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Abstract: This study presents the results of oxidative leaching of chalcopyrite (CuFeS,) and pyrite (FeS,) in a sulfuric acid medium at low
temperature in the presence of copper (Cu®') and iron (Fe") 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/dm?),
Fe** jons (2—10 g/dm?), Cu?* ions (1—3 g/dm?), and leaching time (60—240 min). The composition of the feed minerals and leach products
was analyzed by X-ray fluorescence (XRF) analysis, X-ray diffraction (XR D) analysis, and atomic absorption spectrometry (AAS). Maximum
copper recovery from chalcopyrite (55 %) was achieved under the following conditions: O, partial pressure of 0.25 M Pa, initial concentrations
of H,SO, — 50 g/dm3, Cu?" — 1 g/dm?, Fe>" — 2.5 g/dm?, and leaching time — 240 min. The maximum degree of pyrite oxidation (56 %) was
obtained at an O, partial pressure of 0.75 M Pa, initial concentrations of H,SO, — 50 g/dm?, Cu?* — 2 g/dm?, and Fe** — 10 g/dm?>. The results
showed that leaching time and oxygen pressure have the greatest effect on chalcopyrite and pyrite decomposition (p < 0.05). The interaction
between Fe*t and Cu®" ions was also established: excess Fe>* (>10 g/dm?) leads to hydrolysis and decreases chalcopyrite leaching efficiency,
whereas Cu?" promotes partial formation of secondary copper sulfides. Regression equations (R> = 0.98 for chalcopyrite and R> = 0.96 for

pyrite) were derived, providing an adequate description of the process.
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Annorauus: B paGoTe npeacrapieHbl pe3yibTaThl UCCIEIOBAHMS MPOLECCOB OKMCINTENBHOrO BbllleaunBaHus xajapkonupura (CuFeS,)
n nuputa (FeS,) B cepHO-KMCII0#i cpesie MPU HU3KMX TEMIIepaTypax ¢ 100aBJIEHUEM HOHOB MEIU (Cu2+) U KeJjie3a (Fe3+). MeTtooM opTO-

TOHAJIBHOTO IJITAaHUPOBAHU A SKCIIEPUMEHTA YCTAHOBJIEHBI OIITUMAJIBHBIC YCJIOBU A ITpOLECCa, obecrneyunBaroLe MaKCHUMAJIbHYIO CTEIICHb
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NECTPYKLMU CyIbOUAHON MATPUIIBI U U3BJIEYEHUE LIEHHBIX METAJJIOB. DKCIEPUMEHTHI NMPOBOAMIUCH IPU MOCTOSIHHON TeMIlepaType
100 °C. UccrnenoBanuch cienyoline napaMmeTpsl: lapliaibHoe aasjieHue Kuciopona (0,2—0,75 MIla), KOHUEHTpau MU CEPHOI KMCTOThI
(10-50 r/z[M3), nonos Fe’* (2—10 r/z[M3) u Cu?t (1-3 r/z[M3), a TakXe MPOAOJIKUTENbHOCTb npoiiecca (60—240 mun). CocTaB MCXOIHBIX
MUHEPAJOB U MPOAYKTOB BbIIIEJaYMBAHUS aHAJIU3UPOBAJIN METOIAMU PEHTTEHOCTIEKTPaJIbHOIO (DJIYyOPECLEHTHOIO aHaIu3a, PEHTIeHO-
(aszoBoro aHaau3a 1 aTOMHO-a0COPOIIMOHHOM CIIEKTPOMETPHUHU. YCTAHOBJIEHO, YTO MAKCUMaJIbHOE U3BJIEYeHUE MEIH U3 XaJIbKOIMPUTA
(55 %) mocturaercs Mpu CAeLyIOLMX YCIOBUSIX: apLuuaibHoM faBieHun O, — 0,25 MIla, ucxonHeix KonueHTpauusx H,SO4 — 50 r/J:LM3,
Cu?t — 1 r/LLM3, Fe’t - 25 r/z[M3, MPOAOJIXKHUTEILHOCTH TIpoliecca — 240 MuH. MakcuMaJjibHasl CTelieHb OKMCIIEHU s TUPUTa COCTaBUIa
56 % npu napuuasbHOM JasieHuu Kuciopoza 0,75 MIla, ucxonHbix KoHueHTpaunusx H,SO4 — 50 r/z[M3, Cutt -2 r/z[M3 nFe’™ — 10 r/J:LM3.
YCTaHOBJIEHO, YTO MPOIOIKMTEIBHOCTD 1 AaBJIEHWE KMCI0pOia OKa3blBalOT HauboJiee 3HAaUMMOE BJIMSIHUE Ha CTETNEHb Pa3JI0KEH U Sl Xalb-
konuputa u nuputa (p < 0,05). BoisiBJIeHbl 0COOEHHOCTU B3aMMOJEHUCTBUSI MOHOB Fe’* u Cu?"™: us6pitok Fe' >10 r/LLM3) TPUBOJIUT K
THIPONN3Y M CHUXKEHUIO 3 (HEKTUBHOCTH BBILIEIAYMBAHMS XAIbKOIMPUTA, Torna Kak Cu’ criocoGeTBYeT 4acTHIHOMY 06Pa3soBaHUIO
BTOPUYHBIX CYJIb(UI0B Mea1. BbiBeieHbl ypaBHEHUSI perpeccun (R2 = 0,98 nJist XaJabKOMUPUTA U R2=0,96 x5t MUPUTA), AAEKBATHO OIU-

ChIBalOLIXE IMPOILECC.

Kirouesbie cjioBa: XaJIbKOIMMUPUT, TUPUT, MEJIb, KEJIC30, aBTOKJIAB, BbIIICJIAYMBAHUC, CEPHAAd KHUCJI0Ta, KUCIIOPO/I.

BaaronapuocTu: MccienoBanue BHIIOTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro ponma Ne 25-29-00838,

https://rscf.ru/project/25-29-00838/

Jas qutupoBanus: Tpetosik M.A., Kapumos K.A., lllapunosa Y.P., Kpuukuii A.B., Poroxxuukos [I.A. OnTumMu3sauus npoueccoB HU3Ko-

TEMIIEPATyPHOT'O CEPHO-KMCIOTHOTO BEIIIEIaYBaHMSI XaIbKOIIMPUTA U TUpUTa. M3eecmus 6y306. Lleemnas memanaypeus. 2025;31(3):16-27.

https://doi.org/10.17073/0021-3438-2025-3-16-27

Introduction

Sulfide minerals, particularly chalcopyrite (CuFeS,)
and pyrite (FeS,), 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

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™, Cu?t, F*t 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
CuFeS, and FeS, is described by the following principal
reactions:

ZCUFCSZ + 2H2$O4 + 702 =
=2CuSO, + Fey(SO4); + S’ +2H,0, (1)

CUFCSZ + stO4 + 2502 =
= CuSO, + FeSO, + 8"+ H,0, )

CuFeS, + 2Fe,(SO4); = CuSO, + 5FeS0O, +28°, (3)
CuFeS, + 40, = CuSOy4 + FeSO,, 4

5FeS, + 4H,S0, + 40, = 5FeS0O, + 9S° + 4H,0, (5)
FeS, + 3.50, + H,0 = FeSO, + H,S0,,  (6)

7F682 + 4Fe2(SO4)3 + 4H2$O4 =

= 14FeSO, + 148" + 4H,0, (7)

4FCSz + 902(g) + 4H2$O4 =
=4 Fe,(SO,); + 8S° + 4H,0, ®)

4FeSO, + O4(g) + 2H,S0, = 2Fe,(SO,); + 2H,0. (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 (Cu?") and iron (Fe*") ions as ca-
talytic additives. The main objective is to determine the
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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 fluorescence (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 d|, ds, and dg, are 3.8, 28.8, and
79.9 um, respectively. Analysis of the particle size dis-
tribution indicates that the predominant fraction of the
sample lies within 30—90 um. The wide gap between d,,
and dy, (>76 pm) confirms a high degree of particle size
heterogeneity.

For pyrite, the dy, dsy, and dy, are 3.41, 14.81, and
53.77 um, respectively. Differential distribution analysis
shows that the main fraction was within 10—45 pum, 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 pm.

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, Cu®', and Fe*" ions, analytical-grade rea-

Chemical composition of sulfide minerals

XUMUUECKUI COCTaB CYIb(PUIAHBIX MUHEPAIOB

Content, wt. %
Mineral
Cu Fe S Other
CuFeS, 334 32.0 34.1 0.5
FeS, - 44.1 50.8 5.1
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gents H,SO,4, CuSO,4-5H,0, and Fe,(SO4)5-9H,0 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

Cumulative distribution, %

performed by flame atomic absorption spectrometry
(FAAS) on a NovAA 300 spectrometer (Analytik Jena,
Germany). Classical titrimetric methods [24] were used
to determine Fe?* and residual H,SO, concentrations in
the solutions.
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Fig. 1. Particle size distribution of chalcopyrite (a) and pyrite (b)
Puc. 1. Pe3yabTaThl rpaHyJIOMETPUUECKOr0 aHau3a XajJbKonupuTa (a) v nupuTa (b)
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Fig. 2. XRD patterns of chalcopyrite (@) and pyrite (b)
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Puc. 2. IludpakrorpaMMbl Tpob xaJdbpKommupuTa (@) u nuputa (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 dm? 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 cm? solution containing the required concentra-
tions of H,SOy,, Fe’t, and Cu?" 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/dm?), Fe’" ions (2—10 g/dm’),
Cu’" ions (1—3 g/dm?), 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 CuFeS, decomposition was plotted as a function of
time (Fig. 3). In an earlier study [25], the Kinetics of cop-
per mineral dissolution, including CuFeS,, were exa-
mined at low temperature and an oxygen pressure
of 0.15—0.95 MPa, with a particle size of —0.44 pm
(100 %).

As shown in Fig. 3, in the absence of sulfuric acid
and ferric ions, chalcopyrite oxidation does not exceed
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8 % after 240 min of leaching. In a weakly acidic medi-
um ([H,SO,4], = 5 g/dm?) [25], Fe?* ions and covellite
are formed according to

5CU.FCSz + 302 + 6H2$O4 =

= CuSO, + FeSO,4 + 4CuS + 6S% + 6H,0, (10)
which raises the degree of CuFeS, oxidation to 27 %.

When [H,SO4]p =0u [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 H,SO,
(4.3 g/dm®) and Fe** (3.5 g/dm?) detected in the final
solution indicate partial oxidation of sulfide sulfur to
sulfate through

CuFeS, + Fe,(SO,); + 3.50, + H,0 =

= CuSO,4 + 3FeSO,4 + H,SOy, (11)
thereby creating a weakly acidic medium that facilitates
chalcopyrite oxidation via reactions (1) and (2), and
Fe?" oxidation to Fe*" via reaction ).

With an excess sulfuric acid concentration
([H,SO4]y = 50 g/dm3) and the presence of Fe’'
ions, the degree of chalcopyrite dissolution increases
to 35 %.

The addition of Cu,,. promotes the formation of sec-
ondary copper sulfides (CuS, Cu,S) and makes it possi-
ble to reduce the initial [Fe3+]0 to <10 g/dm3 due to the

Degree of CuFeS, decomposition, %

180

120
T, min

Fig. 3. Degree of CuFeS, decomposition vs. leaching time
(Po2 =0.475 MPa)

Concentrations, g/dm>: I — [H,SO4]g =5, t=110"°C, [25];

2— [H,S04]p =0, [Fe3]y = 0; 3 — [H,SO,], = 50, [Fe**], = 0;
4—[H,S0,], =0, [Fe>"], = 20; 5 — [H,S0,], = 50, [Fe>*], = 20;
6 — [H,S0,]0 = 50, [Fe3*], = 3,[Cu®>*], =2

Puc. 3. Crenens paznoxenus CuFeS, B 3aBucumocTu

OT MPOJOJIKUTETbHOCTHU 3KCIIEPUMEHTA (PO2 = 0,475 MIla)
Konuentparmu, r/am>: 1 — [HySO4)y =5, t=110°C, [25];
2—[H,804]y =0, [Fe**], = 0; 3 — [H,S0,4], = 50, [Fe**], = 0;
4—[H,S0,]) =0, [Fe>"], = 20; 5 — [H,S04], = 50, [Fe>*], = 20;

6 — [H,S0,]0 = 50, [Fe3"], = 3,[Cu®*], =2
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formation and subsequent oxidation of FeSO,4 according
to reactions (9), (12), and (13):

CuFeS, + CuSO, — 2CuS + FeSO,, 12)
5CuFeS, + 11CuSO,4 + 8H,0 —
— 8Cu,S + 5FeSO, + 8H,S0,. 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).

| !
E: | i
B: H,S0, [
A: P02 |

D: Cu(Il) ] =g
C: Fe(II) F: =

I L T T T T

0 3 6 9 12 15

Standardized effect

Fig. 4. Pareto chart for chalcopyrite oxidation

Puc. 4. Iuarpamma [NapeTo aJist OKUCIIEHU S XaJIbKOMUPUTA

3 Dissolution

Ea"::' CuFeS,, %
- 35

5 =¥

] - 45

c 50

2 .55

=2

[=]

@

()

p-4

"2 Dissolution

% CuFeS;, %

5 - 40

@) . 45

= 150

k=] . 55

i

= ;

“ 3

=) 1 2

7.5 100 | Cu(ll), g/dm?
Fe(Il), g/dm’?

Fig. 5. Dependence of chalcopyrite dissolution on partial
oxygen pressure and leaching time (@), and the initial
concentrations of Cu?* and Fe>" ions (b)

Puc. 5. 3aBucuMoCTb pacTBOPEHU ST XaIbKOTIMPUTA

OT MapiMaJIbHOTO JaBJICHUSI KUCI0POIa

U TIPOAOJIKUTETbHOCTH OMBITA (@), a TAKKE OT UCXOAHBIX
KoHLeHTpaunii noHos Cu?™ u Fe’* (b)

Leaching time, initial sulfuric acid concentration,
partial oxygen pressure, and Cu?' 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 [H,SO4]y =
=31 g/dm?, [Cu®*],= 2 g/dm?, [Fe3*], = 6,25 g/dm?
(Fig. 5, a).

As shown earlier, leaching time has the strongest
positive effect on chalcopyrite dissolution. At P02 =
= 0.6+0.8 MPa and t = 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 Cu>™ and Fe>™ con-
centrations on chalcopyrite dissolution under constant
conditions: [H,SO4], = 50 g/dm?, Po, = 0.475 MPa,
T =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 Fe*" in solution, which promotes oxidation
of CuFeS, 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 Fe’™ concentration to
2.5 g/dm? (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:

CuFeS, = 11.6514 + 2.55712P¢, —
— 0.205448Cy,50,, + 0.319954Ce(qyp) +
+7.55577Ccy ) + 0.2724541 — 0.130897P,, +
+0.00604642Cy; 50, * 0.00724245C %, 111 —
— 1.61708C %, 1) — 0.00045176277, (14)

where P, is the partial oxygen pressure, MPa; Cy 50,
Cre(imrys Ceuary — are the initial concentrations of sulfu-
ric acid, Fe**, and Cu®" ions (g/dm?), respectively; and
T is the leaching time (min).
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Dissolution
CuleS;, %
| K]
. 35

Dissolution CuFeS,, %

Fig. 6. Dependence of chalcopyrite dissolution on partial
oxygen pressure and leaching time

[H,S0,], — 50 g/dm?, [Cu?*]y — 1 g/dm’, [Fe’*], — 2,5 g/dm’
Puc. 6. 3aBUCHMOCTDb PaCTBOPEHU S XaJIbKOIIMPUTA

OT nNapuuraJbHOTIO JaBJICHUA KUCI0POaa
N IIPOAOJIKUTEJIBbHOCTH OIIbITa

[H,S04] — 50 r/mv, [Cu?*]y — 1 r/am?, [Fe3¥] — 2,5 r/mm3

The coefficients of determination was R2 = (.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 Cu®*
and Fe>™ jons 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 Pg, = 0.75 and T = 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 Cu?* and Fe’" concentrations. Intro-
ducing Fe*' 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
Fe" ions, while the resulting Fe?" is regenerated via
reaction (10). According to the literature [28], Cu?t

22
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Fig. 7. Pareto chart for pyrite oxidation
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Fig. 8. Dependence of pyrite dissolution on partial oxygen
pressure and leaching time (@), and initial concentrations
of Cu®* and Fe>" ions (b)

a: [H,80,], — 31 g/dm?, [Cu?*], — 2 g/dm’, [Fe?*], — 6,25 g/dm’
b: [H,S0,], — 50 g/dm?, Pg, — 0,475 MPa, T — 240 min

Puc. 8. 3aBUCHMMOCTb paCTBOPEHU I MUPUTA

OT MapIraJbHOTO JaBJIEHUsI KUCIOPOaa

¥ TIPOIOJTIKUTEILHOCTH OITHITA (@), @ TAKXKE OT MCXOTHBIX
KoHIeHTpaunii nonos Cu>™ u Fe>* (b)

a: [H,80,], — 31 r/nm?, [Cu?*]y — 2 /oM, [Fe?H], — 6,25 r/nw’
b: [HyS04]g — 50 r/nv’, Po, — 0,475 MTTa, T — 240 Mun

jons exert a catalytic effect on the oxidation of Fe"
to Fe?*, which explains the synergistic effect observed
when both ions are present. Adding Cu?" at concen-
trations up to 2 g/dm3 significantly accelerates Fe?t
oxidation to Fe?™, thereby promoting further pyrite
decomposition.
Optimal parameters were obtained at P02

= 0.75 MPa, [H,S04], = 50 g/dm3, [Cu®'], = 1.5+
+2.0 g/dm? , and [Fe**], = 8+10 g/dm3. Under these
conditions, the maximum degree of pyrite oxidation
reached 56 %.
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From the experimental data, the following regression
equation was derived:

Fe)S = 38.4072 — 4.76472P,, + 0.513402Cy 50, —
— 0.52213Cpe(pyp) + 6.56917Ccy 11y — 007123727 +
+0.271903 P, — 0.0117899C3; 50, — 0.0466268C e 111y —

— 1.69325C %, ipy + 0.00003830047%.  (15)
with a coefficient of determination of R = 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 7 = 100 °C, Py, = 0.75 MPa, [H,S04], =
= 50 g/dm?, [Cu?*], = 3 g/dm?, [Fe**], = 10 g/dm?,
T =240 min.

100 pm 100 pm

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.

100 um 100 pm

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

a — general view, b — sulfur, ¢ — iron, d — copper

Puc. 9. COM-un306paxkeHnsT 4acTUIl KeKa OKUCTICHUS XaJIbKOMTMPUTA U pe3yabTarshl DJ]C-KapTupoBaHUsI

a — obwuii Bua, b — cepa, ¢ — xejne3o, d — Melib

A
100 pm

100 pm

100 pm

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

a — general view, b — sulphur, ¢ — iron

Puc. 10. COM-u3o0pakeHus YaCTUI] KeKa OKUCIEHU S MUpUTa U pe3yabTaTel DJIC-kapTupoBaHus

a — obuuii Bua, b — cepa, ¢ — Xeje3o
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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
R%=0.98 for chalcopyrite and R? = 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
(Po, = 0.25 MPa; initial concentrations: [H,SOy4ly =
=50 g/dm?, [Cu®*], = 1 g/dm?, [Fe*'], = 2.5 g/dm?;
T = 240 min), and for pyrite, yielding 56 % iron recov-
ery (Po, = 0.75 MPa; [H,S0,], = 50 g/dm?, [Cu*"], =
=2g/dm?, [Fe’*], = 10 g/dm?; T = 240 min).

The role of catalytic additives was also exa-
mined. Variation of the initial concentrations of [Cu2+]0
(1—3 g/dm?) and [Fe**], (2.5—10.0 g/dm?) 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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