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ABSTRACT

The disposal of chrysotile asbestos waste poses significant environmental hazards, while heavy oil
residues demand costly pretreatment to remove toxic metals and sulfur. This study presents a
circular economy approach to convert acid-leached chrysotile asbestos waste into a functional
chemisorbent for the simultaneous demetallization and desulfurization of heavy petroleum
residues. Following hydrochloric acid leaching, the asbestos waste transformed into an

Received: August 20, 2026 amorphous, highly reactive silica-rich material. Through high-temperature synthesis (1100 - 1280
Peer-reviewed: September 10, 2026 °C) with calcium and sodium carbonates, a wollastonite (CaSiOs) and calcium silicate-based
Accepted: October 21, 2026 chemisorbent was produced. Comprehensive characterization using XRD, FTIR, TG-DTA, BET, and

EPR confirmed that the synthesized material exhibits a remarkably high specific surface area (280
- 315 m?/g), substantial pore volume (1.213 cm3/g), and abundant active paramagnetic centers -
far exceeding those of commercial zeolite. When tested in the thermal adsorption treatment of
vacuum tar (380 - 410 °C), the chemisorbent achieved removal efficiencies of 40 - 55% for
vanadium (V), nickel (Ni), and iron (Fe), along with significant sulfur reduction. These results
demonstrate a viable pathway for transforming hazardous asbestos waste into a value-added
adsorbent, enabling cleaner heavy oil processing and reducing both industrial waste and refinery
operating costs.
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Introduction

The global refining industry is increasingly
processing heavier crude oils and petroleum
residues due to the depletion of conventional light
oil reserves and the growing demand for
transportation fuels [[1], [2], [3]. Heavy crude oils,
vacuum residues, and bituminous feedstocks are
characterized by elevated concentrations of sulfur,
nitrogen, asphaltenes, resins, and metal-containing
compounds, which significantly = complicate
downstream refining processes [[1], [4]].

Among the most problematic contaminants in
heavy petroleum feedstocks are vanadium and
nickel. These metals are mainly associated with
porphyrin and non-porphyrin complexes
concentrated in resin—asphaltene fractions and are
responsible for catalyst poisoning, equipment
corrosion, increased coke formation, and
deterioration of fuel quality [[2], [4], [5], [6]]. Recent
studies have shown that the concentrations of
vanadium and nickel in some heavy oils and residues
may exceed their concentrations in low-grade
mineral ores, making petroleum residues a potential
secondary source of strategic metals [[2], [5]].

Hydrodemetallization and hydrodesulfurization
remain the dominant industrial technologies for the
removal of sulfur and metals from heavy petroleum
fractions [[1], [7], [8]]. However, these processes
require high hydrogen consumption, elevated
operating pressures, expensive catalyst systems,
and significant capital investments [[7], [8], [9]].
Furthermore, catalyst deactivation caused by metal
deposition remains a major challenge for processing
heavy feed-stocks [[8], [10]].

Consequently, increasing attention has been
focused on alternative demetallization technologies
including  solvent deasphalting, adsorption,
oxidative  treatment, extraction, membrane
separation, microwave-assisted processing, and
thermoadsorptive upgrading [[1], [11], [12], [13],
[14]]. Among these methods, adsorption-based
approaches have attracted considerable interest
due to their operational simplicity, lower energy
requirements, environmental compatibility, and
potential integration into existing refinery schemes
([14], [15], [16], [17]].

Recent investigations demonstrated that
zeolites, mesoporous silicates, aluminosilicates,
activated carbons, metal oxides, and hybrid porous
materials exhibit promising performance for the
removal of metal-containing compounds and sulfur
species from heavy petroleum streams [[17], [18],
[19], [20]]. The adsorption efficiency strongly
depends on the pore structure, surface chemistry,

concentration of active sites, and specific surface
area of the adsorbent [[18], [19], [20], [21]].

Attention has been paid to the development of
low-cost adsorbents produced from industrial and
mining waste. The valorization of waste materials
into functional adsorbents not only reduces
production costs but also contributes to circular
economy principles and sustainable waste
management [[21], [22], [23], [24]]. In this regard,
chrysotile-asbestos waste represents a promising
secondary raw material due to its abundance and
high content of silicon and magnesium compounds
[[24], [25], [26]].

Several studies have demonstrated that acid
treatment of chrysotile asbestos causes extensive
leaching of magnesium ions and transformation of
the crystalline fibrous structure into highly reactive
amorphous silica-rich materials [[26], [27]]. Such
transformations increase the specific surface area,
porosity, and concentration of surface-active
centers, making the treated material suitable for the
synthesis of adsorbents, catalyst supports, and
ceramic materials [[27], [28], [29]].

Recent advances in asbestos waste recycling
have shown that thermally and chemically modified
chrysotile can be converted into wollastonite-,
calcium silicate-, and zeolite-type materials
possessing high adsorption capacities and excellent
thermal stability [[23], [29]]. These materials have
demonstrated significant potential in environmental
remediation, wastewater treatment, catalytic
applications, and adsorption-based purification
processes [[11], [29]].

Despite the growing interest in waste-derived
adsorbents, limited information is available
regarding the utilization of acid-leached chrysotile-
asbestos waste for the preparation of
chemisorbents intended for demetallization and
desulfurization of heavy petroleum residues.
Therefore, the objective of the present study was to
synthesize a wollastonite-containing chemisorbent
from chrysotile-asbestos waste after acid leaching,
investigate its physicochemical properties using
XRD, FTIR, TG-DTA, EPR, and BET analyses, and
evaluate its performance in the thermoadsorptive
removal of vanadium, nickel, iron, and sulfur
compounds from heavy oil residues.

Experimental part

Materials:

- Asbestos waste following HCl leaching,
supplied by Kostanay Minerals JSC (Kazakhstan);
(Table 1). The particle size of the material is -2.0
1.0 mm.
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Table 1 — Chemical composition of corporation after
leaching

Component Content, % by mass
Silicon oxide 90.0
Magnesium oxide 6.5
Iron oxide 2.5
Other impurities 1.0

- CaCOs: (moisture content not exceeding 1.0%;
a chemically pure product with a high calcium
carbonate content—the mass fraction of calcium
and magnesium carbonates, calculated as CaCOs, is
99-99.9%. Calcium carbonate is free of impurities.
The mass fraction of the residue insoluble in
hydrochloric acid is 0.22%, and the mass fraction of
water-soluble substances is 0.014%)

- Sodium carbonate, grade “XH” (sodium
carbonate in the calcined product, not less than
99.8%; water-insoluble substances, not more than
0.02%)

- Liquid glass, 10%

Experimental Methodology

The chelating agents were prepared with the
addition of sodium carbonate. Sugar molasses (0.5%
of the total mass) and sodium lignosulfonate (2.0%)
were used as a binder and plasticizer, respectively;
these do not affect the composition of the final
product at high temperatures. To do this, the
components listed in Table 2 were mixed, then co-
ground to a particle size of at least 100 um. Next,
plastic molding was performed. The resulting
molded materials were subjected to a two-stage
firing at 1,100°C for 60 minutes and 1,280°C, with a
holding time of 60 minutes.

Table 2 — Composition of the active component for
preparing the catalyst by impregnation

Compound Name Formula Content, % by
mass
Serpentine after leaching SiO2 55.0
Calcium carbonate CaCOs 40.0
Baking soda Na2COs 5.0
Total 100.0

Analytical Methods and Equipment Used in the
Study

To identify the mineral phases, structural
characteristics, and chemical makeup of the
synthetic chemisorbent produced with various

activating additives, the following analytical
techniques and equipment were employed:

e X-ray diffraction (XRD) - performed on a
BRUKER D8 ADVANCE diffractometer.

e X-ray fluorescence (XRF) - conducted using a
Venus 200 wavelength-dispersive spectrometer
(PANalytical B.V., Netherlands).

e Chemical composition analysis - carried out
with an Optima 2000 DV inductively coupled plasma
optical emission spectrometer (PerkinElmer, USA).

e Elemental and phase distribution mapping
was performed on a JXA-8230 electron probe
microanalyzer (JEOL, Japan).

¢ Thermal analysis was carried out with a STA
449 F3 Jupiter simultaneous thermal analyzer, and
the resulting data were processed using NETZSCH
Proteus software.

e Sample activity studies were performed
using a JES-FA 200 electron paramagnetic resonance
(EPR) spectrometer (JEOL, Japan), in conjunction
with a thermal analyzer, a Raman spectrometer, a
scanning electron microscope (SEM), and an X-ray
phase analyzer. (Instrument models are specified as
above.)

Analytical Methods

X-ray diffraction patterns were recorded using a
BRUKER D8 ADVANCE instrument. A PANalytical
Venus 200 wavelength-dispersive spectrometer
(Netherlands) was employed for X-ray fluorescence
analysis. Chemical composition of the samples was
determined using an Optima 2000 DV inductively
coupled plasma optical emission spectrometer
(PerkinElmer, USA). Elemental and phase
distribution mapping was conducted with a JXA-
8230 electron probe microanalyzer (JEOL, Japan).
Thermal analysis was carried out on a STA 449 F3
Jupiter simultaneous thermal analyzer, and the
acquired data were processed using NETZSCH
Proteus software.

Results and Discussion

Characterization of the corporation after
leaching, used as the base material

X-ray diffraction analysis of asbestos waste (AW)
after leaching

X-ray diffraction (XRD) was used to obtain
information on the structure and phase
composition, and to determine the qualitative and
semi-quantitative composition of the samples, the
texture of the material, and the crystallite sizes
(coherent scattering regions) of the polycrystalline
sample.
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After leaching asbestos waste with hydrochloric
acid, a reconstruction of the crystalline components
occurs, which is reflected in the shape of the X-ray
diffraction pattern (Figure 1). First and foremost, the
disappearance of distinct diffraction peaks in the X-
ray diffraction pattern should be noted. A diffuse
scattering peak is observed in the Bragg angle range
from 15 to 35 degrees. It is worth noting the low-
intensity diffraction peaks, which are interpreted
primarily as SiO, (Table 3). Crystalline silica is absent
in the leaching residues; it is replaced by amorphous
silica, which affects the porosity of the structure.
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Figure 1 — XRD pattern obtained to determine
the phase composition

Table 3 — Phase composition of the sample, determined
by XRD

Component Chemical Mass
formula fraction, %
A Amorphous Mg204 Si 37.9
B Forsterite Mg204 Si 42.0
C Magnesioferrite FeaMgOq 10.7
D Enstatite MgOsSi 9.4

Interpretation of the FTIR Absorption Spectrum

The absorption spectrum presented in Figure 2
displays multiple bands above 3000 cm™. The band
at 3400 cm™ is assigned to water present in the bulk
phase, including film water and water trapped
within inclusions. The feature at 3304 cm™ arises
from the absorption of water molecules influenced
by the crystal's surface field. This field slightly
elongates the charge separation within the water
molecular dipoles relative to their average distance
in the bulk phase, thereby reducing bond stiffness
and vibrational frequency.

The absorption at 3478 cm™ in the sample is

indicative of molecular water. The bending
vibrations of H,O within the mineral crystals appear
in the higher-frequency region (1620 cm™),

reflecting the presence of stronger hydrogen bonds
binding the water molecules.
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Figure 2 — FTIR spectroscopy of serpentine after leaching

The absorption band for nearly free OH groups
is observed around 3600 cm™, while the band for
water appears near 3450 cm™. Absorption
corresponding to short O—H---O hydrogen bonds is
found at approximately 3300 cm™, and the band at
1620 cm™ is attributed to OH bending vibrations.

Overall, the crystalline structure of the original
asbestos material is predominantly transformed into
an ionic state, which governs the physicochemical
properties of the leaching residue.

Thermal Analysis of Temperature Profiles for
Synthetic Chemisorbent Production

To analyze the decomposition products of
calcium carbonate and secondary calcium silicates,
the prepared mixture was heated to 1000 °C and
held at that temperature for one hour. This thermal
treatment was followed by differential thermal
analysis (DTA) and thermogravimetric analysis (TGA)
using a Q-1000D derivatograph. The following
results were obtained.

During dynamic heating of the sample from 20
to 1000 °C, several thermal events appeared on the
DTA curve. Three endothermic peaks—observed at
140, 600, and 820 °C—result from the release of
water, hydroxyl groups, and carbon dioxide,
respectively, into the atmosphere. An exothermic
peak at 725 °C arises from the decomposition of the
hydrosilicate structure, which releases thermal
energy into the system (Figure 3).

The shape of the DTA curve between 350 and
730 °C closely resembles that of the differential
decomposition curve of serpentine. However, the
curve morphology and the configurations of the DTG
and TG traces indicate low-intensity dehydration of
this sample component, along with only a weak
similarity to the thermal peak trajectories of classic
serpentine. Therefore, the structure of the
presumed mineral is highly defective and does not
fully meet the crystallochemical criteria of standard
serpentine. The content of this phase in the sample

—— 54 ——
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is determined by the amount of constitutional water
(OH) it contains, which corresponds to the sum of
the weight losses Am3/2 + Am4 = 1.05% + 2.5% (i.e.,
half of Am3 plus the whole of Am4), as shown in
Table 4. Based on the stoichiometric formula of
serpentine, the proportion of this mineral in the
sample is calculated to be 24.6%.

Another component identified in the test
sample is calcite. This carbonate is detected through
a significant release of carbon dioxide at high
temperature, producing a sharp weight loss step on
the TG curve. On the DTG curve, the evolution of
carbon dioxide forms a pronounced peak at 800 °C,
indicating a high dissociation rate. Consequently, the
decomposition of calcite generates an intense
endothermic peak at 820 °C on the DTA curve,
reflecting a substantial outflow of thermal energy
from the sample. The presented nature of the
thermal decomposition of CaCO3 is characteristic of
well-crystallized calcites.

Based on the amount of CO; released into the
atmosphere (1.05% + 22.5%), Table 5, and
considering the stoichiometric formula of this
carbonate, its content in the sample is 53.5%.

It should be noted that the water released from
the sample in the 20-200°C range, amounting to
3.3%, is not part of the composition of “serpentine”
and calcite. Therefore, it must be classified as
mechanically bound water, which is considered
impurity.
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Figure 3 — Derivative plot of sample No. 1

Table 4 — Thermogravimetric data for sample No. 1 in the
range of 20-1000°C

Volatile Decompos
Weight loss | Weight | components ition
curve loss, % | of the heated o

stages, °C

sample
Am1 33 H20 20-200
Am2 0.7 OH 200-350
Am3 2.1 OH+CO: 350-560
Am4 2.5 OH 560-640
Am5 20.0 Cco2 640-1000
>Am1000°C | 28.6 H20, OH, CO: 20-1000

An analysis of the stages listed above shows that
at a temperature of 500 °C, the two-calcium silicate
Ca2Si04 is formed, while at temperatures above 850
°C, the three-calcium silicate CasSi,O7 is formed and
the formation of wollastonite CaSiO3 begins. Based
on the product composition, Based on the findings,
it can be inferred that CasSiO;s and CasSi>0O;
represent unstable intermediate phases. The
thermograms indicate that wollastonite starts to
form only after the complete synthesis of tricalcium
silicate, which occurs at temperatures exceeding
900 °C.

3.3 Characterization of the synthesized chelating
agents

X-ray diffraction and X-ray analysis of the
samples

To verify the reliability of the results, X-ray phase
analyses were performed on the samples. The X-ray
diffraction analysis was conducted using an
automated DRON-3 diffractometer with CuKa
radiation and a B-filter. Conditions for recording
diffractograms: U = 35 kV; | = 20 mA; 6-20 scan;
detector 2 deg/min. A semi-quantitative X-ray phase
analysis was carried out on the diffractograms of
powdered specimens using the equal-weighting
method together with artificial mixtures, allowing
the quantitative proportions of crystalline phases to
be established. The interpretation of the
diffractograms relied on data from the ICDD library,
specifically the Powder Diffraction File (PDF) Release
2022, processed with HighScorePlus software, from
which the concentrations of the major phases were
derived. Potential impurities—whose identification
remains inconclusive due to either their low
abundance, the presence of only one or two
diffraction peaks, or poor crystallinity—are
presented in Table 5 and Figure 4.
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Figure 4 — Diffractogram of the synthesized wollastonite

Table 5 — Results of the semi-quantitative analysis of
crystalline phases

Component Chemical Mass
P formula fraction, %
A | Amorphous Cas(Si207) 23.9
Calcium
B Molybdate Ca(MgO0a) 52.3
C | Rankinite Cas(Si07) 23.8

The X-ray diffraction data confirm that high-
temperature synthesis vyields a well-defined
synthetic material containing 80-85% of the main
mineral, wollastonite (Ca(SiOs)), In contrast, the
incorporation of molybdenum oxychloride and
nickel sulfate as activators facilitates the formation
of new mineral phases—namely powellite and
libenbergite—which are fully synthesized from
unbound calcium and silicon compounds. The
presence of these phases does not negatively affect
the physicochemical properties of the resulting
material; rather, it enhances the development of a
porous structure due to their low density and high
specific surface area. The resulting product also
contains 7% free amorphous silica in the form of
cristobalite.

Comparison of Several Chemisorbents Based on
Their Adsorption Properties

EPR Analysis

To determine and compare the activity of the
above materials, they were studied using Electron
Paramagnetic Resonance (EPR).

The response of magnetic moments to an
external magnetic field is governed by several types
of interactions involving unpaired electrons,
including interactions between the electrons
themselves and with their local environment. The
key interactions are spin-spin coupling, spin-orbit
coupling, hyperfine interactions between unpaired

electrons and their host nuclei, and interactions with
the electrostatic field generated by neighboring ions
at the site of the unpaired electron.

Measurement parameters: Frequency = 9.445
GHz; center field (Fc) = 340 mT; sweep width = 7.50
mT; modulation frequency = 100 kHz; modulation
amplitude = 0.6 mT. EPR spectra were recorded at
ambient temperature using a JES-FA 200
spectrometer (Jeol, Japan), with a Mn?* standard in
MgO as a reference.

Both the original samples and those subjected to
hydrogen plasma treatment for 30 minutes were
examined (Figure 5).

A low-intensity EPR signal was detected in
sample 1 (raw asbestos waste). Particles with an
uncompensated charge could have formed as a
result of crushing and grinding serpentinite ores. The
samples under study contain a large number of
chemical elements that exhibit high magnetic
activity: cobalt, chromium, manganese, sodium,
potassium, titanium, etc (Figure 6).
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Figure 5 — Raw asbestos waste
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Figure 6 — corporation after leaching

The second sample (asbestos waste after
leaching) has a symmetrical spectrum, indicating a
uniform distribution of paramagnetic centers in the
sample.

Sample 2. The signal is intense, but less so than
for Sample 3. After treatment (annealing) in a
hydrogen plasma for 30 minutes, the intensity
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decreases. Treatment in a hydrogen plasma
passivates the uncompensated charge
(paramagnetic centers) of the sample (Figure 7).

—— Do odjiga
— posle odjiga
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Figure 7 — Synthesized chymadsorbent

The third sample (prepared chemical adsorbent)
exhibits a very intense signal. After treatment
(annealing) in a hydrogen plasma, the intensity
decreases within 30 minutes. Treatment in hydrogen

plasma passivates the uncompensated charge
(paramagnetic centers-PMCs) of the sample.
Hydrogen particles bind to low-energy

uncompensated charges, while stable PMCs remain
active (Figure 8).
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Figure 8 — Commercial Zeolite

An EPR signal is observable in Sample 4
(Commercial Zeolite). The EPR signal shows
contributions from several paramagnetic centers.
The fourth sample exhibits a symmetrical spectrum,
indicating a uniform distribution of paramagnetic
centers within the sample.

There may be several reasons for the formation
of the EPR signal in these samples: unpaired
electrons in the Si-O, Si-O-Ca, or Ca-Ca chains. The
high-temperature treatment of the material used in
the synthesis process stimulates the formation of
particles with an uncompensated charge. The
intensity of the EPR signal is also influenced by the
grinding process of the substances.

BET Method

Key properties of this material include specific
surface area, average pore size, and pore volume.
The BET method was utilized to determine the
specific surface area and pore size distribution of the
porous specimens (Table 6).

To compare the specific surface area, the
following samples were tested: the initial asbestos
waste material, corporation after the leaching
process, pure zeolite, and the chelating adsorbent
we produced. The measurements were performed
using a SORBTOMETER-M device.

Table 6 — Summary of specific surface area, specific pore
volume, and mean pore size for the studied materials

Specific Specific
Average
Sample surface pore N
) ;3 | pore size
area, m?/g | volume, cm
Initial zeolite 8.0-9.0 0.012 1.713
Zeolite after |15 0130 0.137 1.714
leaching
Chemical
adsorbent 280-315 1.213 1.765
obtained
Pure zeolite 90.0-95.0 0.403 1.742

As can be seen from the table, the leaching
process increases the specific surface area and
specific pore volume of the resulting active
component, which will have a positive effect on the
properties of the synthetic chemical adsorbent. The
average pore size changes only slightly in this
process.

Removal of metal impurities from heavy crude
oil.

The destructive-adsorptive thermal contact
demetallization process involves brief contact
between the crude oil and an adsorbent in a two-
section reactor heated to temperatures of 300-450
°C. When the feedstock comes into contact with the
hot adsorbent, hydrocarbon vapors are produced.
These vapors, along with water vapor, are then
conveyed to the gas discharge line.

The tar obtained from the delayed coking unit at
the Pavlodar Petrochemical Plant LLP is a viscous
liquid with low fluidity. It contains up to 0.1 wt.%
water and has the following metal concentrations:
vanadium—400-600.0 pg/kg; nickel—50-70.0
ug/kg; iron—30-70.0 pg/kg. Its sulfur content
ranges from 2.5% to 3.5%, ash content is 0.02 wt.%,
the coking index is 18 wt.%, density at 20°C is 1000.0
kg/m3, and the initial boiling point is 380°C.

— 57 ——
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The study aimed to determine the optimal
process parameters—temperature, pressure, and
feed flow rate—for the demetallization and
desulfurization of heavy petroleum residues. These
processes were carried out in the presence of a
zeolite-based adsorbent containing wollastonite
compounds. Based on the general structure of oil
dispersion systems and the reversible conversion
between resinous and asphaltene components, it is
proposed that during thermal deasphalting and
demetallization of crude oil, supramolecular
structures (such as metal- and sulfur-containing oil
complexes) are broken down and subsequently
adsorbed onto the chemical adsorbent.

During the demetallization and desulfurization
of the tar feedstock from the Pavlodar
Petrochemical Plant's delayed coking unit, various
operating conditions were tested using a scaled-up
laboratory setup (Table 7):

e Reactor temperature: 300, 320, 340, and
360 °C

* Process duration: 3 hours

e Feedrate: 2-5L/h

e Volumetric feed rate: 1-3 h™

To identify the optimal operating conditions,
both the feed tar and the resulting treated products
were analyzed for metal and sulfur content. Figures
9, 10 and 11 illustrate the relationship between the
metal content in the tar and the volumetric feed rate
at different temperatures. As shown in Figure 9,
under all tested temperatures, the metal content in
the feedstock decreases, with a particularly
pronounced reduction in vanadium levels. An
increase in the volumetric feed rate from 1 to 3 h™’
results in a slight rise in the residual metal content in
the tar after processing (Figure 9-11).

As shown in the table, the optimal temperature
range for demetallization of heavy crude oil is 380-
410 °C. Under these conditions, the vanadium
content in the tar decreases from 50 to 28 ug/kg, the
nickel content from 50 to 26 pg/kg, iron from 50 to
12 pg/kg, and sulfur from 2.73% to 2.39%. The
maximum metal recovery rate under these
conditions is 40-55%.

When the temperature rises above 410 °C, the
tar begins to boil and coke, which adversely affects
the demetallization process. Therefore, the thermal
adsorption process must be conducted at a
temperature not exceeding 410-420 °C.

Table 7 - Dependence of metal and sulfur composition in
tar on process temperature, comparing values before and
after testing

Raw Content of the elements

materials o ,

and type of T.°C | N Fe, v S, %

adsorbent ug/kg | na/kg | nga/kg

Raw tar 0 237 488 1060 15.4
320 220 413 1012 14.2

" 340 180 361 881 13.9

giljiilrfkl)iit 360 | 162 | 309 | 620 | 116
380 135 261 540 10.12
400 126 255 510 9.9

Volume feed rate of raw material, 1 *hour!

. - »—Ni.mg/kg
= Fe. mg/ke

Metal content, mg/kg

20 320 340 360 380 100 i10 420

Temperature, °C

Figure 9 — Degree of nickel and iron removal from tar
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Figure 10 — Degree of vanadium removal from tar
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Figure 11 — Degree of sulfur removal from tar
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Conclusions

This study successfully demonstrated that
chrysotile asbestos waste, after acid leaching, can be
upcycled into a highly effective chemisorbent for
heavy oil residue upgrading. The acid treatment
disrupts the original crystalline fibrous structure,
yielding amorphous silica with high reactivity.
Subsequent high-temperature synthesis with
calcium and sodium carbonates produces a material
dominated by wollastonite and calcium silicate
phases, which possess a uniquely developed porous
architecture.

The synthesized chemisorbent outperforms
commercial zeolite, with a specific surface area of
280-315 m?/g and a pore volume of 1.213 cm3/g.
EPR spectroscopy further revealed a high density of
active paramagnetic centers on its surface, directly
correlating with its strong adsorption affinity for
metal- and sulfur-containing complexes in heavy oil.

In thermal adsorption tests using vacuum tar
from the Pavlodar Petrochemical Plant, the optimal
process window was identified at 380-410 °C. Under
these conditions, the chemisorbent reduced
vanadium, nickel, and iron content by 40-55%, while
also lowering sulfur levels. Temperatures exceeding
410 °C led to feedstock coking, limiting process
efficiency.

Overall, this work provides a dual benefit: (1) a
sustainable solution for hazardous asbestos waste
management aligned with circular economy
principles, and (2) a low-cost, high-performance
chemisorbent that can reduce the metal and sulfur

load in heavy refinery streams, thereby protecting
downstream catalysts and lowering operational
costs. Future work should focus on pilot-scale
validation, adsorbent regeneration cycles, and
techno-economic assessment.
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TYWNIHAEME
XpusoTun-acbecT KanAblKTapblH KOKW KOpLUafaH opTafa aWTap/blKTail 3KONOTMANLIK Kayin

TeHAipeai, an ayblp MyHal KanablKTapbl yibl METangap MeH KyKipTTi KeTipy ywWiH KbimbaT anabiH
ana eHAaeyai Kaxet eteai. byn 3epTTey ayblp MyHal KanablKTapbiH 6ip mesringe aemertanngay
JKOHE  KYKIPTCi3AeHAipY VYWIH KbIWKbIIMEH CiATiNEHreH Xpu3oTua-acbecT  KanablKTapblH
dyHKUMOHaNAbl xemocopbeHTKe aliHanAbIpyAblH, aliHasiMasibl SKOHOMMKA TaciNiH ycbiHaapl. Ty3
KbIWKbINbIMEH CiNTiCi3AeHAipyAeH KeliH acbecT KanaplKTapbl amopdTbl, XOfapbl pPeaKTUBTI
KpemHuii anokcuaiHe 6ait matepuansa aiHangbl. KanbUmil skaHe HaTpuii KapboHaTTapbiMeH
YKOFapbl Temnepatypaaa cuHtesgey (1100 - 1280 °C) apKblabl BoanactoHuT (CaSiOs) skaHe Kanbuuii
CUAMKATbIHA Heri3genreH xemocopbeHT anbiHabl. XRD, FTIR, TG-DTA, BET kaHe EPR kKemerimeH
KeleHai cunaTrama CMHTe3ae/ireH MatepuasblH, epekLue sKofFapbl MeHLWIKTi 6eTTiK ayaaHbl (280
- 315 m?/r), aiTapablKTall Keyek Kenemi (1,213 cm3/r) xaHe KenTereH 6enceHai napamarHUTTIK
opTanbiKTapbl 6ap eKeHiH pacTaabl, 6y KOMMePLMANbIK LEeoNUTTIKIHEH anaeKkana acbin Tyceai.
BakyymapiK waibipabl (380 - 410 °C) Tepmuanblk, agcopbumsanbik eHaeyae CbiHanfaH Kesae,
XeMoCopbeHT BaHaANN, HUKeNb XKaHe Temipai 40-55% KeTipy TMiMmainiriHe KON »KeTKi3ai, COHbIMeH
KaTap KyKipTTi alTap/ablKTak asaiTTbl. Byn HaTuxkenep KayinTi acbect KanapiKTapbliH KOCbiMLIa
KYHZAbl aacopbeHTKe aliHanablpyablH, TUIMA KObIH KepceTeai, 6yn ayblp MyHaiabl Tasa eHaeyre
MYMKIHAIK bepefi »KoHe eHEepKacCinTiK KanablKTap MeH MyHal eHJey 3aybiTbiHblH, NaiganaHy
WbIFbIHAAPbIH a3aTagbl.

TyiiiH ce30ep: BONNACTOHWT, XPU30TMA-acbecT KanAablKTapbl, ayblp MyHall KangblKTapsbl,
OeMeTaNIN3aumA, KYKIPTCI3AeHAIpY, XMMUANbIK agcopbums, aliHaiManbl SKOHOMMKA, BaHaAWUNAj
KaNnblHA KenTipy.
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AHHOTAUMA

YTUAM3aumMa  OTXO40B  XpM30TWNOBOro acbecta npeactasnser coboli  3HAUUTENbHYHO
3KO/IOTMYECKYI0 OMACHOCTb, @ OCTaTKU TAxenblx HedTenpoaykToB TpebyloT poporocroAalen
npeggBaputencHo 06paboTKM Ana yAaneHus TOKCUYHBIX MeTaaioB M cepbl. B gaHHOm
nccnepo0BaHUM NpeacTaB/ieH Noaxoa, OCHOBAHHbIV HA MPUHLMNAX UMPKYAAPHON SKOHOMUKM, ANA
npeobpasoBaHua OTXOAOB  XpU30TM/IOBOrO  acbecta, noABepPrHyTbIX KUCNOTHOMY
BblLEeNaYMBaHNI0, B GYHKLMOHANbHbIA XEMOCOPHEHT 419 O4HOBPEMEHHON AeMeTannnsaumm un
necynbdypmusalmMnm  OCTaTKOB TAMKeNbIX HedTenpoAyKTos. [locne BblleNauyMBaHUA CONAHOW
Moctynuna: 20 aseycma 2026 KUCNOTOM OTXOAbl acbecTa npeBpaTUAUCL B aMOPQHbIN, BbICOKOPEaKTUBHbIM MaTepuan, boraTbli
PeueHsuposaHue: 10 ceHmAbpa 2026 KpemHezemom. MyTem BbICOKOTEMMEPaTypHOro cuHTesa (1100 - 1280 °C) ¢ ucnosb3oBaHWMeM
MpunATa 8 Nevats: 21 okmAbpA 2026 KapbOHATOB KanbLMa M HaTpua Bbin NosyvyeH xemocopbeHT Ha ocHoBe BoAnacToHUTa (CaSiOs) u
CUAMKaTa Kanbuma. KomnaekcHaa XxapaKkTepusaums ¢ UCno/ib30BaHWEM METOL08B PEHTIEHOBCKOMN
oudpakumm  (XRD), uHOpakpacHoW cnekTpockonuu ¢ npeobpasosaHnem ®ypbe (FTIR),
TEPMOrpPaBMMETPUYECKOTO aHanu3a ¢ guddepeHumanbHbiM TepMUYEcKMm aHanmnsom (TG-DTA),
meToga BET v MNP noaTBepamna, YTo CMHTE3MPOBAHHBIM MaTepuan 0b61agaeT UCKAIUUTENbHO
BbICOKOW y/1e/1bHOM NOBEPXHOCTbIO (280 - 315 M?/r), 3HaunTenbHbIM 06bemom nop (1,213 cm3/r) n
60/IbLUIMM  KO/IMYECTBOM aKTMBHbIX MapamarHWTHbIX LEHTPOB, 3HAYUTE/NIbHO MPEBOCXOAALLMX
nokKasaTtesin KoMmepyecKoro LeonuTa. NMpu TecCTMpPoBaHMKM B NpoLEecce TePMUYECKOM aacopbuum
BaKyymHoli cmonbl (380 - 410 °C) xemocopbeHT goctur apdeKTUBHOCTU yaaneHus BaHagus,
HUKenNA 1 enesa Ha yposHe 40 - 55%, a TaKkKe 3HAUNTE/IbHOrO CHUXKEHWNA COAEPKAHMA cepbl. ITH
pe3ynbTaTbl AEMOHCTPUPYIOT MNepCrekTUBHbIM MyTb MNpeobpasoBaHMA OMacHbIX acbecToBbix
OTXOA0B B LieHHbIM aACOPBEHT, YTO NO3BO/IUT OCYLLECTBAATL Hosiee YMCTYIO NepepaboTKy TAxKenomn
HedTM W CHM3UTb KaK MPOMbILLIEHHbIE OTXOA4bl, TaK M 3KCNIyaTaLMOHHbIE pacxoabl
HedTenepepabaTbiBatOLLMX 3aBOAOB.

Kniouesble cnoea: BONNACTOHUT, OTXOAbl XPWU3OTUAOBOrO ac6eCTa, OCTaTKU TAXKENOoN Hed)TM,
AemeTtannmsauyua, ,Cl,ecy}'lbd)ypl’lBaLl,VlH, XMun4veckan ap,copﬁu,vm, UMKINYeCKaa 3KOHOMMUKa,
uspneyeHne BaHaauA.
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