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Annotation. The impact of thermal treatment on the properties of bentonites from the Kalzhat and
Orta Tentek deposits was examined. The samples were analyzed using XRD, XRF, TGA/DSC, and low-
temperature nitrogen adsorption (BET) before and after heating at temperatures ranging from 100 to 900°C.
Moderate heating at 200—300°C removes physically adsorbed water and part of the interlayer water without
affecting the layered structure of montmorillonite, which retains its specific surface area, water-holding
capacity, and cation-exchange capacity.

In the 400-600°C range, dehydroxylation and interlayer collapse occur, resulting in a decrease in
specific surface area and the loss of exchange sites. At 700-900°C, high-temperature silica and
aluminosilicate phases form, and the porosity approaches zero. The comparison of the two deposits reveals
that the Orta Tentek bentonites undergo structural degradation earlier than the Kalzhat bentonites, with the
latter exhibiting greater resistance to degradation during the initial stages of heating.; However, at elevated
temperatures, both materials cease to perform their agronomic functions. To utilize them as soil conditioners,
it is recommended to restrict the treatment to a temperature range of 200-300°C, with brief exposure times,
followed by granulation. It is crucial to avoid temperatures exceeding 400—600°C and to completely exclude
temperatures above 700—900°C. These conditions ensure a sanitary pretreatment without compromising the
soil's moisture retention or cation exchange capacity. This approach is particularly suitable for sandy and
sandy-loam soils in the arid regions of Kazakhstan.

Keywords: bentonite; thermo treatment; porosity; moisture retention; cation exchange capacity; soil
conditioner.

Introduction. A current problem in agriculture is the low water-holding capacity and
fertility of light soils (sandy and sandy-loam), especially in degraded agroecosystems. Such soils
retain water and nutrients poorly and dry out quickly, which reduces yields and plant drought
tolerance. Under a changing climate with frequent droughts, it is important to find effective ways to
increase soil water retention and cation-exchange capacity to supply crops with water and nutrients
during critical growth periods. One promising approach is the use of natural clay materials as soil
“conditioners.” In particular, bentonite clays, which are smectites rich in montmorillonite, can
markedly improve the hydro-physical properties of light soils due to their high sorption capacity
and swelling structure [1-3]. Studies show that adding bentonite to sandy soils increases their
water-holding capacity and available water content and reduces percolation losses, leading to better
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moisture in the root zone and lower drought stress in plants [4-5,8]. Bentonite also provides
additional exchange sites for retaining nutrient cations (K*, NH*",Ca®*, etc.), thereby enriching the
soil with plant-available forms of nutrients and reducing leaching [8—10].

Kazakhstan has significant bentonite reserves, including the Kalzhat and Orta-Tentek
deposits [6—7]. These are of interest as local mineral feedstocks for soil amelioration. Using local
bentonites as a soil amendment can reduce dependence on imported materials and lower the cost of
soil fertility improvement. However, natural bentonites have specific features: they swell strongly
upon wetting and can cause over-compaction or soil cracking upon drying [9]. Therefore, methods
for preliminary modification of clays are relevant to optimize their properties for use as soil
conditioners.

One option for preliminary modification is thermal treatment, that is, heating the clay to
defined temperatures to change its structure and properties. Thermal treatment can partially
dehydrate and decationate montmorillonite, reduce excessive swelling, and disinfect the material
[10]. Excessively high temperatures, however, can destroy the smectite lattice and sharply reduce its
cation-exchange capacity and ability to retain water. It is therefore important to select an optimal
temperature regime that improves handling properties (flowability, uniformity) without losing the
clay’s beneficial functions as a soil structure former.

Understanding how temperature affects the structure and functions of bentonite clay is
essential for developing effective soil conditioners. Montmorillonite clay has a 2:1 layered structure
that contains interlayer water molecules and mobile cations [12—13]. Upon heating, dehydration
proceeds stepwise: at about 100 °C, adsorbed interlayer water is removed, which is usually
reversible upon rewetting [6—7,10]. Further heating to about 300400 °C removes more strongly
bound water and initiates dehydroxylation, the loss of structural hydroxyls from the octahedral
sheets [14]. This process intensifies above 500 °C and is irreversible, involving the breakdown of
OH groups and the smectite lattice, which leads to interlayer collapse and loss of swelling and
cation retention [15].

According to the literature, heating bentonite to about 600°C causes montmorillonite
diffraction reflections to disappear, indicating the loss of an ordered layered structure [16].
Complete smectite destructuring occurs at about 800-900°C. The clay loses crystallinity, becomes
amorphous, and nearly completely loses cation-exchange capacity [14]. At the same time, specific
surface area and porosity drop sharply because small meso- and micropores sinter during high-
temperature treatment [13,19]. By contrast, moderate heating in the 100-300°C range mainly
removes moisture and organic impurities and has little effect on specific surface area. Thus there is
a temperature threshold below which thermal treatment does not cause irreversible damage to the
smectite structure.

Studies [14,16—17] indicate that the critical range for thermal modification is around 500°C.
Further temperature increases cause irreversible changes (layer breakdown and loss of interlayer
adsorption properties). It is therefore necessary to determine optimal temperatures for thermal
modification when bentonites are used as soil conditioners.

The aim of our study is to determine the optimal temperature for thermal modification of
bentonites from the Kalzhat and Orta Tentek deposits for application as soil improvers for light
soils in Kazakhstan. We focus on how calcination temperature affects key properties that control the
conditioning effect, namely water-holding capacity, porosity, swelling, cation exchange, and the
associated structural transformations.

Materials and methods. Bentonite clays from the Kalzhat deposit in Almaty Region,
Kazakhstan, and the Orta Tentek deposit in the Alakol District of Zhetisu Region, Republic of
Kazakhstan, were used in this study [6—7]. Sample preparation included grinding in a ball mill to a
particle size of 0.08 mm and pre-drying at 70 °C to remove moisture.

A comprehensive characterization was performed to obtain physicochemical and structural—
phase information on the Kalzhat and Orta Tentek bentonites, including their elemental
composition, chemical structure, morphology, phase composition, and sorption properties. The
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following methods were employed: elemental analysis by improved EDXRF on a Rigaku NEX CG
II with polarized X-rays (elemental range Na to U; X-ray tube 50 kV/50 W or 65 kV/100 W); X-ray
diffraction (XRD) for crystalline structure using an X’Pert PRO diffractometer with CuKa
radiation; porosity by low-temperature nitrogen adsorption (BET); and thermal analysis by
thermogravimetry on a synchronous thermal analyzer SKZ1060A at a heating rate of 5 °C min™! in
air.

Thermal treatment of clays. Bentonite clays were subjected to thermal treatment at different
temperature conditions: 100°C, 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C and 900°C. For
this purpose, the samples were placed in a muffle furnace (SNOL 8.2/1100 LSC 01, Lithuania) and
heated at a constant rate (5—-10°C/min) to the target temperature. The holding time at each
temperature was 2 hours. After heating, the samples were cooled to a temperature of 230°C, under
conditions of a slow temperature decrease. The scheme of the thermal treatment of clays is shown
in Fig.1.

bentonite deposits ball mill crushed clay

thermally activated bentonite clay muffle furnace

Figure 1 — Scheme of thermal modification of bentonite clays

Results and discussion. The TGA and DSC have allowed to study the thermal behavior of
bentonites from the Kalzhat and Orta Tentek deposits. The results obtained revealed key changes in
mass and thermal effects caused by dehydration, dehydroxylation and destruction of the
montmorillonite structure at different temperatures.

TGA-DSC of Kalzhat bentonites shows (Fig.2) three thermal regions. Below 200°C, a 2—
4% mass loss with an endothermic effect corresponds to desorption of physically adsorbed water.
Between 200 and 500°C, a further 3-6% loss occurs due to montmorillonite dehydration and
removal of organics, accompanied by an exothermic peak near 300—400°C. Above 500°C, an
endothermic peak at 500-700°C indicates dehydroxylation with an additional 1-2% loss and the
onset of lattice breakdown. The total mass loss decreases with higher heat treatment temperature,
and the clay is stable up to about 400°C, with gradual structural degradation at higher temperatures.

For Orta Tentek bentonites, TGA-DSC shows (fig.3) the same three thermal stages as
Kalzhat but with stronger mid-temperature responses. Below 200 °C, an endothermic effect
corresponds to removal of adsorbed water.
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Figure 2 — TGA and DSC curves of thermally modified Kalzhat clay

Between 200 and 500 °C, mass loss reaches 4—7% (higher than Kalzhat), consistent with
greater organics and hydrophilicity; this stage features an exothermic peak at 300—400 °C. Above
500 °C, dehydroxylation of montmorillonite dominates, producing an endothermic effect at 500—
700 °C and a slower mass decrease. Thermal effects are generally more pronounced than in
Kalzhat, indicating higher thermal activity of Orta Tentek clays.
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Figure 3 — TGA and DSC curves of thermally modified Orta Tentek clay

A comparative analysis of the thermal behavior of the two deposits showed that the Kalzhat
and Orta Tentek bentonites have similar trends in mass changes and thermal effects. However, the
Orta Tentek bentonites are characterized by greater mass loss in the medium temperature range
(200-500°C) and more intense thermal effects, which is due to the peculiarities of their chemical
composition. These differences determine the need to optimize the temperature regimes of thermal
treatment for each deposit, which will ensure the preservation of their functional characteristics and
increase their suitability for various industrial applications.

From an agrochemical standpoint, the Orta Tentek bentonites exhibit higher hydrophilicity
and a greater content of oxidizable organic impurities, which under moderate thermal treatment
enhances their ability to retain moisture and nutrient cations. Overheating beyond the
dehydroxylation range reduces swelling and the number of active exchange sites, thereby
diminishing the retention of ammonium, potassium, and other micronutrients. Accordingly, to
preserve functionality, temperatures of 250-350 °C should be used for Orta Tentek, whereas 300—
400 °C is sufficient for Kalzhat bentonite. These conditions maintain the montmorillonite structure
and the suitability of these clays as soil conditioners.

The Brunauer, Emmett and Teller (BET) method was used to assess changes in the porous
structure and adsorption properties of bentonite clays from the Kalzhat deposit as a result of thermal
treatment. Nitrogen adsorption-desorption isotherms obtained at treatment temperatures from 100 to
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900°C made it possible to determine the specific surface area, volume and pore size distribution.

Figure 4 shows that the original Kalzhat bentonite sample (A) exhibits a high specific
surface area of 73.99 m?/g and well-defined hysteresis loops, indicating the presence of an extensive
mesoporous structure. These mesopores play a key role in the adsorption of large molecules and
capillary retention of moisture, making the starting material ideal for use in processes requiring high
adsorption activity, such as water and air purification or catalysis.
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Figure 4 — BET analysis curves of the initial and thermally modified bentonite clay of the Kalzhat
deposit: A — initial, B — 100°, C — 200°, D — 300°, E — 400°, F — 500°, G — 600°, H — 700°, I — 800°, J —
900°

However, when the bentonite processing temperature is increased to 900°C (B-J), a
significant narrowing and reduction in the severity of the hysteresis loops is observed, indicating a
decrease in the number and size of accessible pores. This phenomenon can be interpreted as a
compaction of the porous structure due to the destruction of interpore bonds and changes in the
chemical structure of the material under the influence of high temperatures. The significant decrease
in specific surface area to 2.39 m%g, as indicated in the data in Table 1, confirms the decrease in
adsorption capacity and the loss of functionality of the material. These changes can significantly
limit the use of bentonite in applications where high adsorption characteristics are required, such as
filtration and catalysis, especially in cases where the efficiency of the process depends on the size
and accessibility of the pores.

Table 1 — Parameters of the porous structure of the initial and thermally modified bentonite of the
Kalzhat deposit according to the adsorption isotherm data

BET multi- Volume of pore | Pore surface area
point method, Pore size 3 o
Name of sample specific distribution, nm v :
surface, m%/g ution, cm¥/g %
- 3 3 1 5 6 7
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1 2 3 4 5 6 7
micro- | 035-2 | 0,0204 | 46,61 | 46,663 | 61,54
Initial 73,9857 N 2-10 0,02 | 44,56 | 28,2154 | 3721
07 7770-50 | 0,0042 | 8.83 | 09486 | 1.25

micro
Thermally modified ‘ 035-2 | 0,0196 | 24,40 | 44,7175 | 54,92
100°C 72.9001 oo 2-10 0,0239 | 29,64 | 31,3450 | 38,49
" 10-50 0,0229 | 17,57 | 4,5706 | 5,61

micro
Thermally modified ‘ 035-2 | 0,0198 | 23,48 | 45,7186 | 54,92
200°C 72,1023 oo 2-10 0,0241 | 28,98 | 31,3457 | 38,45
“[710-50 | 0,0232 | 15,58 | 4,5706 | 5.61

micro
Thermally modified ‘ 0352 | 0,0196 | 21,84 | 44,9512 | 54,77
300°C 70,9352 s 210 0,0240 | 26,76 | 30,8557 | 37,60
10-50 | 0,0238 | 26,50 | 4,9360 | 6,01

micro
Thermally modified s ‘ 0,35-2 | 0,0195 | 20,20 | 45,5808 | 55,09
400°C ’ e 210 0,0238 | 24,71 | 30,3950 | 36,73
10-50 | 0,0303 | 31,36 | 5,5554 | 6,71

micro
Thermally modified A ‘ 035-2 | 0,0144 | 11,58 | 33,4311 | 47,55
500°C ’ e 210 0,0224 | 17,99 | 26,5815 | 37,81
10-50 | 0,0366 | 29,42 | 7,5079 | 10,68

micro
Thermally modified — ‘ 0352 | 0,0181 | 14,80 | 42,3284 | 53,63
600°C ’ e 210 0,0221 | 18,11 | 27,0792 | 3431
10-50 | 0,0341 | 27,94 | 6,9218 | 8,77

micro
Thermally modified . ‘ 035-2 | 0,0045 | 9,95 | 10,6906 | 27,79
700°C ’ e 210 00214 | 47.45 | 23.9302 | 62,20
10-50 | 0,0188 | 42,00 | 3,8495 | 10,01

micro
Thermally modified Caso ‘ 035-2 | 0,0005 | 1584 | 1,2235 | 41,59
800°C ’ e 210 0,0061 | 37.38 | 6,0720 | 69,92
10-50 | 0,0089 | 54,16 | 1,8265 | 21,03
. micro | 0,352 | 0,0002 | 1,52 | 0,7248 | 8,55
Themzl(l)}éjg"dlﬁed 2.3901 eso - 210 0,0011 | 3336 | 1,3962 | 47.46
10-50 | 0,0017 | 50,80 | 0,3223 | 10,96

Figure 5 shows a similar trend for bentonites from the Orta Tentek deposit, where the
original sample (A) also shows a hysteresis loop, but with a specific surface area of 65.62 m%g,
which is lower than that of Kalzhat. This may indicate a smaller number or smaller size of
mesopores in the original initial. With increasing processing temperature, the hysteresis loops
decrease and by 900°C they practically disappear, which is accompanied by a decrease in the
specific surface area to 6.32 m?/g, as shown in Table 2. This significant reduction in porosity
indicates serious structural changes that worsen the adsorption properties of the material. Such a
radical reduction in porosity makes these bentonites less suitable for applications requiring high
adsorption capacity and porosity, such as sorbents and catalysts in the chemical industry.

Thus, the changes in the adsorption-desorption isotherms and the corresponding changes in
the specific surface area for both deposits show that high processing temperatures lead to a
significant reduction in porosity.

87




[>]

PIPO

00 02 04 06 08
Adsorbed Capacity (cm¥g) STP

PIPO
3 8 8 8 8 8 3

...........
02 04
Adsorbed Capacity (cm¥/g) STP

.
50

304

204

00 02 04 08 08
Adsorbed Capacity (cmg) STP

Figure 5 — BET curves of analysis of the initial and thermally modified bentonitonite clay of the Orta
Tentek deposit: A —initial, B — 100°, C —200°, D — 300°, E — 400°, F — 500°, G — 600°, H — 700°, I —

This narrowing and loss of pores affects the functional properties of the material, limiting its
use in industrial adsorption and catalytic processes. These data highlight the need for careful control
of temperature conditions in bentonite processing processes to optimize their porous and functional

properties.

Table 2 — Parameters of the porous structure of the initial and modified bentonite of the Orta Tentek
deposit according to the adsorption isotherm data
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BET multi-point . Volume of Pore surface
. Pore size
Name of sample method, specific distribution. nm_ -2°rE area
surface, m%/g ’ cm/g | % cm/g | %
1 2 3 4 5 6 7

micro- | 0,35-2 | 0,0204 | 45,73 | 46,663 | 61,54

Initial 65,6156 meso- 2-10 0,02 | 44,87 | 28,2154 | 37,21

10-50 | 0,0042 | 94 | 0,9486 | 1,25
Thermally modified micro - | 0,35-2 | 0,0206 | 25,04 | 46,6364 | 54,83
100°C 72.9001 Meso - 2-10 0,0252 | 30,68 | 33,3753 | 37,21

10-50 ] 0,0146 | 17,79 | 4,2443 | 1,25
Thermally modified micro - | 0,35-2 | 0,0204 | 24,89 | 46,4624 | 55,18
200°C 72.4589 meso - 2-10 0,0245 | 29,96 | 32,4267 | 38,51

10-50 | 0,0224 | 27,34 | 4,4243 | 5,25
Thermally modified micro - | 0,35-2 | 0,0199 | 19,35 | 45,3046 | 46,53
300°C 73,1803 meso - 2-10 0,0261 | 46,35 | 46,7104 | 47,97

10-50 | 0,0265 | 22,62 | 4,7246 | 4,85
Thermally modified micro - | 0,35-2 | 0,0210 | 20,52 | 47,2979 | 54,86
400°C 73,0691 meso - 2-10 0,0249 | 24,34 | 31,3672 | 36,38

10-50 | 0,0314 | 30,72 | 6,2186 | 7,21
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1 2 3 4 5 6 7

Thermally modified micro - | 0,35-2 | 0,0148 | 14,87 | 34,6284 | 50,38
500°C 60,0884 eSO - 2-10 0,0223 | 22,35 | 25,8989 | 37,68

10-50 ] 0,0318 | 31,88 | 6,5170 | 9,48

Thermally modified micro - | 0,35-2 | 0,0127 | 13,23 | 29,8919 | 47,89
600°C 55,3211 eSO - 2-10 0,0211 | 21,95 | 23,9306 | 38,34

10-50 | 0,0384 | 40,0 | 7,3341 | 11,75

Thermally modified micro - | 0,35-2 | 0,0096 | 13,23 | 28,8989 | 45,89
700°C 48,256 meso - 2-10 0,0208 | 21,95 | 24,0306 | 39,34

10-50 | 0,0375 | 40,0 | 7,3261 | 12,55

Thermally modified micro - | 0,35-2 | 0,0006 | 1,20 | 1,4006 | 11,26
200°C 10,1214 eSO - 2-10 0,0066 | 13,45 | 5,6215 | 45,19

10-50 | 0,0207 | 42,10 | 4,2057 | 33,81

Thermally modified micro - | 0,35-2 | 0,0015 | 1,20 | 1,3058 | 10,33
900°C 6,3235 eSO - 2-10 0,0056 | 13,45 | 5,6713 | 46,18

10-50 | 0,0045 | 42,10 | 4,3058 | 35,83

The mesoporous structure enables capillary water retention and reversible ion sorption.
Heating at elevated temperatures reduces the specific surface area and narrows the hysteresis loop,
weakening these properties. TGA/DSC and BET measurements show that moderate thermal
treatment is most effective: unstable oxidizable impurities are removed while the mesopore volume
remains essentially unchanged. BET analysis confirms that the temperatures identified as optimal
from TGA/DSC for Orta Tentek and Kalzhat bentonites preserve moisture-retention capacity and
cation-exchange activity, which substantially improves their performance in soil mixtures.

It has been established that thermally modified clays from the Kalzhat and Orta Tentek
deposits have a complex oxide mineral composition, including silicon, aluminum, magnesium,
calcium, iron and other elements, data on which are given in Tab.3 and 4. The main components of
both clays remain silicon (SiO2) and aluminum (Al.Os) oxides, the content of which varies
depending on the processing temperature.

Detailed analysis of the elemental composition of Kalzhat clay (Tabl) reveals significant
changes in the chemical composition under the influence of thermal treatment in the range from
100°C to 900°C, which significantly affects the structural and functional properties of the clay.
Silicon dioxide, which is the main component, shows resistance to thermal effects, with a slight
increase in content from 67.6% to 69.7% at 900°C. This indicates the preservation of the silica
matrix, which is critical for maintaining the structural integrity of the clay at the molecular level.

Table 3 - Results of X-ray fluorescence analysis of the initial and thermally modified bentonites of the
Kalzhat deposit

.. Initial Thermally modified Kalzhat clay, °C
Composition Kalzhat | 100°C | 200°C | 300°C | 400°C | 500°C | 600°C | 700°C | 800°C | 900°C
% by weight clay
1 2 3 4 5 6 7 8 9 10 11
SiO» 67,6 69,1 69,4 69,3 69,4 69,6 69,2 69,2 69,6 69,7
Al O3 18,1 18,5 18,0 18,4 18,5 18,6 18,7 18,7 18,9 19,3
Fe,03 7,43 6,26 6,84 6,55 6,69 6,32 6,37 6,60 6,05 5,87
MgO 1,86 2,18 1,48 1,93 1,51 1,73 1,89 1,64 1,70 1,76
S 1,65 0,741 0,820 | 0,710 | 0,314 | 0,715 | 0,739 | 0,698 | 0,683 | 0,313
CaO 1,46 1,49 1,65 1,43 1,48 1,45 1,43 1,49 1,40 1,39
TiO; 0,94 0,835 | 0,879 | 0,842 | 0,852 | 0,835 | 0,839 | 0,879 | 0,819 | 0,853
KO 0,55 0,527 0,546 | 0,523 | 0,521 | 0,516 | 0,518 | 0,544 | 0,513 | 0,554
P>0s 0,132 0,118 0,130 | 0,121 | 0,126 | 0,113 | 0,116 | 0,112 | 0,118 | 0,112

89



1 2 3 4 5 6 7 8 9 10 11
Mn 0,0435 | 0,0295 | 0,0339 | 0,0285 | 0,0398 | 0,0276 | 0,0280 | 0,0299 | 0,0291 | 0,0287
\Y 0,0321 | 0,0154 | 0,0202 | 0,0196 | 0,0188 | 0,0166 | 0,0155 | 0,0173 | 0,0154 | 0,0154
Co 0,0212 | 0,0170 | 0,0159 | 0,0124 | 0,0176 | 0,0158 | 0,0157 | 0,0163 | 0,0154 | 0,0166
Ni 0,0116 | 0,0061 | 0,0077 | 0,0078 | 0,0084 | 0,0062 | 0,0062 | 0,0072 | 0,0131 | 0,0120
Cr 0,0088 | 0,0065 | 0,0074 | 0,0068 | 0,0076 | 0,0067 | 0,0069 | 0,0087 | 0,0278 | 0,0286
Cu 0,0085 | 0,0051 | 0,0059 | 0,0055 | 0,006 | 0,0055 | 0,0054 | 0,0059 | 0,0062 | 0,0058
Cl 0,0084 | 0,0100 | 0,0093 | 0,0102 | 0,0091 | 0,0054 | 0,0052 | 0,0054 | 0,0110 | 0,0027
Zn 0,0061 | 0,0037 | 0,0051 | 0,0037 | 0,0039 | 0,0036 | 0,0034 | 0,0038 | 0,0034 | 0,0033
Ga 0,0045 | 0,0027 | 0,0030 | 0,0029 | 0,0029 | 0,0026 | 0,0026 | 0,0028 | 0,0025 | 0,0022
Y 0,0038 | 0,0024 | 0,0025 | 0,0024 | 0,0027 | 0,0019 | 0,0022 | 0,0015 | 0,0017 | 0,0014
Te 0,0037 | 0,0031 | 0,0042 | 0,0028 | 0,0027 | 0,0011 | 0,0016 | 0,0017 | 0,0013 | 0,0009
As 0,0014 | 0,0008 | 0,0009 | 0,0007 | 0,0011 | 0,0008 | 0,0009 | 0,0009 | 0,0009 | 0,0007
Se 0,0008 | 0,0005 | 0,0006 | 0,0005 | 0,0004 | 0,0005 | 0,0004 | 0,0003 | 0,0002 | 0,0002
Ag 0,0007 0 0,0017 | 0,0008 | 0,295 | 0,0003 | 0,0004 | 0,0003 | 0,0003 | 0,0002

X-ray fluorescence analysis results of bentonites from the Orta Tentek deposit, subjected to
heat treatment in the range from 100°C to 900°C, highlight significant changes in the chemical
composition that affect the structural and functional characteristics of the material.

Table 4 — Results of X-ray fluorescence analysis of the initial and thermally modified bentonites of the
Orta Tentek deposit

N Initial Thermally modified Orta Tentek clay
Cornposﬁpn, Orta 1 100°C | 200°C | 300°C | 400°C | 500°C | 600°C | 700°C | 800°C | 900°C
% by weight | Tentek
clay

Si0; 67,6 67,3 68,1 09,5 09,5 69,6 68,6 68,9 69,3 67,9

ALO; 18,1 18,0 18,0 17,9 17,9 17,9 17,7 17,8 17,7 17,8

Fe 05 7,43 8,15 7,47 6,60 6,60 6,57 7,23 6,57 6,66 7,45

MgO 1,86 2,06 1,89 1,70 1,86 1,72 1,97 2,09 2,00 2,02
S 1,65 |0,0026 | 0,0015| 0,683 | 0,567 | 0,670 | 0,747 | 0,718 | 0,749 0,483

CaO 1,46 1,96 1,99 1,99 1,91 1,97 2,06 2,16 1,96 2,67
P>0s 0,132 | 0,154 | 0,168 | 0,135 | 0,128 | 0,115 | 0,122 | 0,117 | 0,137 0,129
KO 0,55 0,574 | 0,589 | 0,526 | 0,519 | 0,521 | 0,543 | 0,584 | 0,533 0,528
TiO; 0,94 0,855 | 0,879 | 0,780 | 0,779 | 0,791 | 0,802 | 0,849 | 0,782 0,806
Mn 0,0435 | 0,0448 | 0,0431 | 0,0383 | 0,0408 | 0,0417 | 0,0425 | 0,0433 | 0,0412 | 0,0492
\Y 0,0321 | 0,0198 | 0,0194 | 0,0212 | 0,0223 | 0,0210 | 0,0211 | 0,0222 | 0,0196 | 0,0227
Co 0,0212 | 0,0219 | 0,0210 | 0,0133 | 0,0104 | 0,0109 | 0,0128 | 0,0151 | 0,0151 | 0,0164
Ni 0,0116 | 0,0076 | 0,0076 | 0,0077 | 0,0072 | 0,0066 | 0,0075 | 0,0086 | 0,0155 | 0,0130
Cr 0,0088 | 0,0069 | 0,0070 | 0,0063 | 0,0061 | 0,0061 | 0,0064 | 0,0096 | 0,0308 | 0,0221
Cu 0,0085 | 0,0063 | 0,0061 | 0,0048 | 0,0054 | 0,0050 | 0,0055 | 0,0069 | 0,0059 | 0,0058
Cl 0,0084 | 0,0125 | 0,0155 | 0,0087 | 0,0079 | 0,0069 | 0,0079 | 0,0051 | 0,0356 | 0,0052
Zn 0,0061 | 0,0041 | 0,0042 | 0,0036 | 0,0035 | 0,0041 | 0,0038 | 0,0051 | 0,0036 | 0,0040
Ga 0,0045 | 0,0032 | 0,0030 | 0,0027 | 0,0026 | 0,0026 | 0,0026 | 0,0024 | 0,0024 | 0,0025
Y 0,0038 | 0,0030 | 0,0030 | 0,0026 | 0,0026 | 0,0026 | 0,0024 | 0,0015 | 0,0017 | 0,0017
Te 0,0037 | 0,0010 | 0,0010 | 0,0029 | 0,0025 | 0,0024 | 0,0018 | 0,0008 0 0,0016
As 0,0014 | 0,0082 | 0,0080 | 0,0015 | 0,0020 | 0,0016 | 0,0026 | 0,0016 | 0,0019 | 0,0034
Se 0,0008 | 0,0012 | 0,0010 | 0,0008 | 0,0008 | 0,0008 | 0,0007 | 0,0005 | 0,0004 | 0,0003
Ag 0,0007 | 0,0008 | 0,0008 | 0,0008 | 0,0006 | 0,0005 | 0,0004 | 0,0002 | 0,0003 | 0,0003

The main component, silicon dioxide, shows little fluctuation in concentration, maintaining
a level between 67.6% and 67.9% at maximum temperature, indicating its thermal stability.
Aluminum oxide remains constant at about 18%, indicating the stability of the aluminosilicate
structure. The noticeable increase in calcium oxide, growing from 1.46% to 2.67%, may reflect the
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formation of new calcium compounds at high temperatures. At the same time, fluctuations in iron
oxide content from 7.43% to 7.45%, with minimum values at medium temperatures, highlight the
oxidation-reduction processes occurring in iron-containing minerals. Microelements such as
manganese and vanadium show stability in their content, which is important for maintaining certain
physical and chemical properties of clay.

Both bentonites have an aluminosilicate composition. In the Orta Tentek bentonite, CaO
increases to 2.67 wt% while Fe:Os remains nearly constant at 7.43—7.45 wt%. This matrix
configuration under heating supports a pore structure that favors capillary water retention and the
reversible sorption of nutrient ions. An increase in CaO after thermal treatment may moderately
enhance buffering and cation-exchange properties in soil blends.

The XRD analysis of thermally treated bentonites from the Kalzhat and Orta Tentek
deposits allowed to study in detail the changes in their crystal structure at different processing
temperatures and to identify key patterns of phase transformations (Figures 5 and 6). The initial
composition of both samples is characterized by the dominant presence of montmorillonite, which
is confirmed by the presence of intense reflections in the region of 20 = 6—10°, corresponding to the
basal distance (d001) of this mineral. In addition to montmorillonite, the initial samples show peaks
of quartz (Si0:) at 26 = 26.6°, weak signals of feldspars, also impurity phases such as calcite and
small amounts of iron-containing compounds, including hematite. XRD records the gradual
transformation of bentonites. At 200-300 °C, the basal reflection of montmorillonite weakens and
shifts to a higher 20 angle due to dehydration and densification of the layers. The signals of quartz
and feldspar are also enhanced. At 400-600 °C, a degradation peak occurs due to dehydroxylation
and the formation of an amorphous component. Above 700 °C, mullite and cristobalite form, and
montmorillonite peaks no longer exist, and the structure becomes amorphous.

Orta Tentek begins to lose its layered order earlier and faster than Kalzhat at 400-600 °C.
Secondary Fe-containing oxides begin to appear as early as 500 °C for Orta Tentec, while similar
phases occur mainly above 600 °C for Kalzhat. These differences in thermal sensitivity are
important when choosing the appropriate temperature range for soil applications to avoid impairing
moisture retention and ion exchange properties.
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Figure 5 — XRD spectra of thermally treated bentonites from the Kalzhat deposit: A — general 20
range (10-80°), B — analcime and quartz region (18-30°), C — secondary peak region (30-70°).
Temperature increases from bottom to top
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X-ray diffraction (XRD) patterns indicate that bentonite from the Orta Tentek deposit
dehydrates at lower temperatures than bentonite from the Kalzhat deposit. For application as a soil
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conditioner, this implies that the preparation temperature must be limited to preserve swelling,
water retention, and the reversible fixation of ions.
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Figure 6 — XRD spectra of thermally treated bentonites from the Orta Tentek deposit: A — general 20
range (10-80°), B — analcime and quartz region (18-30°), C — secondary peak region (30-70°).
Temperature increases from bottom to top

Conclusion. As a result of the conducted studies, structural, phase and textural changes of
bentonites of the Kalzhat and Orta Tentek deposits were revealed during their thermal modification
in the temperature range of 100—900°C. The use of a set of analytical methods, including X-ray
diffraction (XRD), X-ray fluorescence (XRF), thermogravimetric (TGA), differential scanning
calorimetry (DSC) and the Brunauer-Emmett-Teller (BET) method, made it possible to establish
patterns of change in the chemical composition, phase state, porous structure and sorption
characteristics of the studied samples.

The XRD analysis showed that when heated to 400°C, the montmorillonite structure is
preserved, but partial dehydration is observed. In the range of 400—-600°C, dehydroxylation occurs,
accompanied by the destruction of the layered structure and amorphization of the material. In the
range of 700-900°C, high-temperature phases such as mullite and cristobalite are formed,
indicating a complete restructuring of the structure. These changes are in good agreement with the
XRD data, which record a decrease in the content of aluminosilicate components and a relative
increase in the proportion of silica.

The TGA analysis revealed three key temperature stages of mass loss: removal of physically
adsorbed water at 100-200°C, dehydration of interlayer water and initial dehydroxylation at 200—
500°C, and complete destruction of the montmorillonite structure at 500-900°C. The DSC data
confirmed the endothermic and exothermic effects associated with these processes, and BET
analysis results showed that the most significant decrease in porosity and specific surface area is
observed in the range of 400—600°C, which coincides with the phase changes recorded by XRD and
TGA.

The optimal temperature mode for thermal treatment of bentonites depends on their targeted
use. To maintain maximum adsorption capacity and porous structure, the best range is 300—400°C.
In the range of 500—-600°C, bentonites acquire increased heat resistance and can be used as catalyst
carriers. Complete destruction of the porous structure at 700-900°C makes the material suitable for
use in high-temperature processes, such as refractory coatings and special sorbents.

Comparison of Kalzhat and Orta Tentek bentonites showed that Kalzhat samples exhibit
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higher thermal stability and can withstand heating up to 500—600°C without significant loss of
porosity, while Orta Tentek bentonites begin to lose structural integrity at lower temperatures (300—
450°C).

Thus, the obtained results allowed to establish clear interrelations between phase, chemical
and textural changes of bentonites during thermal treatment, as well as to determine the optimal
modification conditions for their various applications.

The findings can inform the development of effective thermal activation technologies for
bentonites aimed at improving soil properties overall, increasing agricultural resilience to drought,
enhancing fertilizer efficiency, and improving soil fertility. This is particularly relevant for the arid
regions of Kazakhstan.
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TEPMO-MOJUPUKANUATAHFAH BEHTOHUT CA3bI TOIIBIPAK YIHIIH bLTFAJI
CAKTAUTBIH MATEPUAJI PETIHJIE

Kap:xay06aeBa AK.12, 8D07109 «THHOBALUSIBIK TEXHOJIOTHSLIIAP KOHE KaHa OeopraHNUKaIbIK
Matepuannapy» oinim Oepy OarmaapiaMackIHBIH 2-KypC TOKTOPAHTHI
Beiicedexon M.M."", PhD, ara FbUIBIMU KbI3METKED
Il aiimapaan E.2, PhD, ara FeUIBIMU KbI3METKED
HaypsizoBa C.3.', PhD, KaybIiMaacTsIpbUIFad npodeccop
Kaoapaxmanosa C.K.!, TexHrka FeUIBIMIapbIHBIH KaHIMAATHI, KAybIMIACTHIPLLIIFaH Ipodeccop

'K. 1. Combaes amvinoasger Kazax ynmmolx 3epmmey mexuuxansi ynusepcumemi, Anmamor x., Kazaxcman
KIIC «Komnosummi mamepuandap evinvimu opmanvizbly, Anmamor K., Kasaxcman

Angatna. Munepanapik Kamkart skone Opra TeHTek kKeH OphIHIapbIHBIH OEHTOHUTTEPIH TEPMUSIIBIK
Moau(uKanuaIay MEH OJapiAblH TONBIPAK JKAaKCAPTKBIII PETIHAE aTKapaThiH (YHKIUSUIAPBIHBIH ©3apa
Oaiinanpicel 3eprrennai. Kamkar skoHe Opra TeHTeK KeH OpBIHIAApBIHBIH OCHTOHUT YATiJIEPi TEPMUSUTBIK
eHzeyre jaeiin xone 100-900°C temmeparypa apanbirbiHia exaeirenneH kedin XRD, XRF, TGA/DSC
JKoHE TOMEH TeMmIepaTypaiisl a30T afncopouuscel (BET) omicrepimen Tanmasabl.

200-300°C Ttemmeparypa IIEriHAErl OpTalia TEPMHUUIBIK OHJICY MOHTMOPHWJUIOHHMTTIH Ka0aTThl
KYPBUIBIMBIH Oy30aii, (M3KUKaJIBIK aAcopOLrsIaHFad ®oHe KabaTapasblK CyAbIH Oip OOJIriH KOAIbl, COHBIH
HOTHKECIHJIE MEHIIIKTI O€TKi ay;aH, BUIFal CHIMBIMABUIBIFEI JKOHE KAaTHOHAIMACY CHIMBIMIIBLIBIFEI
caktanansl. 400—-600°C TemmepaTypa apajbiFblHOA ACTHAPOKCHIIEHY >OHE KalaTapajblK KEHICTIKTIH
KoJarcel Oarikanansl, 6y SBET-TiH TeMeH/eyiMeH jKoHE ajMacy OpTaJbIKTapbIHBIH KOHBUTYBIMEH KaTap
xkypeni. 700-900°C temnepaTypaaa >KOFapbl TeMIIEpaTypaibl KPEMHE3EM KOHE aJIFOMOCHIIMKAT (pasaiapbl
TY3UIiI, KEYeKTUTIK Here XKYBIKTaiabl.

Ken opbiagapein canbictelpy Oprta TeHTek OCHTOHUTTEPIHIEC KYPBUIBIMABIK JerpajalisiHbIH
eprepek OacTalaThIHBIH JKOHE OacTanKbl TEPMOOHJIEY caThUIapbiHaa KamkaT OCHTOHUTIHIH TYPaKTHUIBIFBI
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JKOFaphl CKEHIH KepceTeli, ajaila »Koraphl TeMIleparypaigapla €Ki MaTepuan Ja arpOHOMUSUIIBIK
(YHKIUSUTApBIH  KOFaNTaabl. TONbIpaK «KOHAWIIMOHEP» peTiHAe MalijalaHy VIIH TeMIepaTypaibiK
pexmmai 200-300°C mierinzme KbICKa YakbIT YcTam, KediHHeH TpaHynmay yceHbUane;; 400-600°C
aliMarbIHIAFbl TEPMUSIIBIK oHaeyaeH xkoHe 700—900°C TemmepaTypanapabl KOMAaHyAaH 0ac TapTy KaKeT.
MyHzali pexxumaep bUIFall YCTay KacUeTi MEH KAaTHOHAJIMACY ChIMBIMIBUIBIFBIH JKOFAITIIAH CAHUTAPIIBIK
OHJICY/II KaMTaMachI3 eTelli koHe Ka3zakCcTaHHBIH KyaH aiiMaKTapbIHJIaFbl KYMBI KOHE KYMJIAK TOIBIPAKTap
VIIIiH KOJIAHITBI.

Tipek ce3mep: OCHTOHHUT, TEPMO OHJICY, KEYCKTLIIK, bUIFA] YCTAy, KATUOH AJIMACy CHIMBIMIIBLIBIFHI,
TOMBIPAK KOHTUITUOHEDI.

TEPMOMOIAPUIIUPOBAHHASI BEHTOHUTOBAS I''IMHA KAK
BJIAI'OY AEP)KUBAIOIIIMN MATEPHUAJL IVIA IIOYB

Kap:kay6aesa A.K.!, nokropant 2-ro Kypca o6pasoBarebHoi nporpammbl 8D07109 « AHHOBAIIMOHHBIE
TEXHOJIOTHH ¥ HOBBIE HEOPraHUYECKUE MaTepUaIbhy
Beiicedexo M.M.!", PhD, crapiumii Hay4HbI! COTPYIHUK
[laiimapaan E.2, PhD, crapumii Hay49HBINH COTPYIHUK
Haypsizosa C.3.!, PhD, accouuupoBanuslii mpodeccop
Ka6apaxmanosa C.K.!, kanauaar TeXHUYECKHX HayK, aCCOLMUPOBAHHBIN Tpodeccop

'Kazaxcxuii nayuonanvuwiii uccnredosamenvckuii mexuuueckuti ynusepcumem umenu K.M. Camnaesa, 2.
Anmamul, Kazaxcman
’TOO «Hayunwiii yenmp komnozumuvix mamepuanosy, 2. Aimamol, Kazaxcman

AnHoTamus. lVccienoBaHa CBsI3b TEPMHUYECKOW MOJU(PHUKAIMKM OCHTOHUTOB MECTOPOKIACHUN
Kamxkar u Opra Tentex ¢ ux (yHKIuAMH MoYBOyIydmuTeneid. OOpasnbl OEHTOHHTOB MECTOPOXKIACHUN
KaJDKaT W OpTa TEHTEK J0 M IOCie TepMu4yeckod oOpaboTku B nuama3zoHe Ttemnepatyp 100-900°C
npoananuzupoBanbl Metomamu XRD, XRF, TGA/DSC u HuskoremneparypHoii amcopOumu a3zora BET.
YmMmepernHas tepmMooOpadoTka B mpenenax remmeparypsl 200-300°C yaanser huzndeck aacopOnpoBaHHYIO
W 4YacTb MEKCIIOEBOH BOIbI 0€3 pa3pyLICHUS CIOMUCTOM CTPYKTYphl MOHTMOPWIJIOHHTA, YTO COXPAaHSET
yIENbHYI0 TIOBEPXHOCTh, BJIArOEMKOCTh U KaTHOHOOOMEHHYIO eMKocTh. B mHTepBasie Temmeparyp 400—
600°C QuxcupyeTcs JeTHAPOKCHINPOBAHNE U KOJJIAIIC MEXKCIIOEB, COMPOBOKAAIOLINECS NaJCHUEM Sper U
yTpaTtoil oOMeHHbIX 1eHTpoB. IIpu Temnepatype 700-900°C ¢dopmMupyrOTCSl BBICOKOTEMIIEpAaTypHbIE (a3bl
KpeMHe3eMa U aJIOMOCHJIMKATOB M TOPHUCTOCTh CTpeMHTCS K Hymo. CONOCTaBlI€HHE MECTOPOKACHUN
MOKa3bIBaeT 00Jiee PaHHIOI CTPYKTYpPHYIO Aerpanaiiio 6eHTOHHUTOB OpTa TeHTeK W OONBIIYI0 CTOHKOCTD
OenTonuta Kamkar Ha HadalbHBIX 3Tanax TepMooOpaOOTKM, OIHAKO NPU BBICOKHUX TeMIeparypax o0a
MaTepuaia TepsAT arpoHOMHYeckne QYHKUUHM. J[Is HWCHONb30BaHMSA B KAadecTBE MOYBEHHBIX
«KOH/IUITUOHEPOBY» 11e1eco00pa3HO OTPaHUYUTh TEeMIIEpaTypHbIi pexum B npenenax 200-300°C ¢ kpatkoit
BBIEP)KKOW M C TOCIIEAYIONIUM TpaHyJIHMpOBaHHEM, M30eras TeMmiiepaTypHoil o0paboTku B paiione 400—
600°C u uckmouass 700-900°C. Takue pexumbl 00ECIICUMBAIOT CAHUTAPHYIO IOATOTOBKY 0€3 MOTepu
prnaroynepxkanuss 1 KOE wu moaxomsar ans mecyaHbIX W CyNECUaHBIX IIOYB 3aCyNUIMBBIX PETHOHOB
Kazaxcrana.

KiroueBble cjioBa: OEHTOHHUT, TepMOOOPaOOTKa, TOPUCTOCTD, BIAaroyAepKaHue, KaTHOHOOOMEHHas
€MKOCTb, TOYBEHHBIN KOHIUIIHOHED.
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