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Abstract. The article provides an analytical review of the current state and development prospects of Leach-Solvent Ex-
traction-Electrowinning (L-SX-EW) technology within the global and domestic copper industries. The study analyzes the min-
eral resource base of the Republic of Kazakhstan, including major copper deposits in the East and Central regions. Attention is
given to solvent extraction flowsheets, the impact of mineralogical composition, and key technological challenges in pro-
cessing oxidized and mixed copper ores. The paper highlights the historical role of «VNlltsvetmet» in the development of
regional hydrometallurgical technologies and research approaches. The work systematizes data on modern technological
schemes and principal efficiency factors of the L-SX-EW process, confirming its vital role in maintaining the long-term com-

petitiveness of Kazakhstan’s copper sector.
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1. Introduction

The global increase in copper consumption, including
high-purity cathode grades and concentrates, together with
the gradual depletion of high-grade sulfide ore reserves and
the transition towards the development of off-balance re-
sources and refractory oxidized and mixed ore, necessitates
modernization and the development of more efficient ore
processing technologies and enhanced recovery of valuable
components. Under these conditions, heap leaching followed
by solvent extraction and electrowinning (L-SX-EW), which
enables the production of high-purity copper, has become
one of the key technological solutions. According to the
International Copper Study Group (ICSG), hydrometallurgi-
cal processes currently account for approximately 20-25% of
total mine copper production worldwide [1].

The Republic of Kazakhstan possesses significant copper
ore reserves — approximately 36 million tonnes of identified
resources. The mineral resource base of copper in Kazakh-
stan is primarily represented by deposits of copper sand-
stones (Zhezkazgan), complex copper-pyrite and pyrite-
polymetallic ores (Zyryanovskoye, Artemyevskoye, and
others in the Rudny Altai, Eastern Kazakhstan), copper
porphyry deposits (Aktogay and Aidarly, Bozshakol,
Koksay, etc.), and copper skarn deposits (Sayak). Mine cop-
per production in 2021 amounted to 520 thousand tonnes.
The country accounts for approximately 2.5% of global mine
production and refined copper output (second place within
the CIS) [2]. The successful implementation of projects such
as Aktogay, Kounrad, and Almaly has demonstrated the
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effectiveness of L-SX-EW technology. However, the in-
volvement of ores with complex mineralogical compositions,
as well as mixed ores, in hydrometallurgical processing pre-
sents a number of technological challenges.

The main issues encountered at operating plants include
high concentrations of impurities (iron, silica, manganese,
chlorides, etc.) in pregnant leach solutions (PLS), which
complicate copper extraction by solvent extraction, as well as
the formation of insoluble interfacial emulsions (crud). Op-
timization of the solvent extraction process is a critical stage
for ensuring stable plant operation [3].

This article provides an overview of L-SX-EW technolo-
gy, ranging from global trends to the specific operational
features of domestic deposits. The paper examines the cur-
rent state of the technology in international practice, techno-
logical flowsheets and key stages of heap leaching, as well as
the factors affecting process efficiency. Particular attention is
given to the industrial implementation of L-SX-EW in the
processing of copper ores in Kazakhstan and to the historical
role of VNIltsvetmet in the development of hydrometallurgi-
cal technologies in the region.

2. Research methodology

Over the past decade, SX-EW technology has demon-
strated steady growth. According to analytical reports, total
global copper mine production increased from 18.4 million
tonnes in 2014 to approximately 22.4 million tonnes in 2023.
Copper production by the L-SX-EW method also rose by
about 17% over the same period. From 2026 onward, further
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growth of hydrometallurgical production is forecast at an
average annual rate of about 2%, driven by the development
of green technologies [4]:

— Renewable energy sources (RES): the construction of
wind turbines and solar panels requires copper consumption
volumes that are 3-4 times higher than those of conventional
power plants;

— Transport sector: the production of electric vehicles re-
quires 2-4 times more copper than the manufacture of con-
ventional internal combustion engine vehicles;

— Urbanization: large-scale global investments in infra-
structure development provide additional stimulus to the
copper market;

— Copper produced by electrowinning (EW) consistently
meets international LME Grade A standards (99.99% purity),
enabling producers to market the product directly to end
users without intermediate processing stages.

In several regions (for example, in Africa, including the
Democratic Republic of the Congo), hydrometallurgical
operations have demonstrated significant production growth,
particularly against the backdrop of new project commission-
ing and capacity expansions [1, 5].

The key advantages of SX-EW technology include rela-
tively low capital and operating costs, simplicity of process
flowsheets and equipment design, and the possibility of repro-
cessing waste dumps previously considered uneconomic.
However, the technology also has significant drawbacks: it is
characterized by long metal recovery cycles that may extend
over months or even years, as well as strong dependence on
climatic conditions and the permeability of the ore heap [6, 7].

Global copper production is concentrated in several key
regions [8]:

1). Chile — the undisputed world leader in both reserves
and copper production. In 2023, the country’s output
amounted to approximately 5 million tonnes.

2). Peru — ranks second globally, with production of 2.6
million tonnes.

3). China — produces about 1.7 million tonnes of copper.
It should be noted that China is not only a major producer
but also the world’s largest consumer.

4). United States — the U.S. mining sector produces ap-
proximately 1.1 million tonnes of copper annually. A signifi-
cant share originates from operations in Arizona, where SX-
EW technology has historically been widely applied for the
processing of oxidized ores.

5). Russian Federation — consistently ranks among the top
five global refined copper producers. Russian enterprises ac-
count for approximately 4.8% of total world output, highlighting
the region’s importance in maintaining global supply balance.

6). Democratic Republic of the Congo (DRC) — the fast-
est-growing region. The DRC reached second place globally
in copper mine production (3.3 million tonnes in 2024). The
principal contribution comes from the large-scale Kamoa-
Kakula and Tenke Fungurume projects.

3. Results and discussion

3.1. Process flowsheets and key stages of heap leaching

Solvent extraction (SX) in copper hydrometallurgy is the
process of recovering metal ions from pregnant leach solu-
tions (PLS) generated during leaching and concentrating
them into an electrolyte suitable for subsequent elec-
trowinning (EW). The essence of the method lies in a re-
versible chemical reaction between the aqueous phase and an
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organic reagent (extractant) dissolved in a diluent. The pro-
cess proceeds in two main stages:

Extraction. Contact between the pregnant leach solution
(PLS) and the organic phase, during which copper ions trans-
fer into the organic phase, replacing hydrogen ions of the
extractant.

Stripping (re-extraction). Contact of the loaded organic
phase with a strong sulfuric acid solution, resulting in the
transfer of copper back into the aqueous phase, thereby pro-
ducing a purified and concentrated electrolyte suitable for
cathode production.

The overall L-SX-EW process chain, including leaching,
solvent extraction, stripping, and electrowinning, is shown in
Figure 1. The extraction—stripping reaction can be expressed
as follows:

CuSOs(aqueous) + 2RH(org.) = CuRz(org.) + H2SO4 1)
Aqueous phase Organic phase Aqueous phase
| by 3! |
| Leaching | Solvent Extraction Stripping I Electrowinning
1 il I |

Aqueous phase Organic phase Aqueous phase

Figure 1. Process flowsheet of the L-SX—EW process chain

The selection of the process and equipment configuration
for solvent extraction is determined by the copper concentra-
tion in the initial pregnant leach solution (PLS) and the re-
quired degree of recovery. During the life of a deposit and
throughout the heap leaching process, the composition of the
pregnant solution inevitably changes. At the initial stages,
the solution typically contains higher concentrations of readi-
ly leachable components. As the reserves are depleted, how-
ever, the chemical composition of the minerals within the
heap changes. As a result, the concentration of recoverable
components in solution gradually decreases, and undesirable
or secondary components may begin to appear. Changes in
the composition of the pregnant solution represent one of the
key factors influencing the dynamics of metal recovery from
ores and the overall efficiency of the heap leaching process.
Considering the combined impact of these factors, modifica-
tion of the process flowsheet may become necessary [9, 10].

In modern practice, several basic solvent extraction con-
figurations are used, each offering specific operational ad-
vantages. Series extraction configuration (2E — 1S) (Figure 2).

Advance
Electrolyte

]

Pregnant leach solution (PLS) sequentially passes through
several extraction stages (E1 and E2), contacting the organic
phase, generally in a counter-current arrangement. One of the
key features of this configuration is ensuring the maximum
possible copper recovery from the Pregnant leach solution
(PLS) (approximately 90%) through deeper depletion of the
aqueous phase at the second extraction stage. The efficiency of
copper transfer can be enhanced by adding extraction and
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Figure 2. Sequential extraction circuit
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stripping stages to the circuit, increasing the extractant concen-
tration, or modifying the relative flow rates of the organic and
aqueous phases (O/A ratio). Depending on PLS characteristics
(pH, copper concentration, impurities), up to three extraction
stages and two stripping stages may be applied.

To increase copper production capacity, the standard se-
quential extraction circuit may be replaced with a parallel or
combined configuration (Figures 3 and 4).

PLS

Raff

PLS

Raff

PLS

Raff

" Spent

Electrolyte
Advance
Electrolyte

:

E1 E2 E3 S
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Figure 3. Parallel extraction circuit
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Figure 4. Sequential-parallel extraction circuit

In this example, the Pregnant leach solution (PLS) is fed
in parallel to the mixers of both extraction stages, while the
organic phase flow remains the same as in the sequential

Table 1. Brief characteristics of extraction circuits
Criterion Sequential extraction circuit

Operating princi- Aqueous and organic phases move in full

ple counter-current flow through all stages.
Maximum, as it enables ~90% copper

recovery from the pregnant leach solution

Recovery (PLS) due to deep depletion at the second

stage.

PLS flow rate Limited. The entire solution volume must

capacity pass through each stage.

Copper concentra- Suitable for medium concentrations

tion in PLS (2-5 g/L Cu in pregnant leach solutions).

Examples of Zaldivar Mine (Chilie)

application

3.2. Factors affecting process efficiency

The efficiency of the hydrometallurgical «leaching — sol-
vent extraction — electrowinning» (L-SX-EW) technology is
determined by a combination of physicochemical and pro-
cess parameters. Primary importance is attributed to the min-
eralogical composition of the feed ore, which dictates the
leaching regime selection and predetermines the kinetics of
valuable metal transfer into the pregnant leach solution
(PLS). However, as noted by researchers, an equally critical
factor is the accumulation of impurity elements in circulating
solutions, such as iron, manganese, chloride, and silica [13].

The presence of these components not only reduces extrac-
tion selectivity but also accelerates degradation of the organic
phase, leading to increased operating costs and reduced cath-
ode metal purity. The mineral composition of the primary raw

Parallel extraction circuit

The PLS stream is split and fed simultane-
ously to different extraction stages.

Lower. The solution contacts the organic
phase only once, resulting in higher copper
content in the raffinate.

Maximum. Allow processing of up to twice
the PLS volume.
Effective for very low-grade solutions when
maintaining high flow rates is required.
Used as a temporary measure for capacity
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scheme. This arrangement allows the same circuit to process
twice the PLS flow rate, provided that the extractant concen-
tration can be increased to transfer the additional copper. As
a result, the overall rate of copper transfer from the PLS to
the electrowinning circuit can be increased. Implementing
parallel flow in the circuit is a cost-effective way to enhance
the productivity of an existing sequential-type plant. Plants
are often converted from sequential to parallel or sequential-
parallel configurations toward the end of the mine life [11].

Washing of the organic phase with water is an auxiliary
operation in the solvent extraction process, positioned be-
tween the extraction and stripping stages. The primary pur-
pose of this stage is to remove entrained aqueous phase and
associated impurities that are carried by the organic phase
from the pregnant leach solution (PLS) obtained by heap
leaching.Under copper SX-EW conditions, the organic phase
after extraction typically contains mechanically entrained
PLS, including iron and manganese ions, chlorides, and other
undesirable components that may adversely affect subse-
quent process stages and the quality of the electrolyte for
electrowinning.

The organic phase washing is carried out by contacting it
with a weak aqueous solution in a separate mixer-settler unit
or a dedicated wash cell. As a result of this contact, both the
mechanically entrained aqueous phase and a portion of impuri-
ties loosely held in the organic phase are removed. This signif-
icantly reduces the transfer of undesirable components to the
stripping stage and subsequently to the EW electrolyte [12].

The selection of a specific extraction circuit is a com-
promise between the depth of metal recovery and the plant
throughput in terms of solution flow rates. For a clear com-
parison of the advantages and disadvantages of sequential,
parallel, and hybrid configurations, a summary table has been
prepared (Table 1), reflecting the specifics of their applica-
tion under various operating conditions.

Sequential-parallel extraction circuit

Combination scheme: part of the PLS
passes through one stage, while another part
passes through two extraction stages.

Adjustable. Provides a balance between
recovery depth and processing volume.

High. Optimal for plants increasing
throughput while copper grades decline.
Optimal when copper concentration in ore
decreases over time.

Morenci Mine (USA); Aktogay (Kazakh-
stan); Kansanshi Mine (Zambia)

expansion.
material establishes the foundation for the entire process chain.
Minerals determine which copper-bearing phases are available
for leaching, how readily they dissolve, which by-products
will enter the PLS, and the overall chemical environment of
the solution. Different minerals exhibit varying solubility in
sulfuric acid. For example, copper carbonates such as Mala-
chite and Azurite dissolve readily, whereas minerals such as
Chrysocolla, Cuprite, and Tenorite require higher sulfuric acid
concentrations. Secondary sulfides may be leached in the
presence of strong oxidants such as ferric sulfate (Fe**), while
Chalcopyrite is the most refractory among common copper
minerals [14, 15]. Gangue minerals also exert a significant
influence. For instance, high contents of Calcite and Dolomite
(typical of mixed ores in the Republic of Kazakhstan) lead to
excessive sulfuric acid consumption.
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The pregnant leach solution (PLS) derived from heap or
tank leaching and fed to the solvent extraction stage represents
a multicomponent system. In addition to copper ions (Cu?"),
the solution almost invariably contains impurities capable of
significantly affecting extraction selectivity, organic phase
stability, and electrolyte quality in the electrowinning (EW)
stage. The most common impurities in PLS include iron
(Fe**/Fe**), manganese (Mn?Y), aluminum (AI®**), calcium
(Ca?*), magnesium (Mg?"), chlorides, silicic acid, and colloidal
particles. Their presence may result in both direct losses in SX
efficiency and indirect operational issues related to organic
degradation and electrolyte contamination [16].

The presence of ferric iron (Fe®) reduces current effi-
ciency during electrowinning, as it is continuously reduced at
the cathode and oxidized at the anode. Although modern
oxime extractants exhibit high selectivity toward copper, Fe3*
may be partially co-extracted or interact with the organic
phase, impairing phase separation and increasing the tenden-
cy for interfacial crud formation [17].

Manganese is typically present in solution as Mn?" and is
scarcely extracted into the organic phase. However, during
electrowinning (EW), it may be oxidized to Mn3* or Mn**
species, which are strong oxidants. These compounds can
accelerate degradation of both the extractant and the diluent,
shortening organic phase life and increasing reagent losses.

The presence of chloride ions in PLS, and especially in
the EW electrolyte, is considered a critical factor limiting
process stability. Chlorides accelerate equipment corrosion,
promote the formation of undesirable gaseous by-products
during electrolysis, and impair cathode copper quality.

Colloidal particles of silicic acid, clay minerals, and met-
al hydrolysis products play a particular role in impairing SX
circuit performance. They are capable of stabilizing emul-
sions. The accumulation of such impurities leads to increased
phase separation time, higher organic phase losses, and over-
all plant instability [18].

3.3. Industrial implementation of L-SX-EW processes in
the processing of copper ores in kazakhstan

The transition to industrial implementation of L-SX-EW
technology marked a turning point for the copper industry of
Kazakhstan, enabling the development of off-balance and
refractory oxidized ore reserves. To date, the successful opera-
tion of hydrometallurgical complexes at the country’s largest
deposits confirms not only the technical reliability of the flow-
sheet but also its strategic importance in maintaining national
competitiveness in the global cathode copper market.

3.3.1. Aktogay

The Aktogay deposit is the largest hydrometallurgical
processing site for oxidized copper ores in the Republic of
Kazakhstan and one of the most large-scale examples of
industrial heap leaching implementation. Aktogay is a major
porphyry copper deposit, where SX-EW technology was
first introduced to process the oxidized «cap» overlying the
primary sulfide ore body.

The first cathode copper from oxidized ore was produced
in December 2015. The design capacity of the SX-EW facili-
ty is approximately 25,000 tonnes of copper per year from
the oxide zone. This SX-EW complex became an essential
component of the overall production strategy, as it enabled
the integration of hydrometallurgy for processing low-grade
oxidized ores that are inefficiently treated by conventional
concentration methods [19].
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At Aktogay, a multi-line extraction system is employed.
Given the enormous volumes of circulating pregnant leach
solution (PLS), the plant operates under a flexible configura-
tion combining sequential and parallel extraction circuits
(Figure 4). This approach ensures high productivity even
under seasonal fluctuations in copper concentration in the
PLS [20].
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Figure 4. SX-EW Flowsheet of the Aktogay Mining and
Processing Plant
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By 2026, the depletion of oxidized ore reserves posed a
significant threat to the continued operation of the oxide
plant at Aktogay, implying a potential full shutdown of the
production cycle — from heap leaching on active pads to
cathode copper production. In order to extend the operational
life of the facility, management initiated the search for
innovative approaches to processing alternative feed
materials, including off-balance ores and technogenic waste.

Conventional intensification methods, such as the use of
percolation columns or agitated tank leaching, were rejected due
to the enormous volumes of already stacked material. Under-
ground leaching technology was also considered impractical
given the open-pit mining configuration of the deposit.

The most promising development pathway identified was
bioleaching, based on the activity of specialized
microorganisms. This technology enables efficient recovery
of valuable components from low-grade and mixed ores
directly within existing heaps, minimizing capital
expenditures for plant retrofitting. The implementation of
bacterial leaching is regarded as a strategic solution capable
not only of revitalizing the oxide plant’s production capacity
but also of significantly improving the overall resource
efficiency of the Aktogay deposit in the long term [21].

3.3.2. Kounrad

The Kounrad project is unique not only for Kazakhstan
but also in global practice. It represents one of the few suc-
cessful and highly profitable examples of reprocessing his-
toric technogenic dumps accumulated over decades (since
the 1930s) of operation at the Kounrad copper mine. Histori-
cally, the Kounrad copper deposit was developed in the early
20th century, resulting in the formation of substantial waste
rock dumps with relatively low copper grades (0.3% Cu).

The project was launched during 2010-2012, with the first
cathode copper produced in April 2012. The initial SX-EW
plant capacity was about 10 thousand tonnes of cathode copper
per year. In subsequent years, production capacity was ex-
panded: by 2015, additional extraction and electrowinning
circuits were commissioned, increasing annual output to ap-
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proximately 14 thousand tonnes of copper. The final product is
MOOK-grade cathode copper with a purity of at least 99.99%
Cu, supplied both to the domestic market and for export [22].

The Kounrad project has earned a strong reputation for
economic efficiency, as dump reprocessing requires relative-
ly low capital and operating costs compared to conventional
mining and concentrator complexes. As of the mid-2020s,
cumulative cathode copper production since commissioning
amounts to hundreds of thousands of tonnes, and the project
is expected to remain in operation at least until 2034, pro-
cessing significant volumes of copper-bearing material re-
maining from historical mining.

The dump material consists of oxidized copper ore with
the following composition (%): 1.46 Fe; 0.17 S; 76.32 SiOy;
11.86 Al;,0s; 0.17 CaO; 0.13 MgO; 0.002 Zn; 0.001 Pb.
Copper minerals are represented by approximately 76%
oxide compounds, 13% secondary sulfides, 10.6% primary
sulfides, and 0.4% sulfates. The maximum lump size in the
dumps ranges from 0.6 to 1 m.

By 2025, the Kounrad dumps remain an economically vi-
able source of copper. The company estimates remaining
resources sufficient to sustain production at least until 2034.
Copper recovery from the Eastern Dumps is estimated at
approximately 45-50%, while recovery from the Western
Dumps ranges from about 35-42% of the theoretical metal
content [23, 24]. The Kounrad project became the first full-
scale industrial SX-EW operation in Kazakhstan based on
hydrometallurgical copper recovery from dump bodies,
demonstrating the technological and economic viability of
the flowsheet for low-grade copper resources.

3.3.3. Almaly

The Almaly deposit represents one of the most interesting
and technically challenging cases for hydrometallurgy in
Kazakhstan. Unlike Aktogay, where processes are already
scaled up and well established, Almaly is frequently refer-
enced in scientific studies as a site characterized by «com-
plex» ores requiring non-standard approaches to solution
purification.

The Almaly copper deposit is located in the Shetsky Dis-
trict of the Karaganda Region, approximately 150 km from
the regional center. The resource potential is significant,
amounting to about 30 million m® of ore. Since the end of
2018, a hydrometallurgical complex operated by Sary-Arka
Copper Processing has been in operation at the site. The
enterprise specializes in cathode copper production via heap
leaching, producing up to 10 thousand tonnes of high-grade
copper annually, primarily for export markets [25].

The technological scheme at Almaly is as follows: after
heap leaching, copper is transferred into the pregnant leach
solution (PLS), from which it is subsequently recovered by
solvent extraction (SX) using organic extractants. The selec-
tion of the optimal extractant composition and operating
conditions is a key task for this project.

Research has shown that from Almaly PLS (with Cu con-
centrations of approximately 0.26-2.35 g/dm?), the most effec-
tive extractant for selective copper recovery under laboratory
conditions was Acorga 5640 at a concentration of about 5%,
providing copper recovery of up to ~94%. Other extractants,
such as LIX 984N and Acorga 5910 / Acorga 5747, also
demonstrated high selectivity; however, under the given condi-
tions, Acorga 5640 proved to be optimal. This finding is im-
portant for designing efficient industrial SX-EW flowsheets
tailored to the specific composition of Almaly PLS [26].
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Recent publications indicate that, based on the current ore
base, approximately 4.43 million tonnes of ore per year are
planned to be processed to produce around 9 thousand tonnes
of cathode copper annually, with potential for further capaci-
ty increases as infrastructure and technology develop [27].

At this deposit, a range of technological challenges has
been identified, primarily associated with impurity compo-
nents such as iron (Fe) and silica (SiO,). These impurities
may impair phase separation, promote crud formation, and
negatively affect the quality of produced copper. Addressing
these issues requires integrated technological solutions and
strict control of SX—EW operating parameters [28].

3.3.4. Ayak-Kodjan

The Ayak-Kodjan deposit is located in the Ekibastuz Dis-
trict of the Pavlodar Region of the Republic of Kazakhstan,
forming part of the regional copper belt. The project was de-
veloped by Eurasia Copper Operating with the objective of
exploiting oxidized and low-beneficiation-grade ore bodies.
These ores are traditionally difficult to process by flotation but
are well suited for hydrometallurgical copper recovery [29].

At Ayak-Kodjan, a full production cycle of Grade A
cathode copper was implemented based on the L-SX-EW
flowsheet, with a production capacity of approximately 2.5
thousand tonnes of cathode copper per year (as of June
2014). However, according to the latest available infor-
mation, production at the site is currently suspended.

3.3.5. Borly

The Borly deposit is located in the Aktogay District of
the Karaganda Region of the Republic of Kazakhstan, ap-
proximately 30 km from the city of Balkhash and near the
Balkhash—Kounrad railway line. It belongs to the copper—
molybdenum (Cu—Mo) ore type, with the presence of both
copper sulfide and oxide minerals. Historically, Borly has
been recognized in geological exploration sources as a per-
spective copper (and molybdenum) deposit with moderate
metal grades [30].

In the 2020s, a hydrometallurgical plant for the produc-
tion of cathode copper using the SX—EW process was con-
structed and officially commissioned at the Borly deposit
with the participation of Irkaz Metal Corporation. According
to an official press release of the Government of the Republic
of Kazakhstan, the enterprise in the Karaganda Region has a
design capacity of 5 thousand tonnes of cathode copper per
year and is expected to create approximately 140 jobs.

Production is carried out using a modern hydrometallur-
gical SX-EW cycle — from acid leaching to electrolytic dep-
osition of high-purity M0Ok-grade cathode copper [31].

The annual ore consumption amounts to approximately
2.5 million cubic meters, equivalent to about 4.575 million
tonnes. This volume ensures the stability and continuity of
the production process, enabling the plant to achieve its
planned output targets. The enterprise operates around the
clock in two 12-hour shifts, using a rotational work schedule
with 15-day shifts [32].

3.3.6. Berkarinskoye

The Berkarinskoye deposit is located in the East Kazakh-
stan Region of the Republic of Kazakhstan, approximately
350 km east of the city of Karaganda and in proximity to
Semey. It represents an industrially significant copper ore
project where an integrated mining and processing scheme
based on the L-SX-EW flowsheet is being implemented.
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The project has been developed by Arx Minerals through
its subsidiary Nouvelle Mining. The mineral reserves have
been registered on the state balance of Kazakhstan in accord-
ance with the JORC Code classification (2012 edition).

The estimated annual production parameters include min-
ing of approximately 600 thousand tonnes of ore and produc-
tion of about 5 thousand tonnes of cathode copper per year.
The projected mine life is 8-9 years, with potential extension
subject to reserve expansion.

The nearest settlements are the villages of Algabas (ap-
proximately 9.5 km north of the site) and Kaynar (approxi-
mately 40 km east). The region is characterized by a sharply
continental climate, with short hot summers and long severe
winters, which significantly influences logistics and the
technological organization of production, particularly heap
leaching operations and solution management [33].

As of the end of 2024, public hearings were also con-
ducted regarding environmental aspects of operations at the
«North Berkara» site, which forms part of the Berkarinskoye
deposit. This process is a mandatory stage for obtaining an
Environmental Impact Permit (EIP/ERV). The hearings ad-
dressed geological boundaries, ore body characteristics, and
planned exploration activities, including drilling and chemi-
cal-analytical studies [34].

3.4. The role of VNIItsvetmet in the development of
hydrometallurgical technologies for processing oxidized
and mixed copper ores in Kazakhstan

The establishment of a scientific and methodological
framework for applying solvent extraction technologies to
the processing of Kazakhstan’s mineral resources began at
VNIItsvetmet in 1997. Research activities were carried out
under long-term programs aimed at introducing environmen-
tally safe hydrometallurgical solutions for oxidized and
mixed non-ferrous metal ores.

A significant milestone was international scientific and
technical cooperation between the Republic of Kazakhstan
and Japan, through which the institute obtained an automated
pilot-scale plant. This facility enabled large-scale testing of
beneficiation and hydrometallurgical processes under condi-
tions close to industrial operation.

In subsequent years, comprehensive studies were con-
ducted on more than twenty copper deposits across Kazakh-
stan, including Aktogay, Kounrad, Benkala, Zhezkazgansko-
ye, Borly, Ayak-Kodjan, Ai, Vavilonskoye, Karchiga,
Almaly, and Berkarinskoye Deposits. These deposits are
characterized by diverse geological, mineralogical, and tech-
nological parameters.

The research results formed the basis for the development
of design regulations for approximately fifteen industrial
facilities. As a result, a practice-oriented model was estab-
lished for adapting the L-SX—EW technology to raw materi-
als with low to moderate copper grades and varying gangue
mineral compositions.

One of the earliest examples of industrial validation was
the processing of tailings from the Kounrad mine. Despite
the extremely low copper content in the feed material (0.1-
0.2%), the favorable mineralogical composition (predomi-
nantly quartz) resulted in relatively low sulfuric acid con-
sumption and limited impurity accumulation in pregnant
leach solutions. Based on these studies, a technological regu-
lation was developed, leading to the commissioning in 2008
of the country’s first solvent extraction facility operating on
technogenic raw materials.
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Based on research conducted at VNIItsvetmet, recom-
mendations were also developed for implementing the L—
SX-EW technology at the Benkala deposit. The proposed
flowsheet was subsequently successfully introduced into
industrial operation.

A new stage in technological development was associated
with the exploitation of oxidized ores at the Aktogay deposit.
This site is characterized by significant variability in material
composition (volcanogenic formations, porphyry and gran-
odiorite varieties) with an average copper grade of approxi-
mately 0.3%. Research findings from 2007-2013 were used
in developing industrial process solutions by KAZ Minerals
PLC (formerly Kazakhmys PLC) for heap leaching followed
by solvent extraction and electrowinning. The commission-
ing of the plant in 2015 and achievement of a design capacity
of about 25 thousand tonnes of cathode copper per year con-
firmed the technological feasibility and economic efficiency
of the selected solutions.

In 2016-2017, VVNIltsvetmet conducted research on heap
leaching of oxidized copper ores from the Almaly deposit in
the Karaganda Region. The studies demonstrated the necessi-
ty of a more complex technological configuration due to low
copper grades and specific mineralogical characteristics. The
developed process procedure included three-stage crushing,
increased sulfuric acid consumption (up to 12 kg/t), and an
extended leaching period combined with parallel solvent
extraction of solutions. Implementation of these solutions at
Sary-Arka Copper Processing enabled the launch of cathode
copper production with a capacity of up to 10 thousand
tonnes per year. The plant was commissioned in 2018.

Further expansion of L-SX—EW application in Kazakh-
stan is associated with the commissioning in 2022 of a hy-
drometallurgical facility operated by KAZ Metal Corporation
for processing ores from the Borly deposit (Karaganda re-
gion). The design capacity of the facility is up to 5 thousand
tonnes of cathode copper per year. Between 2017 and 2022, a
comprehensive research program was completed for pro-
cessing oxidized and mixed ores from the Berkarinskoye
Deposit (East Kazakhstan), culminating in the development
of a technological regulation and subsequent industrial im-
plementation of the project by Arx Minerals in 2023 [35].

4. Conclusions

The conducted review has demonstrated that heap leaching
followed by selective solvent extraction and electrowinning of
copper (L-SX-EW) represents one of the most efficient and
economically justified approaches for processing oxidized and
mixed copper ores in the Republic of Kazakhstan. The wide-
spread industrial implementation of this technology is driven
by the substantial resources of low-grade copper ores, the
specific features of their mineralogical composition, and the
possibility of incorporating technogenic formations and previ-
ously uneconomic reserves into production.

Analysis of mineralogical factors and pregnant leach so-
lution composition indicates that the efficiency of L-SX-EW
processes is largely determined by ore material composition,
the nature of copper-bearing minerals, the ratio of gangue
phases, and the presence of impurity components. Miner-
alogical differences between oxidized and mixed ores, as
well as variability in iron, aluminum, manganese, silicon,
and other element contents, significantly influence leaching
kinetics, reagent consumption, organic phase stability, and
copper extraction selectivity.
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Industrial practice in Kazakhstan at deposits such as Ak-
togay, Kounrad, Almaly, Borly, and Berkarinskoye Deposit
confirms that even with low copper grades in the feed mate-
rial, acceptable recovery rates and high-purity cathode cop-
per production can be achieved, provided that appropriate
technological schemes, crushing parameters, leaching re-
gimes, and extraction conditions are selected. A key factor in
successful project implementation is the adaptation of tech-
nological solutions to the specific geological and mineralogi-
cal conditions of each deposit.

A special role in the development of hydrometallurgical
copper processing technologies in Kazakhstan belongs to
VNIltsvetmet, which for several decades has carried out
comprehensive research and pilot-scale studies in heap leach-
ing and solvent extraction.

Overall, the results of this review indicate that further devel-
opment of the L-SX—EW technology in Kazakhstan is associat-
ed not only with expansion of the resource base through the
inclusion of new deposits and technogenic materials, but also
with improvement of solution quality control methods, reduc-
tion of organic phase losses, enhancement of extraction selec-
tivity, and increased stability of operating regimes.
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Ka3akcTaH KeH OpbIHAAPbIHBIH MbIC KeHAEPIH 6HAeY Ke3iHjae
L-SX-EW koaaany Toxipubeci

H. Sxymes”
«KP MLLIKKO ¥O» PMK «BHUWysemmem» unuanvt, Ockemen, Kasaxcman
*Koppecnonoenyus ywin asmop:. nikita.yakushev2112@mail.ru

Angarma. Makanajga oneMaiK jKOHE OTaHIBIK MBIC ©HEPKICiOl KOHTEKCTiHACTr yilMene mraiimManay, CYHBIK dKCTpaKIHs
sxkoHe nekTpon3 (L-SX-EW) TeXHOIOTHACHIHBIH Ka3ipTi KaFqailbiHa aHATNTHKAIBIK Moy Oepinred. LIsFpic sxoHe OpTanbiK
Ka3zakcraHHBIH ipi KeH OpbIHAApBIH Koca anFaHia, Kazakcran PecryOnuKachIHBIH MUHEPANABIK-IINKi3aT 0a3ackl TalJaHFaH.
OKcTpakius chi30anapblHa, MHUHEPAIOTHSUIBIK KYpaMHBIH OCepiHe, COHIOal-aK TOTHIKKAH JKQHE apajac MBIC KEeHAEPiH
OHJeYyJlerl  TEeXHOJOTWSUIBIK  KUBIHABIKTapFa  Hazap  aynapbuiipl.  «BHWMuBermer»  MHCTUTYTHIHBIH — OHIPIIH
THAPOMETAITYPIHSCHIH KaJbINTACTBIPYAaFbl Tapuxu peii OasHpanipl. JKymbeic Ka3akcTaHHBIH MBIC cajachlHBIH Oacekere
KaOIJeTTUINH KoJJay YIIIH OHBIH MaHBI3JBUIBIFBIH pacTail oTwipbin, L-SX-EW mponeciHiH arbIMJarbl TEXHOJIOTHSIBIK
chI30aapbl MEH THIMILTIK (akTopiapsl Typalibl IepeKTep/ai XKyheneii.

Hezizzi co30ep: mvic, ylimede wanumaniay, CYuvlk dKcmpaxyus), 21ekmponus, Kazaxcmaunvly Munepanovi-uuxizam
basacvl, MOMbIKKAH MbIC KeHOepi.

IIpakTuka npumenenus L-SX-EW npu nepepadoTke MeIHbIX Py
MecTopoxaeHud Kazaxcrana

H. SIxymes”
Qunuan PI'TI « HL] KIIMC PK» « BHUWysemmem», Ycmo-Kamenoeopck, Kazaxcman
*Aemop ons koppecnondenyuu: Nikita.yakushev2112@mail.ru

AHHoTanusl. B craThe npeicTaBiIeH aHaIUTHYECKUI 0030p COBPEMEHHOI'O COCTOSIHUSI TEXHOJIOTMH KYYHOTO BbIIIEIa4HBa-
HHSL, JKHJIKOCTHO# dKCcTpakuuu U anekTposinsa (L-SX-EW) B koHTekcTe MUPOBOIA M OTEUECTBEHHOW MEIHOW MPOMBIIIICHHO-
ctu. [IpoaHannsnpoBaHa MHHEpaJIbHO-ChIpbeBasi 0a3za PecryOmiku Kazaxcran, BKiIodas KpyIHbIE MeCTOpPOXIeHUsT Bocrou-
Horo u LlenTpansHoro Kazaxcrana. Y ieneHo BHUIMaHHE cXeMaM SKCTPAKINH, BIMSHUIO MHHEPAJIOTMYECKOTO COCTABa, a TAKXKE
TEXHOJIOTHYECKHM BBI30BaM IIPH NEepepadOTKe OKHMCIEHHBIX M CMELIaHHBIX MEAHBIX pyaA. OcBelleHa HCTOpUYecKasl posib MH-
cruryta « BHUMuBermMer» B CTaHOBICHNH THIPOMETAJUTYpPTriH peroHa. PaboTta cucreMaTusupyeT TaHHbIE O TEKYIINX TEXHO-
JOTHYECKUX cxemax W Qaxropax sdpdextuBHOCTH mponecca L-SX-EW, moxarBepxaas ero 3Ha4MMOCTH [UIS MOJEPKaHUS
KOHKYPEHTOCHOCOOHOCTH MetHOH oTpaciu KazaxcraHa.

Kniouegvie cnosa: meow, Kyunoe eviyenavusanue, JICUOKOCMHAS IKCMPAKYUs, INeKMPOIU3, MUHEPAIbHO-Cbipbesas 6a3a
Kasaxcmana, okucnennvie meonuvle pyoul.
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