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ABSTRACT

Clay minerals are commonly used as adsorbents due to their wide availability, large specific
surface area, and cation exchange capabilities, making them suitable for removing heavy metal
ions from wastewater. This study investigated the activation of clay by acid and thermal treatment
to obtain an adsorbent for the purification of uranium from impurities such as iron and
magnesium. Acid modification of clay samples was carried out with sulfuric acid (15%) at a
temperature of 80-90 °C for 3 hours. While the activation of the clay using the thermal process
was performed at 600-650 °C for 12-24 hours. X-Ray Diffraction, Electron Paramagnetic
Resonance (EPR), and Fourier Transform Infrared Spectroscopy (FTIR) were used to analyse the
clay's chemical composition and structural changes before and after activation. FTIR identified
free OH groups and hydrated SiO2. EPR showed a high level of paramagnetic centers linked to
structural defects and oxygen vacancies, which contribute to the material's strong adsorption and
catalytic activity. After acid treatment, the clay particles exhibited a notable rise in specific surface
area, expanding from 35.2 m%g to 342.5 m%g. Additionally, the specific pore volume grew
substantially, increasing from 0.024 cm¥g to 0.30 cm¥/g.
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Introduction

In industrial water systems, silicon is present in
multiple physicochemical forms based on different
factors, including its solubility and degree of
aggregation: as monomeric soluble silicon dioxide

(Si0,), as colloidal aggregates (SiO,:nH,0), and in the
solid phase as sand, silt, or silicate minerals [[1], [2], [3]].
In uranium hydrometallurgy, the ionic and colloidal
forms are dominant, significantly affecting the efficiency
of technological processes, including sorption,
equipment corrosion, and scale formation [4]. There are
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different types of silicon depends on factors such as pH,
temperature, ionic strength, and what’s in the solution.
When uranium ores undergo in-situ leaching with
sulfuric acid, silicon primarily dissolves as an impurity
that reduces the efficiency of uranium extraction [4].
Sulfuric acid ion exchange process for uranium ores
reacts with aluminosilicate minerals such as kaolinite,
chlorite, hydromica, and coffinite, producing silicic acid
that can polymerize into high-molecular-weight
compounds [6]. These compounds accumulate and
infiltrate in anion exchange resins, causing significant
improvement in silicification, reducing uranium
capacity, increasing hydraulic resistance, impeding
desorption and denitration, and degrading mechanical
properties. Silicon content in waste resins may reach
12-15 wt.%, so removal is necessary either before
sorption or from saturated resins [[7], [8]]. Several
methods are available for removing silicon from
industrial solutions, including adsorption, ion exchange,
reverse osmosis, electrodialysis, chemical precipitation,
and extraction [[3], [4],[4]]. In uranium environments,
adsorption is preferred due to its selectivity and cost-
effectiveness. It offers low energy use, adsorbent
regeneration, environmental safety, and process
flexibility. Adsorption may occur through physical forces
(van der Waals) or chemisorption, which forms stronger
chemical bonds between the adsorbate and adsorbent
[[2], [9], [10]]. Physical adsorption occurs due to weak
intermolecular forces and the condensation of
molecules within the pores of a solid, whereas chemical
adsorption (chemisorption) involves the formation of
chemical bonds between the sorbate molecule and the
active sites on the adsorbent surface on the adsorbent
surface [[2],[11]]. Chemisorption results in the
formation of an adsorbate monolayer and is often
irreversible, making it particularly effective for the deep
extraction of target components. A thorough
understanding of adsorption mechanisms is necessary
for both the design and optimization of industrial
processes, as well as for the accurate characterization of
the porous structure of materials [12]. lon exchange is
used to purify, separate, and recover ion-containing
solutions using solid materials such as resins,
membranes, and minerals. However, this method
requires significant capital and operating costs,
especially when resin regeneration and waste disposal
are required [[13], [14], [15], [16]]. Chemical
precipitation is used to convert dissolved substances
into a solid phase, but is ineffective for removing trace
contaminants and produces large amounts of sludge
requiring further processing [[14], [15]]. Reverse
osmosis is @ membrane process that uses pressure to
selectively remove ions and molecules through a
semipermeable membrane. Electrodialysis allows for

the selective extraction of ions using an electric field, but
also produces concentrated waste streams [[15], [16],
[17], [18]. It is effective for desalination but is limited in
application due to the high cost of the membranes and
sensitivity to fouling [[19], [20], [21]]. Electrolysis is used
to extract elements from solutions but has limited
application in the context of silicon removal [22], [23],
[24], [25]]. Sulfuric acid in-situ leaching of uranium ores
results in the transfer of uranium and several other
elements from the ore-bearing rocks into the productive
solution, leading to contamination of the productive
solutions with ballast impurities. During the sorption
extraction of uranium, these impurities behave
differently and can be classified according to their
behavior as inert, depressant, or toxic. In sulfuric acid
environments, silicic acid is the most significant toxic
impurity. The transfer of silicon into productive
solutions is caused by reactions between sulfuric acid
and aluminosilicates, chlorites, hydromicas, and the
uranium-bearing mineral coffinite.

The goal of this study is to develop process modes
and parameters for producing effective chemical
adsorbents based on an aluminosilicate carrier, as well
as to study the distribution and behavior of silicon in
uranium sorption processing cycles.

Experimental part
Materials

Samples of kaolin ore from the Kostanay region
were preliminarily crushed using a jaw crusher, Allis
Mineral Systems (model N184T17FB12C), until a particle
size was achieved at which all the material passed
through a sieve with an aperture of 0.074 mm. The
resulting crushed material was then processed in a
Denver flotation cell equipped with a two-blade
impeller. During processing, water was added to obtain
a dense, homogeneous pulp; the solids content was not
quantitatively controlled. At the final stage, the pulp was
subjected to sieve analysis using Tyler sieves with
additional dilution by water.

Method for separating clay and sand
fractions from kaolin ore

The reactivity and practical of minerals are
largely determined by the degree of structural order
within their crystal lattices. The diversity of layered
silicates stems from the presence of not only silicon—
oxygen tetrahedra but also aluminum - andiron -
oxygen tetrahedra. When tetravalent silicon (Si%*) is
substituted by trivalent aluminum (AI**), charge
neutrality must be preserved through the
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incorporation of compensating cations such as K*,
Na*, or Ca?. The formation of active centers
requires the gradual disruption of
polyaluminosilicate frameworks. As a result, the
process flow has been improved by introducing a
preliminary separation of the ore into clay and sand
fractions using a hydrocyclone system [[26], [27],
[28], [29], [30]]. The results of test trials on clay—
sand separation are presented in Table 1.

Table 1 shows that ore separation concentrates
about 30% Al,03 and 50% SiO, of the feedstock mass
in the clay fraction. The conversion of Al;O; into the
clay fraction reaches 60—80%. As a result, adding the
siphon separation step to ore preparation
significantly impacts the process on a large scale; it
mechanically activates the material, essentially
"shaking" the aluminosilicate structures. Acid
activation of the original clay mass.

Acid activation removes Fe and Mg impurities,
breaks down inert minerals, and increases the
surface area and porosity of clay, enhancing its
adsorption and catalytic properties.

When treated with sulfuric acid (H,SO,), oxides
and hydroxides of transition and alkaline earth
metals are converted into soluble sulfate forms:

FE203 +3 HzSO4 -> F82(SO4)3 +3 H20
MgO + H,SO4 - MgS0O,4 + H,0

Furthermore, controlled acid treatment
facilitates the partial removal of adsorbed impurities

and improves access to the material's pore system.
However, excessively intense treatment can leach
out structural aluminum and destroy the underlying
aluminosilicate lattice, resulting in reduced product
quality. Therefore, it is necessary to carefully control
the acid concentration, process temperature,
treatment duration, and solid-to-liquid ratio.

Preliminary modification of the structure and
properties of mineral raw materials under the
influence of chemical and physical factors creates
optimal conditions for subsequent leaching and the
formation of a developed porous structure.

To perform the acid treatment, 100 g of calcined
and crushed clay material was loaded into the
reactor, then 1 liter of a 15% H,SO, solution was
added at room temperature, and the system was
heated to 80-90 °C. The process was carried out with
vigorous stirring (~300 rpm) for 3 hours, with
periodic sampling of the solid and liquid phases at
30, 60, 120, and 180 minutes to assess the reaction
kinetics. Upon completion of the treatment, the
mixture was cooled to ~40 °C and filtered, separating
the liquid and solid phases.

The precipitate was washed with several
portions of water until the filtrate pH reached
approximately 6.5-7.0 and the conductivity was
close to the initial value, monitoring the parameters
with a pH meter. The purified solid residue was dried
at 105 °C to constant weight.

Table 1 - Technological parameters of siphon-based ore separation: sieve analysis of the feed ore, detailing the mass fractions of
aluminum and silicon within the size classes of both the hydrocyclone overflow and underflow (sand) streams.

No. Distribution sio Distribution
Separation product Tormentation AlbOs Al,O3 2 SiO>2
G % % G % % G %
1 Raw ore 1866 100 20.97 391.3 60.75 | 1133
Clay 1323 71 23.95 316.8 81 56.78 | 751 66.3
Sands 543 29 13.72 74.5 19 70.35 | 382 33.7
2 Raw ore 1855 100 22.24 4125 61.4 | 1138
Clay 1292 69.6 25.91 334.75 81.1 56.72 | 732 64.3
Sands 563 30.4 13.81 77.75 18.9 7211 | 406 35.7
3 Source ore 3256 100 20.72 674.6 60.38 | 1965
Clay 1463 45 30.32 443.5 65.8 46.42 | 679 34.55
Sands 1793 55 12.88 231.1 34.2 71.7 | 1286 65.44
4s Raw ore 1960 100 22.88 448.4 56.12 | 1099
Clay 848.8 43.3 30.1 255.5 57 47.52 | 403 36.7
Sands 1111.2 56.7 17.35 192.9 43 62.63 | 696 63.3
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Figure 1 — X-ray diffraction pattern of kaolin clay after leaching

Table 2 — Phase composition of the sample determined by XRD

Component Formula Mass fraction, %
A Quartz SiO2 33.7
B Kaolinite 1A Al2(Si205)(OH)a 50.7
C Silicon dioxide SiO2 2.4
D Zeolite SiO2 13.2

Figure 1 and Table 2 X-ray diffraction (XRD)
analysis results show that the resulting material
does not meet the expected characteristics required
to form an active component based on the
metakaolin mineral. This result indicates incomplete
transformation of the original kaolinite into
metakaolin, which may be due to insufficient
dehydroxylation. Furthermore, the potential for the
formation of secondary silicate compounds leads to
a decrease in the proportion of free aluminum oxide
in the composition. These deviations limit the
potential for further use of the material as a
chemical adsorbent.

Thermal activation of kaolin clay

Thermal activation of clay minerals involves
treating natural clay at elevated temperatures,

which causes the removal of adsorbed gases and
water molecules and leads to the formation of a free
surface. However, upon reaching certain
temperatures characteristic of each specific mineral,
the crystal lattice can partially disintegrate or
completely collapse, which reduces the surface
activity of the material. Based on the results of
differential thermal analysis and thermogravimetry,
it was established that the sample contains: quartz -
less than 40%, kaolinite - about 50%, hydromica -
4.4%, chlorite - less than 1%, goethite - 1.6%, as well
as thermally inert components - less than 5%. When
heated, the characteristic features of the thermal
behavior of these minerals did not show noticeable
differences from the behavior of the components of
the original ore.
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Table 3 - Mineral and material composition of kaolin ore based on the results of thermal analysis

Figure 2 - Derivative diagram of the clay fraction
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Figure 2 and Table 3 illustrate the results of DTA-
TG-DTG analysis, which confirm the presence of
hydroxyl and carbonate compounds in the sample
and also allow us to determine the optimal range of
thermal activation temperatures — from 600 to 700
°C, at which the dehydroxylation of kaolinite is
completed and reactive metakaolin is formed
without significant loss of structure and with the
preservation of active adsorption centers. Up to 200
°C, a slight decrease in mass is observed, associated

with the removal of physically adsorbed moisture
and dehydration of the mineral surface. Around 250
°C - a small change in mass due to the removal of
hydroxyl groups from goethite (OH = 0.3%). In the
range of 400-550 °C, there is an intense
endothermic decrease in mass associated with the
dehydroxylation of kaolinite (OH = 7%), which leads
to the formation of metakaolin. Around 600 °C,
there is a weak peak of mica dehydroxylation (OH =
0.4%). In the range of 700-850 °C, CO, is released,

— 9
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corresponding to the decomposition of calcite
(CaCOs = Ca0 + CO,). Above 900 °C, recrystallization
of kaolinite begins with the formation of high-
temperature phases (mullite, quartz) [[31], [32]].

Thus, thermal activation of clay minerals is
possible at temperatures above 500°C. Puncture
losses contribute to the formation of voids and new
active centers, the structural elements of which in
zeolites are SiO4 and AlO,4 tetrahedra, connected at
their corners to form cavities and channels through
which hydrated cations, water, and other molecules
can diffuse [33].

Based on the above, the solid product after
leaching was subjected to additional thermal
activation at 600-650 °C for 12—24 hours to stabilize
the structure and increase the specific surface area.
The resulting activated material was analyzed using
X-ray diffraction (XRD), as shown in Figure 3 and
Table 4.

X-ray diffraction analysis revealed that after
heat treatment, partial amorphization of the
aluminosilicate component was observed in the
sample, accompanied by the disappearance of
characteristic kaolinite reflections. This confirms the
formation of metakaolin—an amorphous, reactive
phase formed through dehydroxylation and the
breakdown of the mineral's layered structure. The
diffraction pattern reveals an increase in the
amorphous background in the 15-35° 20 range,
reflecting an increase in the number of defective
structural regions acting as active adsorption sites.
The remaining quartz reflections and minor iron
silicate peaks correspond to thermally stable
impurities that do not participate in the formation of
the active component. Thus, the resulting
metakaolin possesses a developed defective surface
capable of effectively binding silicon in solutions and
providing increased sorption activity.
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Figure 3 — X-ray diffraction pattern of kaolin clay after heat treatment

Table 4 — Phase composition of the sample determined by XRD

Component Formula Mass fraction, %
A Silicon dioxide - Quartz SiO2 34.96
B Iron silicide (1.6/0.4) (FeaSi)o.a 2.74
C Silicon dioxide SiO2 26.2
D Metakaolin Al3Si,03(0H)s 36.1
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Results and Discussion

FT-IR analysis of the obtained chemical
adsorbent

The predominance of hydrated silica indicates a
highly amorphous matrix with inclusions of
crystalline Al and Fe phases (metakaolin). This
combination of phases explains the observed
combination of broad background bands and several
sharp peaks in XRD/IR: amorphous SiO, provides the
background "flat" component, while the crystalline
phases are responsible for the narrow peaks and
characteristic OH/Si—-O peaks. For technological
applications, this implies high reactivity and
absorption capacity (due to hydrated SiO,), as well
as the presence of stable mineral phases that
influence thermal stability and behavior during heat
treatment/chemical extraction.

The absorption spectrum in Figure 4 exhibits
various vibrations above 3000 cm™. Absorption at
3400 cm™ is attributed to absorbed water in the bulk
phase (film water and water in inclusions), while the
region around 3304 cm™ is associated with the
absorption of water molecules disturbed by the
crystal's surface field. Under the influence of this
field, the distances between the charges of water's
molecular dipoles are slightly increased compared to

| :
| l :I [
TN I Y 4
'rr‘l"'.,'; [ ) Hll'l'.
\ T

"" ‘p’;- | |

is

ADSODANCe Ln

3500 3000 2500

the average distance in the bulk phase. This reduces
bond rigidity and the vibration frequency.

Absorption at 3478 cm? in kaolin clay is
characteristic of molecular water. Deformation
vibrations of H,0 in mineral crystals are observed at
higher frequencies (1620 cm™). This is attributed to
the fact that water molecules in the crystal are
bound by stronger hydrogen bonds.

The absorption band for the practically free OH
group in kaolinite is around ~3600 cm?, the
absorption band of water is around ~3450 cm?, and
the absorption band for short hydrogen bonds O-
H...O is around ~3300 cm™. The spectrum band of
1620 cmis related to the deformation vibrations of
the OH bond. Thus, the crystalline form of the
original product is transformed predominantly into
an ionic state, which determines the
physicochemical properties of the leaching residue.

Study of the specific surface area and porosity
of the chemical adsorbent

The specific surface area and pore structure
parameters of the original kaolin clays and the
resulting chemical adsorbent were studied using
low-temperature nitrogen adsorption using the BET
method. The results show a significant change in
textural characteristics after activation treatment
(Table 5). The measurements were performed using
a SORBTOMETR-M instrument.

2000 1500 1000 500

Wavenumber cm-1

Figure 4 — FTIR spectra of chemical adsorbent

Table 5 — Specific surface area, specific volume and average pore size of the active component

Specifi A .
Sample Specific surface area, m?/g pecttic 3 verage pore size,
pore volume, cm angstroms
Original kaolin 35.2 0.024 1.52
Chemical adsorbent 342.5 0.30 1.95
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The starting material has a relatively low specific
surface area of 35.2 m?/g, a small specific pore
volume (0.024 cm3/g), and an average pore size of
about 1.52 A, which corresponds to the dense,
poorly developed porous structure of the natural
mineral.

After activation, a sharp increase in the specific
surface area to 342.5 m?/g is observed, exceeding
the initial value by more than an order of magnitude.
The specific pore volume increases to 0.30 cm3/g,
indicating  significant development of the
microporous and mesoporous The
average pore size remains virtually unchanged (1.95
R), indicating that the treatment primarily increases
the number of active pores rather than changes their
size.

Thus, the activation treatment ensures the
formation of a highly developed porous structure,
significantly increasing the specific surface area of
the material. This directly enhances the
effectiveness of the active component as a sorbent,
improving the accessibility of active sites and the
adsorption capacity of the material.

Study of the patterns of occurrence, content,
and form of silicon compounds at different stages
of processing uranium-containing solutions

To study methods for
poisoning of the resin, the behavior of silicon in a
uranium-containing solution was first studied.
Silicon dioxide, SiO,, is the anhydride of a series of
silicic acids, whose composition can be expressed by
the general formula xSiO; x yH,0, where x and y are
integers.

structure.

neutralizing silicon

x =1,y = 1:Si0; x H,0, i.e. H,Si03 — metasilicic
acid;

x =1,y =2:5i0; x 2H,0, i.e. H4Si04 — orthosilicic
acid;

x = 2, y = 1:25i0, x H,0,
dimethylsilicic acid.

i.e. HzSizOs -

According to many researchers, the solubility of
silicic acid at room temperature is 0.01-0.017%
(calculated as SiO,). As the temperature increases,
its solubility increases, reaching 0.04% at 94 °C.
Silicic acid is a very weak electrolyte. Its dissociation
constant is 2x10-10. The pH of an aqueous silicic acid
solution is approximately 4.0-4.5. Data on the
solubility of amorphous silicon dioxide are
presented in Table 6.

In natural waters, silicon compounds are found
in dissolved, suspended, and colloidal states, the
quantitative relationships between which are
determined by the chemical composition of the
water, temperature, pH, and other factors.

The dissolved forms are mainly represented by
molecular orthosilicic acid HiSiO4(SiO2-  2H,0),
metasilicic  H,Si03(Si02-H,0),  disilicic  H3Si,0s
(2Si02-H20), and other acids with different numbers
of SiO, and H,0, products of their dissociation and
association, as well as silicon-organic compounds.
Polymeric and colloidal forms of silicic acid have a
variable composition of the type mSiO; nH,O (m and
n are integers).

In agueous solutions, the monomer silicic acid
can be found primarily in five forms: HsSiO4, H3SiO*
, H2Si04%7, HSiO4*, and SiO4*. The ratio of silicic acid
forms in water is determined by the dissociation
constants of each of the stages. Figure 5 shows the
dependence of the distribution of forms of dissolved
silicon on the pH of the environment, from which it
follows that in natural waters, the main part of silicic
acid is in a molecularly dissolved form.

Therefore, during ion exchange, silicon begins to
be absorbed as the medium transitions to an alkaline
region, where it exists in an ionic form. This is
achieved in practice by a highly basic anion exchange
resin in the absence of strong acid anions. Thus,
silicon in a process uranium-containing solution in
the pH range up to 8.0 is monosilicic acid, which
undergoes a polycondensation reaction as shown in
Figure 5. In the pH range of 2.0 to 3.0, the
polycondensation rate is minimal. Silicic acid cannot
react chemically with other elements up to a pH of
8.0.

Table 6 — Dependence of the solubility of amorphous silicon dioxide on the pH of the solution at 25 °C

pH 1.0 2.0 3.0

4.2 5.7 7.7 10.26 10.6

0.014 0.015 0.015

Solubility, %

0.013 0.011 0.010 0.019 0.112
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Figure 5 — Dependence of the ratio of silicic acid forms on the pH of the medium

Conclusions

The process modes for producing the active
component for synthesizing chemical adsorbents
based on kaolin or were developed. Hydrocyclone
separation of kaolin ore enabled enrichment of the
clay fraction in Al,O3; to 60—80% of the total content
in the feedstock, ensuring high reactivity of
subsequent products. Acid activation of the resulting
clay mass with sulfuric acid (15%, 80-90 °C, 3 h)
allowed for the partial removal of iron and
magnesium impurities, increasing the availability of
the aluminosilicate  structure for  further
modification. To form the active phase, metakaolin-
heat treatment was performed at 600-650 °C for
12-24 hours. The results of differential thermal
analysis (DTA-TG-DTG) and X-ray diffraction (XRD)

confirmed the completion of  kaolinite
dehydroxylation and the formation of an
amorphous, reactive phase with a defective

structure capable of effectively interacting with
silicon compounds. The phase composition of the
final product includes quartz (34.96%), metakaolin
(36.1%), and amorphous silicon dioxide (26.2%),
which meets the requirements for materials used as
sorbents. The physicochemical characteristics of the
obtained chemical adsorbent showed a significant
improvement in textural properties compared to the

original kaolin: the specific surface area increased
from 35.2 m?/g to 342.5 m?/g, and the specific pore
volume increased from 0.024 cm3/g to 0.30 cm3/g.
This indicates the formation of a developed
microporous structure, ensuring high accessibility of
active centers for sorption. IR spectroscopy
confirmed the presence of free OH groups and
hydrated forms of SiO,.
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YpaHAbl Ta3apTy YLWiH KAO/IMHHEH 66eniHreH ca3gbiH KbIWKbINAbI KoHe

TEPMUANDIK aKTUBTEHYI

! Mangbibaes F., 2Tepacésa H., ' Lapunos P., ! }KaHabaesa 9., El-Sayed Negim,
XambapKpbi3bl 9., L KbinbiwkaHos M., 2 Bekbaesa /1.,

! panrumbaesa V., *“Moshera Samy

1 Kasakcman- bpumar TexHukanelk YHusepcumemi Aamamel, Kazakcmax

2}KLLIC Deep Core Analytics, Anmamel, Kazakcma+

3 An-Papabu ameiHAarel Kazak ¥nmmeolk YHusepcumemi, Aamamel, Kazakcmax

4 ¥ammeoik 3epmmey opmannsirsl, [Jokku, Mu3a, Ezunem

Makana kengi: 28 aknaH 2026
CapantamapgaH eTTi: 18 Haypsi3 2026
Kabbinganapl: 2 cayip 2026

Ca3 MUHepangapbliH aaeTTe aacopbeHTTep peTiHAe naiaanaHbliagpl, cebebi onap KomkeTimai
YKOHe aymaKTbl MeHLWiKTi 6eT aygaHbliHAA KaTUOH anmacy KabineTtiHe baiinaHbicTbl agcopbeHT
peTiHAe KeHiHeH KongaHbinagpl, 6yn onapAbl aFblHAbI CynaphaH ayblp MeTann MOHAAPbIH
KeTipyre kapamabl eTeai. byn 3epTTey Temip MEH MarHMit CUAKTbI KOCNanapaaH ypaHabl Ta3apTyFa
apHanfaH Kocna any yWiH Ca3AplH, KbIWKbI MEH YKaHEe TEPMUANDBIK OHAEY apKbl/ibl aKTUBTEHYIH
3epTTeai. Cas yArinepiHin, KplWKbIAAbIK MOANDUKALMACH! KYKIPT KbllWKblabiMeH (15%) 80-90 °C
TemnepaTtypaga 3 cafat 6owibl XKyprisingi. Caszabl TEpMUANbIK NPOLECTIH KOMEriIMEH aKTUBTEHAiIpY
600-650 °c Temnepatypasa 12-24 cafat iwiHae XKyprisingi. CasablH, XMMUANBIK KYPaMblH KaHe
aKTMBaLMAFa OeMiH KOHEe ofaH KeMiHri KypbinbIMAblK e3repicTepdi Tangay YWiH peHTreHaik
AndpaKumA, 3SN1eKTPOHAbI NapamarHUTTIK pe3oHaHc (IMP) xkaHe ®dypbe TypAeHAIpYiHiH,
nHbPaKpIsbin cnektpockonusacsl (FTIR) kongaHbingsl.boc OH TonTapbl aHe ruapatranfaH SiO;
FTIR kKemerimeH aHbIkTanabl. MNP KypbinbIMAbIK aKayNapMeH XKaHe OTTeriHiH, }eTicneywinirimeH
6aitnaHbICTbl NAapPaMarHUTTIK OPTaNbIKTapAblH, *KOFapbl AeHreiiH KepceTTi, byn maTepuanapiH,
KYLWTi aAcopbumackl MeH KaTanuTUKanbik 6enceHginirive biknan etesi. KpllKblAMeH eHaeyaeH
KeWiH ca3 BeslueKTepiHiH, MeHWiKTi 6eTki aygaHbl 35,2 m2/r-HaH 342,5 m?/r-fa geiiH KeHenin
anTapAbiKTal ecyiH kepceTTi. COHbIMEH KaTap, KeyeKTepaiH, MeHLWIKTi Keaemi aTapabiKTai ecin,
0,024 cm3/r-HaH 0,30 cm3/r-Fa aeitiH ecri.

TyiiiHOi ce30ep: cas, KpIWKbIIAbI aKTUBTEHAIPY, TEPMUANBIK aKTUBTEHAIPY, YPaH.
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KucnotHaa n Tepmuyeckas akTMBaLMA MMUHbI, BbiAE/IeHHOW U3 KAaO/IMHa,
ANA OUUCTKU ypaHa

! Mangabibaes I'., “Tepacésa H., ! LLlapunos P., ! }KaHabaesa A., El-Sayed Negim,
IXambapkbisbl A.,  KbinbiwkaHos M., 2 Bekb6aesa /1.,
! panrumbaesa V., *“Moshera Samy
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AHHOTALMUA

[NIMHUCTbIE MUHEpPanbl LWMPOKO WMCMONb3YIOTCA B KayecTBe aAcopbeHTOB M3-3a UX LUMPOKOW
[OCTYNHOCTU, 6ONbLION yAebHOM NOBEPXHOCTU U CNOCOBHOCTU K KATMOHOOBMEHY, UTO AeNaeT ux
NPUroAHbIMU ANA YAANEHUA MOHOB TAMXKE/bIX METaIIoB U3 CTOYHbIX BoA. B aTom uccnegosaHum
M3yyanacb aKTMBALMA FMHbI KUCIOTOW U TepMUYECKO 06paboTKoi ¢ nonyyeHnem aobasku ans
Nocrynuna: 28 geepans 2026 OYMCTKM ypaHa OT NPMMeceW, TaKMX KaK Xene3o n marHuii. KucnotHyto mogmoukaumio ob6pasuos
PeveH3npoBaHve: 18 mapma 2026 F/IMHbI NPOBOANAN CepHO KuncnoTol (15%) npu Temnepatype 80-90°C 8 TeueHune 3 yacos. B 10
MpuHaATa B nevatb: 2 anpensa 2026 BPEMA KaK aKTUBALMIO INIMHbI TEPMUYECKMM CNOcobom npoBoauaun npu temnepatype 600-650°C
B TeyeHue 12-24 yacoB. [1nA aHaM3a XMMUYECKOTO COCTaBa MNHbI U CTPYKTYPHbIX U3MEHEeHWUI A0
M nocne akTMBaumu 6biv UCNONBb30BaHbl METOAbI PEHTFEHOBCKOM AUdpPaKLUK, SNEKTPOHHOTO
napamarHuTHoro pesoHaHca (3MP), nHbpaKkpacHoW cneKkTpockonuu ¢ npeobpasosaHnem dypbe
(MK-®YPbE). C nomowbto WK-OYPbE 6binn  onpegeneHsl cBobogHble OH-rpynnbl w
rmapaTnposaHHbii SiOz2. MNP NoKasan BbICOKMI ypOBEHb NapaMarHUTHbIX LLEHTPOB, CBA3AHHbIX CO
CTPYKTYPHbIMU AedeKTaMU U KUCAOPOAHBIMU BaKaHCUAMM, KOTOpble CrocoBCTBYIOT CU/IbHOMN
aAcopbLMOHHON M KaTa/IMTMYECKON aKTMBHOCTM maTepuana. ocne KUcnoTHolt o6paboTku
yAenbHas NoBEPXHOCTb [IMHUCTbIX YacTUL, 3aMeTHO yBemumnnach ¢ 35,2 m?/r go 342,5 m?/r. Kpome
TOrO, CYLLECTBEHHO YBE/IMUMNACA YAEbHbIM 06bem nop, ysennumslumncs ¢ 0,024 cm3/r go 0,30 cm3/r.

Kntodeabie cn08a: TVHA, KUCOTHAsA aKTUBALMA, TEPMUYECKANA aKTUBALMSA, YPaH.
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