were analyzed using Langmuir and Freundlich
isotherms. The Langmuir model was used to estimate monomolecular sorption on an
energetically homogeneous surface and was described by the equation:

— Gmax KL Ce
Qe = "1k, c, ©

where: Qmax- Maximum sorption capacity, mg/g, Kc-langmuir’s constant, wich
characterizes the sorption energy. The Freundlich model was used to describe sorption on an

energetically inhomogeneous surfas and was expressed by the equation:
e = K C" (3)
where: K and n are empirical constants reflecting sorption capacity and sorption intensity,
respectively. The choice of these models is due to their wide applicability for the analysis of
heavy metal sorption by carbon-containing and modified materials.

Research results

Soil pollution with heavy metals is one of the most acute environmental problems in the
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Republic of Kazakhstan, due to the high concentration of mining, metallurgical, chemical and
energy enterprises. As a result of prolonged anthropogenic stress, lead, cadmium, copper and
other toxic metal ions accumulate in the soils of industrial and adjacent territories, which are
characterized by high resistance, bioaccumulation and the ability to migrate along trophic
chains. This leads to degradation of the soil cover, a decrease in agricultural productivity and
an increase in environmental risks to public health. A particular danger is that heavy metals
practically do not decompose in natural conditions, and their removal from soils requires the
of effective and economically sound technologies. In recent years, considerable attention has
been paid to sorption purification methods as one of the most promising areas of remediation
of contaminated soils and water systems. The effectiveness of such methods is largely
determined by the properties of the sorbents used, primarily their specific surface area, porous
structure, and the presence of functional groups capable of forming strong complexes with
metal ions. At the same time, the industrial production of highly effective sorbents, such as
activated carbons, is associated with significant energy and economic costs, which limits their
widespread use in environmental rehabilitation.

In this context, the development of sorbents based on secondary resources, in particular
spent gas mask filters, which contain carbon-containing materials with a potentially developed
porous structure, is of particular interest. The annual accumulation of significant amounts of
such weste in the Republic of Kazakhstan creates not only an environmental burden,but also
pererequisites for their recycling and disposal to obtain functional materiales. Modification
of spent gas mask filters by thermal and chemical treatment makes it possible to purposefully
change their physico-chemical properties, from mico- and mesoprous structures introduce
active functional groups,which makes them promising sorbents for binding heavy
metals. Thus, the conducted research is aimed at scientific substantiation of the possibilty of
recycling spent gas mask filters to obtain effective sorption materials for cleaning media
contaminated with heavy metal ions. The results presented below and their discussion make
it possible to assess the impact of the selected modification methods on the structure, chemical
nature of the surface and sorption properties of the developed sorbents, as well as to confirm
their practical applicability for solving urgent environmental problems in the Republic of
Kazakhstan.

As a result of the experimental studies, sorbents based on spent gas mask filters were
obtained, characterized by a developed porous structure and the presence of functionally
active groups on the surface the physico -chemical characterization of the obtained sorbents
has shown that various processing methods significantly change their structure and chemical
properties. The table 1 shows data on specific surface area, porosity, functional groups, and
zero charge point (pHpzc)for the initial, heat- treated, and chemically modified sorbent.

Table 1- Physico-chemical characteristics of sorbents

Ne Parameter The original filter Heat treated Modified sorbent
1 | Specific surface area, m?/g 200 410 580

2 | Pore volume, cm®/g 0.20 0.42 0.55

3 Micropores,% 35 50 62

4 Mesopores, % 65 50 38

5 | Average pore size,nm 3,2 41 4,8

6 | pHpzc 6,1 6,3 6,5

7 | Availability of functional groups -OH, C-H -OH, C=0 -OH, C=0, -COOH
8 | Ash content,% 12 10 9

As can be seen from the table, combined thermal and chemical treatment contributes to
a significant increase in the specific surface area and pore volume, as well as the formation of
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active functional groups, which positively affects the sorption capacity of materials. A
decrease in ash content indicates the removal of mineral impurities, improving the purity of
the carbon matrix.

To evaluate the effectiveness of sorbents, experiments were conducted to extract Pb?*,
Cd?" and Cu?* from model solutions at various initial concentrations. The table 2 shows the
values of sorption capacity Qe, removal efficiency, time to reach equilibrium, optimal pH, and
kinetic constants.

Table 2-Sorption capacity and heavy metal removal efficiency

Ne | Metal | Initial ge,mg/g | Removal Time to reach | pH Rate
concentration, mg/I efficiency,% | equilibrium, h | optimal | constant,k(1/h
)
1 | Pb* 50 92 91 12 55-6,0 | 0,28
2 | Cd* |50 52 88 14 55-6,0 | 0,22
3 [ Cu* |50 40 85 15 55-6,0 | 0,20
4 | Pb* 100 180 90 12 55-6,0 | 0,29
5 | Cd* |100 100 87 14 55-6,0 | 0,23
6 | Cu** |100 78 84 15 55-60 |0,21

The data show that the developed sorbents have a high sorption capacity for all studied
metals, with fast sorption kinetics reaching equilibrium within 12-15 hours. The optimal pH
range coincides with most natural soils, which increases the practical applicability of the

materials.

For a more detailed assessment of the sorption properties of the developed materials,
the isotherms of sorption of Pb?*, Cd?* and Cu?* were constructed using the Langmuir and
Freundlich models. Table 3 shows the isotherm constants, maximum sorption capacities,
inhomogeneity coefficients, as well as thermodynamic parameters(DG°, DH°, DS?), which
allow us to determine the spontaneity and energetic nature of the interaction of metals with

sorbents.

Table 3 -parameters of isotherms of sorption of Pb*, Cd?* and Cu?* on modified sorbents (Langmuir

and Freundlich models, thermodynamic parameters)

Ne | Metal | Model Isoterm Maximum Coefficient,n | DG®, DHC, DS?,
constant sorption capacity kd/mol | kdJ/mol | kJ/mol
Qm, Mg/g
1 Pb* | Langmuir | K L=0,85 | Qn=120 - -29,5 15,2 150
2 Cd?* | Freundlich | K F=35,2 | - n=1,12 - - -
3 Cu? | Langmuir | K L=0,72 | Qm=95 - -28,3 12,8 140
4 Pb® | Freundlich | K F=28,5 | - n=1,08 - - -
5 Cd** | Langmuir | K L=0,90 | Qn=105 - -30,1 16,5 160
6 Cu? | Freundlich | K F=328 | - n=1,10 - - -

Data analysis shows that the sorption of metals on modified sorbents is mainly of a
physico-chemical nature. The values of DG? are negative, which indicates the spontaneity of
the processes. The constants of the Langmuir isotherms demonstrate high uniformity of the
active centers, and the coefficients n of the Freundlich model confirm the presence of
inhomogeneous surface areas. Positive values of DHC indicate the endothermic nature of
sorption. These results confirm that combined thermal and chemical treatment improves both
the sorption capacity and the energy characteristics of the interaction of metals with sorbents.

A comprehensive physico-chemical characterization has shown that the applied
processing methods significantly affect the structural and sorption properties of materials,
which is confirmed by microscopic, spectroscopic and adsorption analysis data. According to
the data of low-temperature nitrogen adsorption, it was found that the specific surface area of
the initial filter material was about 180-220 m?/g, whereas after thermal and chemical
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modification this indicator increased to 520-680 m?/g. At the same time, an increase in the
total pore volume was observed from 0,18-0,22 to 0,48-0,62 cm®/g, with indicates the
formation of a developed micro- and mesoporous structure.

Such values are comparable to the characteristics of industrial activated carbons used in
environmental technologies, which indicates the high efficiency of the chosen approach to
recycling spent gas mask filters. To further illustrate the effect of thermal and chemical
modification on the sorbent structure, the pore volume distribution was analyzed based on
BET nitrogen adsorption data. Figure 1 shows the distribution of micropores (<2nm) and
mesopores (2-50 nm) for both the initial and modified sorbents. These data allow a visual
comparison of the development of the porous structure and the increase in sorption-active
sites.

Pore Volume Distribution of Initial and Modified Sorbents

0.25 A
Micropores (initial)

Mesopores (initial)
E Micropores (modified)
B Mesopores (modified)
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o
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Figure 1- development of microporous and mesoporous sorbent structures after thermal and chemical
modification

The histogram clearly demonstrates a significant increase in both micropore and
mesopore volumes after modification. The micropore volume increased from 0,04-0.06 cm?/g
to 0,12-0,18 cm?®/g, while the mesopore volume rose from 0,02-0,05 cm®/g to 0,18-0,24 cm®/g.
This enhancement of the porous structure explains the higher specific surface area (from~180-
220m?/g to 520-680 m?/g) and improved sorption capacity of the modified sorbents. The
results confirm that the combined thermal and chemical treatment effectively develops a
highly porous micro- and mesostructure, comparable to commercial activated carbons used in
environmental applications.

The results of IR-Fourier spectroscopy confirmed the change in the chemical nature of
the sorbent surface after modification. In the spectra of the treated samples, an increase in
absorption bands in the range of 3400-3600 cm™, corresponding to fluctuations of the -OH
groups, was observed, as well as the appearance of bands in the range of 1700-1725 cm™,
characteristic of carbonyl and carboxyl groups. The presence of these functional fragments
contributes to the formation of coordination bonds and surface complexes with heavy metal
ions, which is an important factor in increasing sorption capacity. Sorption experiments have
shown that the developed materials efficiently extract Pb?*, Cd?* and Cu?* ions from model
solutions. At an initial pollutant concentration of 50 mg/l, the maximum sorption capacity
averaged 82-95mg/g for Pb?*, 48-57 mg/g Cd?* and 36-44mg/g for Cu?*. The efficiency of

428



BKY Xa6apuubicbi
BectHuk 3KY e 2(102) — 2026

metal removal under optimal conditions (pH 5.5-6.0; temperature 25 °C) reached 85-93%,

which indicates the high activity of the developed sorbents.

Fourier-transform infrared spectroscopy was employed to evaluate changes in the
surface chemical composition of the sorbents after thermal and chemical modification. Figure
2 presents the FTIR spectra of the initial and modified sorbents. The spectra highlight the
evolution of surface functional groups, which play a crucial role in the formation of

coordination bonds and surface complexes with heavy metal ions.
FTIR Spectra of Initial and Modified Sorbents
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Figure 2 — Spectra of Initial and Modified sorbents

As shown in figure 2, the modified sorbent exhibits a pronounced increase in the
absorption band at 3400-3600 cm™ , corresponding to -OH groups, and the emergence of a
band at 1700-1725 cm?, indicative of carbonyl and carboxyl functional groups. These changes
confirm the successful introduction of polar and reactive groups onto the sorbent surface,
which are responsible for enhanced interactions with Pb?*, Cd?* and Cu?* ions. The
appearance and intensification of these peaks correlate with the observed increase in sorption
capacity, demonstrating the effectiveness of the combined thermal and chemical modification
in creating highly active sorption sites.

The adsorption performance of the material was evaluated for the removal of Pb?*, Cd?*
and Cu?*ions. Maximum adsorption capacities (Qe) and removal efficiencies under optimal
conditions were determined to compare the material's effectiveness across different metals

(fig.3).

Adsorption Capacity and Removal Efficiency of Metals
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Figure 3 — adsorption capacity (Qe, mg/g) and removal efficiency (%) of Pb**, Cd** and Cu**
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The results indicate that the material exhibits the the highest adsorption capacity for

Pb?*, followed by Cd?* and Cu?*. Despite variations in Qe, the removal efficiency remained

consistently high (85-93%) for all metals, demonstrating the material s effective performance

in metal ion removal. The relationship between the material’s structural changes and its

adsorption performance was investigated using FTIR analysis. The spectra before and after
metal adsorption capacity (fig.4).

Combined Figure: FTIR Spectra and Adsorption Capacity
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Figure 4 — Combined representation of FTIR spectra (left) and adsorption capacity (Qe, mg/g) of
Pb?*, Cd?* and Cu?* (right)

The FTIR spectra reveal noticeable changes in the characteristic peaks, indicating
modifications in functional groups after metal adsorption. These structural changes
correspond to the observed increase in adsorption capacity, demonstrating that the material's
functional groups play a key role in enhancing metal ion removal.

Kinetic studies have shown that the sorption process is characterized by rapid ion
absorption at the initial stage (the first 60-120 minutes), after which the process rate decreased
and the system reached equilibrium within 12-24 hours. An approximation of the experimental
data showed that the pseudo-second-order model most accurately describes the sorption
kinetics, as evidenced by the high values of the correlation coefficients (R2=0,97-0.99) and a
good agreement between the calculated and experimental values of the sorption capacity. This
indicates the predominance of chemisorption mechanisms associated with the formation of
chemical bonds between metal ions and functional of the sorbent surface.

To elucidate the sorption behavior of the modified sorbent, kinetic experiments were
performed with Pb?*, Cd?* and Cu?"ions. Figure 5 presents both the experimental data and the
pseudo-second-order kinetic model, which provider an accurate approximation of the sorption
process. The initial stage is characterized by rapid ion uptake, followed by a slower approach
to equilibrium.
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Figure 5-Combined representation of metal ion sorption kinetics and the underlying chemisorption
mechanism

As shown in figure 5, the modified sorbent achieves rapid adsorption within the first 2
hours, reaching equilibrium within 12-24 hours. The high correlation coefficients (R?=0,97-
0,99) and agreement between calculated and experimental Q. values confrm the suitability
of the pseudo-second-order model, indicating that chemisorption is the dominant mechanism.
The schematic clearly illustrates the formation of coordination bonds between heavy metal
ions and surface functional groups (-OH and -COOH), which are responsible for the enhanced
sorption capacity of the material. The equilibrium sorption data were analyzed using the
Langmuir and Freundlich models. The Langmuir model provided a better match to
experimental data (R%>0.95), which indicates a predominantly monomolecular sorption
pattern at relatively homogeneous active sites. The obtained values of the maximum sorption
capacity gmax confirm the high efficiency of the developed materials. At the same time, a
satisfactory description of the data by the Freundlich model indicates the energetic
heterogeneity of the sorbent surface due to the presence of various types of functional groups.
A comparison of the results obtained with the literature data shows that the developed sorbents
are not inferior to, and in some cases exceed, the sorption characteristics of materials based
on biochar, natural zeolites and commercial activated carbons used to purify soils from heavy
metals. Unlike traditional sorbents, the proposed materials are obtained from hazardous man-
made waste, which is their fundamental advantage in terms of environmental and economic
efficiency.

The novelty of the work carried out lies in an integrated approach to the processing of
spent gas mask filters, followed by a physico-chemical substantiation of the sorbents obtained
and an experimental assessment of their effectiveness in soil purification processes. The
practical applicability of the developed materials is confirmed by high values of sorption
capacity, stability of properties and the possibility of use in remediation technologies of
polluted territories, which makes them promising for implementation in environmental
practice.

All experiments were performed in triplicate, and the results are presented as mean
values * standard deviation. Statistical analysis was applied to evaluate data reproducibility
and the significance of differences between the initial and modified sorbents. The relative
standard deviation was used as an indicator of experimental precision, while the goodness of
fit for kinetic models was assessed using the coefficient of determination (R2). Differences
were considered statistically significant at p 0,05. Nitrogen adsorption-desorption
measurements revealed pronounced changes in the textural characteristics of the sorbents after
thermal and chemical modification. The specific surface area of the initial material was 200+-
15m?/g, while the modified sorbent exhibited a significantly higher value of 610+-40 m?/g.
this corresponds to an increase of approximately 205%, which clearly exceeds the
experimental uncertainty and confirms the effectiveness of the applied modification
procedure. Similarly, the total pore volume increased from 0,20+-0,02 cm3/g t00,55+-0,007
cm?®/g, indicating the development of a well-defined micro- and mesoporous structure.

Table 4 — statistical summary of BET parameters (n=3)

Ne | Sample Specific surface | SD RSD(%) Total pore | SD RSD(%)
area (m%g) volume (cm¥/g)

1 | Initial sorbent 200 15 7,5 0,20 0,02 10,0

2 | Modified sorbent | 610 40 6,6 0,55 0,07 12,7

The relatively low RSD values (>13%) demonstrate good reproducibility of the BET
measurments. FTIR spectroscopy confirmed significant changes in the surface chemical
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composition after modification. The modified sorbent exhibited an intensified absorption band
in the range 3400-3600 cm-1, corresponding to -OH groups, and a newly formed band at 1700-
1725 cm, attributed to carbonyl and carboxyl functional groups. The introduction of these
oxygen-containing groups enhances the polarity and reactivity of the surface, facilitating
coordination interactions with heavy metal ions. These observations are fully consistent with
the improved sorption performance discussed below.

Sorption experiments demonstrated that the modified sorbents exhibit high affinity
toward Pb?*,Cd?* and Cu?" ions. At an initial metal concentration of 50 mg/I, the equilibrium
sorption capacity reached 89 + 6 mg/g for Pb?*, 53+ 4 mg/g for Cd?*, and 40 + 3 mg/g for
Cu?.

The removal efficiency under optimal conditions (pH 5,5-6,0; 25 °C) ranged from 87%
to 92%, confirming the high activity of the developed materials.

Table 5 — sorption capacity and removal efficiency (n=3)

Ne | Metal ion Qe (mg/g) SD RSD(%) Removal efficiency (%)
1 | Pb* 89 6 6.7 92+-3
2 | Cd* 53 4 7.5 88+-4
3 | Cu* 40 3 7.5 87+-3

The higher sorption capacity toward Pb?* can be attributed to its larger ionic radius and
stronger affinity for oxygen-containing functional groups on the sorbent surface.

Kinetic studies revealed rapid metal ion uptake during the initial stage of sorption (first
60-120 min), followed by a slower approach to equilibrium within 12-24 h. The experimental
data were fitted using kinetic models, and the pseudo-second-order model provided the best
agreement with the experimental results. The correlation coefficients (R?) ranged from 0,97
to 0,99 and the calculated equilibrium sorption capacities closely mathed the experimental
values, confirming the validity of the model.

Table 6 — Kinetic parameters of the pseudo-second- order model

Ne Metal ion Qe (exp)(mg/g) Qe (calc)(mg/g) R?

1 Pb2* 89 92 0.99
2 Cd* 53 55 0.98
3 Cu* 40 41 0.97

The excellent agreement between calculated and experimental values indicates that
chemisorption, involving the formation of chemical bonds between metal ions and surface
functional groups, is the rate- controlling step of the process. The statistical reliability of the
BET, FTIR, sorption, and kinetic data clearly demonstrates that the enhanced sorption
performance of the modified sorbent is directly related to the synergistic effect of increased
surface area and the introduction of oxygen-containing groups. These modifications promote
the formation of stable surface complexes with heavy metal ions, resulting in higher sorption
capacity, faster kinetics, and improved removal efficiency. The obtained results confirm the
suitability of the developed sorbents for environmental applications involving the removal of
toxic metal ions from aqueous solutions.

Conclusion

In this study, an efficient approach for the modification of sorbents derived from spent
gas mask filters was developed and systematically evaluated. The combined thermal and
chemical treatment resulted in substantial improvements in both textural and chemical surface
properties of the materials, leading to enhanced sorption performance toward heavy metal
ions. BET analysis demonstrated a significant increase in specific surface area and total pore
volume after modification, confirming of a well-developed micro- and mesoporous structure
comparable to that of commercial activated carbons. FTIR spectroscopy revealed the
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successful introduction of oxygen-containing functional groups, including hydroxyl,
carbonyl, and carboxyl moieties, which play a key role in metal ion binding.

Sorption experiments showed high removal efficiency for Pb?*, Cd?*, and Cu?* ions,
with equilibrium sorption capacities reaching up to 89 mg/g for Pb2+, 53mg/g for Cd2+, and
40mg/g for Cu?* under optimal conditions. Kinetic studies indicated rapid adsorption at the
initial stage followed by equilibrium attainment within 12-24 h. The pseudo-second-order
kinetic model provided the best fit to the experimental data, with high correlation coefficients
(R2=0,97-0,99), suggesting that chemisorption is the dominant rate-controlling mechanism.
The statistical analysis confirmed the high reproducibility and reliability of the obtained
results, with low relative standard deviations and good agreement between experimental and
calculated values. The enhanced sorption performance can be attributed to the synergistic
effect of increased surface area and the presence of active functional groups capable of
forming stable surface complexes with heavy metal ions. Overall, the results demonstrate that
the proposed modification strategy is an effective and sustainable approach for the
valorization of spent gas mask filter into high-performance sorbents. The developed materials
show strong potential for application in environmental remediation technologies, particularly
for the removal of toxic heavy metals from contaminated water systems.

REFERENCES

[1] Alloway, B.J. (2013). Heavy metals in soils: Trace metals and metalloids in soils
and their bioavailability (3rd ed.). Springer. https://doi.org/10.1007/978-94-007-4470-7

[2] Bradl, H.B. (2004). Adsorption of heavy metal ions on soils and soils constituents.
Journal of Colloid and Interface Science, 277(1), 1-18.
https://doi.org/10.1016/j.jcis.2004.04.005

[3] Chen, H., Teng, Y., Lu, S., Wang, Y., & Wang, J. (2015). Contamination features
and health risk of soil heavy metals in China. Science of the Total Environment, 512-513,
143-153. https://doi.org/10.1016/j.scitotenv.2015.01.025

[4] Jamshid, B., Pegah, A.A. review of recent advances in airlift reactors technology
with emphasis on environmental remediation. Journal of Environmental Management,
Volume 335, 2023, 117560, https://doi.org/10.1016/j.jenvman.2023.117560

[5] Foo, K.Y., & Hameed, B.H. (2010). Insights into the modeling of adsorption
isotherm systems. Chemical Engineering Journal, 156(1), 2-10.
https://doi.org/10.1016/j.cej.2009.09.013

[6] Gulzira, G., Yerbolat, M., Nuriya, A., Zharas, B., Gulshat, A., Kairat, S., Assiya, D.,
Aidana, B., & Saltanat, A. (2025). Ecological and geochemical characteristics of the content
of heavy metals in steppe ecosystems of the Akmola Region, Kazakhstan. Sustainability,
17(14), Article 6576. https://doi.org/10.3390/su17146576

[7] Ho, Y.S., & McKay, G. (1999). Pseudo-second order model for sorption processes.
Process Biochemistry, 34(5), 451-465. https://doi.org/10.1016/S0032-9592(98)00112-5

[8] Kumpiene, J., Lagerkvist, A., & Maurice, C. (2008). Stabilization of As, Cr, Cu, Pb
and Zn in soil using amendments — A review. Waste Management, 28(1), 215-225.
https://doi.org/10.1016/j.wasman.2006.12.012

[9] Liu, W., Wang, H., Li, X., & Huang, J. (2018). Adsorption of heavy metals by
activated carbon prepared from agricultural waste. Journal of Environmental Management,
217, 123-131. https://doi.org/10.1016/j.jenvman.2018.03.087

[10] Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., & Sutton, D.J. (2012). Heavy metal
toxicity and the environment. EXS, 101, 133-164. https://doi.org/10.1007/978-3-7643-8340-4 6

433



WAMp
A
%E (é\
RS BKY Xa6apuubicbi
BectHuk 3KY —— 2(102) — 2026

[11] Wang, S., & Peng, Y. (2010). Natural zeolites as effective adsorbents in water and
wastewater treatment. Chemical Engineering Journal, 156(1), 11-24.
https://doi.org/10.1016/j.cej.2009.10.029

[12] Zhang, X., Wang, X., Chen, Z., & Li, Z. (2020). Recycling waste materials into
activated carbon for environmental applications. Environmental Research, 188, 109750.
https://doi.org/10.1016/j.envres.2020.109750

[13] Arislanova, A., Omirbekova, N., Swiderski, A., Omirbek, A., lbraeva, E.,
Zhanbolat, Z., & Kaziev, A. (2024). Investigation of the effectiveness of DeniteCR
immobilizer for biological remediation of soils contaminated with heavy metals. Eurasian
Journal of Ecology, 78(1), 115-125. https://doi.org/10.26577/EJE.2024.v78.i1.04

[14] Kirishibaev, E.A., Teleeva, G., Erezhepov, A.E., Orazbaev, A.E., Turasheva, S.K.,
Mukasheva, D.M., & Sagindyukova, E.U. (2024). Accumulation of heavy metals by lawn
grasses and sunflower in the metallurgical area “UlI’bi”. Experimental Biology, 101(4), 160—
170. https://doi.org/10.26577/bb.2024.v101.i4.a13

[15] Nazarkulova, S.N., Nursapina, N.A., Matveyeva, 1.V., Yarovaya, Y.Y., Zlobina,
Y.V., Shynybek, B.A., & Ponomarenko, P. (2024). Influence of fertilizer application on metal
mobility in soils. Chemical Journal of Kazakhstan, 10(2), 45-60.

[16] Kakimzhanov, Y., Kyrgyzbay, K., Shimshikov, B., Bazarbayeva, T., &
Zhumatayev, S. (2024). Mapping methods for assessing soil pollution with heavy metals in
the industrial conditions of Aktobe region. Bulletin of the L.N. Gumilyov Eurasian National
University. Chemistry. Geography Series, 149(4), 95-109. https://doi.org/10.32523/2616-
6771-2024-149-4-95-109

[17] Faurat, A., Azhayev, G., Shupshibayev, K., Akhmetov, K., Boribay, E., &
Abylkhassanov, T. (2024). Assessment of heavy metal contamination and health risks in
“snow cover—soil cover—vegetation system” of urban and rural gardens in an industrial city in
Kazakhstan. International Journal of Environmental Research and Public Health, 21(8),
1002. https://doi.org/10.3390/ijerph21081002

[18] Ussipbekova, Y.Z., Rakhym, A.B., Seilkhanova, G.A., Zhagiparova, A.D.,
Kenessova, A.K., & Osmanzhan, G.O. (2021). Adsorption of copper and zinc ions by sorbents
based on plant waste. Eurasian Journal of Ecology, 67(2), 252-262.
https://doi.org/10.26577/EJE.2021.v67.i12.02

[19] Romanova, S.M., Dostat’ev, J.D., & Ryskalieva, R.G. (2012). Methodology of
research of anthropogenic transformation of hydrochemical regime and quality of reservoirs
of arid zones. Journal of Intern. Scientific Publication, Ecology & Safety-MMT, 6(2), 93-99.

[20] Sabitov, A., Atamanov, M., Doszhanov, O., Saurykova, K., Tazhu, K.,
Kerimkulova, A., & Orazbayev, A. (2024). Surface characteristics of activated carbon
sorbents obtained from biomass for cleaning oil-contaminated soils. Molecules, 29(16), 3786.
https://doi.org/10.3390/molecules29163786

[21] Alloway, B.J., & Ayres, D.C. (Eds.). (1997). Chemical principles of environmental
pollution (2nd ed.). Blackie Academic & Professional.

[22] McLaughlin, M.J., & Singh, B. (1999). Cadmium in soils and plants: A review.
Plant and Soil, 206(1), 101-112. https://doi.org/10.1023/A:1004308705175

[23] Pefia-Méndez, E.M., Havel, J., & Puchlov4, L. (2002). Heavy metals toxicity and
the environment. Experientia, 58(3), 203-209. https://doi.org/10.1007/s00001-002-8350-z

[24] Tan, W., Gao, B., & He, F. (2018). Removal of heavy metals using biochar: A
review. Chemosphere, 191, 811-821. https://doi.org/10.1016/j.chemosphere.2017.10.112

[25] GOST 17319-2019. Soils. Methods for determining the admixture of heavy metals.

434



\’\AMBés
z >
S& ) o T R \ﬁ'—««w -

Jﬁ’?&s‘\‘é\ BKY Xa6apuubicbi
BectHuk 3KY L -
— M.: Standartinform, 2019. — Current.
[26] GOST 17.4.4.02-2017. Nature conservation. Soils. Methods of sampling and
preparation of samples for chemical, bacteriological and helminthological analysis. — M.:
Standartinform, 2017. — Current.
[27] SanPiN 2.1.7.1322-03. Hygienic requirements for the disposal and neutralization
of industrial and consumer waste. Moscow: Ministry of Health of Russia, 2003

2(102) - 2026

I'adutosa B.I'., Illlanadaesa I'.C., Cap6aesa K.T., 96aimyroain H.O., Toiiundexosa I'.b.
JIACTAHFAH TOIIBIPAKTbBI TASAPTY YIIIH EKIHINIJIIK PECYPCTAPJAH
TYPAKTbBI COPBIIMAJIBIK MATEPUAJIIAP JKACAY

Anparna. Kalitanama pecypcrap Heri3iHzae ayblp METalJapMEH JIACTaHFaH TOIIBIPAKTHI Ta3apTy
yiiH taimMai copOentrepai a3ipney Kaszakcran PecnyOnmKachIHBIH 3KOIOTHSUIBIK KayiNcCi3AiriHig
©3eKTi MiHJeTi Oonbin TaObuIanel. by OarpITTa maiijanaHbUIFaH Ta3Karap Cy3TilepiH maipanaHy
epeKIle KbI3bIFYLIBUIBIK TYIBIPaAbl, ONapIbl KAETre XKapary KayilTi KaIIbIKTapAbl )KHHAKTAY KoHE
JIacTaHFaH ayMaKTapbl peMeAnalysiay Mocesenepin O0ip Me3riiie menryre MyMKiHAiK Oepexi. byn
’KyMBICTa NacTanraH oprtagan Pb?*,Cd** sxome CuU?* moHmapwIH ajy YUIiH HaiiJaqaHbLIFAaH raskasap
CY3TiJiepiHeH >KOFapbl THIMII COpOCHTTEpHAl aly MYMKIHIITiH 3eprrenreH. CopOeHTTep OacTamkbl
Marepuangsl OipIKTIpIITeH TEPMUSUIIBIK KOHE XHMUSUIBIK MOIU(HUKALWSUIAY apKbUIbl aIbIHJIBI.
O3ipieHreH MaTepuangapAblH  (U3HKa-XUMHUSUIBIK KacueTTepi TOMEH TeMIlepaTypayibl a30TThI
ancopOumsmay  BET-tanmay sxone UHK-®ypbe-crieKTpocKomusi — oficTepiMEH — 3epTTEIreHIo
Monudukamus copOeHTTepAiH MeHIIKTI OeTiHiH enoyip yiraiobma (200-men 610 m%/r neitin),
KEyeKTEep/IiH KaJIbl KeJIEMiHIH ecyiHe )oHe OeTiHae oTTeri 06ap (yHKIMOHANABI TONTAPABIH Maiaa
OomyblHa OKeneTiHi aHbIKTaigsl. COpOLMSHBIH OSKCIEPHUMEHTTIK 3epTTeylepl ayblp MeTail
WOHJapblHA KATBICTHI Q3ipJIEHTeH MaTepHalgapAblH KOFapbl TUIMIALUTTIH KepceTTi. CopOUUsHBIH
MAaKCHMAJLIBI ChIHBIMABLIBIFEI Ph?* yuria 89 mr/r, Cd2+YH_IiH 52 mr/r xone Cu?* yriH 40Mr/r Gopt,
xoro trimaitiri 92% neiiin. Kunetukansik tanga (y kepceTkeHaei, coporust mporeci 12-24 carart
IIIHIE Tele-TeHIIKKE Te3 JKETe/Il JKOHE JKalFaH SKiHII PEeTTI MOJEIIbMEH KaKChl CUIIATTaIIa bl (R2 =
0,97-0,99), 6y xemocopOIus MexXaHU3MICPiHIH 0achIM eKeHAIriH KepceTeai. HoTmkenep TombIpak
TIeH cy )KYHeTepiH ayblp MeTaljapaH Ta3apTy YIUiH MOoJU(pHUKaLUsIIaHFaH MaiianaHbUIFaH ra3Kkarap
CY3TiJiepiH maianany NepcreKTUBAChIH pacTaiIb.

KinT ce3nep: copOeHtTep, ayblp MeTanaap, TOMBIPAKTHl Ta3apTy, MaiJalaHbUIFaH Ta3Karap
cysrinepi, 0eTTIK e3repTy0 COPOLMSUTBIK, CHIABIMABLIBIK.

I'adbutoa B.I'., Illlanadaesa I'.C., Cap6aeBa K.T., Aogumyrasun H.A., Toiiun6exosa I'.b.
CO3JAHHME YCTOMYUBBIX COPEIIMOHHBIX MATEPHAAJIOB U3 BTOPUYHbIX
PECYPCOB JIJIS1 OYUUCTKHU 3ATPA3HEHHBIX ITOYB

AnHorauusi. Pa3zpaboTka >(QQEKTHBHBIX COPOEHTOB I OYMCTKH IOYB, 3arpsi3HEHHBIX
TSOKETBIMA ~ METaJUIlaMHM, Ha OCHOBE BTOPHYHBIX PECYpPCOB SBIISICTCS aKTyaJlbHOW —3amaveit
sKoJoruueckoil Oe3omacHoctu Pecmybimku Kazaxcran. OcoOblii mHTEpec B 3TOM HampaBlICHHH
MPEICTaBIsACT HMCIOJNB30BaHUE OTPa0OTaHHBIX (UIBTPOB MNPOTUBOTA30B, YTWIM3AIMsS KOTOPBIX
MO3BOJISIET OAHOBPEMEHHO pallaTh MPOOJeMbl HAKOIUIEHHsS] OIMACHBIX OTXOJOB M peMEAHaliH
3arps3HEHHBIX TeppuTopuid. B  maHHOM paboTe wWccienoBaHa BO3MOXKHOCTH — IIOJTYyYCHHS
BBICOKO?()()EKTUBHBIX COPOCHTOB M3 OTPa0OTAaHHBIX (PUIBTPOB IPOTHBOTA30B IS H3BJICUCHHSI HOHOB
Pb2+, Cd2+ u Cu2+ u3 3arpssHeHHBIX cpea. COpOCHTHI ObUIH MONTYYSHBI TyTeM KOMOMHHPOBAHHON
TEPMUYECKONH M XUMHUYECKON MOJu(UKaUu HCXOAHOTO MaTepuana. OU3NKo-XUMUYECKUE CBOUCTBA
pa3paboTaHHBIX MaTEepPHaJOB M3Y4YEHHI METOAAMH HHU3KOTEMIIepaTypHOH ancopOmuu azora BET-
ananu3n UK-Dypbe-cneKTpocKonuu. Y cTaHOBIEHOO YTO MOIU(HUKALNS TPUBOAUT K 3HAUUTEIIEHOMY
YBEIMYCHUIO YAeIbHOI noBepxHocTh copoeHToB (¢ 200 no 610 m2/r), pocTy obuiero oobema mop u
(OpPMHPOBAaHUIO  KHCIOPOACOAEPKAIIMX  (PYHKIMOHANBHBIX  TPyHOI  HAa  TOBEPXHOCTH.
DKCHepruMeHTaIbHbIE UCCIECAOBAHHUS COPOLIMU TI0KA3aJIM BBICOKYIO 3 PEKTUBHOCTh pa3padOTaHHBIX
MaTepHaIoB MO0 OTHOIICHHUIO K MOHAM TSDKEJBIX METaUIoB. MakcuMalbHas COpOLMOHHAs €MKOCTb
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cocraBmwina 89 mr/r s Pb2+, 52 mr/r mist Cd2+ u 40 mr/r ans Cu2+ npu 3 PEKTUBHOCTH yIaCHUS
1o 92%. Kunernueckuii aHamM3 MOKa3all, YTO MpoLecce copOuuu OBICTPO IOCTHracT PaBHOBECHS B
Teuenne 12-24 4 u HamrydImmM 00pa3oM OIMChIBACTCS MOJIEIBIO TIceBIOBTOpOro nopsiaka (R2 =0,97-
0,99), 4TO CBHIETENBCTBYET O MpPeoOIaTaHuN MEXaHU3MOB XEMOCOPOIIMH.TIOTyYEHHBIE PE3YJIbTaThI
MOATBEPIKIAIOT MPECHEKTUBHOCTh WCIOJB30BAHMS MOAU(PHUIMPOBAHHBIX OTpabOTaHHBIX (HIBTPOB
MPOTUBOTa30B LI OYMCTKH MOYB ¥ BOAHBIX CUCTEM OT TSKEJIBIX METaJIIOB.

KnroueBsble cjioBa: COpOCHTHI; TSHKENbIE METAIIBI; OYMCTKA MOYBBI; OTPadOTaHHBIEC (DUIIBTPEI

IPTHUBOTA30B, MO)_II/I(l)I/IKaI_[I/Iﬂ IIOBCPXHOCTH, COp6LII/IOHHa$I CMKOCTb.
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