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Bakar predstavlja jedan od najvaznijih industrijskih metala zbog svoje Siroke primene i izuzetne
toplotne i elektricne provodljivosti, kao i otpornosti na koroziju. Najznacajniji izvor bakra je halko-
pirit (CuFezSy), koji se u prirodi javlja zajedno sa drugim sulfidnim mineralima, kao Sto su pirit,
galenit i sfalerit, u leziStima ruda viSe metala. Sa iscrpljivanjem bogatih ruda, hidrometalurski pro-
cesi dobijaju sve veci znacaj u preradi siromasnijih i slozenijih sulfidnih koncentrata. U ovom istra-
Zivanju ispitivano je luZenje bakra iz sfaleritnog koncentrata u sumpornoj kiselini uz dodatak pomoc-
nog sistema oksidanasa MnO2—K1. Rezultati su pokazali da temperatura znacajno utice na kinetiku
procesa, pri cemu povecanje temperature u opsegu od 40 do 80 °C dovodi do povecanja stepena
luzenja bakra. Dodatak KI ima kljucnu ulogu u smanjenju pasivacije povrsine i poveéanju dostupno-
sti oksidacionog sredstva, pri cemu je maksimalni stepen luzenja od 82,1% postignut pri dodatku od
3 mas. % KI. Kineticka analiza ukazuje na relativno nisku energiju aktivacije (28,90 kJ mol®), §to
sugeriSe da se proces efikasno odvija na umerenim temperaturama i da prati mehanizam rastvaranja
bakra kontrolisan difuzijom. Dobijeni rezultati ukazuju na znacajan potencijal primene ovog sistema
u hidrometalurskoj preradi slozenih sulfidnih sirovina.

Copper represents one of the most important industrial metals due to its wide application and
exceptional thermal and electrical conductivity, as well as corrosion resistance. The most important
source of copper is chalcopyrite (CuFe,S,), which occurs in nature together with other sulphide mi-
nerals, such as pyrite, galena and sphalerite, in polymetallic ore deposits. With the depletion of rich
ores, hydrometallurgical processes gain increasing importance in the processing of poorer and more
complex sulphide concentrates. In this study, the leaching of copper from sphalerite concentrate in
sulphuric acid combined with auxiliary oxidans MnO-KI system was investigated. The results
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showed that temperature significantly affects the kinetics of the process, whereby an increase in tem-
perature in the range from 40 to 80 °C leads to an increase in the degree of copper leaching. The
addition of Kl plays a key role in reducing surface passivation and in-creasing the availability of the
oxidizing agent, with the maximum degree of leaching of 82.1% achieved at the addition of 3 wt.%
KI. Kinetic analysis indicates a relatively low activation energy (28.90 kJ mol), suggesting that the
process proceeds efficiently at moderate temperatures and follows a diffusion-controlled copper
dissolution mechanism. The obtained results indicate the significant potential of the application of
this system in the hydrometallurgical processing of complex sulphide raw materials.

1. Introduction

Copper is one of the most important industrial metals due to high electrical and thermal con-
ductivity, as well as its corrosion resistance, which enables wide application in modern technologies
and infrastructure [1]. The primary source of copper is chalcopyrite (CuFeSz), which commonly oc-
curs in association with other sulphide minerals such as pyrite and sphalerite in polymetallic deposits
[2, 3]. As the quality of ore resources declines, hydrometallurgical processes, particularly acid leach-
ing, are gaining increasing importance, since they enable the treatment of complex concentrates with
lower environmental impact compared to conventional pyrometallurgical methods [2, 4]. Leaching
of chalcopyrite is typically carried out in acidic media in the presence of oxidizing agents to solubilize
copper [5, 6, 7]. However, this mineral exhibits significant resistance to dissolution due to its stable
structure and the tendency for passivation, i.e., the formation of surface layers of elemental sulphur
or polysulphides that hinder further reaction [5, 7, 8]. Similar mechanisms are observed in other sul-
phide minerals such as pyrite and sphalerite, which is particularly relevant when processing complex
concentrates [3, 5]. Various oxidative systems have been investigated to enhance leaching kinetics.
Hydrogen peroxide can accelerate the initial dissolution rate, although its application is limited by
instability and the formation of passivating layers [9, 10]. The addition of certain additives or the use
of physical activation methods can mitigate these effects and improve leaching efficiency [10, 11].
Oxidation using Fe** ions is also widely applied, where the Fe3*/Fe?* redox pair enables continuous
process operation, including in bioleaching systems [6, 12]. Nevertheless, these approaches may be
accompanied by issues such as the formation of insoluble phases (e.g., jarosite) and increased opera-
tional costs. Strong oxidants such as persulfates can generate highly reactive radicals and enhance
sulphide oxidation; however, their use is often limited by economic and technological constraints, as
well as side reactions in complex systems [13]. Additional challenges arise from interactions between
different minerals within the concentrate, which may promote passivation and reduce metal recovery
[8]. Recently, iodide/iodine systems have attracted considerable attention as efficient redox media-
tors. lodine acts as a strong oxidant that can be continuously regenerated in solution, enabling sus-
tained and more effective leaching while reducing passivation effects [14, 15]. These systems demon-
strate good performance even under mild conditions, making them promising for the treatment of
complex sulphide concentrates. Based on these considerations, this study investigates a MnO2-KI
oxidative system applied to a sphalerite concentrate containing chalcopyrite. The effects of key pro-
cess parameters, particularly temperature and iodine concentration, on the kinetics and efficiency of
copper leaching were systematically examined, with the aim of improving the understanding of the
underlying mechanisms and optimizing the process.
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2. Materials and methods

The base material used in this study was a sphalerite concentrate obtained from a polymetallic
ore flotation plant (Rudnik, Serbia). Prior leaching assays, the collected sample was subjected to
comminution followed by homogenization in a vibratory mill.

Leaching experiments were carried out following procedure from Bugarci¢ et al. 2025 [16]. In
a closed glass reactor equipped with a helical stirrer and a temperature control system. The reaction
system consisted of the initial concentrate (10 g) and an aqueous sulphuric acid solution (Zorka p.a.,
Sabac, Serbia), with a constant agitation rate of 300 rpm. During the experimental investigation, key
operational parameters were systematically varied, including temperature (40, 60, 70, and 80 °C),
leaching time (0-180 min), and the presence of additional oxidizing agents-manganese dioxide (Alka-
loid, purity >95%, Skopje, North Macedonia) and potassium iodide (Merck, purity >95%, Darmstadt,
Germany). Manganese dioxide was introduced in a stoichiometric amount relative to the total
sulphide sulphur content, aiming at the complete oxidation of sulphide minerals to sulphate species.
Potassium iodide (K1), employed as an auxiliary oxidant, was investigated up to a maximum practical
concentration of 3 wt.% in order to achieve an optimal balance between process efficiency and eco-
nomic feasibility.

At predetermined time intervals, aliquots of the leach solution were collected and analyzed
using atomic absorption spectrophotometry (AAS, Perkin Elmer 703, Shelton, USA). The copper
extraction efficiency (%) was calculated based on the AAS measurements.

For the interpretation of the process kinetics, appropriate kinetic models were applied. In this
context, the modified Sharp method of reduced half-reaction time was employed to linearize the expe-
rimental data using suitable mathematical formulations.

The activation energy (Ea) was determined using the Arrhenius equation:

k= A x exp(—Ea/RXT) 1)

where A is the pre-exponential factor, k is the rate constant (s), Ea is the activation energy (J mol™),
R is the universal gas constant (8.314 J mol™ K1), and T is the absolute temperature (K). The activa-
tion energy was obtained graphically from the slope of the linear plot of In(k) versus 1/T.

3. Results and discussion

The chemical composition of the initial sample is presented in Table 1.

Table 1. Chemical composition of Zn concentrate.

Element Zn S Fe Cu Cd Pb As
wt. % 46.91 28.87 6.77 0.806 0.338 0.287 1.8 x 10

The dominant element is zinc, occurring primarily in the form of the mineral sphalerite. It is
followed by iron, which is present as pyrite, while copper is present in concentrations below 1% and
occurs in the form of chalcopyrite.

Increase in temperature had a pronounced effect on the reaction kinetics and extraction effici-
ency (Figure 1). After 3 h of processing, a maximum copper leaching yield of 82.1% was achieved.
The reduced extraction efficiency at lower temperatures can be attributed to the formation of a passi-
vation layer on the surface of chalcopyrite particles, which limits the further progress of the reaction.
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Figure 1. Temperature and reaction time effects on Cu leaching percentage.

In the presence of an adequate amount of MnO>, the dissolution of copper from chalcopyrite
can be described by the following stoichiometric equation:

2CuFeS; + 17MnO2 + 18H2S04 — 2CuSO04 + Fe2(S04)3 + 17MnSO4 + 18H,0 (2)

Reaction (2) proceeds both in the presence and absence of potassium iodide; however, side
reactions may occur that adversely affect the overall leaching kinetics. The formation of passivation
products such as elemental sulphur, anglesite, and barite can further reduce reactant accessibility and
hinder diffusion through the reaction layer. The presence of iodine, generated in reaction (3), contri-
butes to the degradation of the sulphur-based passivation film, thereby facilitating the continued oxi-
dation of the mineral phase.

MnO; + 2KI + 2H2SO4 — MnSO4 + KSO4 + 12 + 2H20 (3)

The formed iodine (I2) further reacts with iodide ions (I"), leading to the formation of triiodide
ions. In the subsequent step, iodine acts as an oxidizing agent in the dissolution of copper—iron
sulphide (chalcopyrite), being reduced back to iodide:

CuFeS; + 21 — Cu?* + Fe?* +2S + 41 (4)

The leaching kinetics of copper from a sphalerite concentrate were analyzed using models based
on the modified Sharp method, whereby the Jander model for three-dimensional diffusion through a
product layer was identified as providing the best fit to the experimental data (Figure 2a). The high
coefficients of determination (R? =~ 0.97-0.98) across the entire temperature range (40-80 °C), as
shown in Figure 2b, confirm the reliability of this model.

The results indicate that the process rate is governed by the diffusion of dissolved metal ions
and sulphide components through the product layer, which is most likely composed of elemental
sulphur formed on the surface of chalcopyrite particles. This layer acts as a passivation barrier, li-
miting mass transfer and reducing leaching efficiency. Increasing the temperature significantly acce-
lerates the reaction; however, it also promotes sulphur crystallization and the formation of a more
compact and less permeable layer (Figure 2b). The addition of potassium iodide (>3 wt%) mitigates
this effect by enabling the oxidation of elemental sulphur into soluble forms, thereby reducing diffu-
sion resistance and enhancing leaching efficiency. This is further supported by the trends observed in
Figure 2b.
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Figure 2. a) Modified Sharp's method in correlation with experimental results; b) Jander’s model
for experimental results at different temperatures.

The activation energy (Ea), determined using the linearized form of the Arrhenius equation,
represents the final step in the kinetic analysis. The results shown in Figure 3 demonstrate a strong
linear relationship (R?> 0.95), confirming the reliability of the applied approach. The calculated acti-
vation energy for copper leaching is approximately 28.90 kJ mol™, indicating a relatively low energy
barrier.
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Figure 3. Activation energy for copper leaching from sphalerite concentrate.

The relatively low activation energy indicates that copper leaching is governed by a diffusion-
controlled mechanism, associated with mass transport through the product layer. Such a low energy
barrier suggests that the process can proceed efficiently even at moderate temperatures.

These findings are consistent with the experimental data and the good agreement with the Jan-
der model, further confirming that diffusion is the rate-controlling step in the leaching of copper in
this system.
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4, Conclusions

This study investigates the leaching of copper from a sphalerite concentrate using an MnO»-KI
oxidative system in an acidic medium. The results indicate that temperature and the presence of iodine
are key factors influencing the kinetics and efficiency of the process. The analysis suggests that the
process is governed by diffusion through a product layer, with a significant impact of surface pas-
sivation.

Key conclusions:

— The maximum copper extraction (~82%) was achieved at 80 °C, confirming the strong in-

fluence of temperature on process efficiency;

— The dominant leaching mechanism is described by the Jander model for three-dimensional

diffusion, with high coefficients of determination (R? ~ 0.97-0.98);

— The activation energy for copper leaching was determined to be approximately

28.90 kJ mol?, indicating a low energy barrier for the reaction;

— The low activation energy confirms that diffusion through the product layer is the rate-

controlling step;

— The formation of elemental sulfur on the particle surface reduces reactant accessibility and

slows down the reaction;

— Elevated temperatures promote sulfur crystallization and the formation of a more compact

passivation layer;

— The presence of Kl enables the formation of iodine species that oxidize sulfur into soluble

forms, thereby reducing diffusion resistance;

— The MnO.-KI system demonstrates strong potential for application in the treatment of com-

plex sulfide concentrates by improving leaching kinetics.
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