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Abstract. This study investigates the effect of zirconium on the superplastic properties of titanium alloys at various tem-
peratures and strain rates. It has been established that zirconium significantly influences the strain rate sensitivity coefficient
(m), mechanical stability, and plasticity. At elevated temperatures, zirconium-containing alloys exhibit a stable m-value within
a specific strain rate range, followed by a sharp decline. In contrast, zirconium-free alloys show a gradual decrease in m as the
strain rate increases. The optimal temperature-strain rate conditions for superplastic deformation depend on zirconium content.
Alloys with lower zirconium concentrations demonstrate high plasticity at moderate temperatures and intermediate strain rates,
whereas alloys with higher zirconium content require lower strain rates to achieve uniform deformation. Beyond a certain
threshold, an increase in zirconium content results in reduced plasticity and strain localization. Additionally, zirconium in-
creases flow stress, while higher temperatures contribute to its reduction; however, this is accompanied by grain coarsening,
which negatively affects mechanical properties. Microstructural analysis using scanning electron microscopy revealed that
after superplastic deformation, all investigated alloys develop a fine-grained structure consisting of equiaxed a- and B-grains.
The average grain size increases compared to the initial state, indicating dynamic recovery and recrystallization processes. The
results confirm the feasibility of using these titanium alloys in superplastic forming technologies. The identified correlations
provide a basis for optimizing thermomechanical processing parameters to achieve a balance between high plasticity and me-
chanical stability, which is crucial for industrial applications.
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1. Introduction

Severe plastic deformation (SPD) is one of the most ef-
fective methods for forming an ultrafine-grained (UFG)
structure in metals and alloys. This approach significantly
improves the mechanical properties of materials by reducing
the average grain size and increasing the density of crystal
lattice defects. As a result, SPD-processed materials exhibit
enhanced strength, fatigue limit, and superplasticity, making
them promising for applications in various industries [1-4].

In recent years, various SPD techniques have been de-
veloped to refine the structure of titanium alloys efficiently.
The most common methods include equal-channel angular
pressing (ECAP), high-pressure torsion, high-cycle impact
treatment, and multistep forging. Studies have shown that
SPD by torsion can produce an ultrafine-grained structure
with an average grain size of approximately 80 nm [5-7]. In
turn, multistep forging performed within the temperature
range of 800-400 °C facilitates the formation of equiaxed
grains with an average size of about 200 nm [8-13]. The
ECAP method, applied to bulk billets, enables the achieve-

ment of a grain size of approximately 260 nm after eight
processing cycles [14-17].

However, despite the significant increase in strength, the
formation of a UFG structure is often accompanied by a
reduction in impact toughness and fracture resistance, which
may limit the application of such materials in structural com-
ponents. To address this issue, specialized UFG structures
are being actively developed to achieve an optimal balance
between strength and fracture toughness [18-21]. One prom-
ising approach involves creating microstructural composites
consisting of «hard» and «soft» phases. In two-phase titani-
um alloys, the a-phase serves as a strengthening component,
while the B-phase enhances plasticity due to the presence of
multiple slip systems [22, 23].

Controlling the shape, volume ratio, and spatial distribu-
tion of these phases plays a key role in regulating the materi-
al's mechanical properties. The introduction of alloying ele-
ments enables targeted modifications of the phase composi-
tion and microstructure, enhancing the material’s perfor-
mance characteristics. One promising direction for improv-
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ing UFG titanium alloys involves microalloying with rare-
earth elements such as gadolinium. Studies show that gado-
linium promotes p-grain refinement and controls phase trans-
formation rates, leading to improved mechanical properties,
especially under severe plastic deformation [24].

UFG titanium alloys are of significant interest for appli-
cations under superplastic deformation conditions. Two-
phase titanium alloys are at the center of modern research
aimed at developing technological processes that utilize their
superplastic properties. It is important to note that optimizing
the temperature range for superplasticity (150-400°C) is
crucial for ensuring the high manufacturability of such mate-
rials [25]. The application of superplasticity at lower temper-
atures significantly reduces energy consumption while main-
taining high mechanical properties, making this process
particularly attractive for industrial manufacturing. For ex-
ample, low-temperature superplasticity improves the strength
characteristics and enhances the quality of thin-walled com-
ponents formed in complex geometries [26, 27].

The main mechanisms of superplasticity include grain
boundary sliding, intragranular dislocation slip, diffusion
creep, and dynamic recrystallization. A key characteristic of
superplastic flow is grain size: the finer the grain, the higher
the material’s strain rate sensitivity, the lower its yield
strength, and the greater its deformation capacity. This is
why an ultrafine-grained structure significantly enhances
superplasticity efficiency [28-46].

Additionally, studies indicate that metallic glasses can
exhibit superplastic behavior at relatively high strain rates.
This effect opens new prospects for developing materials
with high technological plasticity, capable of withstanding
significant loads without failure [47].

In prototype studies, the mechanical behavior of materials
under superplastic conditions is examined with a focus on
uniaxial tension, compression, and torsion under applied
pressure, as well as punching and compression in specially
designed dies. Based on deformation diagrams and character-
istic curves, such as the relationship between true yield
stress, strain rate sensitivity, maximum plasticity, and other
factors as functions of strain rate, it is assumed that super-
plastic behavior under certain temperature-strain rate regimes
is reasonable [28-47].

Various types of tests are conducted to study the mechan-
ical behavior of materials under superplasticity, including
uniaxial tension, compression, torsion under pressure, and
material extrusion in dies. Essential aspects of the research
include constructing deformation diagrams and characteristic
curves, which help characterize the adaptive properties of the
material and its superplastic behavior under different temper-
ature and strain rate conditions. In particular, the dependen-
cies of true flow stress ay(a), strain rate sensitivity coefficient

m(a), and maximum elongation at fracture &(a) =II——1 on
0

the strain rate can be described by the following equations:

a=é=I11=VI/I, (1)

where, ¢ =1Inl/l,; V —the crosshead speed of the testing

machine. These curves are typically plotted in (semi-) loga-
rithmic coordinates:

lgo—-Ilga,m-Iga,s-Ilga, 2

Based on their qualitative appearance, these curves can
determine whether a material is in a superplastic state or
exhibits conventional deformation behavior. Superplastic
materials are characterized by specific deformation curves,
where an initial sharp increase in stress is followed by a
plateau with constant stress (without strain hardening), and in
some cases, even a decrease in stress.

Alloying elements such as zirconium (Zr), chromium
(Cr), and manganese (Mn) play a crucial role in achieving
superplasticity. They influence plastic deformation mecha-
nisms, enhancing structural stability and increasing plastici-
ty. Studies have shown that aluminum-magnesium alloys
with zirconium additions exhibit significant improvements in
superplasticity due to the stabilization of the microstructure
by dispersed Al:Zr particles. These particles prevent grain
growth at high temperatures, ensuring stable superplasticity
up to 525°C [48]. For example, a modified Al-Mg-Zr alloy at
500°C demonstrates a maximum elongation of 1013% at a
strain rate of 5-1072 s7!, making it a promising material for
applications requiring high plasticity [48].

The introduction of zirconium into titanium and alumi-
num alloys significantly lowers the temperature for super-
plastic deformation and increases the strain rate at which
high plasticity is maintained. This improves the material’s
processability, reduces energy consumption during pro-
cessing, and enhances the efficiency of forming processes.

Studying the dependence of the strain rate sensitivity co-
efficient on strain rate and temperature is an important aspect
of research, as it helps determine optimal temperature-strain
rate conditions that maximize superplasticity. This, in turn,
plays a key role in improving manufacturing efficiency and
expanding the use of materials with enhanced properties in
industrial applications.

2. Materials and methods

The study examined alloys with varying zirconium con-
tent: 0Zr, 0.5Zr, 1Zr, and 1.5Zr. Samples with the geometry
shown in Figure 1 were cut from 1 mm-thick titanium sheets
along the rolling direction.

] ] |
] A
K|t

Figure 1. Sample geometry for superplasticity testing

The samples were tested using a ZWICK 250 universal
testing machine.

To determine the deformation conditions (strain rate and
temperature) for superplasticity testing, step strain rate tests
were conducted at temperatures of 700, 725, and 750°C. The
strain rate varied within the range of 5-107° s to 2:102 s,
with a step increment of 2.5-107 s™' every 2% strain.

Based on the results of the step strain rate tests, the strain
rate sensitivity coefficient (m) was determined.

m=0oLno /dLlng, 3)

The microstructure of the obtained samples was analyzed
using a TESCAN VEGA 3 scanning electron microscope.
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3. Results and discussion

The study of the superplasticity of the alloys was con-
ducted at constant strain rates, where both strain rate and
temperature were set based on preliminary step strain rate
tests. These tests allowed for determining the limit values of
the strain rate sensitivity coefficient (m), which plays a key
role in evaluating a material's superplasticity. The m coeffi-
cient characterizes the degree of dependence of flow stress
on strain rate and, accordingly, indicates the dominant plastic
deformation mechanism.

Figure 2 presents the dependence of the strain rate sensi-
tivity coefficient of the studied alloys on strain rate at 700,
725, and 750°C.

m T=700 °C
0.4
0.3
0.21 0.5Zr_700 \A
——1.0Zr_700
—o—1.5Zr_700
0.1
10* 10° 102 &[s7]
(a)
m T=725 °C
04] =i,
0.31
024 [ 0Zr_725
0.5zr 725
e 1.02r 725
0.14 —o—1.57r 725
10* 10° 102 £[s7]
(b)
m T=750°C
0.4
0.3l W
021 ——ozr_750
0.52r_750
——1.0Zr_750
014 o 1521 750
10* 10° 102 £[s']

(©)

Figure 2. Dependence of the strain rate sensitivity coefficient
of the alloys on strain rate at different temperatures (°C):
(a) — 700; (b) — 725; (c) — 750

At 700°C, alloys containing zirconium (0.5Zr, 1Zr, 1.5Z7r)
show a similar dependence of the m coefficient on strain rate.
In the strain rate range up to 2-107 s7!, the m coefficient

remains nearly constant, indicating stability of the superplas-
tic state under these conditions. This suggests that within this
strain rate range, the dominant plastic deformation mecha-
nism is grain boundary sliding (GBS), which is active at high
grain boundary diffusion mobility.

However, when the strain rate exceeds 2-107 s™', a sharp
decrease in the m coefficient is observed. This indicates a
transition from a superplastic regime to a conventional plas-
tic deformation regime, associated with the activation of
dislocation slip and subsequent material hardening. It is like-
ly that at high strain rates, grain boundary sliding can no
longer accommodate plastic deformation, leading to a de-
crease in m.

At the same time, the zirconium-free alloy exhibits a
monotonic decrease in the m coefficient with increasing
strain rate. This may be due to the lower superplasticity ca-
pability of this alloy, possibly related to limited grain bound-
ary mobility and a more pronounced dislocation-based de-
formation mechanism.

At 700°C, alloys containing zirconium (0.5Zr, 1Zr, 1.5Zr)
exhibit similar values of the strain rate sensitivity coefficient
m as a function of strain rate. In the strain rate range below
2-107 s7!, the coefficient m remains nearly constant, indicat-
ing the stability of the superplastic state under these condi-
tions. This behavior is associated with the dominant grain
boundary sliding (GBS) mechanism, which, at moderate
strain rates, ensures uniform redistribution of plastic defor-
mation without significant material hardening. However, as
the strain rate increases beyond 2-107% s!, the m value begins
to decrease significantly, signaling a gradual transition of the
material from a superplastic state to conventional defor-
mation behavior, characteristic of dislocation slips mecha-
nisms. This phenomenon occurs because, at high strain rates,
grain boundary sliding does not have sufficient time to ac-
commodate localized plastic deformation, leading to the
activation of hardening processes.

At 725°C, all studied alloys exhibit high m values ex-
ceeding the required superplasticity threshold (0.3). The
dependencies of m on strain rate are similar to those ob-
served at 700°C, but with a wider strain rate range ensuring
stable superplastic behavior. For alloys containing 0.5-1.5%
Zr, the maximum m values are reached at strain rates around
2-107% s7!, which corresponds to an optimal balance between
grain boundary sliding and dislocation processes.

The highest efficiency of zirconium in promoting super-
plastic deformation is observed at 750°C. In this temperature
range, all studied alloys exhibit similar m dependencies on
strain rate. The greatest increase in m is noted at a strain rate
of 2:107 s', where the maximum value reaches approxi-
mately 0.35.

The addition of zirconium significantly influences the
mechanical properties of titanium alloys by stabilizing the
fine-grained structure.

Superplasticity studies enabled the determination of elon-
gation values for different alloys under various temperature-
strain rate conditions, where the strain rate sensitivity coeffi-
cient m approaches its maximum values.

Figure 3 presents the tensile curves for the alloys at dif-
ferent temperatures and strain rates. All investigated alloys
demonstrate superplastic behavior, with elongation exceed-
ing 200% under the selected deformation conditions, con-
firming a significant potential for superplastic deformation.
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Figure 3. Tensile curves of alloys: a) 0Zr, b) 0.5Zr, c) 1Zr, and

d) 1.5Zr at a temperature of 725 °C

However, as the specific zirconium content in the alloy
exceeds 0.5%, elongation increases, but deformation be-
comes less uniform, and the flow stress rises. Alloys with a
lower zirconium content exhibit a weaker dependence on
strain rate and temperature, indicating better superplasticity
in these compositions.

In contrast, when the zirconium content increases to 1%
or more, a sharp decrease in elongation is observed with
increasing strain rate, indicating a deterioration in superplas-
tic behavior at high deformation rates.

A decrease in deformation temperature leads to reduced
elongation and non-uniform deformation, highlighting the
inadvisability of lowering the deformation temperature below
725°C.

80 —0Zr
— 1.5Zr

60

o, MPa
5
1

0 ' 200 ' 400 ' 600
Figure 4. Tensile curves of alloys at a temperature of 750 °C
and a strain rate of 2-1073 s™

Increasing the deformation temperature to 750°C leads to
a significant decrease in the flow stress of the investigated
alloys, which is explained by increased dislocation mobility
and enhanced diffusion processes. However, along with this,
a decrease in deformation uniformity is observed, which may
be associated with uneven grain growth and the localization
of plastic deformation in certain zones.

Nevertheless, the increase in temperature is also accom-
panied by a reduction in elongation, which is likely due to
the intensive grain growth during deformation. At 750°C,
grain boundaries become less stable, leading to grain coars-
ening, reduced grain boundary sliding, and deteriorated con-
ditions for superplasticity. This effect is associated with a
diminished ability of the material to maintain superplastic
behavior at high temperatures, where dynamic recrystalliza-
tion and grain coalescence begin to dominate. As a result,
plasticity decreases, and the material becomes more prone to
unstable flow, as confirmed by experimental data (Figure 4).

Table 1 presents the elongation test results of the alloys
under various temperature-strain rate conditions.

The analysis of the data in Table 1 shows that the elonga-
tion of the alloys significantly depends on the temperature
and strain rate. Thus, the optimal temperature-strain rate
conditions for the 0Zr and 0.5Zr alloys are a temperature of
725°C and strain rates in the range of 2-5-107 s'. For the
1Zr and 1.5Zr alloys, the optimal conditions are a tempera-
ture of 725°C and a strain rate of 5-10* s™".

Table 2 presents data on the grain sizes of the a- and -
phases, as well as the volume fraction of the B-phase in the
alloys after superplastic deformation under various tempera-
ture-strain rate conditions.
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Table 1. Elongation values of alloys at different temperature-
strain rate conditions

Alloy = Temperature, °C = Strain rate, ¢ =~ Elongation, %

700 2.10° 280

5.10% 450

0zr 725 2.10° 490
5.10° 580

750 2.10°% 380

700 2.10° 380

5.10% 340

0.52r 725 2-10° 515
5.10° 510

700 2.10°% 450

5.10% 430

12 725 2.10° 240
5.10° 360

700 2.10°% 400

5.10% 550

152 725 2.10° 360
5.10° 350

750 2.10° 440

Table 2. Grain sizes of phases and volume fraction of B-phase
in alloys after superplastic deformation under different conditions

.| Grainsize = Grain size of Volume
Alloy Tempfcrature, rittéalcr!l of the a- | the B-phase, fraction of the
' phase, pm pm B-phase, %
0zr 725 2:10°  17+03 22+03 56
5.10° 16+025 1.8+0,15 46
0.5Zr 700 2:10° | 1.2+0.1 1.5+0,15 48
725 2:10°  13+0.1 175+0.15 47
5.10° | 1.1+0.1 1.6 +0.15 52
1zr 725 5.10°  12+0.1 15+0.1 45
5.10% | 1.3+0.1 1.9+0.25 47
1.52Zr 725 510°  1.0+0.1 155+0.15 44
5.10%  1.8+0.1 23+0.2 44
750 2-10% | 1.4+01 25+0.25 63

As seen from Table 2, an increase in deformation temper-
ature leads to a growth in the volume fraction of the B-phase.
Additionally, the grain size of the a-phase remains almost
unchanged under different testing conditions, whereas the
grain size of the B-phase increases with decreasing strain rate
and increasing deformation temperature.

To determine the mechanical properties of the alloys after
superplastic deformation, tensile tests were conducted at a
temperature of 725°C and a strain rate of 2-107* s (Table 3).
The samples were stretched to 100%, quenched in water, and
then subjected to tensile testing at room temperature with a
strain rate of 4 mm/min.

Table 3. Mechanical properties of alloys after 100% elonga-
tion at 725 °C and a strain rate of 21073 s™!

Alloy | Yield strength, MPa

Tensile strength, MPa

Elongation, %

0zr 600 620 3
0.5Zr 655 695 6
1zr 535 541 1
1.5Zr 630 650 3

From the table, it is evident that the addition of zirconium
enhances the strength characteristics of the alloys in both the
initial and superplastic states. The highest yield strength and
ultimate tensile strength values are observed in the 0.5Zr
alloy, which also exhibits the greatest elongation, indicating
an optimal combination of strength and ductility. However, a
further increase in zirconium content leads to a decline in
mechanical properties, likely due to grain growth and an
increase in the volume fraction of the B-phase.

5

In particular, the 1Zr alloy demonstrates the lowest values
of yield strength, tensile strength, and elongation, indicating a
significant reduction in ductility. To assess the impact of su-
perplastic deformation on the alloy structure, microstructural
studies were conducted using scanning electron microscopy
(SEM). Figures 5 and 6 present the microstructures of alloys
with different zirconium contents after deformation at 725°C
with strain rates ranging from 5-10 s to 2-1073 s

HEM MAG: 5.00 kx
View field: 55.5 ym
Dot BSE

WO: eI mm |
Der: BSE

VEGAS TESCAI

SEM MAG: 10.00 kx
View fieid: 27.7 pm
Dot BSE

Wo: 1200 mm | VEGA3 TESCA

(b)

wosnasmm |
Det: BSE 10 pm

SEM MAG: 10.0 kx
View fleld: 27.7 pm
Dot BSE

WD: 11.78 mm
Det: BSE

|
5 pm

(d)

Figure 5. Microstructural images of the alloys after superplastic
deformation at 725°C with a strain rate of 2-10~ s (a, b) — corre-
spond to the 0Zr alloy, (c, d) — correspond to the 0.5Zr alloy,



A. Alimzhanova et al. (2025). Engineering Journal of Satbayev University, 147(2), 1-9

Figure 6 shows the microstructure of alloys with differ-
ent zirconium contents after superplastic deformation at
725°C and a strain rate of 2x1073 s7'. The alloy exhibits a
fine-grained structure, characteristic of superplastic defor-
mation, confirming the active development of dynamic
recrystallization. The equiaxed grain shape indicates uni-
form strain distribution.

SEM MAG: 5.00 k. WO: 882 mm l
View field 55.5 pm Det BSE 10 pm
Dot B3E

VEGAJ TESCAI

SEM MAG: 10.0 ko WO 0.88 mm

View feld: 27.7 um Dot BSE

VEGAI TESCA!

(d)

Figure 6. Microstructure images of the alloy after superplastic
deformation at 725°C with a strain rate of 5x10~ s”: (a, b) -
correspond to the 1Zr; (c, d) — correspond to the 1.5Zr

In zirconium-free alloys (0Zr), a homogeneous two-phase
structure is observed, whereas the addition of 0.5% Zr leads
to further grain refinement due to the slowing down of grain
boundary diffusion.

In general, the structure of the alloys after superplastic
deformation consists of a dispersed mixture of equiaxed
grains of the a- and B-phases, indicating the development of
dynamic recrystallization. Compared to the deformed state
and annealing at similar temperatures, an increase in grain
growth is observed due to the influence of high temperatures
and prolonged plastic deformation. At the same time, the
fine-grained structure is preserved due to the inhibition of
grain growth by alloying elements such as zirconium. The
presence of this structure positively affects the mechanical
properties of the alloy, ensuring high plasticity and resistance
to fracture. Thus, superplastic deformation has a significant
impact on the microstructural characteristics of the alloy,
determining its operational properties.

4, Conclusions

The conducted studies have established the effect of zir-
conium content on the superplastic behavior of titanium
alloys under various temperature-strain rate conditions.
Analysis of the obtained data showed that zirconium signifi-
cantly influences the strain rate sensitivity coefficient (m),
mechanical stability, and plasticity of the alloys, as well as
the microstructural changes occurring during deformation.

It was found that at a temperature of 700°C, alloys con-
taining zirconium exhibit a stable m coefficient value within a
certain strain rate range (up to 2-1073 s™'), after which a sharp
decline is observed. In alloys without zirconium, the m coef-
ficient decreases monotonously as the strain rate increases. At
725°C, the m coefficient exceeds 0.3 in all investigated alloys
over a wide range of strain rates, indicating favorable condi-
tions for superplastic flow. With a further increase in tem-
perature to 750°C, the maximum m value (~0.35) is reached
at a strain rate of 2-107 s™!; however, this is accompanied by
grain coarsening, which negatively affects plasticity.

The optimal temperature-strain rate regimes for super-
plastic deformation were determined as follows:

— for alloys with 0% and 0.5% zirconium, the preferred
temperature is 725°C, and the strain rate is in the range of 2—
5103 s

— for alloys with 1% and 1.5% zirconium, the optimal
conditions include the same temperature (725°C) but a lower
strain rate (~5-107* s1).

All studied alloys demonstrated elongation of more than
200%; however, as the zirconium content increases above
0.5% and the temperature drops below 725°C, a decrease in
plasticity and non-uniform deformation flow is observed,
which may limit their application in superplastic processing.
Additionally, an increase in zirconium content contributes to
higher flow stress, which improves strength characteristics
but reduces the material's ability to undergo uniform elonga-
tion. Meanwhile, increasing the temperature to 750°C reduc-
es flow stress but is accompanied by grain coarsening, which
deteriorates mechanical properties.

Microstructural analysis using scanning electron micros-
copy showed that after superplastic deformation, all alloys
form a dispersed mixture of equiaxed grains of the a- and B-
phases. An increase in the average grain size compared to the
initial state is observed, indicating processes of dynamic
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recovery and recrystallization. Alloys with higher zirconium
content tend to form larger grains, which may reduce their
technological plasticity during subsequent processing.

Thus, the research results confirm the feasibility of using
the studied titanium alloys in superplastic forming processes
under specific temperature-strain rate conditions. The identi-
fied patterns allow for the optimization of thermomechanical
processing parameters aimed at achieving high plasticity and
mechanical stability, which is essential for industrial applica-
tions, particularly in aerospace, space, and medical engineer-
ing. Further research may focus on studying the effects of
additional alloying elements and pre-treatment conditions on
the mechanical properties and microstructure of titanium
alloys, which will expand their application in high-tech in-
dustries.
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Anparna. by xkymbIcTa apTYpIIi TemIepaTtypaiap MeH AedopManys KbULAaMAbIKTapbIHIa IMPKOHUIAIH THTaH KOphITHA-
JIapBIHBIH aca IUIACTHKAJBIK KacueTTepine acepi 3eprrenai. L{upkonuiiniy nedopmanns »KbpuigaMablFbIHa CE3IMTAIIBIK KOI()-
¢unuentine (M), MEXaHUKAJIBIK TYPAKTHIIBIKKA KOHE IUIACTUKAIBIIBIKKA €9yip BIKIAI eTeTiHi aHblKTanabl. JKorapsl Temie-
parypa »karnaiiblHOa IUPKOHHWH Oap KopwlTnamap Oenrini Oip gedopManus >KbUIIaMIBIKTapbiHAa M Kod(dUIMEHTIHIH
TYPaKTHI ICHI€HiH KepceTei, KeHiH 0 KYpPT TOMeHACH 1. Al IMUPKOHMIACI3 KOphITanapaa aedopMaIiis KbUIIaMIBIFEl apTKaH
caiferH Oyt ko3 durment OipTiHaen a3asnpl. Aca IIACTUKAIBIK Je(OPMANUIHBIH OHTAHIBI TEMIIEPATYPANBIK JKOHE JKbIITaM-
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opramia TeMmmeparypa MeH nedopMauus >KbULIAMIBIFBIHIA JKOFAphl IUIACTHKAIBUIBIKICH CHIATTANAABI, aJl LMUPKOHHHMIH
JKOFaphl MeJepi 6ap KopsITHanap OipKelnki nedopManrsHbl KaMTaMachl3 €Ty YIIiH TOMeH KbUIIaMIIBIKTHI Tajman eteni. bei-
rim Oip meHreineH acKaH NUPKOHUI MeIIepi IIacTHKAIBUIBIKTEIH TOMEHACYIHE JKoHe Ne(OpMAIMIHBIH JOKAIH3alAsIChIHA
okeneni. CoHbIMEH KaTap LMPKOHUI aKKBIIITHIK KEPHEYl apTThIpaibl, ajl TeMIepaTypaHblH KeTeplryi Oyl KepHey i a3aiTa-
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IIbI, Oipak JoHHIH IpiIeHyiHe aiblll KeJedi, Oyl MEXaHWKAJIbIK KacueTtepre Tepic acep eremi. CKaHEepICHTIH AIEKTPOHIIBIK
MHUKPOCKOITHS 9IiCIMEH KYPTi31IreH MEKPOCTPYKTYpAIBIK TaJJay aca MIaCTHKAIBIK AehopManusaan Keiin 6apIibiK 3epTTel-
T'eH KOpBITIaJap/ia SKBHAKChI O- )KoHE -I9HAEpJCH TYPaThIH YCaK JOHl KYPBUIBIM KaJBINTacaThIHBIH KopceTTi. Opraria J1oH
eJeMi OacTankbl KYHMEH CaJlbICThIpFaH/ia apTaThIHbI aHBIKTaJAbI, OYJI TMHAMHKAJIBIK KaJIIbIHA KTy MEH PEKPHUCTATH3aLns
MIPOLIECTEPIHIH JKYPreHiH Oungipeni. AJBIHFaH HOTHXKENEp 3€pPTTENIT€H THTaH KOPbITHAJAapbhlH aca IUIACTHUKAIIBIK KaJbIITay
TEXHOJIOTHSUIApBIH/A KOJIIaHyFa OOJATHIHBIH JUIENAelal. AWKbIHAANFaH 3aHABUIBIKTap OyJl MaTepuaigaplIblH OHEPKACINTIK
KOJIIAaHBUTYBI YIIiH JKOFaphl IUIACTUKAIBUIBIK MEH MEXaHUKAaJIBIK TYPAKThIIBIKTHI KAMTaMachl3 €TEeTIH OHTaMIbl TEPMOMEXaHH-
KaJIBIK OHJICY MapaMeTpiIepiH aHbIKTayFa MYMKIHIIK Oepei.

Hezizzi co30ep’ ynompa ycax 09HOINIK, KAPKbIHObL NIACMUKALLIK, 0ehopmayus, KYPbLIbiM, HAHOOIueMOep, aca NiacmuKa-
JILLIBIK, YUPKOHULL.

Posib nupkoHus B GOPMHUPOBAHUU CTPYKTYPbI U CBOMCTB TUTAHOBbIX
CILIABOB NPU CBEePXILIACTUHYECKOHU AedopManuu
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AHHoTanmsi. B pabore ucciienoBaHO BIMSHHE LUPKOHMS Ha CBEPXIUIACTHYECKHE CBOWCTBA THUTAHOBBIX CILIABOB IIPH
Pa3IMYHBIX TEMIIepaTypax M CKOPOCTAX AedopMaluy. YCTaHOBJIEHO, YTO LIMPKOHUH OKa3blBaeT 3HAYMTENIHHOE BIIMSHUE HA
K03 PHUINEHT TyBCTBUTEIFHOCTH K CKOPOCTH IedopManuu (m), MEXaHHUECKYIO CTa0MIFHOCTh U IUIACTHYHOCTH. B ycrmoBmsax
HOBBIMICHHBIX TEMIIEpaTyp CIUIABBI, COAEpPIKAIINME LUPKOHUH, AEMOHCTPHPYIOT YCTOWYMBBIN ypoBeHb KoddduiuueHta m B
OIIpe/IeNEHHOM JMala30He CKOpOCTel nedopMaryy, mocie 4ero MpouCcCXOAUT ero pe3koe CHIbKeHHe. B crutaBax 0e3 IMPKOHUS
HaOJIOaeTCsl TOCTENICHHOE YMEHBIIEHHE KOX(pOUIMEHTa m ¢ yBEIHYEHHEM CKOpocTH nedopmanun. OnTuMaibHBIE
TEeMITepaTypHO-CKOPOCTHBIE TTapaMeTphl CBEPXIUIACTHYECKOH JieopMaIiy 3aBUCST OT cojepaHust UpKoHus. CIUIaBhl C ero
HHU3KOW KOHIIEHTpalMeil XapaKTepU3yIOTCsl BBICOKOH IUIACTHMYHOCTBIO NPH YMEPEHHBIX TeMIlepaTrypax M CPEeJHHX CKOPOCTSIX
nedopmanmm, TOraa Kak CIjiaBel ¢ 0OoJiee BBICOKMM COJEP)KAHMEM LIUPKOHUS TPEOYIOT HMOHMKEHHBIX CKOPOCTEH Juis
obecrieueHnsi paBHOMEPHOCTH AedopManyu. YBeJIHYSHUE COAEPIKaHUsS IUPKOHUS BBIIIE ONPENeIEHHOTO YPOBHS MPUBOJIUT K
CHIPKEHUIO TUIACTUYHOCTH W JIOKanu3aluu aedopmaimu. B To ke BpeMs NUPKOHHH NOBBIIIAET HANPSHKEHUE TEUSHHUs], TOTIa
KaK yBEJIHYCHHE TEMIIepaTyphl CIIOCOOCTBYET €ro CHIKCHHIO, HO CONPOBOXKIAETCS YKPYIHEHHEM 3€pHA, YTO OTPHULATEIHHO
BIIMSIET Ha MEXaHHYECKHEe CBOicTBa. MUKPOCTPYKTYPHBIH aHAIU3 METOIOM CKaHHPYIOLIeH 3JIeKTPOHHOH MHKPOCKOIIMH ITOKa-
3aJI, Y4TO TI0CJIe CBEPXIUIACTUYCCKOM Ae(OopMaliK BCe HUCCIIEAyeMble CIUIaBbl (GOPMHUPYIOT MEIKO3EPHHUCTYIO CTPYKTYPY, CO-
CTOAIIYIO M3 PaBHOOCHBIX (- M [-38peH. YCTaHOBJICHO, YTO CPEIHHI pa3Mep 3epHa yBEIMYMBACTCS MO CPABHEHHIO C UCXOI-
HBIM COCTOSIHHEM, YTO CBHJCTEIBCTBYET O MPOLECCaX IHMHAMHYECKOTO BOCCTAHOBIICHUS W peKpHCTaLIH3alMy. [loydeHHbIe
pe3yJbTaThl HOATBEPIKIAIOT BOZMOXKHOCTh IIPUMEHEHHUS MCCICAYEMBIX THTAHOBBIX CIUIABOB B TEXHOJOTHSX CBEPXILIACTHYE-
ckoli (hopMOBKH. BbIsiBIEHHbIE 3aKOHOMEPHOCTH MO3BOJISIIOT OINPEACIUTh ONTHMAIIBHBIE HapaMeTpbl TEPMOMEXaHUYECKON
00paboTKH, 00ECTIEINBAIONINE COYETAHNE BBICOKOH IUNIACTUYHOCTH M MEXaHUYECKON CTaOMIBHOCTH, YTO Ba)KHO IS TIPOMBIIII-
JICHHOT'O MCIIOJIb30BaHU JaHHBIX MaTCpHUAJIOB.
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Abstract. Used automotive catalysts are a valuable source of rare and precious metals, which plays a key role in modern
industry. These raw materials contain rare rare earths and precious metals, which makes their processing highly efficient and
economically profitable. To develop a comprehensive processing technology, catalysts were studied using various analysis
methods, such as chemical, X-ray, X-ray spectral, and electron microscopic analysis. The results of the phase analysis indicate
that rare rare earths and noble metals are in various phase states, in the form of oxides embedded in the aluminosilicate matrix
of the catalyst. These data are of critical importance for the creation of effective methods of metal extraction. The key ap-
proaches for processing these raw materials are pyrometallurgical and hydrometallurgical technologies, each of which has its
own advantages and unique performance criteria. This article focuses on the physico-chemical studies of spent catalysts and
the proposed method of their opening, which makes it possible to efficiently extract rare, rare-earth and precious metals. The
research results can be used to optimize existing and develop new technological schemes for processing secondary raw materials.

Keywords: spent automotive catalysts, rare metals, precious metals, rare earth elements, platinum metals, hydrometallur-

gical technologies, pyrometallurgical technologies, selective precipitation, secondary raw materials.
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1. Introduction

Over the past three decades, a significant number of used
cars have accumulated in Kazakhstan, and the country's ve-
hicle fleet continues to grow at a rapid pace [1]. This has led
to the formation of a vast volume of secondary technogenic
raw materials, such as automotive catalysts. These catalysts,
which contain valuable metals, are often dismantled and
exported abroad for the extraction of precious, rare, and rare
earth metals [2]. However, this approach not only deprives
Kazakhstan of potential economic benefits but also creates
environmental risks associated with the transportation and
processing of waste abroad [3].

At the enterprise of JSC «Tau-Ken Altyn», located in the
industrial park of Astana, work has begun in the field of recy-
cling used catalysts to extract precious metals such as plati-
num, palladium, and rhodium [4]. However, the extraction of
rare and rare earth metals (REM), whose global market de-
mand is rapidly growing, has not been foreseen [5]. This limits
the potential for comprehensive use of secondary raw materi-
als and reduces the economic efficiency of recycling [6].

The relevance of comprehensive secondary raw material
utilization is becoming increasingly evident for Kazakhstan,
especially in light of the growing volumes of secondary
waste [7]. Recycling used automotive catalysts is mainly
aimed at extracting precious metals, while other important

© 2025. K.T. Yeskalina, S.S. Konyratbekova, S.B. Yulussov, A.T. Khabiyev
kuralai_eskalina@mail.ru; salta_7504@mail.ru; s1981b@mail.ru; alibek1324@mail.ru

elements, such as rare and rare earth metals, remain under-
valued [8]. This is because existing technologies focus on
extracting precious metals, even though catalysts also contain
significant amounts of rare and REMs, which can be eco-
nomically profitable [9].

Existing recycling technologies, such as pyrometallurgy,
ensure high yields of precious metal recovery but require sub-
stantial energy costs and specialized equipment [10]. This
leads to increased capital and operational expenses, as well as
the formation of waste, such as volatile substances and slag
[11]. The main issue lies in the high cost of continuous furnace
operation, which requires the use of secondary resources and
increases the impurity content in the final product [12].

Modern pyrometallurgical methods, such as plasma
smelting, allow for the minimization of emissions and im-
proved recycling efficiency [13]. However, a key challenge
remains addressing issues related to sulfur dioxide and
chromium and other impurities [14]. Chlorination and fluori-
nation methods are still relevant, although they are associated
with the formation of toxic emissions, which requires efforts
to reduce environmental impact [15].

Figure 1 presents the technological diagram of the pyro-
metallurgical method for recycling automotive catalysts. This
process involves multiple sequential steps to recover plati-
num group metals (PGMs) from spent catalysts while mini-
mizing waste generation.

Engineering Journal of Sathayev University. elSSN 2959-2348. Published by Satbayev University
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Figure 1. Pyrometallurgical and hydrometallurgical processes
for PGM recovery
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The process involves crushing, grinding, and smelting
catalysts at temperatures above 2000°C with the addition of
fluxes and collector metals [16]. After this, the precious
metals are extracted from the resulting concentrate for further
processing. However, components of the catalysts, such as
rare metals and aluminum oxide, have significant economic
value, and their joint extraction is complicated by the slag
melting process [17].

Modern recycling methods aim to increase the efficiency
of extracting all valuable components [18]. The development
of technologies that minimize the losses of rare metals and
their combinations is becoming increasingly relevant [19]. In
addition, environmental and safety considerations during
high-temperature processes must be addressed [20].

Improving catalyst recycling technologies could lead to
better resource utilization and a reduction in the negative
impact on the environment [21]. This, in turn, contributes to the
sustainable development of the economy and the preservation
of natural resources [22]. Investing in scientific research in this
field promises new solutions and improvements in methods for
extracting valuable metals [23].

In recent years, alternative hydrometallurgical procedures
have been developed to improve extraction rates and the purity
of the final product [24]. Despite these efforts, the efficiency of
new methods has not yet reached the level of pyrometallurgical
technologies, which continue to dominate the industry [25]. To
improve the effectiveness of hydrometallurgical processes, new
reagents and technologies need to be explored [26]. An
important direction is the use of biodiversity and alternative
energy sources, which helps reduce the negative environmental
impact [27]. Therefore, further innovations in this area could
significantly improve the sustainability and economic
feasibility of metal recycling processes [28].

In light of the above, recycling used automotive catalysts
in Kazakhstan represents an important direction for
economic development and environmental improvement
[29]. A comprehensive approach to the extraction of
precious, rare, and rare earth metals could become a key
factor in achieving sustainable development and reducing
dependence on the import of valuable resources [30].
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2. Materials and methods

2.1. Objects of research

The objects of the study were a representative sample of
used automotive catalysts, selected to account for their mor-
phological and chemical diversity. Before the experiments,
the sample underwent mechanical treatment, including crush-
ing, grinding to a fraction smaller than 100 um, and homog-
enization to ensure uniform distribution of components. For
the analysis of the elemental composition, X-ray fluores-
cence spectrometry (XRF) and scanning electron microscopy
with energy-dispersive analysis (SEM-EDS) were used [1].

2.2 Analytical methods

During the physicochemical studies, chemical, X-ray
phase, X-ray spectral, and electron probe methods of analysis
were used. The sample preparation for ore was carried out
according to the standard methodology [1].

The concentrations of precious, rare, and rare earth met-
als were determined using an inductively coupled plasma
atomic emission spectrometer (ICP-AES), model 8300 DV
(PerkinElmer Inc., USA). The instrument provided meas-
urements in the spectral range of 165-782 nm with a resolu-
tion no lower than 0.006 nm (at a wavelength of ~200 nm)
and a root mean square deviation of random error of 2.0%.
Calibration curves, constructed from standard solutions with
known concentrations of target elements, were used for
quantitative analysis.

The efficiency of metal extraction (1, %) was calculated
using the formula: n=C-V /mo - w x 100%, n=mo - W /
C -V x100%, where C is the metal concentration in the
solution (mg/1), V is the solution volume (1), mo is the sample
mass (g), and w is the metal mass fraction in the catalyst.

X-ray phase analysis was performed on a D8 Advance
diffractometer (Bruker) using Cu Ka radiation (40 kV, 40
mA). The diffraction patterns were processed, including the
calculation of interplanar distances, using the EVA software.
Phase identification and matching were carried out using the
Search/Match program and the PDF-2 powder diffraction
database.

2.3 Statistical processing

Each experiment was repeated three times. The data were
processed using OriginPro 2023 software, calculating the
mean values and standard deviations.

3. Results and discussion

3.1. Physico-chemical characteristics of man-made waste

Chemical Composition and Mineralogical Analysis

Table 1 presents the results of the chemical analysis of
the initial sample, including the mass fractions of various
elements. The data reveal a significant content of aluminum
(22.57%) and zirconium (14.53%), along with the presence
of rare-earth elements (La, Ce) and platinum group metals
(Pt, Pd, Rh).

Table 1. Chemical composition of spent automotive catalysts

Name of the The content of the elements, %
product Ca Mg Al Si Fe Zn Zr
The initial sample ' 0.76 2.83 22.57 8.31 | 1.28 0.44 1453
Ba  La Ce C Pt Pd Rh

1.48 2.67 6.21 0.036 0.0632 0.1510 0.0235
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The X-ray diffraction (XRD) pattern presented in Figure
2 illustrates the results of the phase analysis of the initial
sample, revealing a complex mineral composition. The pri-
mary identified phases include indialite (Mg:AlsSisO1s) —
62.4%, zirconium oxide (ZrO:) — 14.3%, zirconium-ceria
oxide (ZrCeOs) 9.6%, lanthanum-zirconium oxide
(La2Zr207) — 9.5%, and aluminum-lanthanum-magnesium
compound (Al:La-Mgs) — 5.4%. These findings indicate the
presence of aluminum, zirconium, magnesium, and rare-earth
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Figure 2. X-ray diffraction pattern of spent catalysts

element compounds, suggesting a possible crystalline struc-
ture with high thermal and chemical stability. The diffraction
peaks correlate well with PDF database references, confirm-
ing the reliability of the phase analysis.

For accurate identification and confirmation of the
presence of noble, rare, rare-earth, and associated metals, as
well as for elemental mapping of mineral grains, electron
probe scanning was performed using a scanning electron
microscope (SEM) at high magnifications (Figure 3).
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Figure 3. Micrograph and point spectral analysis of particles in the initial sample

12



K. Yeskalina et al. (2025). Engineering Journal of Satbayev University, 147(2), 10-16

The results of qualitative and quantitative elemental
analysis, conducted in a randomly selected microscopic
region, are presented in correlation with the surface
topography obtained through scanning electron microscopy
and a specialized electron probe microanalyzer. The acquired
data are visualized in Figure 3, and the corresponding
elemental composition spectrum is provided in Table 2.

Table 2. Results of electron probe spectral analysis of catalyst
particles

Spectrum 1 Spectrum 2 Spectrum 3
Element % % %
C 7.98 - -
o 36.71 24.67
Mg 0.95 - 3.90
Al 11.14 41.70 10.57
Si 2.25 58.30 15.71
P 4.69 - 3.67
Ca 2.65 -
Fe 4.76
Zn 3.25 -
Zr 8.67 8.4
La 1.74 -
Ce 2.97 14.53
Pb 12.24 9.05
S - 7.94
Pt - - 1.57
Hroro 100 100 100

The presented micrograph, obtained using scanning
electron microscopy (SEM), visualizes the particles of the
initial sample with characteristic morphology. The image
reveals a heterogeneous material structure containing both
large aggregates and fine-dispersed inclusions. The scale bar
of 10 um indicates the micron-sized nature of the particles,
while the marked regions (Spectrum 1, Spectrum 2,
Spectrum 3) represent zones of localized spectral analysis.

The results of energy-dispersive X-ray spectroscopy
(EDS) for these points demonstrate a complex elemental
composition, including aluminum (Al), silicon (Si),
magnesium (Mg), zirconium (Zr), iron (Fe), lead (Pb), rare-
earth elements (La, Ce), and platinum (Pt). Variations in

Multilayer image of EDS 1

Al Kal

elemental concentrations across different spectra indicate the
heterogeneous composition of the samples.

The spectral analysis data confirm the presence of noble
and rare-earth elements, highlighting the potential value of
material recycling. The obtained results are visualized in the
spectrograms on the right, displaying the intensities of
characteristic X-ray lines corresponding to the marked areas
in the micrograph.

Table 2 presents the results of electron probe spectral
analysis of catalyst particles in three different regions of
investigation (Spectrum 1, Spectrum 2, Spectrum 3). The
data reflect the mass fractions (in %) of the chemical
elements detected in localized areas of the sample.

The analysis reveals significant variations in elemental
composition across different spectral zones. In Spectrum 1,
oxygen (36.71%), aluminum (11.14%), zirconium (8.67%),
and lead (12.24%) are predominant, indicating the presence
of oxide compounds and metallic elements. Spectrum 2 is
dominated by aluminum (41.70%) and silicon (58.30%),
suggesting the presence of aluminosilicate phases. Spectrum
3 exhibits high concentrations of silicon (15.71%), oxygen
(24.67%), cerium (14.53%), and sulfur (7.94%), along with
platinum (1.57%), confirming the presence of rare-earth and
noble metals.

The overall element distribution highlights the complex
and heterogeneous composition of catalyst particles,
including oxides, aluminosilicates, rare-earth elements, and
noble metals, which is crucial for further research into their
catalytic properties and recycling potential.

Elemental mapping of catalyst particles from spent
automotive catalysts, performed using energy-dispersive
spectroscopy (EDS) at 750% magnification, is presented in
the image. The multilayer element distribution map (left)
visualizes the heterogeneous structure of the material with
varying concentrations of key elements.

The mapping results (Figure 4) confirm the complex
composition and inhomogeneous element distribution within
the material, emphasizing the need to consider these factors
when developing efficient extraction methods for valuable
components.

0 Kal Si Kal

Figure 4. Elemental mapping of grains and particles of automotive catalysts
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Elemental mapping of catalyst particle grains revealed a
non-uniform element distribution in spent catalysts. The
primary components localized in specific regions are
aluminum (Al) and silicon (Si), indicating an aluminosilicate
matrix of the catalyst. Oxygen (O) is relatively evenly
distributed, suggesting the presence of oxide phases. Carbon
(C) is detected in limited areas, likely associated with
carbon-containing residues or decomposition products of
organic compounds. Cerium (Ce) and zirconium (Zr)
identified in localized regions point to the presence of rare-
earth oxide phases, characteristic of automotive catalysts.
Magnesium (Mg) is also present in the catalyst structure,
though its distribution is highly uneven. However, noble
metals were not detected in the analyzed areas, confirming
their heterogeneous distribution within the material.

The obtained results indicate that spent catalysts contain
not only noble metals but also rare and rare-earth elements,
making them a promising target for recycling. Consequently,
studies on the extraction of valuable components, particularly
rare and rare-earth metals, were conducted using thermal
treatment with concentrated sulfuric acid at the initial stage
of the research.

4, Conclusions

Recycling of spent automotive catalysts is a crucial task for
both the economy and the environment of Kazakhstan. The
conducted studies have confirmed the presence of significant
amounts of noble metals (Pt, Pd, Rh), rare and rare-earth ele-
ments (La, Ce), as well as aluminum and zirconium oxides,
making these catalysts a valuable secondary raw material.

An analysis of existing recycling technologies has shown
that traditional pyrometallurgical methods demonstrate high
efficiency in extracting noble metals but are associated with
high energy consumption and environmental risks. The re-
sults of X-ray phase analysis and energy-dispersive spectral
analysis have confirmed the complex composition of cata-
lysts, highlighting the need for further improvement in com-
prehensive recycling technologies.

Thus, the development and implementation of new tech-
nological solutions aimed at maximizing the recovery of all
valuable components will significantly enhance the economic
efficiency of recycling, reduce dependence on imported rare
metals, and minimize environmental impact. Investing in
scientific research and modernizing recycling facilities is a
key step toward the sustainable development of Kazakhstan’s
metallurgical industry.
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Anparna. [lalinananbuiran aBTOMOOMIIb KaTajIM3aTopJiaphl Ka3ipri 3aMaHfbl OHEPKACINTEe STyl pejl aTKapaThlH CUPEK
KE3/IECeTiH JKOHE achUl MEeTaJIAap IbIH KYH/IbI KO31 00 TaOblIapl. bysl muKizaTTa cHpeK Ke3[eceTiH CUPEeK Ke3JIeCeTiH KaHe
aceu1 Metanaap 6ap, Oy osap/ibpl ©HAEY/Il )KOFaphl THIM/I KoHe YHeMal eTei. Kemnenai KaiiTa eHIey TEXHOJIOTHSCHIH 33ipiey
YIIH XMMUSUIBIK, PEHTIeHIIK (ha3aliblK, PEHTIeHIIK CIIEKTPIIK KOHE 3JIEKTPOHBI MUKPOCKONUSIIBIK TalJay CHUSKTBI SpTypIi
Tayay 9JICTEpiH KOJAAHATHIH KaTanu3aropuap 3eprreni. dazansik Tangay HOTHKENEPI CHPEK KEe3/IeCETiH CHPEK Ke3IeCceTiH
JKOHE achlll MeTaJIapAblH opTypii (asanblk Kyiiepae, OKCHUATEp TYpiHAE, KaTalnn3aTOpAblH adroMuHuid CHIIMKaT MaTpu-
[AaCHIHIAFHI KipiKTIpUIreH Kocmanap Typinae OOJaThIHIBIFEIH KepceTeni. by nepexTep Metanmapasl aryAblH THIMIL 9iCTepiH
JKacay YIIiH MaHbBI3IBI MOH Oepemi. Byt muki3aTTel @HAEYIiH HETi3Ti TOCUIaepi MMPOMETaLTypIHASIIBIK JKOHE THAPOMETAILTY -
THSUTBIK, TEXHOJIOTHSIIAp OOJBIT TaOBLUIaAbI, OapAbIH SPKAHCHICHIHBIH ©31HAIK apTHIKIIBIIBIKTAPEl MEH Oipereil THIMIUTIK KpH-
Tepuiinepi 6ap. by makanaga mainanaHbUIFaH KaTauu3aTopiapasl GU3HKa-XUMUSUIBIK 3€pPTTEYNIEpre KOHE OJapbl allyAblH
YCHIHBUTFAH 9JiCiHE Hazap ayAapbuiajbl, OYJI CHpeK Ke3IeCEeTiH, CHpPeK KE3NIECETiH XOHE achll MeTaIIapAbl THIMII airyra
MYMKIHAIK Oepeni. 3epTTey HOTHXKENEpiH KOJAAHBICTAFbl IIHMKI3aTThl KaiiTa eHIEYyiH >KaHa TEXHOJOTHSUIBIK CXeMaslapblH
OHTAINIAaH/IBIPY KOHE 93IpJey YIIiH maiinananyra 00aib.

Heezizei co30ep: naioaianvliean agmomoduib Kamaiu3amopiapsl, CUpex Memanoap, acelli Memanoap, cupek dcep Je-
MeHmmepi, niamuna Memanoapul, 2UOPOMEMANTYPUANLIK MEXHON0SUANAD, NUPOMEMANTYPSUANLIK MEXHON02UANAD, CelleK-
muemi myHoblpy, Kaumaniama wuxkizam.
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AnHoTanus. OTpaboTaHHBIE aBTOMOOMIIBHBIE KaTaIM3aTOPHI MPEICTABIIIOT CO00# IEHHBI MCTOYHUK PEIKHX W OJaro-
POZHBIX METAJUIOB, KOTOPBIA MIPAeT KIIOYEBYIO POJb B COBPEMEHHOW MPOMBIIUICHHOCTH. JJaHHOE ChIPbE COICPIKHUT PEIKHe
peAKO3eMeNbHbBIC U 0JaropoHbIC METAJLUIBI, YTO JeJaeT UX mepepaboTKy BHICOKOA(P(PEKTHBHON M SKOHOMHYECKU BBHITOJTHOM.
s pa3paboOTKH KOMIUIEKCHOU TEXHOJIOTHHU MEePepabOTKH MCCIICOBATNCH KAaTaIU3aTOPhl C UCHOIb30BAHUEM PA3JIMYHBIX Me-
TOJIOB aHAJIN3a, TAKHE KaK XUMHUYCCKHUI, peHTTeHO(DA30BbIH, PEHTICHOCIICKTPAIBHBIA U 3JICKTPOHHO-MUKPOCKOTIMYCCKUI aHa-
nu3. Pe3ynbraThl (pa30BOr0 aHANIM3a YKa3bIBAIOT HA TO, YTO PEAKHC PEIAKO3EMENBbHBIC U OJaropoHBIC METAJIBI HaXOJSITCS B
pa3IuyHBIX (Aa30BBIX COCTOSIHUSX, B BUJIC OKCHUJIOB, BCTPOCHHBIX BKJIFOUCHHI B aIFOMOCHIMKATHOW MAaTpPHIE KaTaJM3aTopa.
OTH AaHHBIC AAIOT KPUTHYCCKOE 3HAUCHUE TSI cO3anus 3P (DEKTUBHBIX METOJIOB U3BIICUCHUS MEeTaLIOB. KITFOueBBIMH MOAX0-
JIaMH JUIsl TIEPepa0dOTKH AAHHOT'O ChIPbS SBIISIOTCS MUPOMETAIUTYPTUYECKHE U THAPOMETAITYPIrHYSCKUE TEXHOJIOTHH, KaKaas
U3 KOTOPBIX 00J1a/1aeT CBOMMHU HPEUMYIECTBAMU M YHUKAIBLHBIMU KpUTepHsIMHU 3 (eKTHBHOCTH. B 3TOM cTaThe aKIeHTHPYeT-
Csl BHUMaHUE Ha (DU3UKO-XUMHYECKUX HCCIICAOBAHUAX OTPAOOTAHHBIX KATAIM3aTOPOB U MPEJIOKEHHOM CIOCO0E UX BCKPBI-
THSI, 4TO MO3BOJISIET 3P PEKTHBHO U3BJICKATh PEAKHE, PEAKO3EMEbHbIC U OIAropoJHbIe METaIUIbl. Pe3ylnbTaThl HCCIISTIOBAHHIMA
MOTYT OBITh MCIOJB30BAHBI [l ONTHMU3AIMK CYIIECTBYIOIMX U Pa3pabOTKH HOBBIX TEXHOJOIMYECKHUX CXEM HepepaboTKU
BTOPUYHOTO CHIPBSI.

Knroueeswte croea. ompabomanuvie agmomoduibible KAMAIU3aAmopsl, peokue Memauivl, O1azopoonble Memaivl, PeoKo-
3eMenbHble INeMeHmbl, NIAMUHOBbIe MEMAILIbL, CUOPOMEMATIYPLULECKUe MEeXHOI0SUU, NUPOMEMANLYPIULeCKUe MeXHON02UU,
ceneKmugHoe 0caNicoetue, 6MoPUYHoOe Cbipbe.
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Abstract. An economical and environmentally advantageous two stages method with efficient recovery of pure lead-free
zinc oxide from electric arc furnace dust in parallel with clinker containing iron and carbon production for easy return to the
iron smelting furnace was described. At the first stage, the electric arc furnace dust was mixed with a mixture of chloride salts
and sintered at various temperatures to lead removing. In the second stage, the clinker after the first sintering stage was mixed
with carbonaceous agent and sintered again to obtain pure lead-free zinc oxide. The clinker after the second sintering stage,
containing iron and carbon, can be sent to the main iron production. Laboratory-scale measurements with electric arc furnace
dust from one of the Kazakhstan metallurgical ferrous plants show that process allows receive lead-free zinc oxide with the
total impurity content is 0.06-0.07 mass%, and the lead content is 0.001 mass%. Based on the laboratory studies carried out, a
technological scheme for the two-stage processing of electric arc dust was developed to produce marketable products. The
environmental benefit of the method is to reduce emissions of harmful substances into the environment associated with the
recycling of electric arc furnace dust. In addition, the process allows to recycle production waste and reduce the consumption
of natural resources.
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1. Introduction important task that requires the consolidation of the efforts of
scientists, engineers and industry representatives. Solving
this problem will ensure sustainable development of the
global zinc industry and minimize its negative impact on the
environment.

Ferrous metallurgy processes are characterized by the
generation of large amounts of waste. On average, for 1 ton
of steel produced in AC furnaces, about 15-25 kg of Electric
Arc Furnace dust (EAF dust) is generated [1]. Considering
the high productivity of steel plants, the world's dust reserves
amount to about 5.6 billion tons. In 2023, Kazakhstan’s steel
enterprises increased steel production by 16.4% compared to
2022, to 3.92 million tons [2], and the volume of EAF dust
generated is approximately 9-11 thousand tons. EAF dust
contains both valuable and hazardous metals, including, for
example, Fe, Zn, Pb, Cr, Mn, V, Ca, Ti and others. Air pollu-
tion and dust accumulation have a negative impact on the
environment and the population. Effective disposal of EAF
dust is a major challenge in the steel industry: the steel indus-
try generates several million tons of dust each year, which
has negative impacts on the environment and human health.
The average zinc content in them is about 35-40%, that is, 3-
4 thousand tons of zinc are lost in the form of dust. This dust
also contains up to 2% lead, >10-20% iron and other heavy

The steady increase in zinc consumption and the long-
term development of the global mining and metallurgical
complex based on the model of extensive subsoil use inevi-
tably contributed to the depletion of reserves of rich deposits
being developed and the formation of significant volumes of
technogenic waste. In this regard, the issues of complex
processing of man-made raw materials containing zinc, as
well as the development of innovative and environmentally
friendly technologies for extracting this valuable metal from
poor and difficult-to-enrich ores are of particular relevance.

Processing of mining and metallurgical waste, such as
slag, gas cleaning dust and leaching cakes, is a promising
area that allows not only to involve valuable components in
economic circulation, but also to reduce the negative impact
on the environment.

Modern methods of extracting zinc from difficult-to-
enrich ores include the use of hydrometallurgical processes
such as heap leaching, bioleaching and electrowinning,
which allow for the efficient extraction of zinc even from
ores with a low metal content.

The development and implementation of new technolo-
gies aimed at the complex extraction of zinc and other valua-
ble components from various types of raw materials is an
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non-ferrous metals. This amount of valuable raw materials
can partially cover the need for raw materials of ferrous and
non-ferrous metallurgy enterprises. Of the total volume of
material loaded into the furnace, almost 100% zinc, about
10% of manganese, and 40% of lead are transferred into EAF
dust [3]. The chemical and phase composition of EAF dust
from the steelmaking industry differs depending on the tech-
nology used during which it is formed, process temperature,
and on the composition of the feedstock.

The main components of EAF dust are iron oxides (main-
ly magnetite Fes0.), zinc oxide (ZnQO), lead oxide (PbO), and
franklinite (ZnFe;O4, ZNMnFeQy) [3]. When galvanized steel
is treated, the zinc content in the dust can reach 30% or more
[3]. Most of the elements are associated with oxygen in the
form of oxides; in addition, chlorides, fluorides, sulfates, and
sulfides may also be present.

Currently, various EAF dust pyrometallurgical and hy-
drometallurgical treatment processes have been proposed and
tested. However, more than 95% of EAF dust is processed by
pyrometallurgical methods. The most common are Waelz
rotary kiln [4, 5, 6], rotary hearth furnace, plasma furnace
[7, 8], shaft (OxyCup) furnace [9], [10], microwave heating
furnaces [11,12] and other reducing processes [13-15].
Waelz rotary kilns process 80% of all EAF dust [16].

Unfortunately, in all these processes, only the extraction
of zinc and iron was controlled and studied. It is obvious that
in the processes of collecting electric arc furnace dust at high
temperatures, almost all the lead sublimates together with
zinc and contaminates the resulting zinc oxide, which makes
it impossible to use.

At the same time, the composition and behavior of other
valuable and potentially hazardous elements, such as cadmi-
um, copper, nickel, chromium, remain largely unstudied.
This creates serious problems in developing effective strate-
gies for processing and recycling electric arc furnace dust,
since without a complete understanding of the behavior of
these elements, it is impossible to predict their distribution in
different fractions and, therefore, to develop optimal techno-
logical solutions.

The need for a comprehensive study of the behavior of
the entire spectrum of elements in the processes of collecting
electric arc furnace dust is dictated not only by economic
considerations related to the possible extraction of valuable
components, but also by environmental requirements. Envi-
ronmental pollution with heavy metals poses a serious threat
to human health and ecosystems.

In this regard, it is an urgent task to conduct detailed
studies aimed at determining the phase composition and
distribution of all significant elements in electric arc furnace
dust, as well as studying their behavior at different tempera-
tures and processing conditions. The data obtained will allow
developing effective methods for the selective extraction of
valuable components and neutralization of hazardous sub-
stances, which will contribute to the creation of environmen-
tally friendly and cost-effective technologies for processing
electric arc furnace dust.

Such studies should include both experimental works us-
ing modern analytical equipment and mathematical modeling
of the processes occurring in the electric arc furnace and dust
collection system. An integrated approach will provide the
most complete understanding of the processes occurring with
various elements and develop optimal strategies for manag-
ing these processes.
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In this paper, an economical and environmentally friendly
method is proposed to effectively capture pure lead-free zinc
oxide from electric arc furnace dust in parallel with the pro-
duction of iron-carbon containing clinker for easy return to
iron smelting furnace with a detailed study of the behavior of
heavy non-ferrous metals.

2. Materials and methods

2.1. Analytical methods

Material composition, prior to and following treatment,
was characterized by X-ray fluorescence (XRF) spectroscopy
(Niton handheld XRF Analyzers, R.B.M. Control & Mecha-
nization Ltd, Israel). Quantitation and material balance were
provided by inductively coupled plasma mass spectroscopy
ICP-MS (Agilent 7700s ICP-MS System Technologies)
measurements following 24-h dissolution of the EAF dust
and clinker powders in aqua regia at room temperature with
continuous stirring. Powder X-ray diffraction (XRD) was
performed on an Ultima 111 diffractometer (Rigaku Corpora-
tion, USA). Phase identification and quantitative phase anal-
ysis were accomplished using Jade Pro (MDI, Cal.) software
and the Inorganic Crystal Structure Database (ICSD).

2.2. Materials

The initial samples of Electric Arc Furnace dust (EAF
dust) were received from one of the Kazakhstan metallurgical
plants. Chemical composition of the initial samples of the EAF
dust by ICP-MS measurements are present in Table 1.

Table 1. Chemical composition of the initial material (EAF dust)

Chemical composition (mass%)
Fe Zn [ Cu Pb Cd As Sh Sn Au Ag
8.48 37.69 0.2 1.36 0.054 0.004 0.017 0.031 0.008 0.004

Prior to each of the sintering procedures, XRF spectros-
copy (Figure 1) and Powder X-ray diffraction (XRD) (Fig-
ure 2), were used to determine the contents of basic compo-
nents in the EAF dust.

Sintering procedures

The experiments were carried out in two stages (Fig-
ure 3). At the first stage, the EAF dust was mixed with a
mixture of chloride salts and sintered at various temperatures
to remove lead as PbCl,. At the second stage, the clinker
after the first sintering stage was mixed with carbonaceous
agent and sintered again to obtain pure lead-free zinc oxide.
The clinker after the second sintering stage, containing iron
and carbon, can be sent to the main iron production.

300004 Zn
200004
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>
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10000{ Fe
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Figure 1. XRF spectra of the EAF dust
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Figure 2. X-ray diffraction (XRD) pattern of the EAF dust:
1 - Zincite, ZnO; 2 — Franklinite, ZnFe204; 3 — Lead, Pb; 4 - Zinc
Chloride Hydroxide Hydrate, ZnsCl2*(OH)s*H20, * — unidentified
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Figure 3. EAF dust treatment process

Reactor furnace

A custom-built, quartz tube reactor placed inside a tem-
perature-controlled laboratory furnace was used for sintering.
The accessible temperature range was 973-1373 K. A dia-
gram of the reactor furnace, including placement of the pow-
dered EAF dust initial sample is shown in Figure 4.

.2 |

Figure 4. Laboratory reactor: (1) — nitrogen cylinder; (2) —air cyl-
inder; (3)—gas stop; (4)—flowmeter; (5)—tube for gas; (6)- valve;
(7)—quartz reactor; (8)—furnace with temperature controller;
(9) —alumina crucible with sample; (10)-gas cleaning bottle,
(11) - zinc oxide filter and collector; (12) — place for air addition
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Mixture of the EAF dust and chloride salts or clinker af-
ter the first sintering stage and carbonaceous agent were
placed in the furnace in an alumina crucible (total weight
approximately 40-50 g).

Prior to heating, the quartz reactor with the mixtures
powder was cleaned with a 100 ml/min flow of dry nitrogen
gas for 15 min. The furnace was then heated at a uniform rate
from room temperature to test temperatures (973-1373K)
during 60 min, again in the presence of 100 ml/min nitrogen
flow. After the furnace had reached the designated tempera-
ture, air was fed into the reactor for 1 h for the first stage
sintering. The second stage sintering was carried out in the
presence of 100 ml/min nitrogen flow without air flow.

Thermodynamic calculations for chemical reactions of
metal oxides with chloride salts and carbon

Calculations were performed using software developed in
the framework of Microsoft Excel and based on standard
values of enthalpy of compound decomposition (AH) and
entropy (AS) for the pure substances [17] as well as on val-
ues from the NIST-JANAF database [18].

3. Results and discussion

3.1 Thermodynamic analysis of the chemical reactions of
metal oxides with chloride salts and carbon

The Gibbs energy values for chlorination and reduction
reactions within the temperature range 673-1473 K are
shown in Table 2.

Group 1 includes chlorination reactions between EAF
dust components and calcium chloride. Under sintering con-
ditions, the Gibbs energy of all reactions in Group 1 is
strongly negative (-250-450 kJ/mole): thermodynamic calcu-
lations predict that the reaction of non-ferrous metals oxides
and iron (I11) oxide from EAF dust with CaCl, can result in
the formation of metals chloride within a wide temperature
range, including the range of interest 1073-1273 K.

Group 2 includes chlorination reactions between EAF
dust components and ammonium chloride. The thermody-
namic likelihood of reactions in the Group 2 is ensured over
the entire temperature range of interest, with the most nega-
tive value being for reactions:

Fe>03 () + 6NH4CI (s) = 2FeCls (g) + 6NH3 (g) + 3H20 (Q)
and PbO (s)+ 2NH4CI (s) = PbCl, (g) + 2NHs (g) + H20 (g).

The third group of reactions in Table 2 includes the reac-
tion between EAF dust components and calcium chloride in
the presence of SiO,. The Gibbs energy of reactions in the
Group 3 under sintering conditions is strongly negative
(=~300-500 kJ/mole).

Group 4 includes reduction reactions between clinker
components and carbon. Thermodynamic calculations of the
Group 4 reaction predict that that the reaction of non-ferrous
metals oxides from second sintering stage clinker with car-
bon can result in the formation of metals within a wide tem-
perature range, including the range of interest 1273-1473 K.
The Gibbs energy of reactions in the Group 4 under sintering
conditions is negative (=~30-100 kJ/mole). This means that if
lead and cadmium are not completely removed from the EAF
dust in the first sintering stage, then the zinc oxide obtained
in the second sintering stage will be contaminated with lead
and cadmium.
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Table 2. Gibbs energy (AG) calculated for chemical reactions of metal oxides with CaCl,*2H20 (Group 1), NH4CI (Group 2), mixture
CaCl2*2H20+Si02 (Group 3) and for metal oxides with carbon (Group 4) in the temperature region of interest

Reaction

Group 1
PbO(s) + CaC|2*2H20(5) = PbC|2(g) + CaO(s) + ZHzo(g)
ZnO(S) + CaClz*szo(S) = chlz(g) + CaO(S) + 2H20(g)
CUO(S) + CaClz*szo(S) = CUClz(g) + CaO(S) + 2H20(g)
CdO(s) + CaC|2*2Hzo(s) = CdC'z(g) + CaO(S) + 2H20(g)

ZnFe204(5) + CaCIz*ZHZO(S) = ZnClz(g) + Fe203(5) + CaO(s) + 2Hzo(g)

Fe203(5) + 3C3C|2*2H20(5) = 2FeCI3(g) + 3CﬁO(5) + GHzo(g)

Group 2
PbO(S) + 2NH4C|(5) = Pbclz(g) + 2NH3(g) + HzO(g)
ZnO(S) + 2NH4C|(5) = chlz(g) + 2NH3(Q) + HzO(g)
CUO(S) + 2NH4C|(S) = CUC'z(g) + 2NH3(g) + HzO(g)
CdO(S) + 2NH4C|(5) = Cdclz(g) + ZNHg(g) + HzO(g)
ZnFe204(5) + 2NH4C|(5) = chlz(g) + Fe203(5) + 2NH3(Q) + HzO(g)
Fezo3(5) + 6NH4C|(S) = 2FeCI3(g) + 6NH3(g) + 3H20(g)

Group 3
PbO(S) + CaCIz*ZHZO(S) + SiOZ(S) = Pbclz(g) + CaSiO3(5) + 2Hzo(g)
ZnO(s) + CaC|2*2H20(5) + SiOZ(s) = ZnC|2(g) + CaSiO3(5) + 2H20(g)
CUO(S) + CaClz*szo(S) + SiOZ(S) = CUClz(g) + CaSi03(5) + 2H20(g)
CdO(S) + CaClz*szo(S) + SiOZ(S) = Cdclz(g) + CaSi03(5) + 2H20(g)

ZnFe204(5) + CaC|2*2H20(5) + SiOz(s) = ZnC|2(g) + FEZOg(s) + CaSiO3(5) + 2H20(g)
Fe203(5) + 3C3C|2*2H20(5) + 3Si02(s) = 2FeCI3(g) + 3CaSi03(s) + 6H20(g)

Group 4
ZnO(s) +0.5 C(s) =05 COz(g) + Zn(g)
ZnFe204(5) + C(S) = COz(g) + Zn(g) + ZFEO(S)
PbO(S) +0.5 C(S) =05 COz(g) + Pb(g)
CdO(s) +0.5 C(s) =05 COz(g) + Cd(g)
s — solid phase, g — gas phase.

Thermodynamic calculations predict that the reaction of
non-ferrous metals oxides and iron (I11) oxide from EAF dust
with CaCl, and NH4CI can result in the formation of metal
chlorides within a wide temperature range, including the
range of interest 1073-1273 K. The addition of silica to the
initial mixture leads to a decrease in the Gibbs energy of
chlorination reactions and an increase in the thermodynamic
probability of these reactions.

3.2 First stage sintering of the EAF dust

Almost all lead at the first stage of sintering with the ad-
dition of chloride salts turns into lead chloride, which is
removed from the clinker. The effect of sintering temperature
on the residual lead content in the clinker and on the degree
of its extraction into sublimates is shown in Figure 5.

The addition of ammonium chloride to the chlorinating
mixture did not have a significant effect on the degree of lead
sublimation. But silica addition increases the degree of lead
sublimation by 15-20% and decrease the lead content in the
first stage clinker.

The behavior of cadmium during chlorination is similar
to that of lead (Figure 6).

All iron, zinc, and a large amount of copper (more than
60-70%) remain almost completely in the clinker. Apparent-
ly, this is due to kinetic difficulties during chlorination due to
the formation of oxide films on the surface of particles of
these metals, which complicate the chlorination process. It is
known [19], that ammonium chloride dissolves oxide films
on the surface of zinc particles, which promotes the process
of zinc chlorination and its sublimation.

It was received that during sintering with the addition of a
small amount of ammonium chloride (2% of the weight of
the EAF dust), a slight sublimation of zinc to 4-5% was ob-
served.
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Figure 5. The effect of sintering temperature on the residual
lead content in the clinker (a) and on the degree of its extraction
into sublimates (b): 1- EAF dust with CaCl>*2H20 and with
mixture (CaCl2*2H20 + NH4Cl); 2-EAF dust with mixture
(CaClz*2H,0 + Si0»)



G. Koishina et al. (2025). Engineering Journal of Satbayev University, 147(2), 17-23

100 1

80 1

Cd extraction to sublimates, %

60 ]
40 -
20
1000 1100 1200 1300
Temperature, K
(@)
0.05+
o 0.04
7 S
Sy
g g 0.03 1
S o
=g
§ £ 0.02 .
€ o n
Qo
© o
@ 0.01
8 & .
0.00 1
1000 1100 1200 1300
Temperature, K
(b)

Figure 6. The effect of sintering temperature on the degree of
cadmium extraction into sublimates (a) and on the residual cad-
mium content in the clinker (b)

Arsenic, antimony, and tin are also practically not re-
moved from the EAF dust and remain in the clinker, but
since their content in the dust is very small (less than 0.02-
0.03%), this does not affect the dust processing process.
Gold and silver are chlorinated with calcium chloride and
their chlorides sublimate at high temperatures by 10-15%,
but with their content in the EAF dust are 0.004-0.008%, this
also does not have a significant effect on the EAF dust treat-
ment process.

3.3 Second stage sintering of the EAF dust

After lead and cadmium removing through the first stage
sintering process, the resulting clinker was sintered again
with the addition of a carbonaceous agent to produce pure
zinc oxide. Table 3 shows the chemical analysis of the result-
ing zinc oxide. The total impurity content was 0.06-0.07
mass%, and the lead content was 0.001 mass% when char-
coal was used as a reducing agent. In the case of using graph-
ite, the total impurity content was 0.1-0.3 mass%, and the
lead content was 0.0015-0.006 mass%. Apparently, this is
due to the greater chemical activity of power charcoal com-
pared to compact crystalline graphite.

Table 3. Chemical composition of the Zn oxide after reducing
sintering at 1373 K

Chemical composition

Reducing agent Fe Cu Zn Pb Cd
mass% mass% = mass% @ mass% | ppm

charcoal 0.06 0.01 80.58 @ 0.0011 @ 0.24
charcoal 0.05 0.01 79.95 @ 0.0012 @ 0.23
graphite 0.09 0.02 7226 | 0.0014 @ 0.32
graphite 0.17 0.22 85.81  0.0020 @ 0.38
graphite 0.17 0.08 76.11 | 0.0057 @ 0.62

Clinker after the second stage of sintering practically
does not contain non-ferrous metals (Table 4) and can be
used in ferrous metallurgy.

Table 4. Chemical composition of the clinker after reducing
sintering at 1373 K

Chemical composition

Sample number Fe Cu Zn Pb Cd
mass% | mass% mass% = mass% = ppm

Sample 1 18.18 0.25 0.65 | 0.0045 0.96
Sample 2 21.41 0.31 0.31 | 0.0023 0.58

4. Conclusions

Economical and environmentally advantageous two stages
method with efficient recovery of pure lead-free zinc oxide
from EAF dust in parallel with clinker containing iron and
carbon production for easy return to the iron smelting furnace
was proposed. Laboratory-scale measurements with EAF dust
from one of the Kazakhstan metallurgical ferrous plants show
that process allows receive lead-free zinc oxide with the total
impurity content is 0.06-0.07 mass%, and the lead content is
0.001 mass%. The clinker after the second sintering stage,
containing iron and carbon and with total content of the non-
ferrous metals < 1%, can be sent to the main iron production.

The economic benefit of the method is to reduce the costs
of recycling electric arc furnace dust, as well as to obtain a
valuable product — pure zinc oxide, which can be used in
various industries. In addition, the return of clinker contain-
ing iron and carbon to the cast iron smelting furnace allows
to reduce the consumption of primary raw materials and
material costs for electricity.

The environmental benefit of the method is to reduce
emissions of harmful substances into the environment asso-
ciated with the recycling of electric arc furnace dust. In addi-
tion, the process allows to recycle production waste and
reduce the consumption of natural resources.
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Anparna. lloiibiH O0ankpITy nemriHe Kaiita oHall opajaTbhlH KypaMbIHIa TeMip MEH KeMipTeri 0ap KIMHKEepAl alaTblH,
JJIEKTP JOFaJIbl el NIaHbIHAH Ta3a KOPFACBIHCHI3 MBIPBIII OKCHUAIH THIM/II JIy apKbUIBI YHEM/I JKOHE IKOJIOTHSUIBIK THIMIL €Ki
CaTBIIBI QJMIC CHITATTAJFaH. bBipiHIN Ke3eHae OJJCKTp JJOFalbl MEIITEpMiH I[MaHbl XJOPHUA TY3JapBbIHBIH KOCTAChIMEH
apaacTHIPBUIBIN, KOPFACBIHABI O6JIN aly YIIiH opTypil Temmeparypaaa Kywaipineni. Exinmm kesenae KyWaipyaiH Oipinmri
KE3CHIHEH OTKCH KJIMHKEP KYpaMbIHIa KeMipTeri Oap peareHTIIEH apaiacThIPBUIBII, KOPFACKIHCHI3 Ta3a MBIPHIII OKCHIIH ATy
ymiH KaftamaH ky#mipimeni. KypameiHma Ttemip MeH KeMipreri Oap KYHAIpyIiH eKiHINI Ke3eHIHEH KeHiHTi KIMHKep
MIOMBIHHBIH HETI3ri eHAipiciHe OarbITTarysl MYMKiH. KazakcTaHHBIH Kapa METaJUTyprHs 3ayBITTapbIHBIH OipiHEH 3JEKTp
JOFaJbl TEWITEp/iH MIAHBIH MaiifalaHa OTHIPBHIN JKYPri3iNreH 3epTXaHanblK HoTmxkenep KypameiHma 0.06-0.07 mac.%
Kocrasiapsl 0ap KOPFachbIHCBI3 MBIPBILI OKCHJIIH allyFa MYMKIHAIK OepeTiHiH KepceTTi jxoHe KoprackiH memntepi 0.001 mac.%
Kypazpl. JKypri3iireH 3epTXaHalbIK 3epTTeYJIep HETi3iHAe TayapiblK OHIMJI ana OTHIPHII, JJICKTP JOFajJapbIHbIH IIAHBIH €Ki
CaThbLJIbI GH[[eyILiH TCXHOJIOTHAJIBIK CXEMAacChl XacaJigbl. aﬂiCTiH JKOJIOI'UAJIBIK naﬁﬂacm QJICKTPp AOofralibl HeIJlTepZLiH HIaHbIH
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JKOIOFa 0allTaHBICThI KOPIIAFaH OpTara 3WSHIBI 3aTTAPIbIH HIBIFAPBIHABIIAPBIH a3ailTy 0oJbin TaObuia sl COHBIMEH Kartap,
MIPOIIECC OHIIPiCc KANABIKTAPBIH KaliTa OHJIEYTe KOHE TAOMFU pecypcTapIbl TYTHIHYABI a3alTyFa MYMKIHIIK Oepei.

Hezizzi co30ep: snexkmp doeanvl newmepoiy uarnsl, Kyuoipy, KOP2ACLIHCHI3 MbIpbld OKCUOL, Kalbyull X10pudi, Komipmezi
bap peacenm.

TexHo/I0THS MOJYUYEHUS YUCTOT0 OKCHIA IIMHKA, HE COEPKAIIEro
CBHHIIA, U3 NBLIU J1eKTpoayrosbix neueu (A1)
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AHnHoTanmsi. OnucaH >KOHOMHYHBIH M SKOJOTHYECKH BBITOAHBIA IBYXITamHbIA MeTOx ¢ 3()(EKTUBHBIM H3BJICYCHHEM
YHUCTOr0 OKCHJAA LIMHKA, HE COAEpPIKAIero CBUHIA, M3 IBUIM 3JIEKTPOIYTOBBIX Ieyell MapauieNbHO C MONTyYeHHeM KIMHKepa,
COZIEPIKAILETO HKEJIE30 U YIJIEPOl, VISl JISTKOTO BO3BpaTa B YyTyHOIUIABHWIbHYIO Ileyb. Ha mepBoM 3rarie - nbUlb 3JIeKTPOIyro-
BBIX II€4eil CMEIINBAIN CO CMECHIO XJIOPHAHBIX COJIEH M CIIEKAJH NPH Pa3iIM4YHBIX TEMIIepaTypax M yIaldeHHs cBUHLA. Ha
BTOPOM 3Tane KIMHKEp, MPOIIEANINN NepBYIO CTaJUI0 CIIEKaHMs, CMELIMBAIN C YIJIEPOJICOACPIKALIMM BEIIECTBOM M CHOBa
CIEKalIu JUIs TOJyYeHUs] YHCTOTO OKCHJAA LIMHKA, HE coJlepiKallero cBUHLA. KimHKep Iocie BTOPOH CTaguM CIICKaHWS,
COJIEpIKaILMH JKeNe30 M YIiepoi, MOKeT ObITh HallpaBJIeH Ha OCHOBHOE NMPOM3BOJICTBO 4yryHa. JlabopaTtopHblie pe3yabTaThl ¢
MCIIOJIb30BAaHUEM — IIBLIH AJIEKTPOIYTOBBIX MEUEH ¢ OHOTO U3 Ka3aXCTAaHCKMX METAJUIypTrHUeCKHX 3aBOJIOB YEPHOH MeTaLIyp-
THH TTOKa3aJIM, YTO IPOLECC MO3BOJIIET MOJy4aTh OKCH IIMHKA, HE COJEPXKAlUi CBUHEL, ¢ OOIINM COZep>KaHueM IpUMeceH
0.06-0.07 mac.% u comepxanuem cBuana 0.001 mac.%. Ha ocHOBe mpoBen¢HHBIX 1aOOPATOPHBIX MCCIEIOBAaHUN ObLIa paspa-
0oTaHa TEXHOJOTWYECKasi CXeMa IBYXATAIIHON Nepepa0OTKU IBUIN BJICKTPOLYTOBBIX C INOJTYyYCHHEM TOBApHOW NPOIYKIHH.
DOkojormyeckas BEIToJla METo/Ia 3aKII0YAeTCS B CHIOKCHUH BEIOPOCOB BPEIHBIX BEIIECTB B OKPYKAIOLIYIO CPENy, CBA3aHHBIX C
YTUIM3alKell MBUIM 3JIEKTPOAYroBBIX neuedl. Kpome Toro, mpomecc mo3BoisieT mepepabaTbiBaTh OTXOIBI NMPOHM3BOJCTBA U
COKpaILaTh NoTpebIIeHNe IPUPOAHBIX PECYPCOB.

Kntouesvie cnosa: nviny 31eKkmpody2o8bix neuell, CneKaHie, He Co0eplCauull C6UHYA OKCUO YUHKA, XTOPUO KATbyus, yeie-
POOCOOEPAHCAWUTL PeazeHm.
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Abstract. One of the important environmental problems of Kazakhstan is the insufficient quality of natural and wastewater
treatment, the reason for which is the lack of the main, mandatory reagent in water purification technology — coagulant. Alu-
minum-containing natural and man-made raw materials can be comprehensively processed in order to obtain modified mixed
reagents-coagulants. One of the promising types of raw materials on the territory of Kazakhstan for the production of coagu-
lants are substandard bauxites of the Krasnooktyabrsky deposit. This article presents a fundamentally new approach to the
development of a technology for producing an effective coagulant with high coagulating properties in a wide pH range — a
mixed sulfate aluminum-iron-silica coagulant (MSAISC) — when decomposing Red October bauxite with sulfuric acid with
maximum extraction of aluminum, iron and silicon into a paste-like phase. Such a composition of the coagulant, called by us
MSAISC (mixed sulfate aluminum-iron-silica coagulant) allows you to expand the range of action both in temperature and pH
of the medium. In this sense, silicon coagulant, as well as modern aluminum polyoxychlorides, can be used without flocculant.
The simultaneous presence of aluminum, iron and silicon salts in the composition of the coagulant makes it possible to com-

bine the properties of «three in onex».
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1. Introduction

The basis for sustainable development of the Republic of
Kazakhstan is to ensure and realization of the right of the
Republic of Kazakhstan to protect national interests in mat-
ters of development, use of its natural resources, as well as to
reduce the impact on the environment, which can be
achieved by solving socio-economic and environmental
problems. One of the modern tasks of our time is the protec-
tion of water resources, which consists in the creation of
drainless water supply systems, effective wastewater treat-
ment, etc [1].

Among the methods of wastewater treatment, special at-
tention should be paid to physical and chemical methods
using coagulants. They are used to remove fine colloidal
particles, petroleum products, radioactive substances, metal
cations, and the disposal of valuable components. Natural
compounds of aluminum and iron, their oxides or hydrox-
ides, as well as waste from a number of industries containing
salts of these metals are used as raw materials for the produc-
tion of coagulants. Along with the public utilities, the main
consumers of coagulants are the production of pigments,
synthetic fibers, the pulp and paper, leather, textile, oil-
producing industries and other industries [2-9].

Currently, the production of coagulants in Kazakhstan is
practically absent, in the nearest neighboring states it is lim-

© 2025. U. Mussina, L. Kurbanova, B. Tussupova, G. Bizhanova, S. Sarsenbayev

ited, and the deficit is replenished by importing Russian
coagulants of an insufficiently wide range [10].

New types of coagulants obtained by Russian and
Ukrainian scientists are known, which are difficult to intro-
duce into production as a result of departmental barriers:
mixed coagulant AWR (Al203 — 3.5%; Fe:03 — 0.3%); ALG
— aluminum sulfate without iron; aluminum oxychloride;
aluminum polyoxychloride (POXA); «SIZOL» (OJSC «Au-
rat», Moscow; Institute of Bioorganic Chemistry and Petro-
chemistry of the National Academy of Sciences of Ukraine:
coagulant-flocculant SIZOL-1 — for domestic wastewater and
disinfection of sediments and industrial waters; SIZOL-2500
— for drinking water treatment; aluminum sulfate JSC «Alu-
minum of Kazakhstan» is supplied to Russia, displacing
Ukraine, Finland, Sweden and China [11].

The main consumers of coagulants are: public utilities;
pulp and paper industry; production of synthetic fibers; pro-
duction of pigments; leather, textile, oil producing, mechanical
engineering, energy, metallurgy and other industries [1-6].

The coagulant traditionally used to purify colored and
turbid waters with a pH of 5-7.5. Aluminum sulfate is quite
expensive and ineffective at a water temperature of +11°C
and during floods. In addition, there is another negative fac-
tor in the use of aluminum sulfate a change in the salt com-
position of the treated water, as a result of which the alkalini-
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ty and hydrogen index decrease and the sulfate content in-
creases. This increases the corrosive activity of water, which
reduces the service life of networks and water pipes and
reduces their throughput. One of the main disadvantages of
the coagulant — aluminum sulfate is significant amounts of
residual aluminum in purified water [12].

Known methods of using mechanical mixtures of alumi-
num and iron salts as coagulants, many technologies have
been developed for obtaining standard aluminum sulfate
from various types of natural raw materials and production
waste, but all technologies include limits for cleaning alumi-
num coagulant from iron impurities, the properties and be-
havior of mixed aluminum-iron coagulants in (AIC) have
been poorly studied [11].

Currently, the production of coagulants in Kazakhstan is
practically non-existent, and their deficit is covered by im-
porting Russian coagulants of a poor assortment. The need is
satisfied only by 50-60% by aluminum sulfate of the enter-
prise JSC «Aluminum of Kazakhstan», obtained from pure
aluminum hydrate [12].

The development of technologies for obtaining and using
new coagulants for treatment of natural and wastewater from
substandard natural and man-made raw materials will allow
obtaining the necessary products for all regions of Kazakh-
stan. It will effectively treat wastewater from natural and
industrial complexes to the required standards and obtain
high-quality drinking water, since the issues of effective
treatment of drinking and wastewater in Kazakhstan are
particularly acute and concern all its regions.

The methods for obtaining coagulants — purified and unre-
fined aluminum sulfates — include all methods of processing
aluminum-containing raw materials using sulfuric acid.

Aluminum sulfate are the most important sorbents for pu-
rifying drinking water and fixatives in dyeing fabrics. The
most common method for obtaining aluminum sulfate is the
decomposition of pure chemical compounds with sulfuric
acid, for example, aluminum hydrate — a semi-finished prod-
uct of alumina production. Such aluminum sulfate complies
with state standards, but the cost of it is high.

When obtaining a coagulant from natural raw materials,
stages of purification of the aluminum sulfate solution from
iron were required, which increased the cost of the produc-
tion technology [12].

Currently, many methods for obtaining coagulants have
been developed - mixed, unrefined from iron. In this case,
the main raw material for obtaining coagulants can be any
aluminum-containing raw material: bauxites, nepheline sye-
nites, clay, kaolin; alumina-containing materials: thermal
power plant ash and overburden clay rocks [1-11].

In terms of obtaining alumina acid methods are economi-
cally feasible for processing high-silicon aluminum-
containing raw materials, allowing the removal of silica from
the technological process at the head of the process flow
chart [12]. If we consider these methods for obtaining a co-
agulant, then the process flow chart would be simplified by
ignoring all subsequent stages of obtaining alumina after acid
decomposition.

2. Materials and methods

Currently, Kazakhstan has a large reserve of aluminum-
containing ores, including [13-14]:

— bauxites (kaolinite-gibbsite deposits);

— nepheline syenites (Kubasadyr and Ishim deposits);
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— clays (Kostanay region);

— kaolin (Kostanay region);

— alumina-containing materials: thermal power plant ash
and overburden clay rocks.

One of the promising types of raw materials for the pro-
duction of coagulants is substandard bauxite, unsuitable for
the production of alumina, having a high content of iron in the
form of siderite and silicon.

Bauxite is a rock consisting mainly of aluminum and iron
hydroxides with an admixture of aluminosilicates, titanium
and calcium minerals and other impurities (magnesium,
chromium, vanadium, etc.) in small quantities [14].

To obtain modified mixed coagulant-reagents, complex
processing of natural, technogenic raw materials containing
aluminum is possible. In Kazakhstan, there are large reserves
of raw materials in the form of bauxite, the quality of which is
determined by the silica content (bauxite with a silica content
of 5-10% is low-quality) — Torgai, Krasnooktyabrskoye,
Belinskoye deposits, Amangeldy group, Altai and others. One
of the promising types of raw materials for the production of
coagulants is substandard bauxite from the Krasnooktyabrsk
Ore Mining Administration [15].

The main minerals of the Krasnooktyabrskoye bauxites
are gibbsite, hydro hematite, hematite, kaolinite, recurrent
siderite, calcite, and in small quantities magnetite, rhodo-
chrosite, anatase, rutile, hydro goethite, hematogel, quartz,
limonite, lepidocrocite, gypsum, zircon, ankerite, ferrous
chromite, corundum, boehmite, leucoxene, magnesite, arse-
nopyrite, pyrite, and marcasite [15]. They differ from the
widely known Torgay bauxites in their physical properties,
structure, chemical, and material composition and are stony,
loose, and clayey. The content of aluminum oxide (Al;Os)
fluctuates from 39.5 to 55.3%, silicon dioxide (SiO,) — from
3.2 to 13.6%, siderite iron (Fe20s) — from 5.6 to 24.6%. The
modulus of siliceous bauxite varies from 2.99 to 15.1% [16].
Such impurities complicate the processing of bauxite into
alumina using the traditional alkaline method.

Bauxites are processed at the Pavlodar Aluminum Plant
using a sequential Bayer-sintering scheme. Production is
based on the processing of low-grade, high-siliceous
Krasnooktyabrskoye bauxites (97%) with a relatively low
content of harmful impurities, the reserves of which are
gradually depleted [16]. Deterioration of the quality of
bauxites leads to an increase in the cost of raw materials,
auxiliary materials, energy resources, their transportation, as
well as to the formation of a large amount of waste - sludge
and emissions into the atmosphere. One of the problems in
solving this problem, as well as the rational use of natural
resources and waste reduction, is the development of a tech-
nology for the production and use of coagulants for the
purification of natural and wastewater from natural and
man-made raw materials.

The most applicable is aluminum sulfate out of the tradi-
tionally used coagulants.

Kazakhstan has large reserves of high-silica and high-iron
bauxites, the use of which by the aluminum industry is very
difficult due to the high content of harmful impurities [13]. In
this regard, the possibility of using them to obtain coagulants
for treatment of waste and drinking water is of particular
interest. The average chemical composition of bauxites in
northern Kazakhstan is as follows, %: Al,O3 — 42-44; Fe,03 —
5-7; SiOz — 20-25; CaO - 1.5-2.5; MgO - 0.5-1.0.
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The new technology for obtaining mixed coagulants is
developed: sulfate aluminum-iron, sulfate-chloride alumi-
num-iron, sulfate coagulant-flocculant from bauxite, etc.,
which have a number of advantages traditionally used in
industry: a wide pH range, high treatment efficiency, low
cost of the coagulant, additional flocculant properties of the
coagulant. These properties of coagulants arise due to the
diversity and physicochemical properties of the hydrolysis
products. The effect of water treatment with a mixed coagu-
lant at 20°C is close to the effect of coagulation with iron
sulfate at 50°C and aluminum sulfate at 80°C.

In laboratory research and testing, bauxite and sulfuric
acid were utilized. The chemical composition of bauxite, %:
AlOs: — 40.8; Fe203 — 3-27.0; SiO2 - 8.7; CaO - 0.75; Na20O
+ K20 - 0.5; loss on ignition (LOI) —0.7. The sulfuric acid
used was technical-grade contact acid of the 1% or 2" grade,
conforming to state standard, and is produced at several
enterprises in Kazakhstan.

Figure 1 illustrates a laboratory setup for sulfuric acid
leaching of bauxite. This setup consists of specialized vessels
made of thermo- and chemically resistant glass, intercon-
nected with a thermostat, and equipped with reflux conden-

sers and stirrers.
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Figure 1. Laboratory Setup for Acid Decomposition of
Krasnooktyabr Bauxite

Technology for producing the coagulant includes the follow-
ing process steps: 1-—raw material preparation; 2 — leaching
with sulfuric acid; 3 — crystallization (Figure 2).

Bauxites up to 300 mm in size are crushed to 25 mm and
grounded to 0.15 mm. The crushed ore is fed to a ball crusher
with a water ratio of S:L=1:1. The pulp in the vessel (2) with
a S:L ratio of 1:1 is pumped for decomposition into the reac-
tor (4) through the discharge tank (2) (Figure 2).
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Figure 2. Basic technological scheme of obtaining the MSAISC

Concentrated (92%) sulfuric acid is fed into the same re-
actor from the pressure vessel (3) to achieve an acid concen-
tration in the reaction mass of 60-62%. The decomposition of
sulfuric acid is carried out at a temperature of 100-110°C for
40-60 minutes. Heating occurs by feeding the heat of reac-
tion and blind steam into the reactor body. After leaching is
complete, the melt is fed to the belt crystallizer (6). The
thickness of the through layer of the belt is 10-20 mm. The
surface of the melt is cooled by blown air at a rate of 800-
1200 m3 per ton of finished product. The crystallizer belt is
equipped with a casing. The process of curing and removing
the product is improved by wetting the tape with water. The
melt solidifies on the belt in the form of plates with a thick-
ness of 12-18 mm and linear dimensions up to 150 mm.
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Air is supplied to the crystallizer body by a fan and sucked
in by an air blower in order to accelerate the process of hard-
ening the finished coagulant. The speed of movement is 1.5-
2 m/min, the time of passage through the belt is 30 min.

Wastewater from washing the decomposition reactor and
condensate is collected in a tank (8), where it enters the con-
tainer (2) of the decomposition reactor for preparation of the
initial pulp. Filling the reactor with the decomposed mass is
carried out to 1/2 of the volume associated with foaming. To
suppress foaming, the mixing speed of frame mixers should
be 60-80 rpm. The list of main process equipment is presented
in Table 1.
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Table 1. List of main process equipment

. Process parameters
Name of equipment P

Temperature Duration
Fresh water pressure tank 20-25 Periodical
Belt conveyor 90-100 Continous
Wet grinding rod or ball mill 25-40 Continous
Screw feeder 20-25 Continous
Pulp tank 70-80 Continous
Reactor 100-110°C Continous
Dosing pump 20-25 Periodical
Acid collection tank 20-25 Periodical
Pressure water tank - -
Acid pressure tank - -
Centrifugal pump 95-100 -
Belt conveyor crystallizer
- Melt for crystallization 100-110 Continous
- Air for cooling 20 £10 Continous
Ventilator 40-60 Continous

To avoid the emission of sulfuric acid vapors into the at-
mosphere, the vapors and gases leaving the decomposition
reactor, as well as the entire volume of air sucked from the
crystallizer body, from the sulfuric acid pressure tank are
sent to gas cleaning (9, 10). In this case, sulfuric acid vapors
are absorbed by a weakly alkaline solution of pH 8-8.5.

When the solution is saturated with sulfuric acid till pH
value of 7.5, it is being sent to prepare a pulp for the decom-
position of sulfuric acid and a new portion of the alkaline
solution is prepared for gas treatment.

The finished coagulant MSAISC is delivered to a cold
closed rail warehouse or directly to the wagon. If necessary,
the coagulant can be crushed into pieces of the required size
and placed in paper bags or other containers permitted by
technical specifications.

3. Results and discussion

It should be noted that most of the work on this topic is
aimed at obtaining purified aluminum sulfate, which increases
the cost of the resulting product. The use of methods for ob-
taining mixed coagulants simplifies the process, since there is
no need to carry out operations such as separation of liquid
and solid phases, degreasing, evaporation and etc (Figure 3).

The obtained coagulant was analyzed for the content of
aluminum, iron, free acid and insoluble residue. Evaluating
the test results, the most optimal parameters for obtaining
modified MSAISC were selected: H,SO4 concentration —
60%, stoichiometric dosage; the amount of sulfuric acid is
90-98% of the stoichiometrically required; temperature —
110°C; process duration — 90 minutes; Al,Oz production —
94%; Fe,O3 production — 93%. Chemical composition of the
solid coagulant, %: Al,O3; — 11.18; Fe,O3 — 4.66; sulfates —
42.0; hydrated water — 32.3; free acid — none.

The technology for obtaining a coagulant includes the fol-
lowing process operations: raw material preparation (grind-
ing), sulfuric acid leaching, crystallization, and crushing of
finished products. The basic hardware diagram includes a mill,
a pulp collector, a sulfuric acid tank, a reactor with a frame
mixer, a conveyor-crystallizer, and a roller crusher.

Using this method for obtaining a mixed coagulant sim-
plifies the process of processing bauxites since it eliminates
the precipitation of sulfuric pulp, the operation of evapora-
tion and dehydration of sulfuric acid solutions and crushing
of the product, which is a weakness of the acid technology.
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Characteristics of the

Pressure Materials product
- Steel 63 Technical water
- Thermostatic tape type P bauxite
- Steel 3 bauxite, water
- Steel 3 pulp
- Steel pulp
Steel 06XH28MDT
) frame, stirrer melt
- Chromium cast iron acid 90%
atm. Steel 3 oil of vitriol 90% H,SO,
- Steel 3 technical water
- Steel 08X22H28MDT acid
- Steel 06XH28MDT
Rubberized fabric tape,
atm. type P, heat-resistar?t melt
0.08
- Carbon steel air

(b)

Figure 3. Coagulant from substandard bauxite: (a) — substandard
bauxite; (b) — coagulant SSAZhKK

Obtaining a coagulant in granular form facilitates its
loading and transportation. The main disadvantages include
an increased content of insoluble impurities. Since the meth-
od did not include an operation for separating liquid and
solid phases, bauxites with a low content of silica and alumi-
num silicates were processed in accordance with the pro-
posed technology to reduce the amount of insoluble sediment
in the product. In the case of recycling bauxite with a large
amount of these impurities and if necessary, after separation
with sulfuric acid to obtain purified coagulant. Additional
operations should be carried out to dilute the pulp, separate
the liquid and solid phases and wash the latter, which would
significantly increase the cost of the process.

The proposed technologies for obtaining combined alu-
minum iron coagulants of various modifications allow pro-
cessing aluminum raw materials with a high iron content and
with a high silicon content.
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To produce 1ton of the coagulant MSAISC containing
11% Al,O3, the following materials and energy costs are
required: Krasnooktyabrsky bauxite — 0.33 tons (based on
processing ore of the following composition, %: Al,Os -
42.76; Fe;03 (total) — 19.05; SiO, — 14.77; CaO - 3.5; CO; —
2.89), industrial water — 0.24 m?, the amount of 92% sulfuric
acid — 0.43 tons, electricity — 19.8 kW/h, air for cooling —
1.15 thousand m?, thermal energy to maintain the reaction —
0.1 Gecal.

An environmental assessment was conducted for the
MSAISC coagulant production technology, focusing on the
following aspects:

1). Presence of toxic ompurities. Evaluation of toxico-
logical impurities generated during production, as well as
by-products formed during usage, their transformation,
decomposition, or interaction with the environment.

2). Distribution and spread conditions. Assessment of
how toxic impurities and by-products disperse and persist
in application regions, considering factors like mobility,
migration, stability, and lifespan.

3). Transformation and decomposition. Analysis of the
conditions under which by-products transform or decom-
pose in the natural environment and the duration of these
processes.

4). Monitoring and detection. Evaluation of current
methods and proposed measures for controlling and detect-
ing toxic impurities in the product and its by-products.

5). Environmental impact. Assessment of negative eco-
logical consequences resulting from the release of toxic
impurities and by-products into the environment, including
their effects on food, housing, and industrial premises.

The acid decomposition process of substandard bauxite
in this technology results in:

1). Emissions of pollutants. Sulfuric acid decomposition
of bauxite emits pollutants such as sulfuric acid vapors (1-3
mg/nm?), necessitating purification before atmospheric
release, and inorganic dust. Emissions from raw material
preparation and acid reactors are neutralized using aspira-
tion systems. Vapors and gases extracted from decomposi-
tion reactors, crystallizer casings, and pressure tanks are
directed to gas purification systems for neutralization. Acid
vapors are absorbed using a mildly alkaline solution (pH 8-
8.5), ensuring that pollutant emissions remain below per-
missible limits, thereby preventing air pollution.

2). Wastewater. The technological scheme produces two
types of wastewaters:

3). Conditionally clean (warm) wastewater. This is
cooled and reused for reactor cooling.

4). Industrial wastewater. Generated from floor wash-
ing, equipment cleaning, etc. at the stage of condensation of
water vapor in the dust and gas emissions treatment system
Combined wastewater is used to dilute bauxite suspension
after wet grinding.

5). Production waste. The insoluble residue (sludge)
amounts to 1174.7 kg (with 30% moisture) per 1000 kg of
mixed aluminum-iron-silicate coagulant. Depending on con-
sumer preference, this residue can be separated on-site, be-
coming a by-product, or sent in solid form without separa-
tion, effectively used in treating industrial and low-turbidity
wastewater. Alternatively, it can be stored for future pro-
cessing into cement or extraction of valuable components.
Thus, the insoluble residue is better regarded as a valuable
technogenic raw material.
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No toxic impurities were detected during coagulant pro-
duction. In regions where the coagulant is produced and used
for natural water purification, no toxic by-products are
formed. Negative environmental impacts from by-products
entering the environment, food, housing, or industrial prem-
ises are not anticipated, as residual concentrations of pollu-
tants and introduced impurities (aluminum, iron, silicon
oxides) during water purification with the coagulant com-
ply with various permissible limits depending on water use
categories.

4, Conclusions

Therefore, based on the conducted studies it was estab-
lished that the mixed sulfate alumina-iron coagulant MSAIC
in its coagulation properties and efficiency is close to com-
mercial aluminum sulfate.

The technology for obtaining the coagulant includes the
following process operations: raw material preparation
(grinding); sulfuric acid leaching; crystallization; crushing of
final products.

The main equipment and process flow chart for obtaining
the coagulant includes a mill, a pulp collector, a sulfuric acid
tank, a reactor with a frame mixer, a conveyor-crystallizer
and a roller crusher.

The optimal process parameters were established: pulp L:S
ratio = 1:1.5; sulfuric acid concentration 60% ration =2:1,
process temperature 110-130°C, exposure time 30-50 min;
extraction of Al,Os — 97%; Fe;03 — 93%., SiO; = 83%. Chem-
ical composition of MSAISC, %: Al,O3 — 11.18; Fe,Os (total)
—6.66; SiO, — 7.7; sulfuric acid — 0.8; insoluble residue — 6.5.

During the coagulant production process, the following
wastes are generated:

— wastewater from washing the decomposition reactor
and condensate, which are returned to the bauxite decompo-
sition process and to the preparation of the initial pulp;

—sulfuric acid vapors leaving the decomposition reactor
and the crystallizer casing and sulfuric acid pressure tank,
which will be sent for gas treatment by absorption with a
weak alkaline solution and sent to the preparation of pulp for
sulfuric acid decomposition;

—solid production waste — insoluble residue (sludge).

The main disadvantage of mixed unrefined coagulants is
the increased content of insoluble residue, but when treating
slightly turbid waters, this disadvantage becomes an ad-
vantage since insoluble impurities act as opacifiers, improv-
ing the coagulation process.

In order to reduce the number of insoluble residues in the
product it is recommended to process bauxites with a low
content of silica and aluminum silicates. The operation of
separating the liquid and solid phases is necessary to separate
the insoluble residue. When processing bauxites with a high
content of these impurities if it is necessary to obtain a puri-
fied coagulant, then it is required to introduce additional
operations to dilute the pulp after separation with sulfuric
acid, separate the liquid and solid phases and wash the latter.

The new generation MSAISC coagulant has coagulation
capacity, works in clarification of wastewater, significantly
accelerates the treatment process and is not inferior in quality
of purification to commercial coagulants (aluminum sulfate,
iron chloride). The coagulant is able to soften water, reduce
carbonate hardness, sodium-potassium salinity, chemically
purify water from heavy and harmful elements.
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Obtaining the proposed coagulant and its application not
only increases the effect of natural and wastewater treatment
but also improves the ecological state of the bauxite mining
area, reduces the area of placement and storage of substandard
raw materials on the territory of the natural-industrial complex,
as well as its deficit. In addition, it allows preventing damage
to the environment during treatment as a result of coagulation
of natural and wastewater containing suspended substances,
heavy metal cations, oil products, radioactive substances, as
well as for the disposal of precious alloyed metals.

The use of this method for obtaining a mixed coagulant
simplifies the process of bauxite processing since it elimi-
nates the operation of settling sulfuric pulps, evaporation and
dehydration of sulfuric solutions, as well as crushing the
product, which are the disadvantages of acid technologies.
Obtaining a coagulant in a granular form facilitates its load-
ing and transportation. The main disadvantages include an
increased content of insoluble impurities. Since the method
does not include an operation for separating the liquid and
solid phases, in order to reduce the content of insoluble sed-
iment in the product it is recommended that bauxites with a
low content of silica and aluminosilicates be processed using
the proposed technology. In the case of processing bauxites
with an increased content of these impurities and if it is nec-
essary to obtain a purified coagulant, additional operations
should be introduced to dilute the pulp after sulfuric acid
opening, separate the liquid and solid phases and wash the
latter, which significantly increases the cost of the process.

The proposed technologies for obtaining mixed alumina-
iron coagulants of various modifications will allow pro-
cessing both high-iron and high-silicon aluminum types of
raw materials.
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Ka3akcTaHHBIH KOHANIUSJIBIK eMeC 00KCUTIHEH aFbIH/IbI CYJIapAbl
TA3apTy YIIiH KOATYJSHT aJ1y TEXHOJIOTHUSIChI

V.1I. Mycuna?, JI.C. Kyp6anosa!, 5.X. Tycynosa'", I'.3. bmxkanosa!, C.O. Capcenbaes?

LOn-Papabu amvindazv Kazax ynmmuix ynueepcumemi, Anmamol, Kazaxcman
2Sathayev University, Aimamer, Kazaxcman

*Koppecnonoenyus ywin asmop: tussupova@yandex.ru

Anparna. KazakcTaHHBIH MaHbI3/Ibl SKOJOTHSUIBIK IPOOIeManapbiHbIH 0ipi — TaOMFHU JKOHE CapKbIHABI CyJIapAblH AYpbIC
camansl TypAe TasamaHOaysl. Ce0ebi cymel Ta3apTy TEXHOJIOTHSACHIHAAFBI HETi3Ti, MIHAETTI KOAryJlsSHT peareHTiHiH
TaIIBUIBIFEl 00JIBIT TaObUTabl. KypaMblHIa amfoMUHUN Oap TaOWFHM JKOHE TEXHOTEHIIK IIMKI3aTThl MOIU(MUKAIMSIAHFAH
apajac peareHTTep-KoaryIssHTTap alry MaKcaThIHJIA KemleH i eHaeyre 0onansl. KasakcTan aymarsIHAa KOAryJIsTHTTap ©HAipici
yIiH Oojamarel 06ap mmKi3aT TypiepiHiH Oipi — KpacHOOKTSIOps Ke€H OpHBIHBIH KOHIHWIWSIIBIK eMec OOKCHTTepi OOJBII
tabbutanpl. bym makamama pH kxeH Amama3zoHBIHIA JKOFaphl KOAryJSIISUIBIK KacHeTTepi 0ap THIMAI KOAaryJasHTTHI — apajiac
cynbgharTel amoMuHuii-remip — kpemHuil koarynsHTBIH (ACATKK) — KpacHOOKTSOph OOKCHTIH KYKIPT KBIIIKBIIBIMEH
BIIBIPATy apKbLIbl, AaJIOMHUHHH, TeMIip JXoHE KpeMHHMIAiI macta (asachblHa OapblHINA HIBIFApa OTBIPHIN, KOATYJISHT aiy
TEXHOJIOTHSICHIH 93ipiiey OolibiHina TyOereini xaHa Tocin ycbinburaH. bis ACATKK (apanac cynbaTTsl aloMHHUI-TEMIp-
KPEMHHI KOAryJIsiHTBI) JIETl aTajlfaH KOaryJITHTTBIH MYHJall Kypambl KOpIIaraH OpTaHbIH TeMneparypackl MeH pH OolibiHIIa
acep eTy ayKbIMBIH KeHeiiTyre MyMKiHAiK Oepeni. bynm Typrbiia  KpeMHHMH KOaryjsiHTBI — Ka3ipri  allOMHUHUHN
MOJIMOKCUXJIOPUATEP] CUSKTBI (DIOKYJISIHTCHI3 KoyiJaHyra Oouianbl. KoarysissHTTBIH KypaMblHAA aJFOMUHHH, TEMip JXOHE
KpeMHHH TY3IapbIHEIH Oip Me3riime 00yl «yieyi 6ip» KacHeTTepiH OipiKTipyre MyMKIHIIK Oepeti.

Hezizzi co30ep. 6oxcum, mexHono2us,, Koazyianm, AOKYIAHM, Cy Ma3apmy, OUCREPCIK KYpambl.

TexHoJ0rUs IMOJIYYCHUA KOAryJIssHTa U3 HCKOHAUITUOHHBIX OOKCHTOB
Ka3zaxcrana AJIS OYUCTKHU CTOYHBIX BOJ

V.1I. Mycuna?, JI.C. Kyp6anosal, 5.X. Tycynosa'", I'.3. bmxkanosa!, C.O. Capcenbaes?

Kasaxckuil nayuonanvuuviil ynueepcumem umenu anv-Papabu, Anmamel, Kasaxcman
2Satbayev University, Azmamel, Kazaxcman

*Aemop onsn koppecnondenyuu: tussupova@yandex.ru

Annoranusi. O1Ha U3 BaXKHBIX 9KOJIOTHYecKuX MpobieM KazaxcraHa — HEJOCTaTOYHO KayeCTBEHHAs! OYHUCTKA ITPUPOIHBIX
Y CTOYHBIX BOJI, IPHYMHON, KOTOPOH sBJIsieTCSl Ae(DUIIUT OCHOBHOTO, 0053aTENIbHOTO peareHTa B TEXHOJIOIMH OYMCTKH BOABI —
KOAryJsiHTa. AJIIOMUHHUH COJeprKalliee MPUPOIHOE U TEXHOT€HHOE ChIPhE MOXHO KOMIIIEKCHO MepepadaThIBaTh B LEAX IOTY-
YEeHUs] MOIU(DHUIINPOBAHHBIX CMEIIAHHBIX PEareHTOB-KOAryasHToB. OIHUM U3 MEPCIEKTHBHBIX BHUAOB CHIPbSI HA TEPPUTOPHU
Kazaxcrana amst mpou3BOACTBA KOATYJITHTOB SIBIITIOTCS. HEKOHANUIIMOHHBIE OOKCUTHI KpacHOOKTAOPECKOTO MECTOpOKAeHH. B
HACTOSIIEH CTaThe MPEACTABICHBI NPHHIUINAILHO HOBBIM IOAXOM 1O pa3pabOTKe TEXHOJIOTHH HONydeHHS 3((HEKTHBHOTO
KOaryJsiHTa, 00Jalafomero BEICOKUMH KOAryJIMPYIONIMMHU CBOMCTBAMHU B MIMPOKOM amana3zone pH, — cymsdaTHOro cMmerran-
HoOTO amomoxenesncto-kpemuaueBoro koarymsiaTa (CCAXKKK) — mpu paznoxeHHH KpacHOOKTSIOPHCKOTO OOKCHTa CEepHOMH
KUCJIOTOW C MaKCHMMaJIbHBIM M3BJICUCHUEM aJFOMUHMS, JKeJle3a M KpEMHUs B TacTooOpa3Hyto ¢asy. Takoil cocraB KoaryJsiHra,
Ha3BanHoro Hamu CCAXKKK (cMmenranHblii Cynb(haTHBIA aqiOMO-)Kene30-KpeMHHEBbIH KOaryJsiHT) IO3BOJISIET PacLIMPHUTh
Juana3oH ACUCTBUs KaK II0 TeMIiepaTrype, Tak u 1o pH cpenbl. B 3ToM cMbIcIe KpEMHUEBBIN KOAryJISIHT TaK K€, KAK U COBpE-
MEHHbIE TIOJIMOKCUXJIOPHU/IBI aJTFOMUHHSI MOYKHO TIPUMEHSTh 0e3 Quokyisinta. OJHOBpEMEHHOE TIPUCYTCTBHE B COCTaBe Koary-
JISTHTA COJIeH aJIFOMUHMS, JKeJie3a U KPEMHUS TT03BOJIIeT 0OBEAMHUTH CBOMCTBA «TPU B OJTHOM.

Kniouesvle cnosa: 6oxcum, mexnonozus, KOAyIAHM, GROKYIAHM, OYUCTHKA 800bl, OUCHEPCHBIIL COCMAB.
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Abstract. This study focuses on assessing the stress-strain state of rock masses in structurally heterogeneous ore deposits
of Kyrgyzstan. The primary objectives include identifying stress distribution patterns with depth, analyzing the impact of tec-
tonic faults, and establishing the relationship between the elastic properties of rocks and their strength parameters. A compre-
hensive methodological approach is employed, including in-situ stress measurements using the overcoring technique to deter-
mine principal normal stresses at various depths, laboratory tests to evaluate elastic wave velocities, Young’s and shear modu-
lus, and statistical analysis to derive regression relationships. Furthermore, the orientation of principal stresses is reconstructed,
and the influence of tectonic discontinuities on the stress field within the rock mass is evaluated. The results indicate that verti-
cal stresses in the rock mass approximately correspond to the overburden pressure, expressed as yH. Regression models ob-
tained for competent and moderately strong rocks confirm that the experimental data lies between the values predicted by N.
Hast’s relationships and those derived from hydrostatic stress distribution. The analysis of elastic properties reveals a high
degree of anisotropy, where variations in P-wave velocity strongly correlate with changes in Young’s and shear moduli. The
practical significance of this research lies in its contribution to developing more accurate predictive models for the stress-strain

behavior of ore-bearing rock masses, thereby enhancing the design of underground excavations.
Keywords: mining, stress-strain state, elastic properties, rock mass, ore deposits.
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1. Introduction

Mining plays an important role in the economic devel-
opment of the Kyrgyz Republic, serving as one of the key
sources of raw materials and contributing significantly to the
national budget [1-3]. The development of ore deposits not
only fosters job creation and infrastructure growth but also
drives technological advancement, forming the foundation
for sustainable economic growth and enhancing the country’s
competitiveness in the global market. Furthermore, contin-
ued investment in mining innovation and rigorous safety
measures ensure that the sector remains resilient and capable
of meeting both domestic and international demands [4, 5].

As mining operations advance to greater depths and en-
counter increasingly complex geological structures, ensuring
the safety and efficiency of extraction processes has become a
central challenge for Kyrgyzstan’s mining industry [6]. Struc-
turally heterogeneous rock masses, characterized by complex
tectonic features and numerous fault systems, exhibit unstable
stress-strain behavior [7-9]. This instability is critical in haz-
ardous dynamic events, such as rock bursts and geotectonic
shocks, which pose serious risks to personnel and can lead to
accidents in underground excavations [10, 11].

The challenges associated with the safe and efficient ex-
traction of structurally complex ore deposits are largely driv-

© 2025. A.R. Abdiev, J. Wang, R.Sh. Mambetova, A.A. Abdiev, A.Sh. Abdiev

en by the inevitable manifestation of rock pressure at deeper
mining levels [12, 13]. The geological complexity, expansion
of mined-out zones, high tectonic stress levels, and heteroge-
neity of rock physical properties contribute to sudden struc-
tural failures in the rock mass [14-16]. Such failures often
manifest as large-scale roof collapses, pillars' destruction,
excavation junctions' damage, and dynamic phenomena like
rock and geotectonic bursts. These events significantly im-
pact mining productivity and may lead to the suspension of
underground development projects [17-20].

Effective rock pressure management requires reliable
methods for assessing and monitoring the geomechanical
state of the rock mass. Contemporary methodologies advocate
for an integrated approach, which considers the stress-strain
state, rock properties, geodynamic processes, and the specific
characteristics of deposit exploitation [21-24]. This approach
forms the basis for scientifically grounded strategies to miti-
gate rock pressure hazards and optimize engineering decisions
in the design and execution of mining operations.

This study presents the results of experimental investiga-
tions conducted at ore deposits in Kyrgyzstan using both in-
situ and laboratory techniques. Special emphasis is placed on
developing a methodology for assessing the stress-strain state
that enables precise forecasting of the nature and extent of
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geodynamic phenomena. Such predictive capability is essen-
tial for minimizing the risk of hazardous events and ensuring
the long-term stability of underground workings in structur-
ally complex rock environments.

1.2. Study area

The study focuses on structurally heterogeneous ore de-
posits in the Kyrgyz Republic, characterized by significant
geological diversity and complex structural organization. The
sites investigated include the Khaydarkan, Kadamjay,
Mamkala, Kumtor, and Chon-Koy deposits. These collective-
ly provide insight into geomechanical parameters at depths
ranging from 800 m to prospective levels of 900-1000 m and
beyond. These ore-bearing formations exhibit pronounced
tectonic activity, with localized stress concentrations reaching
35-40 MPa in areas adjacent to major fault zones [25-27].

For example, at the Uluu-Too mine of the Khaydarkan
Mercury Combine, deep levels are accessed via two shafts-
Deep and Central-reaching depths of 685 m and 860 m, re-
spectively, clearly indicating increased rock pressure with
depth. Deposits located near major tectonic faults display
elevated localized stress levels. Mining sites at Khaydarkan,
Kadamjay, Mamkala, Kumtor, and Saryjaz frequently expe-
rience manifestations of rock pressure in the form of exten-
sive roof collapses, damage to excavation junctions, and
large-scale displacements of the rock mass [28-32].

Variations in the physical properties of rocks, such as
elasticity, elastic wave velocities, and anisotropy coeffi-
cients, significantly influence the stress distribution within
the mass [33, 34]. These differences result in pronounced
spatial variability of the stress-strain state, depending on
depth and proximity to tectonic discontinuities.

One notable example is the Kumtor mine, where under-
ground workings collapsed near the fifth transfer chamber
at a depth of 3821 m and at a horizontal distance of
6100620 meters from the shaft collar. This incident led to
the suspension of underground construction in June 2009
and highlights the high risk posed by both gravitational and
tectonic stress. The study, therefore, aimed to evaluate
stress-strain conditions, identify depth-related stress pat-
terns, analyze the influence of rock properties on stress
distribution, and inspect underground excavations operating
under elevated rock pressure [35-37].

Consequently, the diversity of mining conditions ranging
from deep multi-shaft operations to zones adjacent to major
faults necessitates a comprehensive approach for assessing
the geomechanical state of ore-bearing rock masses. The
adopted methodology accounts for the internal physical
properties of rocks and external geodynamic influences,
which are essential for predicting hazardous dynamic events
and ensuring the safety of mining operations in Kyrgyzstan.

2. Materials and methods

Field and laboratory methods were applied to investigate
the in-situ stress conditions within structurally heterogeneous
rock masses of ore deposits in Kyrgyzstan.

Field measurements of natural stresses were conducted at
several mining sites using specialized sensors installed at
various depths (e.g., 930 m and 960 m). The overcoring
method directly determined principal normal stresses within
the rock mass, which is crucial for assessing the influence of
geodynamic processes.
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Rock samples were analyzed in the laboratory to deter-
mine their elastic properties, including the velocities of lon-
gitudinal and shear waves, Young’s modulus, and anisotropy
coefficients. These data served as a basis for analyzing the
impact of internal rock heterogeneity on stress distribution.

The experimental results were subjected to statistical pro-
cessing to identify dependencies of stress on depth and tectonic
activity parameters. Regression models were constructed, and
correlation analysis was performed to compare experimental
findings with theoretical models, including Dinnik’s model
and the empirical relationships proposed by N. Hast [38].

Particular attention was given to assessing the influence
of fault zones on stress distribution. To this end, spatial data
on fault locations were compared with measurement results
to evaluate how the orientation and magnitude of stresses
vary with proximity to active structural discontinuities [39].

To ensure the methodological robustness of the approach,
the stress-strain state analysis was grounded in fundamental
physical and mechanical principles represented by the equa-
tions. The equation defines the hydrostatic vertical stress:

oy=y-H, 1)

where gy is the vertical stress; y is the unit weight of the
rock; H is the depth. This expression provides a basic refer-
ence for evaluating vertical stress and serves as a benchmark
corresponding to the overburden pressure.

Hooke’s law describes elastic deformation:

O]

o,=E-¢,

where E is the Young’s modulus; ¢ is the strain.

Hooke’s law is used to interpret laboratory data, enabling
the evaluation of rock elastic properties from experimentally
measured wave velocities and related parameters.

The regression model for stress as a function of depth
takes the form:

@)

where: gy is the initial stress at the surface; k is a coeffi-
cient characterizing the stress gradient with depth.

This linear model (3) provides a generalized framework
for assessing the gravitational contribution to the formation
of the stress-strain state.

Applying the fundamental principles (1)-(3) not only fa-
cilitates the comparison of experimental results with theoret-
ical models but also forms the basis for developing more
accurate methods for evaluating the geomechanical state of
ore-bearing rock masses. Integrating gravitational and tecton-
ic stress components within a unified analytical framework
ensures methodological rigor and scientific validity of the
research approach.

oc=o0g+k-H,

3. Results and discussion

Statistical processing of experimental data obtained from
in-situ stress measurements in structurally heterogeneous
rock masses enabled the development of regression equations
describing changes in the average values of principal normal
stresses with depth. For competent rocks with Young’s mod-
ulus ranging from 5-6-10* to 10-11-10* MPa, the following
relationships were established:

oy =0y =9.5+2.78/H, )
oy =5.0+2.787H , ()
oy =45+1127H , (6)
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For moderately strong rock masses with Young’s modu-
lus of approximately 2-3-10* MPa, the relationships are as
follows:

oy +0y =5.0+2.14yH @)
oy =3.0+114yH , 8)
oy =2.0+yH , 9)

where: y is the unit weight of the rock, equal to 2.7-10?
MPa/m; H is the depth from the surface in meters.

In a first approximation, vertical stresses oy correspond to
the overburden pressure yH.

Comparison with values derived from hydrostatic theory
revealed that the experimental results lie below those pre-
dicted by N. Hast’s empirical relationships but above those
calculated under a purely hydrostatic stress assumption.

Beyond regression modeling, experimental work enabled
the identification of key patterns in stress distribution within
the rock mass. At the Kadamjay mine, measurements at the
930 m level revealed that in the southern limb of the fold, the
maximum principal stress reached 35.1 MPa (azimuth 156°).
At the same time, at the southwestern periclinal closure, it
was 40.1 MPa (azimuth 282°), reflecting changes in stress
axis symmetry during fold formation.

A comparison between the 930 m and 960 m levels
showed that the experimental site at 960 m (located just
240 m below the surface 90 to 140 m less than at 930 m)
exhibited vertical stresses 2.2-2.6 times lower and horizontal
stresses 1.6-2.0 times lower than those at the 930 m level.
This difference is attributed to the predominance of tectonic
stresses influenced by the distribution of faults.

Analysis showed that the magnitude of maximum princi-
pal stresses depends on the depth and the distance to active
fault zones. For example, in the southern drift (930 m level),
the stress measured was 35.1 MPa at a depth of 330 m,
whereas near the shaft of the “Novaya” mine (460 m deep,
690 m away from the fault), it was only 18.6 MPa. The tec-
tonic component, approximately 22 MPa was highest near
the fault and decreased exponentially with distance.

At the Chon-Koy deposit, significant variation was ob-
served between zones. In the southern ore-bearing zone
(depth H =160 m), vertical stresses were around 4.2 MPa,
and horizontal stresses ranged from 7.4 to 9.6 MPa. In con-
trast, vertical and horizontal stresses reached 21.3 MPa and
19.2-21.7 MPa in the northern zone near the flexural bend,
respectively.

Principal stress orientations were reconstructed based on
geomechanical data, confirming the consistency of overcor-
ing measurements. Statistical analysis demonstrated that
vertical stresses closely aligned with theoretical values, while
horizontal stresses were significantly elevated due to the
pronounced influence of tectonic discontinuities.

The research also revealed a strong correlation between
the propagation velocity of elastic waves and rock strength.
Marbled rocks and Chatbazar limestones, which are relative-
ly homogeneous and isotropic, showed a high correlation
between strength parameters and elastic wave velocity. The

. . I
strength anisotropy coefficient K :GL/ o , for these rocks

indicates uniform mechanical properties regardless of load-
ing direction.

In contrast, rocks from the Uluu-Too deposit (including
effusive rocks, listvenites, schists, and serpentinites) exhibit-
ed substantial heterogeneity and anisotropy in their physical
properties, resulting in a lower correlation coefficient be-
tween wave velocity and strength (p ~0.64). This suggests
that in anisotropic rocks, strength characteristics depend on
the magnitude of the applied load and the orientation of elas-
tic symmetry axes relative to the compression direction.

Notably, a rise in strength anisotropy generally accompa-
nies an increase in the elastic anisotropy coefficient, while
lower elastic anisotropy is associated with greater resistance
to uniaxial compression. Therefore, considering the aniso-
tropic nature of rocks, alongside a detailed analysis of their
elastic and strength properties, enables more reliable fore-
casting of the stress-strain state and evaluation of geotech-
nical risks during mining in structurally heterogeneous envi-
ronments. The relationship between elastic anisotropy and
strength characteristics is presented in Table 1.

Table 1. Relationship between elastic anisotropy and strength characteristics

Wave velocity, m/s

Elastic wave

Rock type velocity anisot-
Vp” VPL ropy, %

Basalt 4610 4410 4.5

Marmarized limestone 5460 5100 6.8

Chlorite schist 7120 6400 11.3
Jasperoid 4760 4050 17.0
Bedded limestone 4740 3280 44.6
Carbonaceous schist 5105 2715 87.5
Mica-quartz schist 5100 2550 100.0

Figures 1 and 2 illustrate the relationships between elastic
wave velocities and rock strength parameters, as well as the
degree of anisotropy based on experimental data.

Figure 1 presents the measured values of both longitudi-
nal and shear wave velocities for various rock types. The
highest longitudinal wave velocities are observed in crystal-
line and marmarized rocks, consistent with their high
strength and relative structural homogeneity. In contrast,
schists and other rocks exhibiting pronounced fissuring or
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Uniaxial compressive
strength, kg/cm?

Strength anisotropy coefficient

O, O'mi
K= max mln'%

Omax Omin Cmin
1070 940 13.9
865 830 4.1
3140 2400 30.8
1290 850 51.9
805 610 32.0
1400 830 68.6
880 525 68.1

bedding demonstrate significant anisotropy, evident in the
directional variability of elastic wave propagation.

The degree of anisotropy in longitudinal wave velocities
is shown in Figure 2. It demonstrates a tendency toward
increased anisotropy coefficients in rocks with complex
internal structures and dominant planes of stratification,
confirming that the orientation of structural elements has a
considerable impact on wave velocity.
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Figure 2. Variation of longitudinal wave velocity anisotropy
coefficients in the investigated rock types

In addition to internal structural factors, external stress
also plays a significant role. Experimental data show that
when the applied load increases from zero to 50% of the
rock’s ultimate strength, the velocity of longitudinal waves

Vot (p) . measured perpendicular to bedding or the axis of
elastic symmetry, increases by 25-35%. In contrast, wave

" . I .
velocities measured parallel to stratificationVo (p) in-

crease by only 7-15%. This effect highlights the nonlinear
relationship between wave velocity and increasing compres-
sive stress. With increasing pressure, microcracks and pores
tend to close, resulting in an overall increase in wave veloci-
ty, especially in directions initially exhibiting reduced veloci-
ties due to the rock’s anisotropic fabric.

For the studied rock types, elastic properties were deter-
mined using an anisotropy-based calculation scheme and
equations applicable to orthotropic and transversely isotropic
symmetry. Figure 3 presents the averaged values of Young’s
moduli (Ex, Ey, E;), shear moduli (G, Gy, G;), and Poisson’s
ratios (uxy, pyz, pzx) for selected anisotropic and isotropic
rocks.

As shown by previous experimental data, the anisotropy
of elastic wave velocities in the studied rocks can range from
5-10% in relatively isotropic marmarized limestones to 80-
100% in mica-quartz schists and certain varieties of siliceous
rocks. This variability is attributed to microstructural features
such as bedding, fracturing, and mineral grain orientation,
which create directional differences in the propagation paths
of elastic waves.
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According to the graphs in Figure 3a, the values of E

(measured along the bedding or principal symmetry axis)
often exceed those of E; (measured perpendicular to bed-

ding). Similar patterns are observed for shear moduli
(G, G, ) and Poisson’s ratios (g, 4, ), indicating higher

stiffness and reduced deformability of rocks along the direc-
tion of greater structural continuity.

A comparison of the ratios E,>E, and G,>G demon-

strates that stronger elastic wave anisotropy correlates with
more pronounced contrasts in elastic parameters measured in
different directions. In other words, the higher the anisotropy
degree of the rock, the more significant the differences in the
values of E and G moduli along and across the bedding planes.
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The previously observed trend of increased longitudinal
wave velocity V, several times when measured along differ-
ent structural directions aligns with proportional changes in
Young’s and shear modulus (by a factor of ny). Thus, the
increase or decrease in wave velocity directly reflects the
change in material stiffness and its capacity to resist com-
pressive and shear deformation.
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Thus, the results presented in Figure 3 confirm the pro-
nounced anisotropy of the investigated rocks and highlight
characteristic differences in their elastic properties associated
with the orientation of tectonic and structural-textural ele-
ments within the rock mass. Box-and-whisker plots charac-
terizing the elastic behavior of the studied rock types are
presented in Figure 4.

(3]

.
]

w

Magnitude (E), x10°
e

N

M Mica-quartz schists

M Bedded limestones

M Silicified schists

[l Amphibolites

M silicified jasperoids

Il Marmarized limestones

Figure 4. Box-and-whisker plots illustrating the properties of the investigated rocks: (a) — elastic wave velocities; (b) — longitudinal
wave velocities; (c) — Young’s moduli; (d) — shear moduli; (e) — Poisson’s ratios

The range of elastic wave velocities (Figures 4a and 4b)
varies significantly across rock types, indicating a high de-
gree of anisotropy in the studied materials. Homogeneous
rocks exhibit relatively narrow value intervals, while those
with pronounced textural heterogeneity show a considerably
wider spread.

Analysis of the box plots reveals that Young’s modulus
values (Figure 4c) measured parallel to bedding (E), are

consistently higher than those measured perpendicular to
bedding (E, ). A similar trend is observed for shear moduli,

where G;>G, (Figure 4d). This finding indicates stiffer

mechanical behavior along the primary axis of symmetry,
which is attributed to the preferential alignment of mineral
grains or structural layers.

The box plot for Poisson’s ratios (Figure 4¢) shows a nar-
rower spread than Young’s and shear moduli but reveals
noticeable differences among rock types. Poisson’s ratio
reflects the lateral-to-axial strain ratio and is a critical param-
eter in assessing the deformability of a material.

The studied rocks exhibit a high degree of anisotropy
based on the analysis of all measured parameters — wave
velocities, Young’s moduli, shear moduli, and Poisson’s
ratios. Variations in longitudinal wave velocity, which pro-
portionally reflect changes in elastic parameters (by a factor
of n?), indicate that the greater the anisotropy, the more pro-
nounced the differences in parameters measured along and
across the primary bedding direction.

Survey results, consistent with findings reported in [40-
44], show that in unsupported vertical, main, and single
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preparatory workings, rock failures in the sidewalls are
typically localized in areas where the span direction aligns
with the orientation of high horizontal tectonic stresses. In
horizontal excavations, failures predominantly occur in the
roof and floor.

As part of the assessment of stoping chambers, the con-
dition of over 200 active and depleted panels with varying
operational lifespans was examined. The inspection includ-
ed documentation of actual chamber dimensions and inter-
chamber pillar widths, bedding and fracturing parameters,
water saturation levels, mining depth, the collapses' area
and volume, and the tectonic stresses' orientation in the
examined zones. A total of 22 instances of individual roof
collapses were recorded. The spans of chambers in collapse
zones ranged from 6 to 50-55 meters, with depths between
20 and 300 meters. The collapsed areas covered 6 to
500 m?, with volumes ranging from 0.2 to 3.0-4.0 m*. The
fallen rock typically accumulated in piles along the cham-
ber floor and rarely filled the entire excavation area. Nota-
bly, most collapses occurred after chamber stoping was
completed.

Analysis of the obtained data indicates that the critical
stress state in rock masses, depending on the excavation
orientation, is most commonly reached on the roof and floor,
where compressive stress concentrations significantly exceed
those observed in undisturbed rock. When the orientation of
the excavation is close to being perpendicular to the direction
of the maximum tectonic stress vector, stress concentrations
along the excavation boundary can exceed the ambient stress
levels in the surrounding mass by a factor of 2 to 3.
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The influence of tectonic stresses extends to all types of
underground excavations, including main, preparatory, and
stoping workings. The mechanisms of rock instability vary
and range from spalling to slab detachment. Under condi-
tions of low tectonic activity, the predominant deformation
mode is spalling along planes of structural heterogeneity,
resulting in the fall of discrete structural blocks, which re-
main relatively intact. In contrast, under high tectonic stress
conditions, the blocks are crushed and destroyed, leading to
the detachment of slabs parallel to the excavation contour in
zones subjected to the highest compressive stresses. This
progressive transition in failure mechanisms not only alters
the nature and extent of damage around underground open-
ings but also plays a crucial role in determining the design
and implementation of effective support systems, excavation
sequencing, and ground control strategies, particularly in
deep mining conditions or regions characterized by elevated
tectonic stress, where the risk of dynamic rock failure and
structural collapse is substantially higher.

Thus, rock deformation around excavations under tecton-
ic forces highly depends on the orientation of the longitudi-
nal axis. Adjusting the alignment of an excavation relative to
the direction of maximum tectonic stress makes it possible to
influence stress concentrations along its boundaries and
thereby control deformation and failure processes. Various
engineering methods and technological solutions have been
developed to minimize the adverse effects of tectonic stresses
on excavation stability, considering both the magnitude and
orientation of the tectonic stress vector.

4. Conclusions

Gravity and tectonic forces govern the stress-strain state
of ore-bearing rock masses in Kyrgyzstan. The developed
regression models for competent rocks (with Young’s moduli
ranging from 5-6-10* and 10-11-10* MPa) and moderately
strong rocks (approximately 2-3-10* MPa) confirm that verti-
cal stresses oy are, in the first approximation, equivalent to
the overburden pressure, expressed as yH.

The experimental data fall between the values predicted
by N.Hast’s empirical relationships and those calculated
from hydrostatic theory, indicating a substantial influence of
horizontal tectonic stresses.

Field measurements at the Kadamjay mine reveal that
principal stress magnitudes depend on depth and the dis-
tance to fault zones. At the 930 m level, the maximum
stress reaches 35.1-40.1 MPa, and a comparison between
the 930 m and 960 m levels shows a 2.2-2.6-fold and 1.6-
2.0-fold decrease in vertical and horizontal stresses, respec-
tively.

The study of elastic properties revealed significant ani-
sotropy: rocks with pronounced heterogeneity exhibit ani-
sotropy coefficients up to 80-100%, while marmarized
limestones show 5-10% values. A corresponding rise in
strength anisotropy accompanies an increase in elastic ani-
sotropy.

The inspection of underground excavations showed that
rock failures most frequently occur in areas where the span
direction of the excavation aligns with the vector of high
horizontal tectonic stresses. These findings underscore the
necessity of incorporating tectonic stress factors into the
design parameters of underground workings.
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KbIprbI3cTAaHHBIH KYPBUIBIM/BIK-TETEPOTreHAi Tay *KbIHbICTAPbIHbIH
KepHeyJIi-aepopMalUsJIaHFAH KYHiH TeOMEeXaHUKAJBIK 0arajay

A.P. AGaues®’, 1I. Ban?, P.III. Mam6eroBa®, A.A. AGaues?, A.IIl. A6xues’

Y. Pazsaxoe amvinoazvl Kvipevis memnexemmix mexuuxanolx yuueepcumenti, Biwxex, Kvipevizcman
2Conmycmik-bamvic ynusepcumemi, Cuanv, Koimaii

*Koppecnonoenyus ywin asmop: atsanbek.abdiev@kstu.kg

AnpaTtna. 3eprreynep KplprbI3cTaHHBIH KYPBUIBIMIBIK JKaFbIHAH OIPTEKTI eMec K€H OpPBIHIAPBIHBIH Tay >KbIHBICTAPBIHBIH
KepHeyi-IedopMalusiaHFaH Kai-KyiiH Oaranayra, TEKTOHUKAIBIK Y3UTICTEpIiH TepeHIIri MeH ocepiHe OaiTaHBICTH KepHe-
yJIEpAIH Tapally 3aHAbUIBIKTApBIH aHBIKTAYFa, COH/IAi-aK Tay >KbIHBICTAPBIHBIH CEPIIM/II CHITAThl MEH OJapJIbIH OEpIKTiK KacH-
eTTepi apachlHAarbl OalJIaHBICTBI OpHATyFa OarbITTanFaH. JKyMmbIcTa opTypii TEPEHIIKTEri HETI3ri KaJbIIThl KepHEYyJIepaiH
MOHJIEpIH alyFa MYMKIHIIK OepeTiH TycCipy omiciMeH AajaliblK eJIIeyJIepHdi, CeprmiMIi TONKBHAAPABIH KbUITaMIBIFEIH, Cep-
MMIUTIK MOYJIBIEPIH XKSHE CIBICY MOIYJIbJICPiH aHBIKTAayFa apHaJFaH 3epTXaHaIbIK ChIHAKTAPIbI, COHAl-aK PerpecCrsuIbIK
TOYENAUTIKTepi KypyFa apHalFaH CTaTUCTHUKAIBIK TalgayAbl KAMTUTBIH 9IiCTEp KellleHi maipanaHbuiipl. COHBIMEH Kartap,
Heri3ri KepHeyJepAi Oarmapiaynsl KaiiTa Kypy >KOHE TEKTOHMKANBIK Y3UTICTEpIOiH MacHBalIarbl KePHEYJIEpIiH TapaTyblHa
ocepiH Oaranay Kyprizuiai. 3epTTey HOTIKeNepi Tay >KbIHBICTAPBIHIAFBl TIK KepHeyyep, OipiHIII >KaKblH XKepJe, KOFaprbl
KabatTapiaarsl YH camMarbIHBIH KbICHIMBIHA COMKeC KeJeTiHIIrH kepcereai. KymTi Tay >KbIHBICTapbl MEH OpTaiia OepiKTik
MacCCHBTEpI YIIiH albIHFaH PETPECCIUTBIK MOJENBACP dKCIepUMeHTTIK nepekrep H. Xact Toyenainmikrepi OoWbIHIIA ecenTen-
TeH MOHJIEp MEH I'MJPOCTaTHKAIIBIK KEPHEYAIH TapalyblHa OaiIaHbBICTHI MOHJEP apachlHla eKeHiH pacraiasl. Tay *KbIHbICTa-
PBIHBIH CEPIIMII CHIIATTaMaIapbIH 3€PTTEY OOMIBIK TOJIKBIH JKBIIIAMIBIFBIHBIH ©3repyl CePIIMIUTIK MOAYJIbACPI MEH BIFBICY
MOJYIIiHIH ©3repyiMeH TikeJel OaiylaHpICTEI OOJIATHIH AaHU30TPOIHSHBIH KOFAPHI TOPEKeCiH aHBIKTaAbl. AJBIHFAH HOTIKEIIEp
KEH MAaCCHBTEpiHIH KepHeyIi-aedopMalisianFal KYHiH OopKayAblH ASTipeK MOJEINBbIEPIH jKacayFa KoHe Tay-KeH KazOana-
PBIH K00a1ay 16l OHTAHIAHIBIPYFa MYMKIHAIIK Oepei.

Hezizzi co30ep: may-xen ici, kepreyni-OepopmayusiaHean Kyii, cepnimoi Cunammamanapsl, may HColHblCIMapbi.

I'eoMexaHn4YecKasi OLIEHKA HANIPAKEHHO-1e(OPMUPOBAHHOIO COCTOSHUSA
CTPYKTYPHO-HEOAHOPOAHBIX MOPOAHBIX MaccuBOB KbIpreizcrana

A.P. AGaues®’, L. Ban?, P.III. Mam6ertoBa®, A.A. AGoues’, A.Il. AGaues*

Kvipewviscxuti T'ocyoapemeennviii Texnuueckuii Yuueepcumem um. M. Pazsaxosa, Buwikex, Koipevizcman
2Cesepo-3anaonsiii ynusepcumem, Cuans, Kumaii

*Aemop ons koppecnonoenyuu: atsanbek.abdiev@kstu.kg

AnHotanus. VcciieqoBanusi HarpaBlieHbl Ha OIICHKY HanpspKEHHO-1e(hOPMUPOBAHHOTO COCTOSHUS MMOPOJHBIX MacCH-
BOB CTPYKTYPHO HEOJHOPOAHBIX PYIHBIX MeCTOpoxaeHUil KeIprei3ctaHa, BHIIBICHHE 3aKOHOMEPHOCTEH pacipeeieHus
HaNpsOKCHUH B 3aBUCHMOCTH OT TTyOMHBI M BIMSTHHA TEKTOHHYECKHX Pa3pbIBOB, a TAK)KE HA YCTAHOBICHHE B3aWMOCBSI3U
MEX]Jy YIPYTUMH XapaKTEepPUCTHKaMH MOPOJ M UX MPOYHOCTHBIMU CBOWCTBaMH. B pabore HMcIonb30BaH KOMIUIEKC METO-
JI0B, BKIIIOYAIOUIUH TOJEBBIE U3MEPEHUS METOAOM Pasrpy3KH, MO3BOJIAIOIINE MOJy4aTh 3HAYEHHs TJIaBHBIX HOPMaJbHBIX
HaNpsHKCHUH HA Pa3IUYHBIX INIyOWHAX, 1JaOOPaTOpHBIE MCIIBITAHUS IS ONPECIICHUS] CKOPOCTEH YIPYTHX BOJIH, MOIYJIEH
yOPYrocTd ¥ MOAYJEH cABUra, a TAKXKE CTATUCTHUYECKHI aHaIU3 AJs MOCTPOEHUS PErpecCHOHHBIX 3aBHUcHMOCTell. Kpome
TOTO, MPOBECHA PEKOHCTPYKLIMS OPUEHTUPOBKHU IJIABHBIX HAIMPSDKEHUH U OLICHKA BIMSIHHS TEKTOHHUYECKUX Pa3phIBOB Ha
pacupeneneHue HalpsHDKEHUM B MaccuBe. Pe3ynbTaTsl HCClIeOBaHMs IEMOHCTPUPYIOT, YTO BEPTHKAIBHBIE HANPSIKEHUS B
ITOPOJTHOM MAacCHBE, B IIEPBOM IPUOIMKEHUH, COOTBETCTBYIOT JIaBJICHHIO Beca Bblmenexanux cioéB yH. IlomydenHble
perpeccuoHHbIe MOJIETH I KPENKUX MOPOJ M MACCUBOB CPEAHEH MPOYHOCTH MOATBEPKAAIOT, YTO IKCIIEPUMEHTAIbHbBIE
JaHHbIE HAXOAATCS MEXKAY 3HAUCHUSIMH, PACCUMTAHHBIMU 10 3aBucuMocTsaM H. Xacrta, u 3HadeHHsIMHU, 00YCIIOBIEHHBIMU
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THAPOCTATHYECKUM pacIipeielieHueM HampsDKeHHH. VccinemoBaHMe YNPYTHX XapaKTEPUCTHK IMOPOJA BBISIBHIIO BBICOKYIO
CTENeHb aHU3O0TPOIUH, IPU KOTOPOH M3MEHEHHE CKOPOCTH IMPOJOJBHON BOJHBI HEMOCPEACTBEHHO KOPPEIUPYET C U3MeE-
HEHHEM MOJyJIel ynpyroctu u Moayis ciasura. [loiaydeHHbIE pe3yIbTaThl MO3BOJSIOT pa3padaThiBaTh Oojee TOYHBIE MO-
JIeJId TIPOTHO3MPOBAHUS HANPSHIKEHHO-1€()OPMUPOBAHHOTO COCTOSIHUSL PYAHBIX MAacCHBOB U ONTHMH3HPOBATH MPOEKTUPO-
BaHHE TOPHBIX BEIPAOOTOK.

Knioueswie cnosa: zoproe 0eno, HanpsaicEHHO-0ePOpMUPOSAHHOE COCIMOsIHUE, YIpY2Uue Xapakmepucmuku, nOpOOHbLIL MACCUB.
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Abstract. The study performs an analysis and comparison of two completely different, but in some cases similar regions of
West and East Kazakhstan. The influence of climate data changes, soil structure and its sensitivity on desertification in Ka-
zakhstan over the decades of the 2000s, 2010s and from 2020 to 2024 is described using the example of West and East Ka-
zakhstan. The author compared and detected that the soil types: Zg, XI, So, WR and KI are found both in the West and in the
East of Kazakhstan exposed to degradation of soil structure. Climatic parameters, such as the temperature of the area fixed
range between 3.6-4.9°C, humidity change significantly, all the time within 64% and 77%, and precipitation in different time
periods changed from 416 mm to 605 mm. Using remote sensing data, the author analyzed changes in the natural environment,
created visualizations and 3D modeling during the monitoring process. Thus, a set of existing research papers, statistical in-
formation and own experience were presented, since in the course of the work the results of scientific research on desertifica-
tion were presented. The results of the study showed that there is an accelerated process of land desertification in Kazakhstan.
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1. Introduction

Desertification is the process of transforming fertile land
into desert or semi-desert. This phenomenon occurs due to
various factors such as climate change, improper agriculture,
overgrazing, deforestation, the use of chemical fertilizers,
and other human and natural impacts. As a result of desertifi-
cation, soil fertility is lost, water quality deteriorates, and
biodiversity decreases, which can lead to economic and so-
cial problems, especially in rural areas.

Before starting a study, it is necessary to find the differ-
ences and understand what desert and desertification mean,
and in what ways they differ. Desertification and desert are
two concepts that are often confused, but there are important
differences between them. Desert is a natural ecosystem
characterized by extreme climatic conditions (hot or cold,
dry), where there is little precipitation and vegetation is lim-
ited. Deserts have a specific landscape, such as sand dunes,
rocky plains, rare plants and species of flora and fauna
adapted to arid conditions. Desertification is a process of
land degradation, during which fertile territories lose their
properties and become unsuitable for agriculture or life. This
phenomenon can occur due to various factors, including
climate change, land misuse, deforestation, or intensive cattle
breeding. This phenomenon includes soil degradation, water
loss, and deterioration of plant growth conditions. Desertifi-
cation can occur in different climatic zones, not necessarily
in actual deserts. Thus, a desert is a stable ecosystem, and
desertification is a process that can affect even areas that
© 2025. M.E. Amirkhanov, Y. Zhakypbek, S.V. Tursbekov, T.B. Nurpeissova

were once green or fertile. The process of desertification is
most often observed in arid and semi-arid areas, where the
preservation of fertile soil and access to water resources are
key factors in agricultural activity and population viability.
The process of desertification is related to soil sensitivity and
ecological vulnerability [1]. Ecological soil degradation
occurs in ecologically vulnerable areas, and ecological sensi-
tivity factors and ecological exposure factors are the basic
elements for assessing ecological vulnerability [2].

The Republic of Kazakhstan is the largest landlocked
country in the world that does not have direct access to the
World Ocean. Most of the country's territory is desert — 44%
and semi-deserts — 14%. Steppes occupy 26% of the area of
Kazakhstan, forests — 5.5%. There are 8.5 thousand rivers in
the country. The northeastern part of the Caspian Sea is in-
cluded in the republic borders. The Aral Sea is divided be-
tween Kazakhstan and Uzbekistan. There are 48 thousand
large and small lakes in Kazakhstan. The largest of them are
Balkhash, Zaysan and Alakol. The remoteness from the
oceans determines the sharp continental climate of the coun-
try which means ecological sensitivity is mainly reflected by
desertification sensitivity [3]. The higher the desertification
sensitivity is, the greater the risk of land desertification. The
phenomenon of soil structural degradation and desertification
has been actively expressed in Kazakhstan since the 1960s,
and attention should be paid especially to the Western part of
Kazakhstan, the Caspian region [4].
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In 1994, the United Nations Convention to Combat Des-
ertification (UNCCD) was adopted, which is the main inter-
national legal instrument aimed at combating desertification
and land degradation. The signatory countries committed to
develop and implement national and regional plans to pre-
vent desertification, restore degraded lands, and use sustain-
able land tenure and agriculture.

Kazakhstan became a party to the United Nations Con-
vention to Combat Desertification (UNCCD) on December
30, 1997. On July 7, 1997, Kazakhstan took part in this pro-
cess and presented its National Action Program in the form
of the state program «Combating desertification in the Re-
public of Kazakhstan for 2005-2020» with a three-stage list
of main goals and objectives [5].

The susceptibility of the soil to desertification is its ten-
dency to degradation in conditions of lack of moisture and
vegetation, which leads to loss of its productivity and trans-
formation into desert or semi—desert areas. This process
depends on a complex of factors, both natural and anthropo-
genic. Here are the main points that affect the susceptibility
of the soil to desertification:

Climatic conditions. Low humidity: the main factor con-
tributing to desertification is lack of precipitation. Soils in
arid and semi-arid areas (such as Central and Western Ka-
zakhstan) are susceptible to erosion and degradation, espe-
cially if precipitation does not compensate for moisture
evaporation. High temperature: Intense heat also accelerates
the evaporation of moisture from the soil surface, which can
lead to deterioration of its structure and loss of organic mat-
ter. Republic of Kazakhstan makes up about 179.9 million ha
or 60% of its territory, mostly in desert, semi desert and
steppe zones. Almost all the administrative regions suffer
from desertification which shown in Figure 1 [6].
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Figure 1. Driving types of desertification in Kazakhstan

Type of soil. Sandy and sandy loam soils: These soils
have a low ability to retain moisture, which makes them
particularly vulnerable in arid conditions. They are easily
destroyed by wind (wind erosion) and water. Clay soil: Alt-
hough such soils retain moisture better, they can be subject to
water erosion and waterlogging if the correct water balance
is not maintained. A Loamy soil: They are more stable, but if
mismanaged (for example, excessive arable land or intensive
grazing), they can also degrade.

The presence of vegetation: Vegetation plays a key role
in protecting the soil from erosion. The presence of grass
cover and shrubs helps to retain moisture and prevent the
removal of the topsoil. If vegetation is destroyed (for exam-
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ple, because of uncontrolled grazing or agricultural activi-
ties), the soil becomes vulnerable [7].

The root system of plants helps strengthen the soil, im-
proving its structure and ensuring water retention.

Anthropogenic factors. Excessive farming: Frequent till-
age without observing crop rotation and without applying
organic fertilizers can lead to a decrease in organic matter
and deterioration of soil structure. This, in turn, increases the
susceptibility of the soil to desertification. Pasture pressure:
Overgrazing destroys vegetation cover and compacts the soil,
which reduces its water retention capacity and promotes
erosion. Disturbance of the water balance: Changes in the use
of water resources (for example, irrigation without consider-
ing soil characteristics) can lead to soil degradation through
salinization or an increase in the groundwater level [8].

Soil degradation. Erosion: Soils exposed to strong wind
or rain lose their upper fertile layer. This can lead to a loss of
soil structure and deterioration of its fertile qualities. Salt
stress: In arid areas where there is high evaporation and lack
of precipitation, salt deposits can accumulate on the soil
surface, making it less suitable for plant growth. An absence
of organic matter: The lack of organic matter reduces the
soil's ability to retain water and nutrients, making it more
vulnerable to degradation and desertification. Soils with a
disturbed structure (for example, compacted or with a low
content of organic matter) lose their ability to retain water
and air, which contributes to their degradation and increased
susceptibility to desertification.

Soil sensitivity is its ability to respond to various impacts,
such as climate change, agricultural stress, or pollution. One
of the main factors affecting soil sensitivity is the type and
structure of the soil: Different types of soils (for example,
sandy, clay, loamy) have different water retention and aera-
tion capacities. Soils with a fine-grained structure (for exam-
ple, clay soils) may be more sensitive to changes in humidi-
ty, while sandy soils may dry out faster, making them sensi-
tive to droughts. To obtain a systematic analysis of the soil
structure, it is necessary to understand in detail the soil struc-
ture of Kazakhstan [9].

The natural zones of Kazakhstan successively change
from North to South: from forest-steppes to deserts, and it is
shown in Figure 2.

Figure 2. Map of natural zones, subzones of altitude zones of
Kazakhstan in 2023

Forest steppe. A small area of the northern part of the
country. This zone is characterized by a flat land surface with
lowlands. This territory consists of two types: (1) — forest-
steppe and mixed (Kolochnaya) steppe of plains; (2) — forest-
steppe of Low Mountains.
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Steppe. They occupy almost a third of the country's terri-
tory. The climate is more severe than in the forest-steppe:
precipitation is much less in summer, and the average tem-
perature in July varies from +18°C in the northern regions to
+23°C in the southern regions. The steppe zone with white
and green consists of: (3) —arid steppes; (4) —srid steppes
and forests of low mountains.

Yellow and white-orange color territories cover semi-
deserts zones. Semi-Deserts are the intermediate zone between
the steppe and deserts. The climate is dry and hot in summer,
cold in winter: (5) — dry steppes; (6) — desolate steppes.

Deserts. They occupy a wide strip from 500 to 700 km,
stretching from the Caspian Sea to the foothills. They are: (7) —
northern deserts; (8) — middle deserts; (9) — southern deserts.

In the mountainous regions of Kazakhstan, the change of
natural zones is determined by the change in altitude: (10) -
desert basins. Upland plains and foothills: (11) — steppe foot-
hills; (12) — desert of the north Tianshan type; (13) — desert
of the central Asian type.

Mountains: (14) — Tarbagatai-Sauro-Altai  belt  types;
(15) — Dzungaro-North Tien Shan belt types; (16) — Karatai-
Western Tien Shan belt types. High-altitude zones influence
the development of nature. The change in altitude leads to
alternation of natural zones and changes in vegetation and
climate [10].

The study of desertification of the lands of Kazakhstan is
conducted to study the causes and extent of this process, as
well as to prepare measures for its prevention and manage-
ment. The study process is based on data from East Kazakh-
stan, which is one of the regions of the country with the most
affluent and rich in water resources in the region of the Re-
public of Kazakhstan, where desertification is beginning, and
special attention is being paid to this issue [11].

Desertification is a serious problem in Kazakhstan, as
most of the country is in a semi-desert and desert zone.
Sources of desertification in Kazakhstan include unstable
land use, irregular use of agricultural land, climate change
and insufficient conservation.

The problem of desertification of lands in the Caspian re-
gion West Kazakhstan is one of the most pressing problems
of Ecology and agriculture in the region. In many areas of the
region, soil cover and access to plant nutrients are deteriorat-
ing due to land cover destruction and soil erosion. The Cas-
pian region is one of the most dynamic regions on the planet.
Its condition is greatly influenced by a combination of natu-
ral and anthropogenic factors.

Desertification in Atyrau and Mangystau regions is an
urgent problem faced by Kazakhstan, requiring an integrated
approach and long-term solutions. Effective management of
water resources, the introduction of sustainable agricultural
practices and the conservation of natural ecosystems will
help mitigate the effects of this process and ensure the sus-
tainable development of the region (Figure 3).

The interrelation of the desertification process in the Cas-
pian region and East Kazakhstan is a complex ecological
process that can be considered in the context of common
climatic, hydrological and anthropogenic factors affecting
both regions. Despite the difference in geographical location
(the Caspian region is in the west of Kazakhstan, and East
Kazakhstan is in the east of the country), there are several
key factors of interconnection between these regions, includ-
ing through climate change, water resources, and the impact
of human activity.
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Figure 3. Soil type structure of Atyrau and Mangystau re-
gions: (a)—tyrau region consists: Ds-—Podzoluvi soils;
Jc — Calcaric Fluvisols; Je — Eutric Fluvisols; K — Kastaznozems;
KI - Luvic Kastanozems; Oe — Eutric Histosols; Sg — Gleyic Solo-
netz; So - Orthic Solonetz; WR - Planosols; Xh — Haplic Xero-
sols; XI - Luvic Xerosols; Z - Solonchaks; Zg - Gleyic Solon-
chaks; Zo-Orthic Solonchaks; Yk-Calcic Yermosols;
Z - Solonchaks [12]

Although East Kazakhstan is generally less dependent on
rivers, current water supply problems and declining water
resources in the Caspian region (including due to changes in
the Caspian Sea level) may affect overall approaches to the
use of water resources in Kazakhstan. A decrease in water
resources in one part of the country may increase competi-
tion for water and worsen problems in other regions.

Increased soil salinity, erosion, and deterioration of water
quality are common problems both in the Caspian region and
in some areas of Eastern Kazakhstan. Both regions are expe-
riencing changes in vegetation and wildlife due to climate
change and economic activity. The impact of ecosystem
changes in one region may have an indirect impact on eco-
systems in another region if there are natural links between
them, such as animal migration routes or water flows.

The process of desertification in the Caspian region and
Eastern Kazakhstan is closely linked through climate change,
water resources and anthropogenic factors. Although each of
these regions has its own characteristics, common problems
such as land degradation, water stress, and ecosystem degra-
dation require comprehensive solutions and coordinated
efforts at the national level to mitigate them and prevent
further environmental degradation [13].

2. Materials and methods

Desertification is the degradation of land in arid, semi—
arid and dry sub-humid areas caused by climate change and
anthropogenic activities. Remote sensing plays a key role in
identifying, monitoring, and predicting this process. Monitor-
ing of desertification by remote sensing of the Earth in the East
Kazakhstan region is an important component of the manage-
ment of Natural Resources and environmental protection in
this region. Remote sensing is a method that uses satellite data
to study and analyze changes in the Earth's surface.
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In recent decades, climate change has increasingly affect-
ed ecosystems and agriculture around the world. The vulner-
able ecosystem of East Kazakhstan, faced with the problem
of desertification, requires special care. Global warming,
changes in precipitation and other aspects of climate change
have a serious impact on this region, leading to irreversible
consequences for nature and humans. In this article, we will
consider the impact of climate change over decades from
2000s to 2020s on the desertification of Eastern Kazakhstan
and possible ways to solve this problem.

East Kazakhstan region located in the eastern part of the
country. It occupies an area of 97800 sq kilometers on the
soils of mountainous areas and areas with sandy and unde-
veloped soil. Geographical coordinates of researched region
at 48°52'54.98" between 48°31'44.43" north latitude and
82°51'56.43" east longitude between 83°31 '46.61" [14].

In this research paper, special attention should be paid to
the soil structure of the region under study, because the soil
composition and soil structure have a significant impact on
the processes of desertification. Soil degradation leads to a
decrease in its productivity, deterioration of the water
balance and, ultimately, to the expansion of desert areas.

The soil structure of East Kazakhstan is a way of
organizing and combining soil particles (sand, silt, and clay)
into aggregates of various shapes and sizes. It affects water
permeability, aeration, fertility and soil resistance to erosion
and it is shown in Figure 4.

Soils with a low humus content (less than 1%) are less re-
sistant to erosion, as organic matter plays an important role
in retaining moisture and nutrients. Salt marshes (Solon-
chaks) and saline soils: Salinization of the soil reduces its
fertility and prevents vegetation growth, which accelerates
the process of desertification. In arid regions, improper irri-
gation and evaporation lead to the accumulation of salt on the
soil surface. This phenomenon can be seen under the Zg
indicator (Gleylic solonchak).

DOMSOI

Figure 4. Soil type structure of East Kazakhstan: Ch — Haplic
Chernozems; Ds - Podzoluvi sols; Gl - Glaciers; Ge — Eutric
Gleysols; Gm — Mollic Gleysols; | — Lithosols; Je — Eutric Fluvi-
sols; Kh-Haplic Kastanozems; KI-Luvic Kastanozems;
Oe — Eutric Histosols; Sm — Mollic Solonetz; So - Orthic Solo-
netz; WR -Planosols; Xl - Luvic Xerosols; Y —Yermosols;
Yh - Haplic Yermosols; Zg — Gleyic Solonchaks

The East Kazakhstan region has a sharply continental
climate with large differences in seasonal and daily tempera-
tures. Summers are hot and moderately dry, and winters are
cold and snowy. The average temperature of the winter
months, from -12°C to -15°C, in the foothills of Altai -9°C to
-11°C. However, with the attack of arctic air masses, the
temperature can drop to -42°C. The average maximum tem-
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perature in July is from +25°C to +30°C. The maximum
summer temperature can reach the +45°C mark. The average
annual level of precipitation is from 300 to 600 mm, in the
mountains-about 900 mm, in some places up to 1500 mm.

The climate of the region is sharply continental, with a
large daily and annual amplitude of air temperature. The aver-
age temperature in January is -17°C, July +21°C, precipitation
covers 300 mm per year. The average annual wind speed is
2.3 m/s, the average annual air humidity is 66% [15].

There are two main reasons why the phenomenon of des-
ertification occurs. They are natural and anthropogenic. As a
natural factor, the indicator of seasonal drought and the
amount of precipitation is less than normal. And the anthro-
pogenic factor, that is, the reason that arose from the activi-
ties of mankind, is the misuse of land plots within the
framework of economic activity agriculture. Overgrowth and
improper distribution of pastures and land resources, uncon-
trolled use of land for growing crops, and soil contamination
with toxic substances.

The methodology for studying the phenomenon of deser-
tification of the lands of East Kazakhstan will consist of the
following indicators. Indicators of climatic characteristics of
Kazakhstan (Statistical information) and state of land cover
of the territory of Kazakhstan (Vegetation conditions and
migration of sand dunes).

The average and maximum decennial height of snow
cover in winter (Tables 1, columns 1 and 2) are calculated
based on daily monitoring of the height of snow cover in-
stalled in an open area within the locality. According to these
data, the average decade of snow cover was determined.
From them, the maximum values were selected for each
winter, according to which the average values of the largest
and maximum values for the control period of at least 40
years were found. The maximum daily height (Table 1, col-
umn 3) is determined as the largest of the values of the max-
imum height of snow cover for the year, obtained because of
field surveys of snow cover, which are carried out on the last
day of each decade. Snow shooting data is an average of 100
measurements on a route of one to two kilometers.

Table 1. Snow precipitation indicator, 2020s [16]

Snow cover, cm Duration
Maximum of the

: Average for the Maximum of daily amount —onset of
City/town/place largest decade = the largest = of winteron  stable
of winter decade the last day snow

of the decade cover, days
East Kazakhstan

Zaysan 26.2 73.0 69.0 136.0
Katon-Karagay 26.9 89.0 48.0 160.0
Ust-Kamenogorsk 57.4 104.0 147.0
Shemonaikha 49 83 85 151

Duration of permanent snow cover (Table 1, Column 4).
Defined as the average of the annual periods of stable snow
cover. The period of formation of snow cover is determined
between the date of formation of permanent snow cover,
when the visible area of the meteorological station is covered
with more than 60% snow, and the date of disappearance of
permanent cover, when the degree of environmental cover is
less than 60%. In addition, snow cover is considered stable if
it is maintained for at least 30 days in a row with breaks of
no more than three days.
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The least precipitation in East Kazakhstan falls in Sep-
tember. The average for this month is 29.5 mm. At the same
time, most precipitation is observed in November. The level
and amount of precipitation affects the vegetation of area.
Visual information can be seen in Figure 5.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 5. Average amount of precipitation in East Kazakh-
stan, 2020s

As a factor contributing to climatic indicators, we can use
humidity and temperature indicators of the region between
certain periods of time. Humidity is the concentration of
water vapor in the air. Humidity changes depending on the
temperature and pressure in the controlled system. The same
amount of water vapor leads to an increase in the relative
humidity of cold air compared to warm air.

Air temperature is one of the thermodynamic parameters
of the state of the atmosphere. Air temperature is an indicator
of a quantity that indicates the degree of its heating. Air
temperature is one of the most variable indicators of the state
of the atmosphere.

Remote sensing of the earth is a set of technologies that
allow obtaining, processing and interpreting information
about objects on the earth's surface without physical contact.
The specific goals of a scientific study should include the
following points: Study and analysis of the dynamics of
changes in vegetation and soil cover in the East Kazakhstan
region based on the analysis of remote sensing data over the
past decades, assessment of the impact of natural and anthro-
pogenic factors on the desertification process in this region,
determination of optimal remote sensing parameters for ef-
fective desertification control, development of recommenda-
tions and strategies for combating desertification in this re-
gion based on the results of research and analysis of remote
sensing data [17].

To study climate indicators in the region, control work
can be carried out using indicators for several years free of
charge through the POWER Data Access Viewer platform.
In order to study climate indicators in the region, control
work can be carried out using indicators for several years
free of charge through the POWER Data Access Viewer
platform. Power Data Access Viewer is a web—based GIS
tool that allows you to see and explore various variables
related to renewable energy sources anywhere around the
world. The tool is provided as part of NASA's World Energy
Resources Forecast (POWER) project. Using Power Data
Access Viewer provides access to daily averaged data for
specific date ranges and parameters for a single location,
view interactive charts and data tables, download various
tabular and geospatial file formats, access climate datasets
for the entire globe and generate custom climatological re-
ports and single point data [18]. The results of the research
on the project are provided in the form of interactive maps,
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through applications and data services that describe meteoro-
logical conditions, solar radiation and other information, and
show how these resources can change over time.

Spatial analysis makes it easier to answer many ques-
tions, including those related to renewable energy sources.
Under GIS, NASA's solar and meteorological data can be
placed on a single smart card along with socio-economic
data, energy network data and other infrastructure. Thus,
modern GIS software helps to bring clarity to the complex
tasks of renewable energy, helping to understand the huge
volumes and variety of data, showing an accurate picture of
current conditions and providing users with the opportunity
to model and simulate strategies [19]. Since the POWER
Project was launched 20 years ago, in 2002, with the aim of
making surface energy measurements available, it has seen a
huge increase in the amount of data it collects and the set of
answers it can offer, as well as the communities it serves.

As people around the planet explore this area more close-
ly and invest in capturing solar and wind energy, they will
study and apply Earth observation materials made by NASA
from space. These NASA observations are free and accessi-
ble to everyone, they help us better understand how the com-
plex systems of our planet work. After all, we are all astro-
nauts on a small spaceship called Earth [20].

POWER Regional Data Access Viewer platform
https://power.larc.nasa.gov/data-access-viewer/ temperature
and humidity indicators in the territory of the East Kazakh-
stan region are monitored and analyzed. With a primary data
library, you can download and edit the average air tempera-
ture and air humidity data for each month for 12 months of
each year on Microsoft Excel.

According to the data downloaded through the POWER
Data Access Viewer platform, average air temperature indi-
cators were available. The lowest air temperature in the 20-
year period between 2000s and 2020s is -14°C, recorded in
2000s in the Altai District of the East Kazakhstan region.
The highest temperature in 2012 in Urdzhar District of East
Kazakhstan region was recorded at +36°C. The area that
showed the highest air humidity in East Kazakhstan region
between 2000s and 2020s is Glubokovsky, in 2000s. The
lowest air humidity in Ayagoz district in 2020s.

One of the methods of studying desertification through
climate research is the analysis of long-term climate data,
such as data on temperature, precipitation, humidity and other
parameters. By analyzing such data, scientists can identify
climate change trends in a particular area and determine
whether desertification is occurring there. Another method of
studying desertification through climate research is the mod-
eling of climatic conditions using special computer programs.
Using such models, scientists can assess the impact of various
factors, such as greenhouse gas emissions, land-use changes,
etc., on the desertification process. Also, special research
expeditions to deserted and desolate areas are conducted to
study desertification with the help of climate research. As part
of such expeditions, scientists collect data on climatic condi-
tions, soil composition, vegetation and other parameters,
which help them better understand the processes of desertifi-
cation and develop measures to prevent it.

Thus, methods of studying desertification through climate
research allow scientists to obtain valuable data on climatic
conditions in desertification areas and develop effective
strategies to combat this global problem phenomenon.
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3. Results and discussion

The processing of remote sensing of the Earth has recent-
ly been increasingly closely integrated with Geographic
Information Systems (GIS). ArcGIS package provides a wide
range of tools for working with raster data, which makes it
possible to process remote sensing and use GIS analytical
functions.

The Data Access Viewer platform provides access to cli-
mate data obtained through Earth remote sensing. In this
research work, the necessary parameters, such as weather
stations or geographical areas, were selected using the plat-
form, and the corresponding climate indicators from 2000s,
2010s and 2020s of East Kazakhstan were obtained. The
platform's interface allowed us to visualize data and export it
for further analysis. To obtain climate data through Data
Access Viewer, the parameters of interest were set, such as
time range (2000s, 2010s and 2020s), geographical location
(East Kazakhstan), and data type (Temperature, humidity).
After that, the platform provided access to the relevant data
sets, which can be viewed directly on the website or down-
loaded for further processing.

To obtain climate data through the Data Access Viewer,
users need to specify parameters such as the time range,
geographic location, and data type. After that, the platform
provides access to the corresponding datasets, which can be
viewed directly on the website or downloaded for further
processing. The obtained climate data of East Kazakhstan for
2000s, 2010s and 2020s from Power NASA Data can be seen
in Figure 6.

O 2000_Clipped_Hurm_power_nats_data
.

Figure 6. The obtained climatic data of East Kazakhstan for
2000, 2010 and 2020 from the Power NASA Data

According to obtained data from Power NASA Data, the
average annual temperature for period 2000-2024, across
East Kazakhstan was + 4.37°C, which is 1.73°C higher than
the climate norm for period 1991-2000 [21]. In East Kazakh-
stan, temperature in three difference decades showed these
numbers: the first decade from 2000 to 2009 is 4.71°C, the
second decade from 2010 to 2019 is 3.56°C, and the third
period from 2020 to 2024 is 4.85°C. Average temperature
data for East Kazakhstan showed in Table 2.

As a digital method, thematic maps have been prepared
for visual display of temperature and humidity indicators.
Figure 7 below is a map showing the average air average
temperature of the East Kazakhstan region for two decades
2000s, 2010s and 2020s.

Table 2. Average temperature (°C) indicator for decades 2000s, 2010s and 2020 [21]

Period Jan Feb Mar Apr May Jun
2000-2009 -11.8 -8.9 -7 5.7 15.3 20.6
2010-2019 -13.7 -9.8 -6.2 5.1 141 18.2
2020-2024 -148  -113 -8.5 6.3 16.1 21.2

Table 3. Average air temperature (°C) value indicators from 1 to 9 for decades 2000s, 2010s and 2020

Period 1 2 3 4
2000s -12 -7 -4 0
2010s -10 -5 -2 0
2020-2024 -12 -7 -3 0

&
| E.ﬁ

2000

2020

Figure 7.Map of the two-decade average
indicator of the East Kazakhstan

temperature

We got access to the data formed by the physical struc-
ture of the region, the terrain and the location of hydrograph-
ic objects. From the English «Value» - The Value Indicator
is divided into 9 categories.
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Jul Aug Sep Oct Nov Dec Ann
22.6 18.8 12.2 5.1 -4.9 -11 4.71
19.8 16.9 10.8 45 -5.7 -12.3 3.56
234 19.5 13.6 6.2 -4.4 -9.8 4.85

5 6 7 8 9

+5 +10 +17 +22 +25

+3 +7 +13 +19 +23

+4 +9 +16 +21 +27

The average air temperature from 1 to 4 in the blue color is
low, usually these values indicated from negative to positive
Celsius (°C) and indicators from 6 to 9 characterize these
regions as high and showed positive Celsius (°C). The value of
5 characterizes the relatively average value and equals to 0°C.

Figure 8 below is a Thematic Map showing the average
humidity of the East Kazakhstan region for two decades
2000s, 2010s and period 2020s. Label «Value» - The Value
Indicator consists of 9 categories. In this method, Blue was
used as a «working color». The thickening of the blue color
and their increase in values from 1 to 9 characterize an
increase in the average air humidity indicator. As you move
from the Altai and Saur-Tarbagatai mountains to the
Balkhash-Alakol lowlands in the south-west of the region,
the humidity indicator decreases.

According to thematic maps, there is a logical relation-
ship between the average humidity and air temperature. In
the territories of Gorno-Altai, Katon-Karagai and Glubokov-
sky, which have hydrographic resources, temperature indica-
tors are low, and humidity is high.
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Figure 8. Map of the average humidity indicator of the East
Kazakhstan for two decades

Unlike the temperature, which usually varies significantly
between day and night, the dew point tends to change more
slowly, so although the temperature may decrease at night, a
wet day usually gives way to a wet night. The perceived
humidity level in East Kazakhstan, measured as the
percentage of time during which the level of humidity
comfort is characterized as damp, stuffy or heavy, does not
change significantly throughout the year, always remaining
within 46% and 77%.

You can build a visual model of the humidity indicator
using the ArcScene application of the ArcGIS software. In
general, the studied goal and the 3D model on the target will
help to correctly analyze the result visually. The higher the
humidity index, the less likely the soil will degrade and the
area will become desaturated. East Kazakhstan region
according to the humidity indicator 2000s,2010s, and 2020s
the 3D model is shown in Figure 9.

Avematien |

Figure 9. 3D model of humidity in East Kazakhstan

Depending on the operating architecture, humidity values
occupy a place between categories 1 and 9. As the values
increase, one can observe a change in the model. The prima-
ry data obtained during processing must undergo the process
of «reclassify», that is, reclassification or reclassification.

Low levels of precipitation and high evaporation of
humidity lead to water scarcity and increased desertification
processes. As a result, insufficient water resources negatively
affect the survival of plants on earth and the soil loses its
stability by degrading and turning into sand.

According to the above data, an increase in air tempera-
ture in the summer season from +35 to +43°C leads to
drought, evaporating water from the soil. The drying of the
soil, in turn, leads to a decrease in fertility and the growth of
desert areas.
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The East Kazakhstan region is in the central part of Ka-
zakhstan and is one of the driest and hottest regions in the
country. The influence of temperature and humidity indica-
tors plays an important role in the desertification process in
this area.

High temperatures are one of the main factors affecting
the desertification of the East Kazakhstan region. Summer
temperatures in the area can reach 40-45 degrees Celsius, and
this strongly affects the evaporation of water from the soil,
contributing to dryness and drought. Desiccation of the soil,
in turn, leads to a decrease in fertility and the growth of de-
sert areas.

Humidity is another important indicator affecting deserti-
fication. The East Kazakhstan region is characterized by low
humidity, especially air humidity. Low precipitation and high
evaporation of moisture lead to water scarcity and increased
desertification processes. As a result, in the absence of suffi-
cient water, plants cannot survive and the soil loses its stabil-
ity, becoming sandy.

The combination of high temperature and low humidity
affects the formation of sand dunes (dunes), which are
moved by the wind. This gives the phenomenon of desertifi-
cation an additional boost because moving sand dunes makes
it difficult for plants to grow and reduces soil fertility. Infor-
mation about the migration or displacement of sand dunes
will be described in the next chapter.

Thus, climatic indicators high temperature and low
humidity are one of the main causes of desertification in the
East Kazakhstan region. This causes a decrease in soil
fertility, an increase in desert areas (dune) and their
migration. All these points have a negative impact on the
socio-economic and environmental spheres of the region,
such as ecosystems and agricultural activities.

4. Conclusions

The study of desertification of the lands of the West and
East Kazakhstan region by the remote sensing method is a
scientific study that has significant scientific novelty and
practical value.

In research case it is important to able to properly clarify
difference between «Desert» and «Desertification». Desert is
a stable ecosystem, especially 40% territory of Kazakhstan,
and desertification is a process that can affect even areas that
were once green or fertile. Process of desertification clearly
identified in the West Kazakhstan. There are several reasons
for occurring desertification process.

Studies have revealed that parameters such as the soil
structure of the area, the level of sensitivity of the soil cover
plays an important role in the process of degradation and the
occurrence of desertification. The sensitivity of the soil of the
studied area depends on its structure. A comparative analysis
was made for two different areas of Caspian Sea region West
and mountain East Kazakhstan, in individual areas there are
types of soils that are susceptible to structural degradation.
Soil types as: Zg (Gleyic Solonchaks), X1 (Luvic Xerosols),
So (Orthic Solonetz), WR (Planosols) and Kl (Luvic Kas-
tanozems) are found both in the West and in the East of Ka-
zakhstan. According to the logical structure of the work, it
can be recorded that the phenomenon of soil degradation
occurred precisely in these areas.
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The climatic indicators of the studied territories are an-
other important parameter for identifying any process to
logically substantiate whether there have been changes on the
surface of the land cover. Climate data includes the average
annual air temperature, humidity, and precipitation over the
past 24 years from 2000 to 2024. By monitoring statistical
data and fixing numbers using remote sensing and GIS, it
will help to identify a pattern and get the desired result. It is
clearly known that amount of precipitation in Western part of
country is lower than in Eastern Kazakhstan. The average
annual air temperature (+4.4°C) in Eastern Kazakhstan is
lower than in the Western part of the country (+10.6°C). The
lack of precipitation with 186 mm per year and high tempera-
tures in Western Kazakhstan leads at best to drought, and at
worst to desertification. Meanwhile, the amount of precipita-
tion equals 416 mm per year in East Kazakhstan. Humidity
can somehow offset the difference between the two regions.
Humidity in the Caspian region makes the air «softer» with
64% due to hydrography. The humidity index of Eastern
Kazakhstan is 77%, as well as the height of the terrain from
west to east, is increasing, as can be seen in Figure 9. The
absence of mountains can also indirectly affect the occur-
rence of desertification.

Remote sensing (remote sensing of the earth) is a method
based on the use of special equipment and technologies that
allow you to obtain information about the state and properties
of the earth's surface by analyzing optical and infrared radia-
tion received by satellites or aircraft. The use of the remote
sensing method in the study of desertification of the lands and
find differences between West and East Kazakhstan region
makes it possible to observe, analyze and evaluate changes in
the natural environment in large areas with high spatial reso-
lution. This approach makes it possible to more accurately
determine the boundaries and extent of desertification, as well
as identify the factors and causes of this process.

The scientific novelty of this study lies in the use of mod-
ern remote sensing methods and technologies to identify areas
of desertification, analyze and assess its causes and conse-
guences. Moreover, this study can provide new data and
knowledge about the factors contributing to desertification in
this area, as well as suggest effective measures and strategies
to prevent and eliminate desertification. The study of land
desertification by the remote sensing method of the West and
East Kazakhstan region can be of great practical importance
for the development of environmentally sustainable land
restoration strategies and plans, as well as for taking measures
to protect the environment and preserve biological diversity.

Thus, the study of desertification of the lands of the West
and East Kazakhstan region by the remote sensing method is
a significant scientific and applied work that can be of great
practical importance and contribute to the development of
effective measures to prevent and eliminate desertification.
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Bbarbic xkone IIbirbic KazakcTaH skepiiepiHiH MI6JIeUTTEHY KarIalbIH
CAJIBICTBIPMAJIBI TYPAE TAJAAY

M.E. Amupxanos, bl. Xaxem6ek”, C.B. Typcoekos, T.B. Hypneuncosa
Satbayev University, Aivamei, Kazaxcman
*Koppecnonoenyus ywin asmop: y.zhakypbek@satbayev.university

AnpaTna. 3eprrey Oip-OipiHeH esremie, Oipak kelOip »karmaimapaa ykcac eki bateic sxoHe IlIsirpic KazakcTaHHBIH
aliMarpIHa Tangay >KOHE CAlBICTBIPY XYpridineai. KimmMaTThIK nepekTepaiH e3repyiHiH, TONBIpaK KYPBUIBIMBIHBIH JKOHE OHBIH
e3repy cesimTamubirbiHbH 2000, 2010 sxone 2020-2024 xbunapnarsl KazakcTanparbl meniediTTeHyre acepi barteic sxoHe
HIsreic KazakcTaHn MbIcalblHa CUIIATTaNFaH. ABTOP €Ki allMaKThIH TONBIPaK KYpbUIBIMBIH/IA Jierpafanusra Oeiimaenren: Zg,
XI, So, WR xone KI Tunrepi ke3necerini tipkenni. KnumarTeik napameTpiep, OHBIH illiHAE, aliMaKThIH TeMIeparypacsl 3.6-
4.9°C apanbIFbIH/Ia ©3repreHi 0enriti 00ibl, BUFaIABUIBIK 64%-77% meringe OoNabl XKoHEe SPTYPJI YakbIT Ke3eHepiHaeri
JKaybIH-IIAIIBIH MOJIIIEPiH cajbIcThIpa Kenrenae 416 MM-nen 605 MM-Te JeifiH e3repreHi aHbIKTaIbl. KalbIKThIKTaH 30HATaY
JepeKTepiH MalifiaiaHa OTHIPBIN, aBTOP TaOMFW OpTaJarbl ©3repicTepi Tajjarn, OakplIay MPOLECiHIe BH3yalU3anusuiap MeH
3D mognensaeyni xacansl. Ocblnaiiiia, Koina 0ap FEUIBIMH-3€PTTEY JKYMBICTAPBIHBIH KHBIHTBIFbI, CTATUCTUKAIIBIK MJIIMETTED
JKOHE O31HAIK TIKIpHOe YCHIHBUIIBI, OUTKEHI )KYMBIC OapBICHIHIA IIONICHTTeHY OOWBIHIIA FRUTBIMHU 3ePTTEYJIepAiH HOTIXKEIepi
YCHIHBUINBL 3epTTey HoTmKenepi Kasakcranna sxepi meneHTTeHyIiH KeIeIIeTIUITeH IpoIeci XKYpill JKaTKaHBIH KOPCETTI.

Hezizzi ce3dep: wonelimmeny, Kiumam, mMeMnepamypd, bli2AI0bLIbIK, JICAVLIH-UAWbIH, KAWBIKMBIKMAHK 30HOMAy,
MOHUMOPUHZ.

CpaBHUTEJBHBIN AHAJIM3 COCTOSTHUS ONYCTHIHUBAHMSA 3€MeJlb
3anmaanoro u Bocrounoro Kazaxcrana

M.E. Amupxanos, bl. XXakem6ex”, C.B. Typc6ekos, T.5. Hypneuncosa
Satbayev University, Aivamei, Kazaxcman
*Aemop oxns koppecnonoenyuu: y.zhakypbek@satbayev.university

AHHOTauMsA. B uccienoBanny NpoBOAUTCS aHAIU3 U CPABHEHHME ABYX COBEPILIEHHO Pa3HbIX, HO B HEKOTOPBIX CIydasx
CXO0XHUX pernoHoB 3amagHoro u Boctounoro Kazaxcrana. Ha mpumepe 3amagnoro u Bocrounoro Kasaxcrana omwmcano
BIUSIHUE M3MEHEHUH KIMMATHUYECKUX JaHHBIX, CTPYKTYphl IOYBBI U €€ YYBCTBUTEIBHOCTM Ha MPOLIECC ONYCTHIHUBAHUS B
Kazaxctane 3a gecaruierus 2000-x, 2010-x romos u ¢ 2020 mo 2024 rox. ABTOp cpaBHHI U OOHAPYKHUII, UTO THIIBI ITOYB: Zg,
XI, So, WR u KI Bcrpeuarorcs kak Ha 3amane, Tak U Ha Boctoke KazaxcTtana, moJBEepKEHHBIX JAerpajgallii MOYBEHHOM
CTPYKTYphI. KilmMaTnyeckue napaMeTphl, TaKUe Kak TEMIIepaTypa BO3AyXa B JaHHOH MECTHOCTH, (PUKCHPOBAHHO KOJICOIIOTCS
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B nipenenax 3.6-4.9°C, BIaxHOCTh CYIIECTBEHHO MEHsIETCs, BCce BpeMs B mpejenax 64%-77%, a KoIM4ecTBO OCaIKOB B Pa3HbIE
Mepuoabpl BpeMEeHH MeHsIock oT 416 MM go 605 mM. Mcmonb3ys naHHBIE JAMCTAHIIMOHHOTO 30HIWPOBAHHS, ABTOP
MPOaHAIM3UPOBAT U3MCHEHHUS B MPUPOIHOM cpelie, co3/al Bu3yain3anuu u 3D-MonenupoBaHue B MPOLECCE MOHUTOPUHTA.
Takum o0pa3zom, ObUT MPEICTABICH HA0OP CYIIECTBYIOIIMX HCCICIOBATEIBCKUX pPadOT, CTATHCTHYECKas WHPOpManus U
COOCTBEHHBI OIBIT, MOCKOJBKY B XOJ¢ pPa0bOThl OBUIM TPEICTABICHBI PE3yNbTaThl HAYYHBIX HCCICIOBAHUN IO
ONMYCTHIHMBAHUIO. Pe3ynpTaThl HCCIENOBaHUSA IMOKasaiu, 4ro B KazaxcraHe HaOJrOmaeTcs YCKOPEHHBIH Tpolecc
OIMYCTHIHUBAHUS 3EMEJIb.

Knrwouesvle cnoea: onycmuinuganue, Kiumam, memnepamypd, 61adCHOCMb, 0CAOKU, OUCMAHYUOHHOE 30HOUPOBaHUe, MO-
HUMOPUHZ.
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