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ABSTRACT

The article presents the research results on the processing of dump ores of copper production
from one of the deposits of Kazakhstan. The copper content in various rock formation samples and
from different sampling points varies from 0.2 to 0.9%. On average, the calculated copper content
on the southern side of the dump was 0.3%, and on the northern side, 0.28%. Phase analysis of
the dump samples revealed that the bulk of the rock is represented by quartz, albite, muscovite,
clinochlorite, and noticeable amounts of malachite and atacamite were noted from copper dumps
in many areas. Detailed mineralogical analysis, in addition to oxidized forms of minerals, also
recorded fragments of sulfide mineral formations such as pyrite, chalcopyrite, chalcosine, etc. For
this type of deposit, the most effective method of processing will be the use of
biohydrometallurgical heap leaching technology. According to percolation leaching, the use of
trichloroisocyanuric acid (TCCA) as a chemical oxidant was considered, and an adapted culture of
A.Ferrooxidans was also used as a biooxidant. According to percolation leaching, the use of
trichloroisocyanuric acid (TCCA) as a chemical oxidant was considered, and an adapted culture of
A.Ferrooxidans was also used as a biooxidant. Standard sulfuric acid leaching served as a control
option. As a result of the application of the chemical oxidation method using TCCA, an increase in
copper extraction into solution compared with other options was observed only during the first 7
cycles. The highest efficiency was observed in the variant of preliminary bacterial oxidation,
76.08% copper was extracted into the productive solution over 28 irrigation cycles. The resulting
productive solutions of all variants were subjected to a full technological cycle of
hydrometallurgical copper production. As a result of the extraction and re-extraction processes,
electrolyte solutions were developed that fully correspond to the qualitative parameters
necessary for electrolysis. At the electrolysis stage, 30.8 g of copper was deposited on the cathode
from the accumulated electrolyte solutions, which gives a current recovery equal to 94.6%.
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Introduction

A distinctive feature of most copper deposits in
Kazakhstan is the depletion of high-grade ore
reserves and the accumulation of off-balance
stockpiles containing low copper grades (0.1-0.5%).
The processing of such off-balance copper raw
materials, predominantly composed of oxidized
copper minerals, is typically carried out using
conventional hydrometallurgical techniques. These
include sulfuric acid leaching, followed by solvent
extraction and electrowinning processes.

However, in addition to distinctly sulfide or
oxidized copper ores, there exist numerous deposits
characterized by complex mineral compositions. In
such cases, copper is primarily found in oxidized
mineral forms, but the ores also contain significant
guantities of pyrite, arsenopyrite, and other iron-
and sulfur-bearing compounds. Although oxidized
copper minerals dissolve readily in sulfuric acid, the
presence of ferrous iron and other sulfides in the ore
(or in stockpiles) leads to a substantial increase in
acid consumption during hydrometallurgical
processing. Moreover, the presence of minerals
containing various combinations of iron, calcium,
carbonates, and silicates (such as tremolite,
clinochlore, calcite, etc.) can also negatively affect
the leaching process.

The modern standard technology for copper
recovery through heap leaching and solvent
extraction has been extensively studied and
described by both domestic and international
researchers [[1], [2], [3], [4], [5], [6], [7], [8]]. In
recent years, increasing attention has been directed
toward the use of microorganisms for copper
extraction. The term "bacterial leaching" refers to an
accelerated biological process for extracting metals
from ores.

Numerous studies have demonstrated the
economic feasibility of bioleaching. It has been
shown that the preliminary bio-treatment of
oxidized ores can significantly enhance copper
recovery. Furthermore, the pre-adaptation of
microorganisms has been found to improve the
overall efficiency of the bioleaching process.

The role of Thiobacillus ferrooxidans bacteria in
the bioleaching of sulfide ores is well established.
During biogeotechnological processes, metals are
converted from water-insoluble sulfides into water-
soluble sulfates. Thiobacillus ferrooxidans is capable
of oxidizing all metal sulfides. These bacteria obtain
the carbon necessary for their growth from carbon
dioxide. They thrive in acidic environments (within a
pH range of 1.0-4.8) and at temperatures between

3°C and 40°C. The optimal conditions for their
growth are a pH of 2-3 and a temperature of 28°C.
Thiobacillus ferrooxidans can be found in aquatic
environments, soils, sulfur deposits, and sulfide ore
bodies, but their activity is only observed in the
presence of oxygen.

In the biogeotechnological leaching process,
sulfide-bearing ore or industrial waste is irrigated
with sulfuric acid and ferric salt solutions, followed
by the introduction of viable Thiobacillus
ferrooxidans cultures. To intensify bacterial
leaching, oxygen from the air is supplied. As the
leaching solution percolates through the sulfide
material, metals are transferred into a soluble state.
Thus, heap leaching represents an effective method
for processing off-balance oxidized copper ores from
deposits in the Republic of Kazakhstan. The key
parameters of the process are determined
experimentally and depend on the chemical and
phase composition of the ore.

Both domestic and international practices have
demonstrated the use of bacterial cultures as
oxidizing agents [[9], [10], [11], [12], [13]]. One of
the main advantages of bacterial oxidation is the
high efficiency in converting ferrous iron (Fe?*) into
ferriciron (Fe®*), along with the relatively low cost of
this technology [[14], [15], [16], [17]].

When developing bioleaching technologies, it is
essential to consider the sharply continental climate
conditions typical of Kazakhstan. Although this
technology has been widely adopted in countries
such as South Africa, Australia, and Latin American
nations, the experience of Finland’s Talvivaara
company also serves as a notable example. In
particular, the implementation of biochemical
technology at the Kolmisoppi deposit in 2009-2010
enabled the company to increase production by a
factor of 2.7 [[18], [19], [20]].

The object of the study is the bulk ores of copper
production at one deposit in Kazakhstan. The
purpose of the study is to develop a unique
technology that will allow recycling piles, where
oxidation minerals are covered with significant
inclusions of sulfide minerals and iron—calcium
silicates. The use of bacteria as a catalyzing factor for
oxidative processes makes it possible to significantly
increase the level of transition of copper extraction
to a productive solution. Conducting experiments on

percolating leaching provides for laboratory
simulations of pile leaching. In total, different
technological samples were selected, which

represent different components of the mound: a
rock with significant inclusions of malachite; a
sample consisting mainly of a conglomerate; a
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sample consisting of siltstone; a sample of
sandstone, which is more concentrated at the base
of the mound.

Experimental Part

Before starting percolation, the main
parameters of the leaching process were selected:
the concentration of sulfuric acid in the leaching
solution was set to 2.5%; the irrigation density was
10 L/m?-h. Additionally, before the main irrigation
with sulfuric acid, the sample’s moisture saturation
and moisture capacity were calculated. The
irrigation area is calculated using the following
formula: S = mR2 After calculating the irrigation
surface area and knowing the given irrigation
density (L/m2-h), the volume is then calculated.

The loading of ore samples from the waste heap

into the percolators was done in the following mass
proportions: malachite — 5%, conglomerate — 30%,
aleurolite — 40%, sandstone — 25%. All rocks were
pre-mixed before loading, and a composite sample
was taken. The only exception was sandstone: 10%
of the 25% was placed at the bottom of the
percolator to simulate the base of the waste heap,
and the remaining 15% was evenly mixed with the
rest of the ore mass.

Each rock sample and the composite ore mass
for loading were subjected to preliminary X-ray
fluorescence analysis. The analysis results are
presented in Table 1, where the composition of each
individual sample and the composite average
sample for the given mass proportions are shown.
The theoretical composition of the composite
sample was also calculated based on the mass ratios
of the samples.

Table 1 - Elemental Composition of Heap Sample Types and Composite Sample for Given Mass Ratios, %

Name of components, % Mixed sample indicators, %
Element Malachite | Conglomerate | Aleurolite Sandstone Actual Theoretical
0 53.64 50.979 54.209 52.471 50.339 52.777
Na 1.119 1.318 1.802 1.079 1.567 1.4419
Mg 1.246 0.642 1.368 1.331 1.103 1.13485
Al 5.806 3.485 6.789 6.975 4.867 5.79515
Si 22.022 27.846 27.843 25.795 25.708 27.041
P 0.054 0.048 0.062 0.068 0.053 0.0589
S 0.269 0.031 0.116 0.026 0.479 0.07565
Cl 0.012 0.015 0.013 0.015 0.026 0.01405
K 1.147 0.579 1.199 1.662 0.834 1.126
Ca 5.953 5.162 0.855 2.12 3.044 2.718
Ti 0.435 0.239 0.476 0.522 0.312 0.414
\Y 0.006 0.006 0.007 0.01 0 0.0074
Mn 0.178 0.132 0.066 0.163 0.123 0.116
Fe 2.921 1.38 2.676 3.797 2.289 2.579
Cu 0.448 0.103 0.178 0.028 0.15 0.1315
Zn 0.014 0.007 0.013 0.015 0.024 0.0117
Rb 0.009 0.003 0.007 0.012 0.005 0.00715
Sr 0.011 0.007 0.007 0.014 0.01 0.00895
Zr 0.01 0.006 0.011 0.013 0.01 0.00995
Ba 0 0 0.1 0 0.416 0.04
Pb 0.006 0 0 0.016 0.01 0.0043
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The samples were taken from various points and
studied using the OLYMPUS BX-51 microscope under
reflected light by the mineralogical method. The
main part of the sample is composed of gangue
minerals. Among the ore minerals, very fine pyrite
grains are distinguishable, ranging in size from 0.01-
0.05 mm. Pyrite grains are mostly found in their free
state, although occasionally they are integrated into
the gangue mass. The fine sulfide material retains its
characteristic angular and irregular shapes.
Chalcopyrite is found in individual grains, with sizes
up to 0.02 mm. The images of the sulfide fragments
are shown in Figure 1.

After determining the elemental composition,
the main phase components, represented by various
mineral compounds, were identified in the copper
heap samples using X-ray phase analysis. The
analysis was carried out on a D8 Advance (BRUKER)
diffractometer using Cu — Ka radiation. The results
of the X-ray phase analysis are presented in Tables 2
and 3. According to the X-ray phase analysis data,

The main part of the rock-forming material in the
heap is represented by quartz, which is present in
both the northern and southern parts of the heap.
Albite, calcite, clinochlore, and muscovite are also
found in significant amounts.

6)
<
.
-

a) — Pyrite in gangue material; b) — Free pyrite grains;
c) — Very fine pyrite grains;d) — Chalcopyrite grains

Figure 1 — Photographs of the mineralogical analysis of
the sample at 400x magnification.

Table 2 — Phase composition results for the northern part of the heap

Proportion in the sample,%
Point Point Point

Name of components Formula 1 2 3
Quartz (syn.) SiO2 61.5 42.6 63.1
Albit Na(AlSizOs) 18.1 32.5 24.7
Calcite/calcium carbonate CaCOs 12.2 - 4.4
Muscovite H2KAI5Si3012 4.9 5.2 3.7
Clinochlor-1Mllb (Mg,Fe)s(Si,Al)a010(0OH)s 3.3 - 4.1
Atakamite Cu2CI(OH)s - 10.1 -
Hydrosulphate of
potassium K3H(SO4)2 - 5.5 -
Potassium sulphite hydrate K2(S3(S03)2)(H20)1.5 - 4.2 -
hematite (syn) Fe203
thenardite (syn) Na2S04 - - -

Table 3 — Results of the phase composition of the southern side of the mound

Proportion in the sample,%
Point Point Point

Name of components Formula 1 2 3
KBapy, (syn) SiO2 73.9 74.3 64.7
Albit NaAlo,91Si30s 10.2 11.7 14.8
Malachite (syn) Cu2(OH)2C0O3 9.1 - -
Clinochlor -1Mllb, (ferroan) (Mg, Fe)s(Si,Al)a010(OH)s 4.0 6.7 6.1
Muscovite HaK2(Al,Fe)eSisO24 2.7 3.4 5.5
Calcite/calcium carbonate CaCOs 3.8 8.8
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Discussion of Results

As a result, the composite copper ore from the
heap was loaded into three percolators, and three
percolation leaching variants were studied (Figure
2):

1) Standard sulfuric acid leaching without
additional oxidation; 2) Leaching with preliminary
bacterial oxidation; 3) Leaching with preliminary
chemical oxidation.

Figure 2 — Loaded percolators for three leaching options

The mineral raw material was subjected to
oxidation during the moisture conditioning stage.
For the bacterial oxidation variant, the percolator
was filled with a nutrient solution containing A.
ferrooxidans strains, adapted to copper compounds.
In the chemical oxidation variant, a 0.5%
trichloroisocyanuric acid (TICA) solution was used. In
the percolator where leaching was performed
without prior oxidation, a 0.5% dilute sulfuric acid
solution was used for the conditioning process.

In all three variants, the moisture level was
maintained at 10%. After the moisture conditioning
and oxidation treatments, the leaching process was
initiated. A solution with a 25 g/L concentration of
sulfuric acid was supplied via peristaltic pumps at a
10 L/m?h irrigation rate, by the main leaching
density.

After the ore material passed through the
percolators, the volume of the resulting pregnant
leach solutions was monitored, and the residual
sulfuric acid content, along with the copper ion
concentration, was analyzed.

The concentration of sulfuric acid in the
pregnant solutions was adjusted up to 25 g/L, and

ECu, go

their volume was brought to 2 liters, after which
they were reused in subsequent leaching cycles.

The first copper extraction was carried out after
17 leaching cycles, at which point the copper
concentration in the solution exceeded 3 g/L. Post-
extraction leaching was performed using raffinate—
the solution remaining after copper was recovered
from the pregnant leach solution using an organic
extractant.

The second stage of copper extraction occurred
during the final phase of the percolation leaching
process, specifically after 28 cycles.

The results of the percolation leaching, as well
as the copper recovery dynamics from the pregnant
leach solution using both conventional and oxidative
methods, are presented in Table 4 and Figure 3.

Based on the analysis of the data table and the
graphical results, it was found that during the initial
stage of leaching (the first seven irrigation cycles),
the copper recovery rates remained nearly identical
across all systems. In the subsequent days, an
increase in the amount of copper transferred into
the solution was observed in the chemical oxidation
system. However, over time, the efficiency of
chemical oxidation began to decline, while the metal
recovery rate continued to increase in the bacterial
oxidation variant.

When the copper concentration in the solution
reached 3-4 g/L, its transfer rate into the secondary
pregnant leach solutions temporarily decreased. To
restore the intensity of this process, additional
experiments on copper extraction and re-extraction
were conducted. These methods allowed for the
selective separation of dissolved copper from the
pregnant solutions and its transfer to the electrolyte
phase.

The extraction was carried out using a 10%
solution of the copper-selective extractant Lix 984
dissolved in the organic solvent Escaid. During the
extraction, the ratio of aqueous to organic phases
was 1:1, and during the re-extraction, it was 3:5.
Phase separation and settling processes were
performed in separatory funnels (Figure 4).

SKCTpaKuns IRCTpAKTNS

—
G —
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Figure 3 - Dynamics of product release into solution
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In the first stage of extraction, 57.45% of the
standard sulfuric acid leaching solution was.

From the bacterial oxidation leachate, 66.79% of
copper was transferred to the electrolyte, while
from the solution treated with the TCIC oxidizing
agent (trichloroisocyanuric acid), the transfer
reached 69.02%. In addition to the raffinate, a
certain amount of copper also remained in the
organic phase. This phenomenon is attributed to the
one-time copper loss that occurs when freshly
prepared organic-phase solutions are used. Such
losses are due to the retention of a portion of copper
by the organic phase during the extraction process,
and this retained copper cannot be completely
removed even during the washing stage.

However, no further accumulation of copper in
the organic phase was observed — after complete re-
extraction, its concentration typically stabilized at
0.2-0.5 g/L.

In the second stage of the extraction process,
copper transfer to the electrolyte reached 84.04%

for the standard sulfuric acid method, 84.4% for the
bacterial oxidation method, and 78.06% for the
chemical oxidation method using TCIC. The
extraction performance of pregnant leach solutions
obtained through different methods is presented in
Table 5.

a) separation of aqueous and organic phases
b) in the separation pits:
1- extraction, 2 — re-extraction;
b) color change of the product solution.

Figure 4 - Extraction and re-extraction processes,
sedimentation and separation in the funnel

Table 4 — Results of percolation leaching of copper-containing sample

Product solution parameters
H2S0,, H2S0,,

Cug/l H,S0.g8/| | Fe*, g/l | Fe*, g/l |V, H,SOs,ml | ECu,% | Cu, g/l [ H,SO.g/l | Fe*g/l | Fe*, g/l Al H,50., ml | ECu, % Cu, g/! g/l Fe*, g/l | Fe¥g/l |V, ml ECu, %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Without oxidation, only H2504 25 g/| A.Ferrooxidans + H2504 25 g/ TCCC + H2504 25 g/I

0,5 5.1 11 0.2 2.0 22.1 4.17 0.63 3.70 2.3 0.1 2.0 23.67 4.94 0.66 0.00 1.40 0.10 2.0 27.8 4.89
0,94 5.4 1.2 0.2 2.0 21.8 7.83 1.15 5.88 2.5 0.15 2.0 21.24 9.02 1.20 1.08 1.50 0.10 2.0 26.6 8.89
1,41 113 1.8 0.2 1.8 16.5 10.58 1.62 113 2.7 0.15 18 16.48 11.44 1.65 6.80 1.50 0.10 1.6 21.7 9.78
1,54 9.8 2.2 0.2 2.0 16.9 12.83 1.80 10.8 33 0.15 2.0 15.78 14.12 1.92 7.35 1.70 0.10 2.0 19.6 14.22
1,78 10.3 2.5 0.3 1.8 17.5 13.35 1.96 12.25 3.3 0.2 1.8 15.53 13.84 2.10 10.10 2.10 0.10 1.8 17.7 14.00
23 12.0 2.5 0.3 2.0 14.4 19.17 2.4 16.0 33 0.2 2.0 10.00 18.82 2.45 10.80 2.40 0.10 2.0 15.8 18.15
2,35 12.7 2.7 0.3 2.0 13.7 19.58 2.88 14.7 3.5 0.2 2.0 11.44 22.59 3.36 11.20 2.40 0.15 2.0 15.3 24.89
2,51 11.76 3.2 0.3 2.0 14.7 20.92 3.38 13.72 3.5 0.2 2.0 12.53 26.51 3.85 8.82 2.40 0.15 2.0 18.0 28.52
2,65 115 3.4 0.3 13 19.5 14.35 4.12 16.4 3.6 0.2 1.6 13.20 25.85 3.41 9.80 2.50 0.15 0.8 23.4 10.10
2,74 5.0 3.4 0.3 2.0 22.2 22.83 4.18 123 3.6 0.2 2.0 14.11 32.78 3.45 5.00 2.50 0.15 2.0 22.2 25.56
2,81 12.3 3.4 0.3 18 155 21.08 4.20 13.5 3.6 0.2 18 14.28 29.65 3.50 9.00 2.80 0.20 13 213 16.85
2,92 15.92 3.6 0.3 2.0 10.1 24.33 4.25 17.4 3.8 0.2 2.0 8.44 33.33 3.42 17.60 2.80 0.20 2.0 8.2 25.33
3,4 20.09 3.8 0.3 2.0 5.5 28.33 4.34 19.6 4.3 0.2 2.0 6.00 34.04 3.40 10.29 3.00 0.20 2.0 16.3 25.19
3,6 154 4.0 0.3 2.0 10.7 30.0 4.45 16.9 43 0.2 2.0 9.00 34.90 3.30 18.40 3.00 0.20 2.0 7.3 24.44
4,0 16.4 4.0 0.3 2.0 9.6 33.33 4.63 15.7 4.5 0.23 2.0 10.33 36.31 3.35 17.40 3.20 0.25 2.0 8.4 24.81
4,1 14.1 4.2 0.3 2.0 121 34.17 4.70 16.0 4.5 0.23 2.0 10.00 36.86 3.32 14.50 3.20 0.25 2.0 11.7 24.59
4,36 13.47 4.2 0.33 2.0 12.8 36.33 4.77 16.66 4.5 0.23 2.0 9.27 37.41 3.26 13.72 3.20 0.28 2.0 125 24.15
Extraction: 10 % Lix984 / 90 % Escaid Extraction: 10 % Lix984 / 90 % Escaid Extraction: 10 % Lix984 / 90 % Escaid
1,35 25.0 4.5 0.4 2.0 0.0 36.33 1.09 25.0 4.8 0.25 2.0 0.0 39.75 0.52 25.0 3.5 0.3 2.0 0.0 27.17
3,03 12.74 4.5 0.4 18 15.0 47.81 4.46 15.2 4.8 0.25 18 12.58 64.12 2.03 115 3.5 0.3 1.75 16.6 37.64
31 19.1 4.5 0.4 2.0 6.6 50.92 4.5 17.64 4.9 0.25 2.0 8.18 68.17 2.14 15.4 3.5 0.32 2.0 10.67 40.67
3.25 19.6 4.7 0.5 2.0 0.0 52.17 4.55 26.95 4.9 0.25 2.0 0.0 68.58 2.24 26.0 3.5 0.3 2.0 0.0 41.5
3.48 103 4.7 0.5 2.0 16.3 54.08 4.6 17.15 5.0 0.25 2.0 8.72 69.0 2.33 12.25 3.5 0.3 2.0 14.17 42.25
3.79 14.2 4.75 0.5 2.0 12.0 56.67 4.72 18.4 5.1 0.25 2.0 7.33 70.0 2.72 14.7 3.7 0.35 2.0 11.44 45.5
3.6 14.7 4.7 0.5 2.0 11.4 55.08 4.65 17.15 5.0 0.25 2.0 8.72 69.42 2.49 15.2 3.55 0.3 2.0 10.89 43.58
3.96 17.2 4.9 0.5 2.0 0.0 58.08 4.98 17.2 5.1 0.25 2.0 0.0 72.17 2.87 17.2 3.7 0.35 2.0 0.0 46.75
4.2 18.86 4.9 0.55 1.8 8.9 56.58 5.11 20.3 5.2 0.28 1.8 7.48 68.99 3.02 18.4 3.7 0.35 1.8 9.38 45.48
431 15.93 4.95 0.55 2.0 0.0 61.0 5.27 18.13 5.2 0.28 2.0 0.0 74.58 3.15 14.7 3.9 0.35 2.0 0.0 49.08
4.45 10.29 5.09 0.6 2.0 16.3 62.17 5.45 17.15 5.2 0.28 2.0 8.72 76.08 3.6 10.29 3.9 0.38 2.0 16.34 52.83
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Table 5 — Copper balance during extraction and re-extraction process

Solution parameters
Without oxidation, only
H2504 25 g/I A.Ferrooxidans + H2504 25 g/ TCCC + H2S04 25 g/|
OHim aTaybl Cu, g/l l Vv, | % Cu, g/l ‘ v, | % Cu, g/l ‘ Vv, | ‘ %
Extraction 1
PLS (productive
solution) 4.36 2.0 100.00 | 4.77 2.0 100.00 | 3.26 2.0 100.00
Raf (mixed
solution) 1.35 2.0 31.0 1.09 2.0 22.9 0.52 2.0 16.0
Organic 2.02 0.5 11.6 1.976 0.5 10.4 1.96 0.5 15.0
Electrolyte 16.7 0.3 57.45 21.24 0.3 66.79 15.0 0.3 69.02
Cu from
circulation, g 6.02 7.36 5.48
Extraction 2
PLS (productive
solution) 4.45 2.0 100.00 | 5.45 2.0 100.00 | 3.6 2.0 100.00
Raf (mixed
solution) 0.6 2.0 135 0.8 2.0 14.7 0.7 2.0 19.4
Organic 0.44 0.5 2.5 0.2 0.5 0.9 0.36 0.5 2.5
Electrolyte 45.0 0.3 84.04 55.2 0.3 84.40 37.0 0.3 78.06
Cu from
circulation,gr 13.72 16.66 11.28

The copper concentration in the obtained
electrolytes met the required parameters (at least
30 g/L, not exceeding 60 g/L). All produced
electrolytes were used in the next technological
stage — copper electrowinning in an electrolytic cell.
For the deposition process, a copper cathode with
an initial mass of 94.2 g was used, while insoluble
lead plates served as anodes. The electrochemical
equivalent of copper is A = 0.329 mg / (A's). The
electrolysis process lasted for 11 hours. The
theoretical yield of metal during electrolysis was
calculated using the following formula:

G=A-l-t (1)

where:
G — the mass of the deposited substance,
| — electric current, A,
t—time, s.

G=0.329mg/(As) x2.5A%x11x60x60=
32,571 mg=32.571¢g (2)

After the electrolysis process was completed,
the cathode mass increased to 125 g (Figure 4). Thus,
30.8 g of copper was deposited on the cathode. The
current efficiency of copper deposition was
calculated as:

ECu = G_actual / G_theoretical x 100% = 30.8 /
32.571 x 100% = 94.6%

Conclusion

Thus, the material composition of copper-
bearing mineral raw materials was studied, and
sampling from the heap was carried out. The bulk of
the heap rock consists of conglomerates, siltstone,
and sandstone, while the copper minerals identified
include malachite, chalcopyrite, and atacamite. The
copper content in various lithological samples and
samples taken from different points of the heap
ranged from 0.2% to 0.9%. On average, the
estimated copper content was 0.3% in the southern
part of the heap and 0.28% in the northern part.

Phase analysis of the heap samples showed that
the primary mass of the rock is composed of quartz,
albite, muscovite, and clinochlore. In certain zones,
a significant presence of malachite and atacamite
was found as copper-bearing minerals. Detailed
mineralogical analysis revealed the presence of both
oxidized copper minerals and sulfide mineral
formations such as pyrite, chalcopyrite, chalcocite,
and other compounds. Hence, the study of the
chemical, phase, and mineralogical composition of
copper-bearing materials from the heap revealed
the heterogeneous distribution of copper in various
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mineral forms, as well as the presence of associated
impurity elements.

In  the percolation leaching process,
trichloroisocyanuric acid (TCCA) was used as a
chemical oxidant, while an adapted culture of A.
ferrooxidans bacteria was used as a bio-oxidant. The
standard sulfuric acid leaching method served as a
control. The use of the TCCA-based chemical
oxidation method resulted in a higher copper
recovery during the first seven leaching cycles
compared to the other methods. However, over
time, the effectiveness of chemical oxidation
gradually declined, and by the end of 28 leaching
cycles, the copper recovery reached 52.83%. During
the same period, sulfuric acid leaching vyielded
62.17% copper recovery. The highest efficiency was
observed in the bio-oxidation method using
bacteria, where 76.08% of copper was transferred to
the pregnant leach solution after 28 irrigation cycles.

The pregnant leach solutions obtained from all
three methods were subjected to the complete
hydrometallurgical processing cycle. As a result of
the extraction and re-extraction stages, electrolyte
solutions that fully met the quality parameters
required for electrowinning were obtained. During
the electrolysis stage, 30.8 g of copper was
deposited on the cathode from the electrolyte
solution, corresponding to a current efficiency of
94.6%.

During the experiments, the optimal conditions
for the growth of A. ferrooxidans bacterial culture,
adapted to the chemical composition of copper-
containing mineral raw materials, were determined.
The results showed that for effective bio-oxidation
of mineral raw materials, the initial bacterial
solution used in the pretreatment should maintain a
pH level not lower than 1.5. An increase in pulp
acidity and a drop in pH below 1.2 negatively affect
the viability of bacterial cells.

The optimal temperature range for the growth

and development of A. ferrooxidans culture was
found to be between 20-30 °C. Under the most
favorable conditions (pH =2.3, temperature = 20—
30 °C), the concentration of bacterial cells increased
from 0.1 x 10° cells/cm?3 to 2.8 x 108 cells/cm?.

The  catalytic mechanisms by  which
microorganisms influence the oxidation of sulfide
minerals in copper-bearing raw materials were also
identified. The presence of the bacterial culture as a
catalytic factor significantly accelerates the
decomposition rate of sulfide minerals, particularly
those containing copper (e.g., chalcopyrite,
chalcocite, etc.).

The best selectivity results were observed when
using an extractant from the LIX984 series:

The highest copper extraction from solution was
94.0%; The lowest iron co-extraction was 0.83%.

Based on the evaluation of copper-loading
capacity of the organic phase, the optimal flow ratio
between the pregnant leach solution and the
organic phase was determined to be O:A=1:2. If the
ratio exceeds O:A > 1:5, the viscosity of the organic
phase increases due to oversaturation, which in
some cases may lead to the formation of stable
emulsions or phase separation issues.
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TYWIHAEME

Makanaga KasaKkcTaHHblH, 6ip KeH OpHbIHAA MbIC OHAIPICIHIH, YWiHAI KeHaepiH KaiTa eHagey
60ibIHWa 3epTTey HaTMXKeNepi YCbiHbINFaH. DPTYPAI KbIHbICTapAaH a/blHFAH CbiHamanapaarbl
MbICTbIH, Menwepi 0,2-0,9 % apanbifbiHaa e3repeai. OpTalwa ecenneH yMiHAiHIH OHTYCTIK KafblHAA
mbic menwepi0,3 %, conTycTik KafbiHaa — 0,28 % Kypaliabl. YHiHAI cbiHamanapbiH dasanbik Tangay
JKbIHBICTbIH, HETi3r Maccacbl KBapL, anbbuT, MyCKOBWUT, KNMHOXIOPAAH TypaTbiHbIH KOpCeTTi, an
Kelnbip ydackenepae mMbiC MUHEPaNgapbl — MafaxuT KaHe aTakaMUTTIH, aTapAbliKTail menwepi
aHbIKTangpl. MuHepanoruanbik 3epTrey bapbicbiHAa TOTbIFy Typ/epimeH KaTtap, cynabouarTi
MWHepangapabiH, (MMPUT, XaNbKOMUPKT, XaNbKO3UH KaHe T.6.) 6enwwekTepi ae Tabbiagbl. byn KeH
OpblHAAPbl  YWIiH eH TWiMAI KahWTa eHaey aici peTiHge YWIHAINIK - wakmanayabiH,
buornapomeTannypruanblik, TEXHONOMMACBIH KONAAHY YCbiHbINAAbl. MepKoNAuMANbIK Waimanay
6apbICbiHAA XMMUANBIK TOTbIKTbIPFbILW PETIHAE TPUXA0PU30oUMAHYP KbllKblabiH (TXLLK) KongaHy
MYMKIiHAir 3epTTengi, an 6uookcuaaHT petiHae A. Ferrooxidans 6eiimpenreH Aakbiibl
nangananbingbl. bakpliay HycKackl peTiHAe CTaHAAPTTbl KYKIPTKbIWKbBIAAbI LaliManay »Kyprisingi.
TXUK HerisiHAe XMMUANBIK TOTbIKTbIPY 94iCi KONAAHbIIFAH Ke3he, MbIC any KepceTkilwi b6acka
HYCKa/flapMeH CanbICTbIpFaHAa TeK affalKpl 7 UMKA iWwiHae »Kofapbl 60nabl. EH KaKcbl HaTUXKe
anablH ana 6aKTepuANblK TOTbIKTbIPY KesiHae 6aiKkangbl, 28 cynay UMKAbIHBIH iWiHAe eHimAj
epiTiHaire mbiCTbiH, 76,08 %-bl ©TTi. Bapabik HycKanapablH anblHFAH eHIMAI epiTiHainepi mbic
TMAPOMETANNYPIUACBIHBIH,  TO/bIK,  TEXHONOTUANBIK  UMKAbIHAH ~ ©TTi. DKCTPaKUMA  KaHe
pPEesKCTPaKLUMA NPoLEecTepi HITUXKECIHAE 3NIEKTPONS KYPri3yre KaKeTTi cananblk napamerpsepre
TONbIK, COMKeC KeneTiH 3NeKTPONUT epiTiHAinepi anbiHAbl. DNEKTPOAWU3 caTbiCbiHAA asblHFaH
3NEKTPONUT epiTiHainepiHeH KaToaTa 30,8 1 MbiC TyHAbIPbLIAbI, Byn TOK BoWbiHWa 6enin any
AdpexeciH 94,6 % xeTKizai.

Tyiiin ce30ep: KypambiHA@ MbIC 6ap LWMKi3aT, BUoxMMUANbIK dic, waimanay, Acidobacillus
Ferrooxidans, TPMXN0pPU30LMAHYP KbILWKbINbI, SKCTPAKLMA.
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AHHOTAUMA
B ctaTbe npeacTaBneHbl pe3ynbTaTbl UCCEAOBaHUI NO NepepaboTke OTBa/bHbIX Py MeAHOro

NPOW3BOACTBA OAHOMN U3 MECTOPOXKAEeHUI KasaxcTaHa. CoaeprkaHue meam B npobax pasnnMyHoro
nopoaoo6pasoBaHmMA 1 B3ATbIX U3 pa3Hbix Touek oTbopa Bapbupyetcs ot 0,2 go 0,9 %. B cpegHem
Mo HO¥XHOM CTOPOHe OTBasa pacyeTHoe coaepykaHne meam coctasuno 0,3 %, no cesepHoi — 0,28
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%. ®a30BbIM aHa/IM30M NPO6 OTBANA YCTAHOB/IEHO, YTO OCHOBHAA Macca MopoApl NpeacTaBaeHa
KBapLem, anbbuToM, MYCKOBUTOM, K/IMHOX/IOPOM, M3 MeJHbIX OTBAJOB B PAAE Y4acCTKOB
OTMeYeHbl 3ameTHble KO/MYecTBa Masaxura WM atakamuta. MoApobHbIM MUHEPaNOrMyecKum
aHanM3oM, MOMMMO OKMUC/IEHHbIX GOPM MUHEPanoB, 3adUKCUPOBaHbI Takxe GparmeHTb
CyNbOUAHBIX MUHEPaNbHbIX 06Pa30BaHMI, TaKMX Kak NUPWUT, XaNbKOMUPUT, XaAbKO3WH 1 Ap. [nn
JAHHOTO TUMA MeCTOPOXAEHUN Hambonee 3dpdeKTUBHBIM MeTogoM nepepaboTku byaet
MCMONb30BaHWE BUOTUAPOMETANYPIUYECKOW TEXHONIOTMM  KYYHOTO  Bbilenaunsanusa. Mo
NepKONIALMOHHOMY BbILLEIAYMBAHUIO B KAuecTBE XMMMUYECKOTO OKMCAUTEeNs 6bil paccMoTpeH

BapMaHT NPUMEHEHUA TpWXJ0opU3oUMaHypoBol Kucnotbl (TXLK), B Kauectse GuooKucautens
Moctynuna: 13 ¢pespansa 2025
PeueHsnposaHue: 19 mapma 2025
MpuHAaTa B Neyatb: 8 masa 2025

TaKXe WCnonb3oBanacb afdanTMpoBaHHas KynbTypa A.Ferrooxidans. Mo nepKonsauMOHHOMY
BbILLLEIAYNBAHMIO B KAYECTBE XMMUYECKOTO OKMCAUTENA Bbln PaCCMOTPEH BapWaHT NpUMeHeHus
TpuxnopusoumaHypoBoit Kucnotbl (TXLK), B KayectBe BUOOKMCAUTENA TaK¥Ke MCMO/b30Banach
afanTupoBaHHasa KynbTypa A.Ferrooxidans. CTaHAapTHOe CEpPHOKWUC/IOTHOE BbilenaunBaHne
CNY}KUNO B Ka4yecTBe KOHTPO/IbHOFO BapuaHTa. B pe3ynbrate NpMMEHEHUA XMMUYECKOro MeToaa
OKMCNeHuna ¢ ucnonbsosaHmem TXLUK pocT n3sneyeHna meam B pacTBOp NO CPABHEHUIO C APYTMMHM
BapuaHTaMu, Habtoaanca ToNbKO B TedeHWe nepsbix 7 UMKNoB. Hanbonblias pesynbTaTMBHOCTb
Habntoganacb B BapuaHTe NpeaBapuTENbHOrO 6GaKTEPUANbHOrO OKUCNEHWA, 3a 28 UWKIOB
OpolWeHnUs B MNPOAYKTMBHbLIA pacTBop 6bL10  u3BnedeHo 76,08% meau. [onyyeHHble
NPOAYKTUBHbIE PACTBOPbI BCEX BAPWMaAHTOB MoABeprasiMmCb NMOJIHOMY TeXHO/IOTMYeCKomy LUKy
r'MOPOMETANYPrMYecKkoro NpousBoAcTBa mean. B pesynbraTe npoueccoB 3KCTPaKUMUM U pe-
3KCTpaKuuM 6blaM  HapaboTaHbl PACTBOPbLI  3N1EKTPOSIMTOB, MNOJNHOCTbIO COOTBETCTBYOLWMNE
KayecTBeHHbIM MNapamMeTpam HeobxoAMMbIM ANA NPOBEAEHUA 3NeKTponusa. Ha cragum
3/1€KTPO/IM3a U3 HapaboTaHHbIX PaCTBOPOB 3NEKTPOIMTOB BbINI0 OcaXKaeHo Ha KaToge 30,8 rmeam,
4YTO AAET U3BNEYEHME NO TOKY paBHoe 94,6 %.

Knioyesble €n08a: Me[bCOAEPIKALLEE Cblpbe, OUOXMMUYECKUI METOA, BblILENAYMBAHUE,
Acidobacillus Ferrooxidans, TpuxnopusoumaHypoBas KMCA0Ta, IKCTPaKLUA.
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