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Abstract: This study presents the results of oxidative leaching of chalcopyrite (CuFeS2) and pyrite (FeS2) in a sulfuric acid medium at low 

temperature in the presence of copper (Cu2+) and iron (Fe3+) ions. Using orthogonal experimental design, the optimal conditions were 

identified to maximize sulfide matrix decomposition and valuable metal recovery. Experiments were conducted at a constant temperature 

of 100 °C. The parameters investigated included partial oxygen pressure (0.2–0.75 MPa), concentrations of sulfuric acid (10–50 g/dm3), 

Fe3+ ions (2–10 g/dm3), Cu2+ ions (1–3 g/dm3), and leaching time (60–240 min). The composition of the feed minerals and leach products 

was analyzed by X-ray f luorescence (XRF) analysis, X-ray diffraction (XRD) analysis, and atomic absorption spectrometry (AAS). Maximum 

copper recovery from chalcopyrite (55 %) was achieved under the following conditions: O2 partial pressure of 0.25 MPa, initial concentrations 

of H2SO4 – 50 g/dm3, Cu2+ – 1 g/dm3, Fe3+ – 2.5 g/dm3, and leaching time – 240 min. The maximum degree of pyrite oxidation (56 %) was 

obtained at an O2 partial pressure of 0.75 MPa, initial concentrations of H2SO4 – 50 g/dm3, Cu2+ – 2 g/dm3, and Fe3+ – 10 g/dm3. The results 

showed that leaching time and oxygen pressure have the greatest effect on chalcopyrite and pyrite decomposition (p < 0.05). The interaction 

between Fe3+ and Cu2+ ions was also established: excess Fe3+ (>10 g/dm3) leads to hydrolysis and decreases chalcopyrite leaching efficiency, 

whereas Cu2+ promotes partial formation of secondary copper sulfides. Regression equations (R2 = 0.98 for chalcopyrite and R2 = 0.96 for 

pyrite) were derived, providing an adequate description of the process.
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Аннотация: В работе представлены результаты исследования процессов окислительного выщелачивания халькопирита (CuFeS2) 

и пирита (FeS2) в серно-кислой среде при низких температурах с добавлением ионов меди (Cu2+) и железа (Fe3+). Методом орто-

гонального планирования эксперимента установлены оптимальные условия процесса, обеспечивающие максимальную степень 
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Introduction

Sulfide minerals, particularly chalcopyrite (CuFeS2) 

and pyrite (FeS2), are of significant interest in modern 

hydrometallurgy as the main sources of non-ferrous 

and noble metals. However, their processing presents 

substantial technological challenges due to the high 

chemical stability of the sulfide matrix. Conventional 

pyrometallurgical methods are characterized by high 

energy consumption and the release of toxic gaseous 

emissions, which highlights the need for the deve-

lopment of more environmentally friendly and eco-

nomically efficient hydrometallurgical technologies 

[1—3].

Recent trends in the hydrometallurgy of non-ferrous 

metals demonstrate growing interest in the creation of 

energy-efficient methods for processing sulfide raw ma-

terials [4—10].

In recent years, autoclave hydrometallurgy has seen 

a shift toward the development and implementation 

of low-temperature mineral processing techniques 

[11—14]. This direction is of particular scientific and 

practical interest, as it makes it possible to signifi-

cantly optimize both technological and economic 

performance indicators. Conducting leaching pro-

cesses at low temperatures (60—110 °C) under either 

atmospheric or autoclave conditions can reduce energy 

consumption, simplify process equipment, and enable 

the oxidation of sulfur predominantly to its elemen-

tal form compared to conventional high-temperature 

autoclave processes [15]. However, during oxidative 

деструкции сульфидной матрицы и извлечение ценных металлов. Эксперименты проводились при постоянной температуре 

100 °C. Исследовались следующие параметры: парциальное давление кислорода (0,2–0,75 МПа), концентрации серной кислоты 

(10–50 г/дм3), ионов Fe3+ (2–10 г/дм3) и Cu2+ (1–3 г/дм3), а также продолжительность процесса (60–240 мин). Состав исходных 

минералов и продуктов выщелачивания анализировали методами рентгеноспектрального флуоресцентного анализа, рентгено-

фазового анализа и атомно-абсорбционной спектрометрии. Установлено, что максимальное извлечение меди из халькопирита 

(55 %) достигается при следующих условиях: парциальном давлении O2 – 0,25 МПа, исходных концентрациях H2SO4 – 50 г/дм3, 

Cu2+ – 1 г/дм3, Fe3+ – 2,5 г/дм3, продолжительности процесса – 240 мин. Максимальная степень окисления пирита составила 

56 % при парциальном давлении кислорода 0,75 МПа, исходных концентрацииях H2SО4 – 50 г/дм3, Cu2+ – 2 г/дм3 и Fe3+ – 10 г/дм3. 

Установлено, что продолжительность и давление кислорода оказывают наиболее значимое влияние на степень разложения халь-

копирита и пирита (p < 0,05). Выявлены особенности взаимодействия ионов Fe3+ и Cu2+: избыток Fe3+ (>10 г/дм3) приводит к 

гидролизу и снижению эффективности выщелачивания халькопирита, тогда как Cu2+ способствует частичному образованию 

вторичных сульфидов меди. Выведены уравнения регрессии (R2 = 0,98 для халькопирита и R2 = 0,96 для пирита), адекватно опи-

сывающие процесс.
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leaching of sulfide minerals, the formation of elemen-

tal sulfur leads to the development of passivating layers 

on particle surfaces, which substantially slows down 

the reaction. 

Modern approaches to addressing this issue involve 

a range of technological solutions that combine differ-

ent process intensification methods. The most common 

techniques include preliminary mechanochemical ac-

tivation in mills, which generates a defect-rich crystal 

structure, as well as the use of surfactants and catalytic 

additives (Ag+, Cu2+, Fe3+ ions) that destabilize sulfur 

films by modifying their morphology and increasing 

the porosity of the passivating layer [16—18]. Studies 

[19—21] have demonstrated that the addition of silver 

during chalcopyrite leaching with ferric sulfate solutions 

significantly enhances the leaching process, resulting in 

shorter leaching times and higher copper recovery into 

solution. The low rate of chalcopyrite oxidation by Fe3+ 

is attributed to the formation of a passivating elemental 

sulfur layer, which acts as a barrier to reagent access at 

the mineral surface. This interpretation is supported by 

studies [22; 23], which reported oxidation of sulfide con-

centrates containing chalcopyrite, sphalerite, and arse-

nopyrite in ferric-containing solutions in the presence of 

pyrite. The authors analyzed the kinetics and proposed 

a mechanism for the interaction of sulfide minerals with 

ferric ions and pyrite.

Experimental studies of the kinetics and mecha-

nisms of chalcopyrite- and pyrite-containing material 
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oxidation under hydrothermal conditions, conducted 

since the 1950s, reveal considerable variation in report-

ed results. These discrepancies arise from differences 

in the mineralogical and chemical composition of the 

feed, process conditions (temperature, oxygen pressure, 

pH, etc.), and methodological approaches to interpret-

ing experimental data. Therefore, the study of sulfide 

raw material processing remains an important research 

objective, especially in view of advances in analytical 

methods and the evolving mineral composition of ores 

being processed. 

In autoclave sulfuric acid leaching, the oxidation of 

CuFeS2 and FeS2 is described by the following principal 

reactions:

2CuFeS2 + 2H2SО4 + 7О2 =

= 2CuSО4 + Fe2(SО4)3 + S0 + 2H2О, (1)

CuFeS2 + H2SО4 + 2.5О2 =

= CuSО4 + FeSО4 + S0 + H2О, (2)

CuFeS2 + 2Fe2(SО4)3 = CuSО4 + 5FeSО4 + 2S0, (3)

CuFeS2 + 4О2 = CuSО4 + FeSО4, (4)

5FeS2 + 4H2SO4 + 4O2 = 5FeSO4 + 9S0 + 4H2O, (5)

FeS2 + 3.5O2 + H2O = FeSO4 + H2SO4, (6)

7FeS2 + 4Fe2(SO4)3 + 4H2SO4 =

= 14FeSO4 + 14S0 + 4H2O, (7)

4FeS2 + 9O2(g) + 4H2SO4 =

= 4 Fe2(SO4)3 + 8S0 + 4H2O, (8)

4FeSO4 + O2(g) + 2H2SO4 = 2Fe2(SO4)3 + 2H2O. (9)

These reactions show that sulfide sulfur in chalcopy-

rite may be oxidized by oxygen to elemental sulfur and 

sulfate ions (reactions (1)—(3)). Ferric ions can also act 

as oxidants, in which case sulfide sulfur is oxidized to 

the elemental state (reaction (4)), while ferrous ions react 

with oxygen to regenerate ferric ions.

Given the significance of this issue, the present 

study focuses on low-temperature oxidative autoclave 

leaching of chalcopyrite and pyrite in a sulfuric acid 

medium with copper (Cu2+) and iron (Fe3+) ions as ca-

talytic additives. The main objective is to determine the 

optimal process parameters (temperature, partial oxy-

gen pressure, sulfuric acid concentration, and catalytic 

additives) that ensure maximum recovery of non-fer-

rous metals. 

Materials and methods

Chalcopyrite and pyrite from the Vorontsovskoye 

and Berezovskoye deposits (Sverdlovsk region, Rus-

sia), respectively, were used as the objects of study in 

low-temperature oxidative autoclave leaching. The 

chemical composition of the minerals (Table 1) was 

determined by X-ray f luorescence (XRF) analysis 

using an ED-XRF spectrometer (EDX-7000, Shimad-

zu, Japan).

Particle size distribution of the minerals was deter-

mined by laser diffraction using a Bettersize ST analyzer 

(Bettersize, China) (Fig. 1). The characteristic chalco-

pyrite particle sizes d10, d50, and d90 are 3.8, 28.8, and 

79.9 μm, respectively. Analysis of the particle size dis-

tribution indicates that the predominant fraction of the 

sample lies within 30—90 μm. The wide gap between d10 

and d90 (>76 μm) confirms a high degree of particle size 

heterogeneity.

For pyrite, the d10, d50, and d90 are 3.41, 14.81, and 

53.77 μm, respectively. Differential distribution analysis 

shows that the main fraction was within 10—45 μm, ac-

counting for more than 50 % of the sample.

The minerals were ground and sieved on laboratory 

screens, after which the working fraction was selected 

with 80 % passing 40 μm.

X-ray diffraction (XRD) analysis was performed 

using an XRD-7000 Maxima diffractometer (Shimadzu, 

Japan). Diffraction data were processed using Match!3 

software with the PDF-2 database and the WWW-

MINCRYST database of minerals and structural ana-

logs. The results are shown in Fig. 2.

XRD analysis of the CuFeS2 and FeS2 samples 

showed minor peaks of silicon dioxide, with concentra-

tions not exceeding 0.5 % in chalcopyrite and 5.1 % in 

pyrite.

To achieve the required initial concentrations of sul-

furic acid, Cu2+, and Fe3+ ions, analytical-grade rea-

Chemical composition of sulfide minerals

Химический состав сульфидных минералов

Mineral
Content, wt. %

Cu Fe S Other

CuFeS2 33.4 32.0 34.1 0.5

FeS2 – 44.1 50.8 5.1
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gents H2SO4, CuSO4·5H2O, and Fe2(SO4)3·9H2O were 

used, dissolved in double-distilled water.

Statistical processing of results was carried out using 

Statgraphics 19 software with Microsoft Excel visualiza-

tion tools. Chemical analysis of the leach products was 

performed by flame atomic absorption spectrometry 

(FAAS) on a NovAA 300 spectrometer (Analytik Jena, 

Germany). Classical titrimetric methods [24] were used 

to determine Fe2+ and residual H2SO4 concentrations in 

the solutions.

Fig. 1. Particle size distribution of chalcopyrite (a) and pyrite (b)

Рис. 1. Результаты гранулометрического анализа халькопирита (а) и пирита (b)

Fig. 2. XRD patterns of chalcopyrite (a) and pyrite (b)

Рис. 2. Дифрактограммы проб халькопирита (а) и пирита (b)
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Leaching experiments were conducted in a sealed 

laboratory autoclave reactor system made of titanium 

alloy (Parr Instrument Company, USA), with a nominal 

volume of 1.0 dm3 and a filling ratio of 0.6. The auto-

clave was equipped with a multifunctional monitoring 

system (temperature sensor, pressure sensor, and stirrer 

rotation speed sensor), a mixing mechanism (electro-

magnetic drive with variable speed control), and an oxy-

gen flowmeter. A distinctive feature of the reactor was 

its ability to introduce reagents during operation without 

depressurization. Temperature control was provided by 

a two-section electric heating system connected to a 

digital PID controller, which maintained the set tem-

perature within ±1 °C. 

Before the experiment, a 20 g sulfide miner-

al sample was weighed on an analytical balance, and 

a 600 cm3 solution containing the required concentra-

tions of H2SO4, Fe3+, and Cu2+ was prepared. After 

loading the slurry, the autoclave was sealed, stirring was 

started, and the pulp was heated to 100 °C. The stirring 

speed was maintained at 800 rpm. Once the target tem-

perature was reached, oxygen was supplied and the ex-

periment start time was recorded. At the end of the test, 

oxygen flow was stopped and the autoclave was cooled 

to 70 °C. The slurry was filtered, the residue washed, and 

dried to constant weight. Solid and liquid samples were 

then prepared for analysis.

Experimental studies were performed according to 

a second-order orthogonal design, including five varia-

ble factors at a fixed process temperature of 100 ± 1 °C, 

which prevents elemental sulfur melting. This tempera-

ture regime was selected as a constant parameter for all 

tests.

The independent variables were partial oxygen pres-

sure (0.2—0.75 MPa), initial concentrations of sul-

furic acid (10—50 g/dm3), Fe3+ ions (2—10 g/dm3), 

Cu2+ ions (1—3 g/dm3), and leaching time (60—

240 min). The dependent variables were copper and iron 

recoveries from chalcopyrite and pyrite, respectively.

Results and discussion

To assess the effect of copper and iron ions on chal-

copyrite oxidation in a sulfuric acid medium, the degree 

of CuFeS2 decomposition was plotted as a function of 

time (Fig. 3). In an earlier study [25], the kinetics of cop-

per mineral dissolution, including CuFeS2, were exa-

mined at low temperature and an oxygen pressure 

of 0.15—0.95 MPa, with a particle size of –0.44 μm 

(100 %).

As shown in Fig. 3, in the absence of sulfuric acid 

and ferric ions, chalcopyrite oxidation does not exceed 

8 % after 240 min of leaching. In a weakly acidic medi-

um ([H2SO4]0 = 5 g/dm3) [25], Fe2+ ions and covellite 

are formed according to

5CuFeS2 + 3O2 + 6H2SO4 =

= CuSO4 + FeSO4 + 4CuS + 6S0 + 6H2O, (10)

which raises the degree of CuFeS2 oxidation to 27 %.

When [H2SO4]0 = 0 и [Fe3+]0 = 20 g/dm3, the pre-

sence of Fe3+, in accordance with the stoichiometric 

reaction (3), leads to the formation of ferrous sulfate 

and elemental sulfur. The low concentrations of H2SO4 

(4.3 g/dm3) and Fe2+ (3.5 g/dm3) detected in the final 

solution indicate partial oxidation of sulfide sulfur to 

sulfate through

CuFeS2 + Fe2(SO4)3 + 3.5O2 + H2O =

= CuSO4 + 3FeSO4 + H2SO4,  (11)

thereby creating a weakly acidic medium that facilitates 

chalcopyrite oxidation via reactions (1) and (2), and 

Fe2+ oxidation to Fe3+ via reaction (9).

With an excess sulfuric acid concentration 

([H2SO4]0 = 50 g/dm3) and the presence of Fe3+ 

ions, the degree of chalcopyrite dissolution increases 

to 35 %. 

The addition of Cu2+ promotes the formation of sec-

ondary copper sulfides (CuS, Cu2S) and makes it possi-

ble to reduce the initial [Fe3+]0 to <10 g/dm3 due to the 

Fig. 3. Degree of CuFeS2 decomposition vs. leaching time 

(РО2
 = 0.475 MPa)

Concentrations, g/dm3: 1 – [H2SO4]0 = 5, t = 110 °C, [25]; 

2 – [H2SO4]0 = 0, [Fe3+]0 = 0; 3 – [H2SO4]0 = 50, [Fe3+]0 = 0; 

4 – [H2SO4]0 = 0, [Fe3+]0 = 20; 5 – [H2SO4]0 = 50, [Fe3+]0 = 20; 

6 – [H2SO4]0 = 50, [Fe3+]0 = 3,[Cu2+]0 = 2

Рис. 3. Степень разложения CuFeS2  в зависимости

от продолжительности эксперимента (РО2
 = 0,475 МПа)

Концентрации, г/дм3: 1 – [H2SO4]0 = 5, t = 110 °C, [25]; 

2 – [H2SO4]0 = 0, [Fe3+]0 = 0; 3 – [H2SO4]0 = 50, [Fe3+]0 = 0; 

4 – [H2SO4]0 = 0, [Fe3+]0 = 20; 5 – [H2SO4]0 = 50, [Fe3+]0 = 20; 

6 – [H2SO4]0 = 50, [Fe3+]0 = 3,[Cu2+]0 = 2
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formation and subsequent oxidation of FeSO4 according 

to reactions (9), (12), and (13):

CuFeS2 + CuSO4 → 2CuS + FeSO4, (12)

5CuFeS2 + 11CuSO4 + 8H2O →

→ 8Cu2S + 5FeSO4 + 8H2SO4. (13)

Under these conditions, the degree of chalcopy-

rite decomposition reaches approximately 50 % within 

240 min.

To determine the statistically significant parameters 

and evaluate their effect on chalcopyrite dissolution, a 

Pareto chart was constructed (Fig. 4).

Leaching time, initial sulfuric acid concentration, 

partial oxygen pressure, and Cu2+ concentration 

exert the strongest effects on chalcopyrite dissolution 

under low-temperature oxidative autoclave condi-

tions. 

Based on the experimental results, a three-dimen-

sional response surface was generated to describe 

chalcopyrite dissolution as a function of partial oxy-

gen pressure and leaching time at [H2SO4]0 =

= 31 g/dm3, [Cu2+]0 = 2 g/dm3, [Fe3+]0 = 6,25 g/dm3 

(Fig. 5, a).

As shown earlier, leaching time has the strongest 

positive effect on chalcopyrite dissolution. At РО2
 =

= 0.6÷0.8 MPa and τ = 180 min, copper recovery 

reaches 50—55 %. Reducing the leaching time to 

60 min results in a sharp decrease in copper recovery 

to 35—40 %. 

Fig. 5, b illustrates the effects of Cu2+ and Fe3+ con-

centrations on chalcopyrite dissolution under constant 

conditions: [H2SO4]0 = 50 g/dm3, РО2
 = 0.475 MPa, 

τ = 240 min.

It was observed that increasing [Fe3+]0 from 2.5 

to 10 g/dm3 decreases copper recovery from 55 % to 

44 %. This effect may be attributed to the accumu-

lation of Fe3+ in solution, which promotes oxidation 

of CuFeS2 to elemental sulfur via reaction (3), fol-

lowed by sulfur passivation of the mineral particles 

[26; 27].

When the oxygen pressure is reduced to 0.2—

0.4 MPa and the initial Fe3+ concentration to 

2.5 g/dm3 (Fig. 6), the contribution of reaction (9) — 

the generation and excess accumulation of Fe3+ — is li-

mited, thereby reducing the likelihood of iron hydrol-

ysis. Under these conditions, sulfuric-acid decomposi-

tion of chalcopyrite via reactions (1)—(4) proceeds with 

less restriction on reagent access to the mineral surface 

and remains at ~55 % after 240 min of leaching.

From the experimental data, the following regression 

equation was derived:

СuFeS2 = 11.6514 + 2.55712РО2
 –

– 0.205448СН2SO4
 + 0.319954CFe(III) +

+ 7.55577CCu(II) + 0.272454τ – 0.130897РО2
 +

+ 0.00604642CH2SO4
 + 0.00724245C2

Fe(III) –

– 1.61708C2
Cu(II) – 0.000451762τ2, (14)

where РО2
 is the partial oxygen pressure, MPa; СН2SO4

, 

CFe(III), CCu(II) — are the initial concentrations of sulfu-

ric acid, Fe3+, and Cu2+ ions (g/dm3), respectively; and 

τ is the leaching time (min).

Fig. 4. Pareto chart for chalcopyrite oxidation

Рис. 4. Диаграмма Парето для окисления халькопирита

Fig. 5. Dependence of chalcopyrite dissolution on partial 

oxygen pressure and leaching time (a), and the initial 

concentrations of Cu2+ and Fe3+ ions (b)

Рис. 5. Зависимость растворения халькопирита 

от парциального давления кислорода 

и продолжительности опыта (а), а также от исходных 

концентраций ионов Cu2+ и Fe3+ (b)

a

b
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The coefficients of determination was R2 = 0.98, 

confirming the adequacy of the model.

To identify statistically significant parameters and 

evaluate their effect on pyrite oxidation, a Pareto chart 

was constructed (Fig. 7).

The most influential factors are leaching time, oxy-

gen pressure, and solution acidity. The addition of Cu2+ 

and Fe3+ ions has only a limited effect on oxidation ef-

ficiency, as indicated by the small change in the degree 

of oxidation when their concentrations are varied within 

the studied range. 

These findings are consistent with [15], where a 

direct correlation was established between leaching 

time, oxygen pressure, and pyrite decomposition. 

At the same time, pyrite oxidation is accompanied 

by the formation of ferrous sulfate via reactions (6) 

and (7).

The dependence of iron leaching from pyrite on 

oxygen pressure and leaching time is presented in 

Fig. 8. At oxygen pressures below 0.5 MPa and leach-

ing times of 60—120 min, pyrite oxidation does not 

exceed 35—40 %. A marked increase to 50 % is ob-

served at РО2
 = 0.75 and τ = 240 min. A nonlinear 

relationship between oxidation efficiency and acidity 

was also identified: increasing the sulfuric acid con-

centration from 10 to 35 g/dm3 promoted pyrite de-

composition.

Fig. 8, b shows the dependence of pyrite oxidation 

on the initial Cu2+ and Fe3+ concentrations. Intro-

ducing Fe3+ in the range 2.5—10.0 g/dm3 markedly 

enhances pyrite oxidation, increasing the oxidation 

degree by ~10 % after 240 min. Pyrite is oxidized by 

Fe3+ ions, while the resulting Fe2+ is regenerated via 

reaction (10). According to the literature [28], Cu2+ 

ions exert a catalytic effect on the oxidation of Fe2+ 

to Fe3+, which explains the synergistic effect observed 

when both ions are present. Adding Cu2+ at concen-

trations up to 2 g/dm3 significantly accelerates Fe2+ 

oxidation to Fe3+, thereby promoting further pyrite 

decomposition.

Optimal parameters were obtained at РО2
 =

= 0.75 MPa, [H2SO4]0 = 50 g/dm3, [Cu2+]0 = 1.5÷
÷2.0 g/dm3 , and [Fe3+]0 = 8÷10 g/dm3. Under these 

conditions, the maximum degree of pyrite oxidation 

reached 56 %. 

Fig. 6. Dependence of chalcopyrite dissolution on partial 

oxygen pressure and leaching time

[H2SO4]0 – 50 g/dm3, [Cu2+]0 – 1 g/dm3, [Fe3+]0 – 2,5 g/dm3

Рис. 6. Зависимость растворения халькопирита 

от парциального давления кислорода 

и продолжительности опыта

[H2SO4]0 – 50 г/дм3, [Cu2+]0 – 1 г/дм3, [Fe3+]0 – 2,5 г/дм3

Fig. 7. Pareto chart for pyrite oxidation

Рис. 7. Диаграмма Парето для окисления пирита

Fig. 8. Dependence of pyrite dissolution on partial oxygen 

pressure and leaching time (a), and initial concentrations 

of Cu2+ and Fe3+ ions (b)

а: [H2SO4]0 – 31 g/dm3, [Cu2+]0 – 2 g/dm3, [Fe3+]0 – 6,25 g/dm3

b: [H2SO4]0 – 50 g/dm3, PO2
 – 0,475 MPa, τ – 240 min

Рис. 8. Зависимость растворения пирита 

от парциального давления кислорода 

и продолжительности опыта (а), а также от исходных 

концентраций ионов Cu2+ и Fe3+ (b)

а: [H2SO4]0 – 31 г/дм3, [Cu2+]0 – 2 г/дм3, [Fe3+]0 – 6,25 г/дм3

b: [H2SO4]0 – 50 г/дм3, PO2
 – 0,475 МПа, τ – 240 мин

a

b
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From the experimental data, the following regression 

equation was derived:

Fe2S = 38.4072 – 4.76472РО2
 + 0.513402СН2SO4

 –

– 0.52213CFe(III) + 6.56917CCu(II) – 0.0712372τ +

+ 0.271903 Р2
О2

 – 0.0117899C2
H2SO4

 – 0.0466268C2
Fe(III) –

– 1.69325C2
Cu(II) + 0.0000383004τ2. (15)

with a coefficient of determination of R2 = 0.96, con-

firming the adequacy of the model. 

SEM images and EDS mapping of residues from 

low-temperature oxidation of chalcopyrite and py-

rite are presented in Figs. 9 and 10. The residues were 

obtained at t = 100 °С, РО2
 = 0.75 MPa, [H2SO4]0 =

= 50 g/dm3, [Cu2+]0 = 3 g/dm3, [Fe3+]0 = 10 g/dm3, 
τ = 240 min.

As seen in Fig. 9, chalcopyrite leach residue par-

ticles exhibit a heterogeneous surface, combining 

smooth areas with porous zones. EDS mapping showed 

the following distribution of the main components: sul-

fur (red), iron (green), and copper (yellow). Particles 

containing these zones correspond to chalcopyrite. 

Bright red surface deposits indicate local accumulation 

of elemental sulfur on chalcopyrite.

Similar studies of pyrite residues (Fig. 10) re-

vealed a comparable but not identical pattern of 

surface transformations. A clear correlation was ob-

served between particle size and composition: fine 

fractions consisted almost entirely of elemental sul-

fur, whereas larger particles corresponded to pyrite. 

Sulfur deposits were also detected at surface defect 

sites. Irregularly shaped conglomerates were espe-

cially evident on particles with developed surface 

morphology.

Fig. 9. SEM images of chalcopyrite oxidation residue and EDS mapping

a – general view, b – sulfur, c – iron, d – copper

Рис. 9. СЭМ-изображения частиц кека окисления халькопирита и результаты ЭДС-картирования

а – общий вид, b – сера, c – железо, d – медь

a c db

Fig. 10. SEM images of pyrite oxidation residue and EDS mapping

a – general view, b – sulphur, c – iron

Рис. 10. СЭМ-изображения частиц кека окисления пирита и результаты ЭДС-картирования

а – общий вид, b – сера, c – железо

a cb
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Conclusion

This study investigated the low-temperature auto-

clave oxidation of the sulfide minerals, namely chalco-

pyrite and pyrite. Mathematical models were developed 

to describe the effects of oxygen pressure, sulfuric acid 

concentration, copper and iron ion concentrations, and 

leaching time, with coefficients of determination of 

R2 = 0.98 for chalcopyrite and R2 = 0.96 for pyrite, con-

firming the adequacy of the models. Optimal techno-

logical parameters were identified for effective decom-

position of chalcopyrite, yielding 55 % copper recovery 

(РО2
 = 0.25 MPa; initial concentrations: [H2SО4]0 =

= 50 g/dm3, [Cu2+]0 = 1 g/dm3, [Fe3+]0 = 2.5 g/dm3; 

τ = 240 min), and for pyrite, yielding 56 % iron recov-

ery (РО2
 = 0.75 MPa; [H2SО4]0 = 50 g/dm3, [Cu2+]0 =

= 2 g/dm3, [Fe3+]0 = 10 g/dm3; τ = 240 min). 

The role of catalytic additives was also exa-

mined. Variation of the initial concentrations of [Cu2+]0 

(1—3 g/dm3) and [Fe3+]0 (2.5—10.0 g/dm3) increased 

the degree of chalcopyrite oxidation by 8—11 % and 

pyrite oxidation by 10—13 %. SEM analysis of residues 

revealed local accumulation of elemental sulfur on the 

particle surfaces. 
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