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Abstract

Purpose. Improving the efficiency of borehole uranium recovery in difficult mining-and-geological conditions through the
development of a new technology based on the intensification of geotechnological processes of in-situ uranium leaching, the
selective effect of a new chemical reagents complex on a set of the mineralogical and particle-size distribution of the ore-
bearing rocks of the productive horizon.

Methods. Sampling of core material from host rocks of the Syr Darya depression uranium deposit. The content of uranium,
calcium, aluminum, iron, magnesium, and carbonate content in the samples has been revealed by the spectral analysis meth-
od. The quantitative and qualitative parameters and peculiarities of the host minerals have been determined by the method of
X-ray phase analysis. By testing particle-size distribution, the fractional parameters of core samples have been determined.
Specifications have been developed, as well as laboratory experiment have been conducted on uranium leaching from core
material in a dynamic mode in tubes, with the addition of selected chemical reagents with different modes.

Findings. The aspects of borehole uranium recovery using sulfuric acid solutions as a solvent and the reasons that cause a
decrease in geotechnological parameters in ores with low filtration characteristics have been determined. An effective meth-
od has been developed for intensifying borehole uranium recovery using superficially active substance (surfactants, SAS) in
difficult mining-and-geological conditions, with an increased content of argillaceous and carbonate minerals, and low filtra-
tion host rocks properties. An efficient and economically feasible method for uranium leaching with sulfuric acid solutions
with the addition of surfactants has been revealed and scientifically substantiated.

Originality. The scientific novelty is in the fact that the selected surfactants added to sulfuric acid solutions increases the
uranium content in the productive solution and the degree of economically feasible uranium recovery with reduced sulfuric
acid consumption and the ratio of liquid to solid (L:S).

Practical implications. The use of rational surfactants in uranium leaching makes it possible, in areas with low filtration cha-
racteristics, to reduce operating expenses for production by reducing the period of recovery, to increase the uranium content in
the productive solution and the degree of recovery, as well as to reduce the consumption of sulfuric acid and sedimentation.
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1. Introduction tions causes sedimentation in the form of a geochemical
barrier that impedes the leaching process [5]-[7].

Hardly soluble sediments and displaced argillaceous parti-
cles in the productive horizon increase the hydraulic re-
sistance and form impermeable geochemical barrier sections
which overlap the solutions flow lines. As a rule, a decrease
in the filtration characteristics of a productive horizon leads to
a decrease in the uranium content in the productive solution, a
decrease in the performance of production wells and injection
capacity of injection wells, as a result of a decrease in the
period of wells uninterrupted operation. As a result, the period
of the technological blocks mining increases along with the
consumption of sulfuric acid and other operating expenses.
These blocks require frequent repair and restoration work, as

The technology of borehole uranium recovery provides
for the useful component dissolution at the place of the ore
body occurrence, followed by the removal of the formed
compounds by a moving stream of solvent from the injection
well to the pumping-out well [1]. In this case, leaching is the
main operation of preparing uranium ore for recovery, since
it determines the amount and cost of the final product [2].
The sulfuric acid, used as a reagent - solvent at the enterpris-
es of Kazakhstan, is reasoned by the low cost, availability,
the possibility of relatively complete conversion of uranium
into solution [3], [4]. However, the high Kinetics of the sulfu-
ric acid interaction with feldspars and carbonate minerals of
ore-bearing rocks in difficult mining-and-geological condi-
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well as an additional increase in the host rocks permeabi-
lity [8]. In some cases, cost-intensive, heavy complex treat-
ments using drilling rigs do not give a positive result [9].

The authors of [10], [11] have achieved positive results in
the intensification of sulfuric acid leaching of uranium during
the iron oxidation (I1) with nitrous acid, sodium nitrites and the
use of lignosulphate as a complex-forming agent to increase
the uranium content in productive solution and the degree of
recovery. However, their use in borehole uranium recovery in
ores with low filtration characteristics is not effective due to
insufficient permeability into the productive horizon.

The authors of [12] propose a composition for decolmat-
ing treatment of the near-filter zone in production wells in
the case of borehole uranium leaching, containing hydro-
chloric acid, ammonium hydrogen fluoride and surfactants.
The decolmating composition supplied through the wellhead
provides an increase in the productive horizon permeability,
an increase in wells performance, as well as an increase in
the interrepair wells cycle. The result is provided by the high
reactivity of fluorhydric acid with formation of chemical
sediments and argillaceous particles. The additional use of
surfactants provides an increase in efficiency due to a decrease
in interfacial tensions and an increase in spreading in the near-
filter zone. However, the use of this composition for the pur-
pose of near-filter zone decolmatation in the wells does not
increase the concentration of uranium in the productive solu-
tion, and does not affect the redox parameters of the solutions.

The main objective when designing the field develop-
ment, as well as the study of technical and economic feasibil-
ity when selecting borehole mining technology involves the
study of the composition, uranium content, shale volume
factor and the host rocks granularity of the productive hori-
zon. In addition, laboratory experiments should be made on
uranium leaching from core material in a static and dynamic
mode. The main purpose of modeling in-situ uranium leach-
ing is to identify the patterns of the process, including the
determination of various factors affecting the leaching result,
as well as the selection of optimal geotechnological process
parameters, which serve as initial data when planning mining.

2. Research methods

Research includes experiments on uranium leaching with
sulfuric acid solutions using several samples with different
acidity to determine the economically reasonable solvent
concentration. In order to study the effectiveness of using the
surfactants for the intensification of borehole uranium recov-
ery, comparative experimental tests on uranium leaching
from core material in tubes have been conducted. Laboratory
experiments include studying the mineralogical composition
of core samples, determining the particle-size distribution
characteristics of the host rocks and uranium leaching from the
core in the tubes under a dynamic mode using solutions with
standard, high acidity, and also with the addition of specially
selected surfactants as an intensifier of uranium leaching.

2.1. Particle-size distribution,
spectral and X-ray phase studies

The studies are performed using the material of core
samples from the Chu-Sarysu uranium province. The particle
size distribution of the samples is studied using a sieving
machine RETSCH AS200 basic. Table 1 shows the particle
size distribution characteristics of the core sample.
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Table 1. Parameters of the technological sample particle size
distribution

Particle size distribution, %

>2 >16 >14 >10 >08 >05 >0.35<0.35 Total
mm %
11.05 224 138 315 193 6.35 1546 57.33 100

The analysis of the particle size distribution (Table 1) in-
dicates that more than 57% of the core sample consists of a
fine-grained sand fraction, rock fragments and argillaceous-
silt particles, which impede the solutions filtration and the
uranium leaching process. The content of uranium, alumi-
num, calcium, iron, magnesium and carbonate content in the
core sample is determined by the method of atomic emission
spectroscopy with individually-coupled plasma using an
iCAP 7400 spectrometer. The analysis of sample increment
is presented in Table 2. Sample preparation involves select-
ing and weighing of material from the core sample, and then
the formation of a technological sample for subsequent anal-
ysis and performing experimental tests on uranium leaching.

Table 2. Parameters of the sample increment spectral analysis

No.sample ;o0 o, 06 AL % Ca % Fetot, % Mg, %
increment
1 00502 017 49640 12031 0.8031 0.3694
2 00568 018 45153 11953 08249 0.4780
3 00296 010 46824 08658 1.0250 0.3854
Average 0.0455 0.5 47205 1.0881 0.8843 0.4109

As can be seen from Table 2, the average CO, content of
carbonates is 0.15% of the total sample mass, which indi-
cates a low carbonate content of the ore-bearing rocks. The
Al content of 4.5-4.9% in the technological sample evidences
the presence of feldspars and argillaceous minerals.

An X-ray phase analysis of the technological sample ma-
terial has been made using a DRON-3 diffractometer. The
diffractogram of ore-bearing rocks sample is shown in Figure 1,
and the X-ray phase analysis data are shown in Table 3.
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Figure 1. Diffractogram of the source core material sample

As can be seen from Table 3, the content of quartz is
58.6%, kaolinite 10.3%, glauconite 7.9%, microcline 6.4%
and albite 4.1%. The calcium sulfate (7.5%) presented in the
productive horizon will cause chemical colmatation. The
increased fine fraction content in fine-grained sands of the
productive horizon in practice complicates uranium leaching
due to a decrease in the rocks filtration characteristics.
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Table 3. Parameters of X-ray phase analysis of the technological
sample material

Mineral Formula Concentration, %
Quartz SiO2 58.6
Kaolinite Al2(Si205)(OH)4 10.3

. (K, Ca, Na)os(Al, Fe, Mg)2

Glauconite (Si, Al)4O10(OH)2 NH20 79
Calcium

Sulfate Hydrate Ca(S04)(H20)05 7.5
Microcline (K, Na)AISisOs 6.4
Albite (Na, Ca)(Al, Si)s0s 4.1
Chlorite (Mg, Fe)sAl(SisAl)O10(OH)s 2.8
Hematite Fe20s3 2.4

This leads to an increase in operating expenses for the
maintenance of geotechnological wells in the corresponding
technological specification range leaching solution injection —
productive solution pumping-out, as well as to a decrease in
the operational efficiency of wells due to idle time for repair
and restoration work [13].

2.2. Selecting of chemical reagents
for intensifying uranium leaching

The following intensifiers are selected as reagents for in-
situ borehole leaching of uranium:

—sulfamic acid (amidosulfonic acid, amidosulfuric acid) —
NH,SO,0H, crystalline product of white-gray color. The
choice of sulfamic acid is reasoned by its active interaction
with metals, their oxides, hydroxides and carbonates. Ac-
cording to the results of exchange chemical reactions, sul-
famic acid forms a strong complex with Fe?* ions, reduces
their activity in solution, as a result of which the Fe®*/Fe?*
ratio and the Eh value of the solution increase, which intensi-
fies the uranium leaching process;

— lignosulfonates are anionic surfactants. In water, they
are usually in a colloidal state (degree of hydration is
30-35%). The use of ammonium lignosulfonate for increa-
sing the productive horizon permeability is conditioned by its
ability to reduce the surface tension of solutions, as well as to
create stable emulsions and foams. Lignosulfonate reduces
the viscosity of argillaceous solutions, contributing to a more
efficient dispersion of argillaceous formations, significantly
increasing the productive horizon porosity [14], [15].

2.3. Procedures of conducting experiments
on uranium leaching in the tubes

Laboratory experiments on uranium leaching from core
samples in a dynamic mode make it possible to obtain infor-
mation on the process of uranium leaching and to select the
effective modes of leaching solution acidity. Filtration of the
leaching solution through ore material sample is performed
using the setup shown in Figure 2. Filtration is conducted at
a constant drop of head between the inlet and outlet in the
tubes and at a constant consumption of solution. In accord-
ance with the procedures, the prepared leaching solution is
filtered through the core material in the tube and collected in
an appropriate collection tank for further analysis and deter-
mination of the filtration coefficient, as well as uranium
recovery and specific sulfuric acid consumption.

The leaching solution is prepared on the basis of stratum
water to obtain conditions as close as possible to real ones. In
the first two experiments, the acidity of the initial solutions is
standard and increased.
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Figure 2. The scheme of a laboratory setup for dynamic leaching
of uranium from core sample material: 1 — Mariotte’s
bottle with leaching solution; 2 — a flexible hose made of
acid-resistant rubber or silicone; 3 —stand rod; 4 — ad-
justing valve; 5— measuring burette; 6 —screw chuck;
7 —tube; 8 —core material; 9 — porous filter; 10 — sup-
port table with adjustable height of legs; 11 — flask with
productive solution

To compare the effectiveness of the surfactants effect on
the leaching results, it is decided in the third experiment to
prepare a solution with standard acidity and add the selected
chemical reagents. Parameters of the leaching solutions
acidity modes according to the corresponding experiments
are shown in Table 4.

Table 4. Parameters of selecting the leaching solutions acidity
Water washing

Procedures  Experiment Experiment Experiment
of leaching 1 2 3
Ratio - L . .
of L:S Sulfuric acid concentration in leaching solution
20 + 2 g/l sulfamic
0-0.2 20 25 acid + 0.5 g/l
lignosulfonates
15 + 2 g/l sulfamic
0.2-0.8 15 20 acid + 0.5 g/l
lignosulfonates
10 + 1 g/l sulfamic
0.8-1.5 10 15 acid + 0.25 g/l
lignosulfonates
5+ 1 g/l sulfamic
1.5-2.0 5 10 acid + 0.25 g/l
lignosulfonates
2.0-2.5 3 5 3
2.5-4.0 0 0 0

The developed acidity mode of the solutions provides for
preparing a leaching solution for each experiment at the
corresponding L:S values. The first experiment involves
preparing the solutions with standard acidity, adopted in the
mining of fields by the borehole method, and gradually de-
creasing sulfuric acid from 20-15-10-5-3 g/l at L:S ranges of
0-0.2; 0.2-0.8; 0.8-1.5; 1.5-2.0; 2.0-2.5; 2.5-4.0. The second
experiment involves preparing the solutions with acidity
higher than standard, used in special conditions with high ore
filtration characteristics. The acidity changes in the following
sequence: 25-20-15-10-5 ¢/l of sulfuric acid in the range
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0-0.2; 0.2-0.8; 0.8-1.5; 1.5-2.0; 2.0-2.5; 2.5-4.0 of L:S. To
determine the effectiveness of selected chemical reagents in the
intensification of borehole uranium recovery, it is decided to
use solutions of standard acidity with the addition of sulfamic
acid 2.0 and lignosulfonates 0.5 g/I. The procedures of the third
experiment provide for preparing solutions with a standard
acidity of 20-15-10-5-3 g/l and the addition of sulfamic acid
2 g/l and lignosulfonates 0.5 g/l at the initial stage of the exper-
iment. In all experiments, with an excess of L:S>2.5, the
leaching solutions are supplied with zero acidity.

To study the effect of the oxidizing agent on uranium
leaching in the tubes, the filtrate is regularly collected at the
outlet into measuring vessels for further measurements and
analysis. The volume of the solution in the sample, the con-
centration of uranium in the solution, L:S, pH, the uranium
content in the productive solution and the degree of recovery,
specific consumption of sulfuric acid per kg of uranium and
ore mass are measured in the obtained samples. The concen-
tration of uranium in the solution is determination by titration
MVI No. 36-2019 No. KZ06.01.00050-2019 dated July 11,
2019. Using experiments on uranium leaching in the tubes,
the following geotechnological parameters of the experiment
are determined by means of a calculation:

— filtration coefficient of ore K;;

—average concentration of uranium in productive solu-
tions Cay;

— maximum degree of uranium recovery ¢ from ore;

— L:S value f of the process (mass (volume) of the work-
ing solution per unit mass of core material in the tube);

— specific consumption of sulfuric acid per unit mass of
uranium recovered and unit mass of ore in the tube.

Coefficient of ore filtration K3, calculated from Formu-
la (1), is associated with the fluid Q consumption and the
drop of head:

AL

=, 1
At-AH -S @)

f
where:

AV — volume of filtered solution;

L — tube length;

At — sample measurement time;

AH — hydrostatic head drop;

S — tube cross-sectional area.

The dynamics of changes in the uranium content in the
solution with respect to L:S, shows that the initial values of
the maximum uranium concentration are achieved in the
output solution with the corresponding filtered solution vol-
ume. The average uranium content in productive solutions is
determined by the following Formula (2):

U
cU _ TG -
av = n '
i AVi

)

where:

n — number of samples for selected measurement;

CiV — uranium content in i-th sample;

AVi—solution volume in i-th sample.

Summation is performed for all samples n.

Degree of uranium recovery (g) from ore (recovery
by solution) is calculated as the ratio of the total uranium
mass in the output solutions to its initial mass in the ore
(Formula (3)):
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iCi -V
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U
M p- Ccore
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where:
Ci¥ — uranium content in the output solution in i-th sample;
AV — solution volume in i-th sample;
M, — ore mass in the initial sample;
CYore — uranium content in the initial core sample.
The value of L:S with a specified degree of recovery ¢ is
determined by the ratio (4):

_ I
: ,
M p

f (4)

where:

AV — solution volume in i-th sample;

Mp — ore mass in the initial sample.

The specific consumption of sulfuric acid per kilogram of
uranium Py is calculated as the ratio of the total mass con-
sumed for the experiment to the mass of uranium recovered
during the experiment according to Formula (5):

in=1(ctl)< —cf )’AVi -

U
LG -V,

where:
Co“— initial acid concentration in the working solution;
Ci*—acid concentration in i-th sample (residual);
AV — solution volume in i-th sample;
CiV — uranium content in the output solution in i-th sample;
Mp — ore mass in the initial sample.
The specific reagent consumption per unit of processed
ore mass (ore acidity) is determined by Formula (6):

inzl(cg ~cf )'AVi

v , (6)

p

where:
Co*— initial acid concentration in the working solution;
Ci*—acid concentration in i-th sample (residual);
AV — solution volume in i-th sample;
Mp — ore mass in the initial sample.

3. Results and discussion

When the experimental tests are performed and the ge-
otechnological parameters are calculated, preliminary con-
clusions can be made about the effectiveness of the adopted
leaching mode for borehole uranium recovery. Research into
leaching of uranium in tubes provides information on the
effect of the of sulfuric acid and surfactant concentration, as
well as the velocity of solutions movement on the geotechno-
logical parameters of uranium leaching. Based on the ob-
tained results of laboratory experiments, the data are analysed
and graphs of uranium content changes in the solution, the
filtration coefficient, the degree of uranium recovery, the
specific consumption of sulfuric acid, the consumption of
sulfuric acid per unit of ore mass in relation to L:S are plotted.

Studies of uranium leaching processes involves measu-ring
the values of the uranium content in solution, and depending on
the individual stages speed, the rate of uranium transition into
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solution is determined. The duration of a separate stage and
dissolution of uranium minerals depends on the host rocks com-
position. Figure 3 shows the plotted graph of the uranium con-
tent in the productive solution depending on the ratio of L:S.

0.6
—— Tube 1 - standard acidity

—— Tube 2 - hard acidity

— Tube 3 - standard acidity

+ surfactants

0.5 1.0 20 25 3.0

15
L:S
Figure 3. Uranium content in the solution depending on the ratio of L:S

As can be seen from Figure 3, in the first experiment, the
uranium content at standard acidity reaches its maximum
values of 520 mg/l at L:S of 0.6, followed by a sharp decrease
to 80 mg/l at L:S of 0.9. The data indicate that a decrease in
acidity in the leaching solution from 15 to 10 mg/l in the L:S
range of 0.8-1.5 reduces the dissolving ability of solutions and
reduces the uranium content in the productive solution. The
second experiment evidences that the uranium content reach-
es its maximum values of 262 mg/I at previous L:S values of
0.375, with a gradual decrease in the uranium content in the
productive solution to 80 mg/l at L:S values of 1.6. The data
indicate an intensive crossing of the solubility threshold and
the achievement of active uranium leaching at an earlier stage
due to the higher leaching solution acidity. The low uranium
content in the productive solution is possibly caused by sedi-
mentation in the sample and repeated deposition of uranium
minerals followed by repeated dissolution. In the third exper-
iment, the uranium content in the productive solution reaches
values of 375 mg/l with L:S values similar to experiment 2 of
0.380 and a subsequent gradual decrease in the uranium con-
tent in the productive solution to 80 mg/l with L:S of 1.6. This
indicates the high efficiency of the dissolving ability of leach-
ing solution with the addition of surfactants at low L:S values
and preventing sedimentation in the pore space.

The filtration characteristics of ores during the processes
of the solvent interaction with uranium minerals, and further
transportation to the unloading zones is one of the key pa-
rameters and is determined by the ore filtration coeffi-
cient [16], [17]. Figure 4 shows a graph of the change in the
filtration coefficient (K7) depending on L:S.

As can be seen from Figure 4, the filtration velocity of
solutions in the first experiment sharply decreases to the
minimum values of 0.1 m/day at the L:S range of 0.2-0.4,
after which it gradually increases to 0.6 at L:S of 1.5. In the
second experiment, the average filtration velocity of solu-
tions is slightly lower. The first two experiments data indi-
cate that high acidity in the leaching solution at the initial
stage reduces the filtration characteristics, and the subsequent
decrease in acidity reduces the colmatation effects. The aver-
age filtration velocity in the third experiment slightly exceeds
the previous results at the L:S range of 02-06, perhaps this is
caused by the action of surfactants and the prevention of
sedimentation at high leaching solution acidity.
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Figure 4. Dynamics of the change in the filtration coefficient
depending on the L:S

The filtration velocity in all experiments is approximately
the same, and varies in the range of 0.4-0.6 m/day. These
values are satisfactory and correspond to the maximum real
conditions of uranium leaching.

To determine the effectiveness of the surfactants effect on
uranium leaching and to compare the parameters under condi-
tions of standard and hard acidity of solutions, the data are
calculated and graphs of uranium extraction are plotted. The
values of the degree of uranium recovery are the most informa-
tive and indicative in terms of the process efficiency of uranium
minerals conversion into solution, taking into account the total
mass reflection of uranium in the output solutions and the time
of the process. Figure 5 shows the graphs of changes in urani-
um recovery depending on LS according to experiments.

90
80
70
60
S50
[<b}
W0 —
30 —— Tube 1 - standard acidity
—— Tube 2 - hard acidity
20 —_ Tube 3 - standard acidity
+ surfactants
10
0
0.0 0.5 10 2.0 2.5 3.0

15
L:S
Figure 5. Degree of uranium recovery depending on the L:S

As can be seen from Figure 5, the comparative values of
uranium recovery according to the experiments, the maxi-
mum values of uranium recovery of 80% are achieved in the
third experiment, when using the solutions with standard
acidity and when adding surfactants. A sharp increase occurs
from 0 to 65% in the L:S range of 0-0.8, with the maximum
leaching solution acidity, which is conditioned by an increase
in the dissolving ability of uranium minerals, the prevention
of sedimentation and increased filtration characteris-
tics [18], [19]. The curve of the degree of uranium recovery
in the second experiment reaches 74%, which indicates the
intensive uranium recovery using solutions with a hard acidi-
ty mode. The degree of uranium recovery in the first experi-
ment achieves only 48% at standard acidity, which indicates
the insufficient dissolving ability of the solutions and their
low filtration characteristics. Despite the high uranium con-
tent in the productive solution at the L:S range of 0-0.8, low
filtration characteristics do not allow increasing the recovery.
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To select the effective and economically reasonable mode
of solutions acidity, the necessity of adding the surfactants
during the intensification of uranium leaching, the specific
consumption parameters of the sulfuric acid per kilogram of
recovered uranium are determined. Figure 6 shows the graphs
of changes in the sulfuric acid specific consumption per kilo-
gram of uranium depending on the L:S in the experiments.

140
—— Tube 1 - standard acidity
120
—— Tube 2 - hard acidity
g’loo ___Tube 3 - standard acidity
3 80 + surfactants
Q
T
=, 60
X
W g
20
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
L:S

Figure 6. Specific consumption of the sulfuric acid depending on
the L:S

As can be seen from Figure 6, the sulfuric acid specific
consumption for uranium leaching in the first experiment, at
standard acidity of leaching solution, reaches a maximum
value of 93 kg/kgU at the L:S range of 0.2-0.8, after which
sharply decreases to 50 kg/kgU. The average values of the
sulfuric acid specific consumption in the first experiment are
60 kg/kgU. A sharp increase in the sulfuric acid specific
consumption is caused by a high acidity in the working solu-
tions and the low degree of uranium recovery in the corre-
sponding period of L:S, due to low filtration characteristics.
The maximum values of the sulfuric acid specific consump-
tion in the second experiment, with a hard acidity of leaching
solution, reach 60 kg/kgU, and the average values of the
entire experiment are 45 kg/kgU. The decreased values of the
specific consumption in the second experiment when com-
paring with the first experiment is caused by the more inten-
sive uranium recovery of in the corresponding period of L:S,
due to the higher leaching solution acidity. The curve of the
sulfuric acid specific consumption in the third experiment, at
standard acidity with the addition of surfactants, is smoothed
and does not have sharp jumps and peaks, on average it is
40 kg/kgU. The low sulfuric acid consumption is ensured by
high recovery factors conditioned by the dissolving ability of
the surfactant, which in turn, in practice, leads to savings in
sulfuric acid and other operating expenses for production.

To select the optimal acid concentration and the need to add a
surfactant, the parameters of the sulfuric acid specific consump-
tion per unit of ore mass are taken into account, that is, the acid
consumption of rocks. Figure 7 shows the graphs of the sulfuric
acid specific consumption per unit of ore mass, depending on L:S.

As can be seen from Figure 7, the sulfuric acid consump-
tion per unit of ore mass depending to L:S is as follows: in
the second experiment with solutions of hard acidity the
maximum consumption is 13 kg/ore mass, in the third expe-
riment is 11.5 kg/ore mass, and in the first experiment is
10 kg/ore mass at L:S of 1.0. The sulfuric acid high con-
sumption in the second experiment is conditioned by the
increased leaching solution acidity and the sufficient filtra-
tion characteristics of the ore for the solutions circulation.
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Figure 7. Sulfuric acid specific consumption per unit of ore mass,
depending on L:S

The average values in the third experiment, when com-
paring with the first and second experiments, indicate that the
sulfuric acid consumption with the addition of a surfactant
for treating a unit of the ore mass is lower than with a hard
acidity, but higher than with a standard acidity. This is condi-
tioned by increased filtration characteristics and the intensity
of the solution circulation processes. Low values of the sul-
furic acid consumption per unit of ore mass in the first expe-
riment, with a standard leaching solution acidity, indicate the
presence of residual acidity in the productive solution that
has not reacted [20], [21].

4. Conclusions

The tests performed on particle-size distribution of core
samples indicate the prevalence of > 57% of the total mass of
the fine-grained fraction in the host rocks, which complicates
uranium leaching and leads to formation of mechanical col-
matation in the productive horizon. X-ray phase studies of
core material samples show the presence of argillaceous
minerals of more than 14% of the total mass, contributing to
chemical and mechanical colmatation of wells and near-filter
zone. The results evidence a complex structure of the produc-
tive horizon, heterogeneity and low filtration characteristics.
The experience of exposing and mining the blocks with a
complex structure and low filtration characteristics of the host
rocks indicates a complex preparatory work and a long stage
of operation due to low circulation rates of solutions, insuffi-
cient operational efficiency of wells. This causes additional
expenses for sulfuric acid, repair and restoration work, electri-
cal energy, and increases operating expenses for production.

In laboratory conditions, it has been revealed that by add-
ing small volumes of surfactants to the leaching solution, it is
possible to intensify the uranium recovery up to 80% without
increasing the sulfuric acid specific consumption, and also to
increase the filtration velocity of solutions. The decreased
values of the sulfuric acid specific consumption per unit of
uranium recovered of 40 kg/kgU indicates the economic
feasibility of adding surfactants at the initial stage of uranium
leaching in difficult mining-and-geological conditions and
areas with a high content of argillaceous minerals.

High leaching solution acidity leads to an increase in the
concentration of uranium in the productive solution, and an
increase in the rate of leaching. However, in practice, an
increase in the sulfuric acid concentration in the leaching
solution leads to an increase in its specific consumption, an
additional occurrence of the colmatation effect.
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The addition of surfactants during leaching contributes to
an increase in the intensity of uranium recovery and a de-
crease in the sulfuric acid specific consumption, as well as to
a decrease in the colmatation effect and operating expenses.
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JocaixxeHHs] BUJIYTOBYBAaHHS YPaHy 3 KEPHOBHX NPod B TpyOKax

i3 3aCTOCYBAHHAM IOBEPXHECBO-AKTUBHUX PEYOBUH

b. PakimeB, M. Maraes, XK. Kemxkeraes, b. Antaiioaes, A. Illammikosa

Mera. [linBumieHHs1 €peKTUBHOCTI CBEPTIOBUHHOTO BUAOOYTKY YpaHy Y CKIaJHUX TIPHHYIO-TEOJIOTIYHIX YMOBAX 33 PaXyHOK PO3pOOKU HO-
BOi TEXHOJIOTI1, 3aCHOBAHOI HA iHTEHCU(]IKaIlii TEOTEeXHOJOTTYHMX TIPOIIECIB Mi3eMHOTO BIUTYTOBYBAHHS ypaHY, CEJICKTHBHOTO BILTHBY HOBOTO
KOMIUIEKCY XIMiYHUX PEAreHTiB Ha CYKYITHICTh MIHEPAJIOTTYHOT'O 1 TPaHYJIOMETPUYHOTO CKIIATy PYJOBMICHUX MOPLA TPOILYKTHBHOTO TOPH3OHTY.

MeTtoaunka. Binbip npob kepHOBOTO MaTepialy BMIIyI0UnX HOpix popoBuina ypany Cupaap iHcbkoi nenpecii. MeTogoM crieKTpanbHo-
T'O aHaJli3y BCTAHOBJICHO BMICT ypaHy, KaJIbIli0, AIOMIHIIO, 3aJ1i3a, MarHiro Ta kKapOoHaTHICTh y pobax. PeHTrenoda3zoBuM MeTo0M Bru3HA-
YeHi KiBKICHO-SIKICHI mapaMeTpH il 0COOIMBOCTI BMIlllyl04nX MiHepatiB. [[poBeieHo rpaHyIOMETPUYHI TOCTIIKEHHS 1 BCTAHOBJICHI (pak-
HiifHI mapaMeTpu KepHOBUX Mpob. Po3pobiieHo perinaMeHTH Ta mpoBe/ieHi 1abopaTopHi AOCTIH MO0 BHIYTOBYBaHHS YpaHy 3 KEPHOBOTO
MaTepiay B TMHAMI9YHOMY PEXHMi B TPYOKax, 3 J0AaBaHHAM OOpaHHUX XIMIYHHX PEareHTIB 3 PiI3HUMH PEKUMAMHU.

PesyabTaTn. BusHaueHO 0cOOIMBOCTI CBEPAIOBUHHOTO BHIOOYTKY YpaHy i3 3aCTOCYBaHHIM PO3YHMHIB CipyaHOI KUCIIOTH SIK PO3YNHHHU-
Ka, @ TAKO’K BCTAHOBJICHO NMPHYMHH, SIKi BUKIMKAIOTH 3HIKEHHS T€0TEXHOJIOTIYHUX MapaMeTpiB y PyAax 3 HU3bKUMH (QiIbTpaniiHIMHU Xapa-
KTepucTHKaMu. Po3poOiieHo edekTHBHUN MeTO iHTeHCH]iKalii CBEpIIIOBUHA BHIOOYTKY YpaHy i3 3aCTOCYBaHHSM IOBEPXHEBO-aKTHBHHUX
pedoBuH (ITAP) y ckitalHUX TipHHYIO-TEONOTIYHUX YMOBAX, 3 IiJBUIICHAM BMiCTOM TJIMHUCTHX 1 KapOOHATHUX MiHEpaliB, HU3bKUMH (DiTbT-
pauiiHIMK XapaKTepHCTHKU BMINIYIOUMX Hopia. BcTaHoBeHO it HaykoBO OOTPYHTOBAaHO epEKTHBHHH Ta €KOHOMIYHO JOLUIBHUI METOX
BIITyTOBYBaHHS ypaHy PO3UYMHAMU CIpYaHOI KMCJIOTH 3 fojaBaHHsAM [TAP.

HaykoBa HoBH3Ha. BcTaHoBieHo, 1110 1o1aBanHs oOpanux [TAP y cip4aHOKHCIOTHI PO3YMHH MiZBUIILYE BMICT YpaHy Yy MPOLYKTHBHOMY
PO34KHI Ta CTYMiHb BIUIYYEHHS ypaHy OpH 3HIDKCHHI BUTpAT CipuyaHol KUCIOTH 1 BiHOLIEHHs pinkoro xo tBepaoro (P:T).

IpakTnyHa 3HaYUMicTh. 3acTocyBaHHs panioHanbHUX [IAP npu BHIyroByBaHHI ypaHy J03BOJISIE Ha IINSHKAaX 3 HU3BKAMH (imbTpa-
LifHUMH XapaKTePUCTHKAMU 3MEHIIUTH SKCIUTyaTalliiiHi BUTPATH HA BHAOOYTOK 32 PaxyHOK CKOPOUEHHS IEPiOAy BiAIpamroBaHHS, MiIBU-
IIATH BMICT ypaHy Y NPOXYKTHBHOMY PO3UMHI Ta CTYNiHb BIIY9EHHs, 3HU3UTH BUTPATH CipUaHOi KHCIOTH i YTBOPEHHS BiIKIIaICHb.

Kniouosi cnosa: ceeponosunnuii 6u0oOYmMoK, 6uny208y8ants, ypaH, penmeeHohazosull, epanyioMempuyti 00CIi0NCeHHs, N08ePXHEe60-
AKMUGHi peuosuHu
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HccaenoBanus BblleJa4YMBaHUs YPAHA U3 KEPHOBBIX P00 B TPyOKax
¢ NPpUMEHeHNeM NOBePXHOCTHO-AKTUBHBIX BellleCTB

b. Pakumies, M. Maraes, XK. Kemkeraes, b. Anraiibaes, A. [llamnukoBa

Leasb. [ToBbmenue 3¢ GeKTHBHOCTH CKBRKUHHOHN JOOBIYH ypaHa B CIIOKHBIX TOPHO-TEOJIOTHYECKUX YCIOBHAX 33 CUET Pa3pabOTKU HO-
BOW TEXHOJOTHH, OCHOBAHHOW HAa MHTEHCH(MKAINH TeOTEXHOIOTHYECKHX IMIPOLECCOB MOA3EMHOTO BBINIEIAYNBAHUS YPaHa, CEIEKTHBHOTO
BO3ACUCTBUS HOBOIO KOMIUIEKCA XMMHUYECKHX PEAarcHTOB Ha COBOKYIHOCTb MUHEPAJIOIMYECKOTO M IPaHYJIOMETPUYECKOIO COCTaBa py-
JOBMEIAIOIUX IOPOJ] IPOAYKTHBHOIO FTOPU30HTA.

Metoauka. Ot60p Mpo6 KEpHOBOro MaTepHalla BMELIAIOIIUX II0POJ MECTOPOXIeHHs ypaHa ChIpaapbHHCKONH Jenpeccun. Meronom
CIIEKTPAJIbHOTO aHAJIN3a YCTAHOBJICHBI COJIep)KaHNe ypaHa, KaJlbLus, aTIOMUHHMS, JKelle3a, MarHus, a Tak)kKe KapOOHATHOCTh B mpobax. PeHr-
reHo(a30BBIM METOJOM OMNpPEJETeHbl KOTMIECTBEHHO-KAuUeCTBEHHbIE MapaMeTpbl U OCOOEHHOCTH BMEIIAIOMUX MHHepaioB. [IpoBeneHbI
IpaHyJIOMETPHYECKUE MCCIIEOBAHMS U YCTAaHOBJICHBI (DPAKIIMOHHBIC TTapaMeTPhl KEPHOBBIX Mpo0. Pa3paboTaHbl perinaMeHThl ¥ IIPOBEICHBI
1abopaTOpHBIE ONBITHI 110 BHIIMIETAYNBAHUIO YpaHa M3 KEPHOBOTO MaTepHasa B JUHAMUYECKOM PEeXHUMe B TpyOKax, ¢ 100aBIeHHEM BBIOpaH-
HBIX XUMUYECKHX PEareHTOB C Pa3IHIHBIMH PEXKUMAMH.

Pe3yabTaTsl. OnpeneneHHbl 0COOEHHOCTH CKBaKMHHOM TOOBIYM ypaHa ¢ MPUMEHEHHEM pacTBOPOB CEPHON KHCIOTHI B KauyecTBE pac-
TBOPHUTEIN, A TAK)KE YCTAHOBJICHBI IIPHIHMHEI, KOTOPBIE BEI3HIBAIOT CHIDKEHHE T€OTEXHOJIOTHUECKUX MTapaMeTpPoOB B PyAax ¢ HU3KUMHU (pritb-
TPAlMOHHBIMU XapaKTepHCTHKaMH. Pa3paboTan 3 deKkTHBHBII MeTO MHTEHCH(HKALIMN CKBXUHHON TOOBIYM ypaHa ¢ IPHUMEHEHHEM MO-
BEPXHOCTHO-aKTHUBHBIX BemecTB ([TAB) B CIIOXKHBIX TOPHO-T'€OJOTHYECKUX YCIOBHSX, C MOBBIIICHHBIM COICPKAaHHEM TIHHUCTHIX U Kap0o-
HATHBIX MHHEPAIOB, HU3KMMH (DHIBTPALMOHHBIMH XapaKTEPUCTUKKM BMEIIAIOIINX TOPOJ. Y CTAHOBIICH U HAy4YHO 000CHOBaH 3G ()EKTUBHBIH
1 SKOHOMHYECKH I1eJIeco00pa3Hblii METO BBILIETAYMBAHUS YpaHa PaCTBOPAMHU CEpHOU KUCIOTH ¢ fobaBienueM [1AB.

Hayunasi HOBH3HA 3aKJIIOYaeTCs B TOM, 9TO H0OaBIIeHNE BHIOpaHHBIX [IAB B CepHOKHCIIOTHBIE pacTBOPHI MOBBIIIAET COACPIKAHNIE YPaHa B
MIPOTYKTHBHOM PacTBOPE M CTEIIEHb M3BJICUCHNE ypaHa IIPY CHIDKEHHOM PAcXO/ie CEpPHOI KUCIIOTHI M OTHOIICHUS JKHAKOTO K TBepromy (OK/T).

IIpakTnyeckasi 3HaYMMOCTb. [IpuMenenne parmoHanbHEIX [IAB mpu BhlIenadnBaHWM ypaHa MO3BOISIET HA YYacTKaX C HHU3KAMH
(UIBTPAIIMOHHBIMI XapaKTEPUCTUKAMH CHH3HUTH SKCINTyaTallMOHHBIE PACXOMBI Ha JTOOBIYY 3a CUET COKpAICHHUs Iepruoaa oTpabOTKH, MOBBI-
CHUTB COJIep)KaHUE ypaHa B IIPOJYKTHBHOM PacTBOPE U CTETICHb M3BJIEUEHHS, CHU3UTH PACXOJ CEPHOH KHCIIOTHI H 0CaaKO0Opa30BaHMUsI.

Kniouesvie cnosa: ckeéaxcunnas 0obviua, eviwjenauusanue, ypa, peHmeeHoQazosblil, epaHyiomempuyecKue Uccie008anus, nosepx-
HOCMHO-AKMUGHbLE Beecimaa
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