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Abstract

Purpose. The research aims to study and optimize the in-situ leaching (ISL) process for uranium mining using surface-
active substances (surfactants) to improve the efficiency of uranium extraction from low-permeability ores.

Methods. As part of the research, samples of low-permeability ores are taken and previously analyzed for porosity and fil-
tration anisotropy coefficient, which is important for assessing their filtration properties. To study the effect of surfactants such
as polyacrylamide, sulfanol and Mesh Drainage Liquid Filter (MDLF) compounds, solutions with different concentrations of
these substances are prepared. Also, to determine the most effective surfactant concentrations, additional studies are conducted
to optimize the leaching conditions, taking into account the effects of various factors such as temperature and pH of the solu-
tion. All the obtained results are mathematically analyzed to identify the optimal conditions, which helps to increase the effi-
ciency of the uranium leaching process and improve the experimental results.

Findings. In the course of the research conducted on the selection of surfactants for uranium leaching from low-
permeability ores, the following results have been obtained. Sulfanol, as one of the surfactants used, shows the best results,
significantly increasing the filtration coefficient from 0.5 to 2.0 m/day. This confirms its high efficiency in improving the ore
horizon permeability and in accelerating the leaching process.

Originality. The scientific novelty of the research is in the development of methods for optimal use of surface-active sub-
stances to improve the efficiency of the in-situ uranium leaching process from low-permeability ores. Studies have been con-
ducted to determine the influence of various surfactants on the filtration properties of ores, as well as their in-fluence on accel-
erating the leaching process.

Practical implications. The practical significance of the research is in the possibility of using the obtained data to optimize
the in-situ uranium leaching process at real deposits with low-permeability of ore horizons. The developed recommendations on
the selection of surfactants, such as sulfanol and polyacrylamide, as well as their optimal concentrations, can be directly applied
to improve leaching efficiency, increase filtration coefficient, and reduce seam treatment time.
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1. Introduction The in-situ leaching (ISL) method is one of the most ef-
Mining engineering plays a critical role in supplying es-  fective approaches for uranium mining from low-grade ores
sential raw materials for energy production, industrial devel- ~ and deposits with unfavorable mining-geological condi-

opment, and infrastructure. However, the industry faces  tions [10], [11]. Today, the world's natural uranium reserves

numerous challenges related to geomechanical stability, gas- ~ are estimated at 6.14 million tons, with 28% concentrated in

tions. Recent activities have focused on impro\/ing mine stan, with 132 thousand tons of proven reserves (abOUt 2% of

support systems in zones of elevated rock pressure [1]-[3],  the world's reserves) ranks 11" in the world by this index.
assessing the impact of the coal surface layer on gas-dynamic ~ Since 1994, uranium mining in the republic has been con-
events within seams [4], [5], and analyzing the influence of ~ ducted entirely by in-situ leaching method through geotech-
rock shear processes on methane accumulation at longwall ~ nological borehole systems [12]-[15].

faces [6]-[9]. In response to these challenges, there is grow- In in-situ leaching, the most important factor is the pro-
ing interest in the application of geotechnological methods  duction horizon permeability, which can be natural or
that enable resource extraction with minimal disturbance to ~ created artificially by using special methods (hydraulic
the rock mass and surrounding environment. fracturing, destruction by blasting, etc.). In addition, the
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presence of partial or complete natural water cut of ores,
confinement of ore mineralization to pores and fractures
that provide permeability of ore, etc. are important for in-
situ leaching (ISL) method [16]-[20].

The ISL method is widely used in the world for uranium
mining and there are a number of depleted uranium deposits,
where the studied ISL method has improved the efficiency of
mining uranium deposits with difficult mining-geological condi-
tions [21]-[23]. For mined-out and newly mined areas, the ISL
method gives a full characterization of the structure, integrated
approach to solving the issue, innovative application of the
technical-technological aspect of the selected technology [24].

Interest in in-situ leaching method has been steadily grow-
ing in recent years [25]-[29]. In-situ leaching makes it possible
to profitably exploit low-grade ores lost during stope mining,
as well as deposits with difficult geological-hydrogeological
conditions [30], [31]. Leaching at the site of ore occurrence is
conducted either with preliminary crushing of ore bodies, or
from stratified deposits composed of loose water-saturated
sediments. Approximately 90-95% of uranium mined by in-
situ leaching method occurs in stratified deposits [32], [33].

In-situ uranium leaching (ISL) has a number of signifi-
cant advantages over traditional uranium ore mining and
processing methods [34], [35]. The method eliminates such
labor-intensive and costly operations as excavation, transpor-
tation, crushing and milling of ore, as well as the construc-
tion and operation of off-balance ore dumps and tailings
dams [36], [37]. In addition, the use of ISL helps to reduce
the time required to bring deposits into operation and the
volumes of capital construction, simplify the hardware de-
sign of processes and improve working conditions by mini-
mizing manual operations and reducing the risk of environ-
mental pollution [38]. Experience of operating industrial in-
situ leaching sites shows the following key advantages:

— reduction of specific capital costs and construction time
by 3-5 times compared to traditional mining methods;

— 2-3 times increase in labor productivity;

—reduction of uranium mining costs by 15-25%.

Currently, more than 22 uranium deposits in Uzbekistan
are successfully mined using in-situ leaching method. Among
them, the most significant are South and North Bukinai,
Uchkuduk, Ketmenchi, Sabyrsai, Sugraly and in-situ leaching
site 102. These deposits are characterized by difficult mining-
geological conditions, but the ISL technology has proven its
effectiveness and economic feasibility in their mining.

Over the past decades, many mathematical models have
been developed in theory and practice to improve the effi-
ciency of in-situ leaching process. They are used to calculate
and optimize the filtration rate of leaching solutions [39],
pressure distribution in the production horizon [40], and the
kinetics of transfer of useful component into pregnant solu-
tion [41]. These models provide the ability to predict the
system behavior when changing process parameters and to
develop optimal deposit mining modes.

Optimization of in-situ leaching parameters, such as fil-
tration rate, leaching solution consumption and technologi-
cal well network, plays a key role in intensifying the trans-
fer of a useful component into the pregnant solution. Con-
ducting research in this area contributes to improving the
ISL efficiency, especially in mining of complex deposits,
and forms a scientific basis for designing innovative
uranium mining technologies.
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2. Research background

The research focuses on selecting leaching solutions for
mining uranium from low-permeability ores. We have there-
fore explored various reagents for mining deep, low-
permeability uranium deposits using the ISL method. One of
the solutions to the scientific-technical problem is to develop
new technologies that ensure the completeness of metal ex-
traction from the subsurface and control the hydrodynamic
regimes of leaching solutions. Involvement of a low-
permeability ore horizon in mining is expedient, thus increas-
ing metal concentration in solutions, reducing the time of
processing and specific consumption of reagent, and increa-
sing the production capacity of the enterprise [42]-[44].

When extraction and injection wells are operated in the
process of deposit mining using the ISL method, as a rule,
there is a decrease in their flow rates. The main reason for
such a negative technological factor is the process of col-
matation of the pore rock volume in the near-filter zone of
boreholes, as well as “clogging” of the perforation of the
filters themselves. The main, if not the most important condi-
tion for reducing geotechnological well flow rates is colmata-
tion of filters and near-filter zones of the production horizon
rocks, which causes an increase in hydraulic resistances during
the supply and pumping-out of process solutions [45]-[47].

During the mechanical colmatation process, the water
intake openings of filters and pore sections of solution-
conducting channels are blocked by fine sandy-clay parti-
cles contained both in drilling mud fluid during well con-
struction and during their operation as a result of suffosion
development. Thus, when using high-clay solutions with a
density of 1.15-1.18 g/cm® in the drilling process to
strengthen the walls of geotechnological wells, constructed
on hydrogenic deposits, represented by interstratified loose,
mostly weakly bound sandy-clay varieties, this leads to a
decrease in their flow rates by dozens of times. In the pro-
cess of claying of the production seam rocks in the near-
filter zone, a clay crust up to 5-7 mm thick is created on the
well wall, the permeability of which is 4-5 orders of magni-
tude lower than the permeability of the rocks.

Swelling of clay particles of drilling mud fluid filling the
pore volume of the production seam near-filter zone reduces
the flow section of effective pore channels, which also increas-
es the hydraulic resistance of the driving liquid phase. With
increasing contact time of clay drilling mud fluid with solid
phase, the resulting clay crust compacts under the action of
adsorption processes and molecular interaction forces, which
leads to certain costs (construction pumping) for its remo-
val [48]. Based on the kinetic mechanism of formation of such
low-permeability clay screens, the contact time of drilling mud
fluid with the production seam rocks should be minimized.

Along with mechanical colmatation of filter perforations
and pore volume of rocks in the near-filter zone of the pro-
duction seam, there are also chemical colmatation processes,
caused by the changes in the chemical composition of sup-
plied and pumped-out solutions when they interact with
groundwater, as well as by the changes in the hydrodynamic
fluid filtration parameters.

For example, reduction of hydraulic head in the zone of
extraction (discharge) wells leads to a disturbance of the gas
and salt solubility balance, causing them to be released from
the liquid phase in the form of gel-like salt substances and in
the form of gas dispersed insoluble bubbles.



S. Alikulov et al. (2025). Mining of Mineral Deposits, 19(1), 37-46

Colmatation is the process of reducing the filtration pro-
perties of technological well filters and near-filter zones of
the ore-bearing horizon due to deposition of substances dis-
solved in working solutions, mechanical movement of ore-
bearing horizon particles, as well as due to outgassing [49],
[50]. The following forms of colmatation are known:

— chemical, associated with the formation of chemical
sediments in the pores;

—gas, caused by the formation of carbon dioxide and
hydrogen sulfide in the ore-bearing horizon as a result of
interaction of acid with carbonate rock components;

—ion exchange, related to the change in pore size in the
presence of organic matter and clay minerals in permeable
rocks under the action of pH change and mineralization of
filtering solutions;

—mechanical, caused by clogging of rock pore channels
with mechanical suspended solids and particles contained in
filtering solutions.

Anisotropic in terms of filtration are rocks, the filtration
coefficients of which in the stratification direction (K) and
transverse direction (Ki) are different. The ratio Ky, / K is
commonly referred to as the filtration anisotropy coefficient.

Porosity is the ratio of a rock cavity volume to its total
volume (% ). There are:

— total porosity (1) — the ratio of the volume all pores to
rock volume;

— active porosity (7a) — the ratio of the volume of pores
open for filtration to the total volume of the rock.

The intensification of leaching processes using surfac-
tants in solutions is the ability to reduce surface and interfa-
cial tension due to adsorption and orientation of molecules
on the interphase surface. This enhances the wettability of
the ore during leaching and improves its chemical interaction
with the reagent. Results of laboratory tests of some surfac-
tants are given in the papers.

The research conducted aimed at selecting surfactants for
mining uranium deposits with low permeability of ore-bearing
horizons. Based on the results of natural emulsion decomposi-
tion tests on solution concentration, it is necessary to select
surfactant for uranium leaching from low-permeability ores.
When using leaching solutions, it is recommended to use
OP-10, sulfanol, MDLF-1, MDLF-2, MDLF-3, and poly-
acrylamide (PAA).

In order to select chemical surfactant reagents, sediment dis-
solution tests were previously performed under laboratory con-
ditions. Research results confirmed the effectiveness of chemi-
cal reagents in combination in terms of the dissolving capacity
of the main carbonate and secondary sediment formation. To
intensify the process of in-situ uranium leaching with the use
of surfactant reagents will increase the rate of mining of tech-
nological blocks and reduce cost of final products. Description
of the selected chemical reagents is given below.

PAA polyacrylamide solution (produced by JSC Navoia-
zot) (Fig. 1.) The following types of polyacrylamides are
distinguished: non-ionic, anionic and cationic, which are
used for water purification, water treatment and in mining
industry. Polyacrylamides are used to process gold, uranium,
iron, aluminum, etc. The general formula (-CH,CHCONH>-),
represents the general structure of polyacrylamide, which
consists of a repeating link based on an acrylamide group.

OP-10 solution. The auxiliary substances OP-7 and OP-10
are products of treatment of a mixture of mono- and dial-
kylphenols with ethylene oxide. They are used as wetting and
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emulsifying surfactants in oil-production, oil-refining, chemi-
cal, textile and other industries; one of the advantages is that
they can be easily subjected to biological treatment in
wastewater. Chemical formula: O(CH,-CH»-O),, CH2-CH»-OH.
n = 7-9 (for substance OP-7) and n = 10-12 (for substance OP-
10). It is well soluble in water, completely decomposes, and is
used to reduce the viscosity of leaching solutions (Fig. 2).
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Figure 1. IR spectrum of leaching solution using polyacrylamide
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Figure 2. IR spectrum of leaching solution using OP-10

Aqueous solutions become turbid in the presence of NaCl.
It is well soluble in water; solubility in water is greatly reduced
in the presence of 70% sulfuric acid; reduces surface tension
of water, creates persistent emulsions and foams. The product
is non-toxic. In uranium mining enterprises, it is successfully
used in acid leaching of uranium. It improves filtration charac-
teristics, dissolves and loosens sediments in the well and in-
creases the permeability of the bottomhole zone of the seam,
thus increasing the well flow rate. Figure 3 shows the IR spec-
trum of the obtained leaching solutions using sulfanol.

Figure 3. IR spectrum of leaching solution using sulfanol
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Sulfanol solution is loose granular powder of yellow to
light brown color, odorless or with a slight odor of kerosene;
content of sodium salts of alkylbenzene sulfonic acids — not
less than 80%, sodium sulfate — not more than 15%.

Sulfanols have a very characteristic absorption due to
symmetric and antisymmetric SO, group vibrations. These
bands are very intense and easily identified. In the spectra of
solid compounds, they split to form a group of strong bands
with close frequencies. Typically, solids absorb 10-20 cm
lower than substances in solution. The low-frequency band
shifts slightly less than the high-frequency band due to a
change in aggregation state or hydrogen bond formation. In
the spectra of sulfonic acids and their salts, the frequencies of
symmetric and antisymmetric valence vibrations of the SO,
group are in the range of 1260-1150 cm for antisymmetric
and 1080-1010 cm for symmetric vibrations. The difference
in frequencies between salts and the acids themselves is
very small. In sulfochlorides and covalent sulfonates and
sulfates, there is an increase in the frequency of valence
vibrations of SO, groups. Thus, methane-sulphonyl chlo-
ride has bands in the range of 1370-1175 cm, and p-toluene
sulphonyl chloride has bands in the range of 1366-1166 cm.
Covalent sulfonates absorb in the ranges of 1420-1330 and
1200-1145 cm, while covalent sulfates absorb in the ranges
of 1440-1350 and 1230-1150 cm.

MDLF-1 solution. The main characteristics of MDLF-1
solution make it possible to use it as a reagent (oxidizing
agent) in the field of metallurgy to extract metals.

MDLF-2 and MDLF-3 solutions. Polycarboxylates are
linear polymers with high molecular mass (Mr < 100000)
and multiple carboxylate groups. They are acrylic acid poly-
mers or acrylic acid and maleic acid copolymers. The poly-
mer is used as a sodium salt.

However, the complex physical-chemical phenomena
formed in the production seam during the reagent solution
supply have a direct impact on well productivity through the
resulting processes of seam pore volume colmatation and
filter perforations. From here it follows that in the calculation
formulas used in estimating the hydrodynamic regime pa-
rameters, it is necessary to take into account the factor of
change in well productivity, depending on the values of fil-
tration parameters of solutions. However, some aspects rela-
ted to increasing the efficiency of deposit mining using the
in-situ leaching method have not yet been solved. Thus, a
technological regulation of measures and methods to prevent
mechanical colmatation of seams, caused mainly by a de-
crease in the intake capacity of production horizons due to
the penetration of suspended solids contained in injected
solutions, has been developed.

Even at the first stages of operation of in-situ uranium
leaching sites composed of loose water cut sediments, the
phenomenon of a decrease in intake capacity of injection
wells during their operation has been identified. In some
sites, the reduction in intake capacity was so significant that
even under conditions of its periodic restoration by pumping,
drilling of additional injection wells was needed to ensure
normal operation. For example, in the in-situ leaching site 2,
the average intake capacity of injection wells decreased from
1.2 m¥hour in 2019-2020 to 0.26 m¥hour. To date, more
than 50 additional wells have been drilled within the produc-
tion site area to intensify the injection process. At the same
time, it has been found that the main cause of well flow rate
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reduction is pore space colmatation with gases, sediments
and suspended solids.

During the mechanical colmatation process, the water in-
take openings of filters and pore sections of solution-
conducting channels are blocked with fine sandy-clay parti-
cles contained both in drilling mud fluid during well con-
struction and during their operation as a result of suffosion
development. Thus, when using high-clay solutions with a
density of 1.15-1.18 g/cm?® in the drilling process to streng-
then the walls of geotechnological wells, constructed on
hydrogenic deposits, represented by interstratified loose,
mostly weakly bound sandy-clay varieties, this leads to a
decrease in their flow rates by dozens of times. In the process
of claying of the production seam rocks in the near-filter
zone, a clay crust up to 5-7 mm thick is created on the well
wall, the permeability of which is 4-5 orders of magnitude
lower than the permeability of the rocks.

Swelling of clay particles of drilling mud fluid filling the
pore volume of the production seam near-filter zone reduces
the flow section of effective pore channels, which also in-
creases the hydraulic resistance of the driving liquid phase.
With increasing contact time of clay drilling mud fluid with
solid phase, the resulting clay crust compacts under the action
of adsorption processes and molecular interaction forces,
which leads to certain costs (construction pumping) for its
removal. Based on the kinetic mechanism of formation of such
low-permeability clay screens, the contact time of drilling mud
fluid with the production seam rocks should be minimized.

Along with mechanical colmatation of filter perforations
and pore volume of rocks in the near-filter zone of the pro-
duction seam, there are also chemical colmatation processes,
caused by the changes in the chemical composition of sup-
plied and pumped-out solutions when they interact with
groundwater, as well as by the changes in the hydrodynamic
fluid filtration parameters.

For example, reduction of hydraulic head in the zone of
extraction (discharge) wells leads to a disturbance of the gas
and salt solubility balance, causing them to be released from
the liquid phase in the form of gel-like salt substances and in
the form of gas dispersed insoluble bubbles.

Carbon dioxide balance is disturbed in the front line of
the supplied acidic solutions:

2HCO® —»CO3¥ + CO, 1 + H.0. 1)

Calcium and magnesium cations previously dissolved as
a result of carbon dioxide balance disturbance precipitate out,
filling (colmatating) the pore volume of the production seam
rocks in the form of gel-like (gelatinous) hard-soluble sedi-
ments — CaCOs, MgCOgs. At the same time, the perforations
of the filters of injection and discharge wells become
“clogged” with such salt substances, thereby causing a de-
crease in their flow rates.

In filters of discharge wells, when water intake openings
become clogged, the values of hydraulic resistances increase. If
the flow rates are maintained at a constant level, the values of
hydraulic heads in wells and on their external surface decrease,
which also provides an increase in salt precipitation intensity
and, accordingly, an increase in filtration resistances of filters.

An increase in carbon content of the production horizon
rocks intensifies the colmatation process. In the practice of
in-situ uranium leaching from ores through boreholes, rock
colmatation processes with iron-bearing sediments are also
observed. This process occurs when ferrous iron is present in
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groundwater and rocks. When dissolved oxygen (oxidizing
agent) is present in the fed solutions, the iron changes from
ferrous to ferric oxide:

Fe(HCOz3); — Fe(OH), + 2COy; (2)
4Fe(OH); + O, + 2H,0 = 4Fe(OH)s. (3)

The precipitated iron oxide, having the structure of a ge-
latinous substance, is deposited on the filter surface, fills the
perforation openings of the filter column and the pore vo-
lume of near-filter zone rocks in the production seam. The
most active clogging of filters with iron-bearing sediments
occurs during the mining of non-pressure ore aquifers using
in-situ uranium leaching through boreholes, especially under
the condition of a decrease in the dynamic level in the well
below the upper zone of the filter column area, when creating
a contact of perforations (water-intake openings) with
atmosphere. The intensity of such sedimentation increases in
the process of non-uniform hydrodynamic regime of opera-
tion of extraction wells. The use of an airlift or injector as a
solution-lifting means also increases the oxygen supply
intensity to the pumped solutions.

The first studies of colmatation phenomena in relation to
the conditions of uranium in-situ leaching date back to 1965-
1969. These studies have revealed (and operating practice
data has confirmed) a significant development of two forms
of colmatation at the initial stage of mining (the stage of the
leached stratum saturation with acid solution): chemical and
gas, which, however, at subsequent stages of mining do not
have a decisive influence on the overall reduction in the
filtration parameters of the production horizon. Unlike the
types discussed above, colmatation of filters and near-filter
zones of injection wells with suspended solids contained in
leaching solutions occurs continuously from the beginning of
mining until its completion, increasing over time, and is
irreversible. A decrease in the filtration properties of leached
stratum due to clogging of pore channels with suspended
solid particles causes an increase in dynamic level in the
injection well and pressure gradients in the area directly
adjacent to it. This circumstance, in turn, contributes to the
development of suffosion.

3. Materials and methods

Laboratory research was conducted on the basis of the
approved program of JSC Navoi Mining and Metallurgical
Company, together with scientific staff of Navoi State Uni-
versity of Mining and Technologies. Increasing the flow rate
of extraction wells in the process of in-situ leaching depends
on the permeability of rocks, and in order to improve the
efficiency of rock filtration, it is necessary to use surfactants.
The surfactant reagent helps to reduce the viscosity of leach-
ing solutions, thereby improving their flow capacity, increas-
ing uranium recovery from the ore seam, cleaning the frac-
tures from filtrate and improving well productivity. The use
of surfactants is increasing every year. Their use gives not
only technological effect, but also cost savings with its relative
availability in Navoi Region, as they are produced by JSC
Navoiazot Company. The use of surfactants was studied on the
filtration column, as well as on cores on the KFOM unit.

To perform laboratory research on determining the pa-
rameters and influence of surfactants on rock filtration, a
research methodology has been developed and conducted at
the laboratory base of Navoi State University of Mining and
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Technologies. This methodology allows modeling of filtra-
tion-leaching processes in porous media and taking into ac-
count real geotechnological parameters such as permeability,
bulk density and chemical composition of the ore horizon.

The research on studying the influence of surfactants on
the filtration coefficient was conducted using low-
permeability core material (monolith). The Ketmenchi Ura-
nium Deposit site with low ore permeability was selected and
exploration drilling of one well was conducted to study the
lithological composition of the earth’ crust.

Geological exploration wells were drilled 100 m deep and
14 core samples were taken. Chemical and mineralogical
compositions of core samples were determined. Geometric
parameters of core samples, taken from the ore horizon, are
40 cm in length and 90 mm in diameter. Core material from
the in-situ leaching site was visually examined and sampled
for mineralogical analysis. It was then crushed to particle
sizes of less than 2 mm and tested. The material was mixed
by rolling and sampled to study the granulometric and chem-
ical composition of the ores.

After delivery of core samples to the Central Research
Laboratory of JSC Navoi Mining and Metallurgical Compa-
ny, moisture content was determined using geotechnological
research methods. Central Research Laboratory is a scientific
division of Navoi Mining and Metallurgical Company, the
largest uranium and gold mining-processing enterprise in
Uzbekistan. Moisture content was determined by gravimetric
method by drying core samples to constant weight at a tem-
perature of 105°C. The main lithologic-filtration types of
rocks and ores were identified by combining core samples
with identical substance and granulometric composition.

Laboratory research was conducted to obtain geotechno-
logical parameters of the leaching process for designing an
experimental-industrial complex for metal mining using this
method. The research is based on the methodology of studying
liquid filtration in porous medium, known from the practice
of laboratory research. Uranium leaching tests were per-
formed in agitation and percolation modes. In the agitation
mode (static for in-situ leaching conditions), the technologi-
cal parameters of ore leaching with sulfuric acid solutions
and using surfactants were mainly determined. Experiments
were conducted when mixing pulp with mechanical stirrers
and at given parameters - leaching solution temperature, pulp
density, sulfuric acid concentration, experiment time, etc.

In the percolation mode (dynamic conditions for in-situ
leaching process) experiments were performed on models
representing a modern model close to the in-situ leaching
process conditions (Fig. 4).

Figure4. Photofixation of uranium leaching process in statics
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To date, this methodology has been widely used for
leaching of metals from loose sandy deposits with some
modifications taking into account the characteristics of the
chemical process. Laboratory geotechnical tests were per-
formed on core samples. Samples were taken at maximum
core yield and represented a geologic section of the produc-
tion aquifer of the deposit. During the leaching process, the
following parameters were controlled: volume of solution
passed through the model per unit time, pH and their oxida-
tion-reduction potential, as well as uranium and bicarbonate
ions content in solutions were determined. The results of the
experiment are shown in Figure 5.

Figure 5. Photofixation of research process for determining acidi-
ty in leaching solutions without the use of surfactants

The technological and hydrodynamic parameters of ores
in static and dynamic leaching conditions were studied on a
group sample material formed from 14 core samples.

The laboratory experiments provided data on the in-
fluence of various factors on filtration and technological
properties of rocks, including the use of surfactants, composi-
tion of leaching solutions and process parameters. The results
obtained made it possible to identify optimal conditions for
efficient uranium extraction from the ore horizon, as well as
to assess the influence of key parameters on the leaching
kinetics and permeability of the porous medium. The follow-
ing section presents the research results that can be a basis for
subsequent development of recommendations for designing
the experimental-industrial complex. Research on geotechno-
logical factors influencing the processes of colmatation of
filters and near-filter zone of technological wells was con-
ducted using the experimental block at the Tohumbet deposit.

To conduct research to identify the dependence of water
permeability reduction in the production horizon rocks on
filtration parameters and chemical composition of leaching
solutions at the Tohumbet deposit, a block was selected, the
natural (geological) parameters of which corresponded to the
average for the deposit.

4, Results and discussion

Determination of moisture content of core samples and
their bulk density is an important step in the assessment of
lithologic-filtration properties of the production horizon.
These parameters are key to understanding the filtration
processes of leaching solutions through a porous media and,
consequently, in optimizing in-situ leaching technology. The
results of moisture content and bulk density measurements
are summarized in Table 1.
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Table 1. Results of determining the moisture content of core sam-
ples using geotechnological research methodology

No. of core Moisture Bulk density,
samples content, % g/cm®
1 14 1.18
2 15 1.19
3 17 2.22
4 20 2.47
5 20 2.57

The data in the table show that the moisture content of the
samples varies from 14 to 20%, while the bulk density in-
creases with increasing moisture content and reaches a ma-
ximum value of 2.57 g/cm? at 20% moisture content.

This indicates the dependence of bulk density on the de-
gree of water saturation of cores, which is important for un-
derstanding the porous medium permeability. High values of
moisture content and bulk density in samples No. 4 and No. 5
may be related to the peculiarities of the lithological composi-
tion of ore, containing finer-grained or clayey inclusions. This
is confirmed by further mineralogical research results.

The data obtained allow us to identify the main lithologi-
cal-filtration types of rocks, which are characterized by a
combination of high moisture content and density. These
types require special consideration when designing an in-situ
leaching scheme, as their low permeability may limit the
filtration of leaching solutions.

Interval testing of core samples from wells. From April
2021 to September 2021, groups of core samples were ana-
lyzed at the Central Research Laboratory of Navoi Mining
and Metallurgical Company. Complex interval-based testing
was performed on core material from well No.3, the results
of which are summarized in Table 2.

Table 2. Core material testing

No Interval, Uranium Content  Concentration  Eh,
) m content, c.u. of CO2, %  of Fe*s, g/l mV

1 147 6.5 2.20 0.025 460
2 149 5.9 0.88 0.025 470
3 151 5.8 1.20 0.077 480
4 156 3.6 0.44 0.19 400

In the studied interval of 147-156 m, the uranium content
in the ore layer varied within 3.5-6.5 c.u. (Fig. 6). Carbonate
mineral content varied within 0.23-2.20%.

arbitrary units
Fe3* concentration, g/L

Uranium content,

148 150 152

Interval, m

Figure 6. Results of core material testing (uranium and Fe®*
concentration) for horizon intervals

154 156



S. Alikulov et al. (2025). Mining of Mineral Deposits, 19(1), 37-46

The acid content of the rocks averaged 37 kg of sulfuric
acid per 1 ton of ore over the interval, and ranged from 20 to
66 kg per 1 ton of ore for individual samples. The acid con-
tent of rocks is usually dependent on their carbonate mineral
content. However, this pattern is not always observed for the
studied ores. At an excess acidity of 35-45 g/l of sulfuric
acid, the dissolution of uranium minerals was easy and prac-
tically applicable. But in the 156 m interval, the uranium
extraction for incompletely extracted samples No. 4 was
about 36-64%. Whether this is the case for all samples or
only in a single case will be determined by complex techno-
logical testing of core samples from other wells.

For most samples, the trivalent iron content is lower than
that of divalent iron. The trivalent iron ion content in the
solutions after leaching was higher, and the average value of
oxidation-reduction capacity of rocks mined using in-situ
uranium leaching through boreholes was 38 mV over the
studied interval. The largest deviations from the average
value are +7 and -13 mV.

Co-extraction of metals from in-situ leaching solutions is
an important process that allows for the simultaneous recovery
of valuable components and optimization of resource utiliza-
tion. As part of the analysis performed, in-situ leaching solu-
tions were examined to determine the content of various
metals, as well as their concentrations in the extracted medium.

Figure 7 shows the results of the analysis of metal content
in in-situ leaching solutions. It can be seen that the metal
concentrations are not evenly distributed, and among them
the rare-earth elements are distinguished, occurring in mini-
mal amounts, but greater than 5%. The maximum concentra-
tion was observed for uranium, making it the dominant ele-
ment in the solutions. Second in importance is iron (Fe), the
concentration of which reaches its maximum. These elements
have the highest proportion among all tested components,
which emphasizes their importance for further extraction
during the leaching process. The distribution graph shows
rare-earth elements such as Ce, Sm, Dy, Ho, Er and Tm, the
concentrations of which do not exceed 6%.

(@)

800 1425 2080 2675

Figure 8. Results of core testing analysis: (a) from
(d) from core samples No. 4
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Figure 7. Metal concentrations for chemical elements

The total value of rare-ecarth elements (XR33) is only
5 c.u., which indicates their low content in solutions and
possible economic inexpediency of their extraction under
current conditions. Average concentration values are ob-
served for elements such as zinc (Zn) — 15 c.u., silver (Ag) —
18 c.u., and vanadium (V) — 35 c.u.

Thus, the analysis of metal distribution in in-situ leaching
solutions makes it possible to identify uranium and iron as
the most promising elements for extraction, given their high
concentrations. Rare-earth elements, on the other hand, re-
quire a separate approach to assess the economic feasibility
of their extraction.

According to the presented data, it can be seen that the
chemical composition of core material samples is character-
rized by the content of such elements as aluminum, carbon,
sulfur, silver, arsenic and lead. Moreover, among the ele-
ments, aluminum (Al) is characterized by the maximum
amount, the content of which varies from 4.8 to 7.3%.

Separate analyses were also performed on uncrushed well
samples. The results of the chemical analysis also showed that
the sample contained an estimated amount of gold. The results
of the analysis are shown in the following graphs (Fig. 8).

(b)
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The graphs show that in the range from 800 to 2050 na-
nometers, the decomposition spectrum shows expressed
fluctuations of the main peaks of uranium-U, iron-Fe, cop-
per-Cu, manganese-Mn, and zinc-Zn. Also, in the decompo-
sition spectrum, there are fluctuations of rare-earth elements
such as osmium-0s, rhenium-Re, neodymium-Nd, actinium-
Ac, scandium-Sc, cesium-Ce, bismuth-Bi and others.

It is worth noting that the decomposition spectra show
spectral lines of mercury (Hg) and implicit fluctuations of
gold, as well as other metals. The formation of uranium ores
by chemical composition produces sulfide minerals with
which mercury is formed, as these minerals are genetically
related to mercury by chemical nature. Mercury, in turn, forms
compounds with gold during an amalgamation reaction.

For successful implementation of uranium in-situ lea-
ching technology using surface-active substances (surfac-
tants) at industrial sites, it is necessary to scale the experi-
ments conducted in laboratory conditions to real geological-
hydrogeological conditions of industrial deposits. This is an
important step, as the surfactant behavior, surfactant action
efficacy, and overall leaching results can change significantly
when moving from laboratory to industrial conditions. Incor-
porating pilot projects, modeling conditions, use of new
technologies and monitoring systems will not only improve
leaching efficiency, but also make it more predictable and
environmentally safe in real sites.

5. Conclusions

Research conducted to improve the uranium in-situ lea-
ching (ISL) technology has confirmed the high efficiency of
surface-active substances (surfactants) to increase the ore
horizon permeability and accelerate leaching processes.
Among the studied reagents, sulfanol has shown the best re-
sults, providing an increase in the filtration coefficient from
0.5 to 2.0 m/day. This indicates its significant contribution to
the improvement of seam filtration properties and leaching
process intensification. Other surfactants such as OP-10,
MDLF-1, MDLF-2 and polyacrylamide also have shown posi-
tive effects, but their effectiveness is less evident. For exam-
ple, OP-10 has increased the filtration coefficient to 1.5 m/day,
polyacrylamide — to 1.0 m/day, MDLF-1 — to 0.8 m/day, while
MDLF-2 has shown the least increase, reaching 0.6 m/day. An
important problem identified during long-term use of some
surfactants, such as MDLF-1, is the occurrence of mechanical
colmatation of seams, which negatively influences the leach-
ing process efficiency at later stages. This emphasizes the need
for careful selection of reagents, taking into account the geo-
logical conditions of the deposit, ore characteristics and pro-
cess parameters such as solution viscosity and filtration rate.

Practical application of the methods at real deposits has
made it possible to reduce the level of seam colmatation by
25-30%, which contributes to an increase in production effi-
ciency and reduction of production losses. To further im-
prove the efficiency of in-situ uranium leaching, it is recom-
mended to focus research on adapting methodologies to
different geological conditions, as well as on developing
automated systems for process monitoring and control.

In conclusion, the use of modern technologies and rea-
gents, such as sulfanol, provides not only increased econom-
ic profitability, but also environmental safety of mining,
which makes in-situ uranium leaching a promising method
for deposit mining.
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JocaixxeHHs panioHaJIbHAX NapaMeTpPiB PO3YMHIB NP MiI3¢eMHOMY BHUIYTOBYBAHHI ypaHy
1. Anikynos, X. Tomos, P. Mycin, M. Pabarynu, b. Tonosxan, XK. borxxanoBa, A. ['abiToBa

Mera. JlocnipkeHHS Ta ONTHUMI3allis MPOIECy MiJ3eMHOTO BHIYTOBYBAaHHS ypaHy i3 3aCTOCYBAaHHSIM IIOBEPXHEBO-aKTUBHHUX PEYOBHH
(ITAP) st minBuIeHHS e()eKTUBHOCTI BIIIyIEHHS 31 CITa00ONPOHUKHUX PY/I.

Metoauxka. B paMkax nocmimkeHHs Oyiu BiiOpaHi 3pa3k cI1a0ONpPOHUKHUX Py, SIKi MOMEPEeIHbO aHaTi3yBaIucs Ha MOPHUCTICTh Ta KO-
ediieHT QinbTpamiifHoi aHi30TPOIIIi, 110 € BXXIMBUM JUI OLHKH iX (inpTpamiiHux BaactuBocTel. s BuBueHHs edekry Takux [IAP sk
MOJIaKpHIaMifl, CyJIb(aHOJ Ta CIIOMYKU CITYACTUX APEHAXHUX piAuHHUX (insTpiB (CHAP®D), Oynu miaroToBaeHi po3YHHU 3 PI3HUMHU KOHIIE-
HTpallisIMU LUX peuoBHH. Takok I BCTAaHOBJIEHHS HaWOinbin edexkTHBHUX KoHUeHTpauiil [IAP mpoBoaunucss nomaTKoBi AOCIIIKEHHS,
CIIPSIMOBaHI Ha ONTHMI3aIlil0 YMOB BIJIYTOBYBAaHHS 3 ypaxyBaHHSM BIUIMBY Pi3HUX (DakTopiB, 30KpeMa, Temreparypu ta pH po3unni. Vi
OTpHMaHI pe3yNbTaTH MiAJaBAIICI MaTeMaTHIHOMY aHANI3y JUIS BUSIBJICHHS ONTHMAIBHUAX YMOB, IO JIO3BOJISUIO IiJBHINNTH €(EeKTHBHICTH
TIpOIieCy BIIIYTOBYBaHHS ypaHy i IOJINIIATH Pe3yIbTaTH eKCIIePHIMEHTIB.

PesyabsTaTn. Y Xo#i IpoBeIeHHX AOCTIpKeHb mon0 Buoopy [TAP mis BumyroByBaHHS ypaHy 3i caOONpPOHUKHUX pyxA Oyian OTpHMaHi
HacTymnHi pe3ynsTati. CynbdaHon, Ik oAuH i3 Bukopuctanux [1AP, moka3as Haiikpalui pe3ynbTaTi, 3HAYHO 301IbIIMBIIN KOE(iLieHT (iNbT-
pauii, sikuit migsunmaes 3 0.5 go 2.0 M/no0y. Lle niaTBepmKye HOro BUCOKY €(heKTHBHICTD Y TOKPALICHHI IPOHUKHOCTI PYJHOTO TOPU30HTY
Ta MPUCKOPEHHI MPOLIECY BUITYTOBYBAHHS.

HaykoBa HOBH3HA TIOJISITaE y po3poOIli METOMIB ONTUMANBHOTO BUKOpUcTaHHS [TAP st mokparmieHHs eheKTHBHOCTI MMi3eMHOTO BIITY-
TOBYBaHHS ypaHy 3i ciabonpoHHKHUX pyn. [IpoBexeHi mocmimKeHHS, IO BH3HAYAIOTh BIUIMB pi3HUX ITAP Ha ¢imbTpariiiHi BlacTHBOCTI
PYA, a TAKOX iX BIUIMB HA IPUCKOPEHHS MTPOLIECY BUIIyTOBYBaHHS.

IIpakTHYHa 3HAYMUMICTB NOJSTAE Y MOXJIMBOCTI BUKOPHCTaHHS OTPUMAHHX JaHUX JJIS ONTHMIi3awlii IPOIecy Mi3eMHOTO BHIIYyTOBY-
BaHHs ypaHy Ha pealbHUX POJOBHUINAX i3 HU3HKOIO MIPOHUKHICTIO PYJHHUX FOPU30HTIB. Po3pobiieHi pexoMeHmamii momo BuOoOpy MoBepXHEBO-
AKTHBHUX PEYOBUH, TAKUX SK CYIb(AHO 1 MOMIaKpPUIaMijL, a TAKOXK iX ONTUMAIBHUX KOHIEHTpAIil, MOXKYTh OyTH O€3M0ocepeIHhO 3aCTOCO-
BaHi U TiABUINEHHS €(EKTUBHOCTI BUIyTOBYBaHHs, 301IbIICHHS KoedimieHTa GiIpTpalii Ta CKopodeHHs yacy 0OpoOKH IIacTiB.

Kntouogi cnosa: niosemue 6uny208y6ants, KotbMamayis, CyrbQano, NoAiaKpuiamio, nopucmicms, anizomponis, koegiyicum ginompayii
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