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Abstract: Chalcopyrite (CuFeS,) is the primary source of global copper supply, yet its extraction
remains challenging due to passivation layers that form during the leaching process. This study
investigated the combined effects of oxidative roasting and galvanic coupling with manganese dioxide
(MnQy) on copper recovery from a chalcopyrite concentrate with a head grade of 26.26% Cu. Samples
of the concentrate were roasted at temperatures of 400°C, 600°C, and 900°C for one hour, the leaching
of the roasted samples using a 0.03M sulfuric acid with and without MnO,, at temperature ranges from
25°C to 55° for 8 hours. XRF, XRD, and SEM-EDS were used to analyse the phase transformations of
the concentrate throughout the whole roasting process. Results showed that unroasted chalcopyrite
yielded only 15% copper recovery with sulfuric acid alone but improved to above 60% with the addition
of MnO,. Roasting at 600°C produced the best results, achieving a recovery of 85% with only sulfuric
acid and exceeded 90% when combined with MnO, reaching 95%. However, roasting at 900°C reduced
copper recovery to 60%. Kinetic analysis revealed that the leaching process follows a diffusion-
controlled shrinking core model with low activation energy. Overall, this study revealed that for effective
copper recovery, and approach of combining both roasting and galvanic coupling is the best approach.
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1. Introduction

Copper is an important metal used in modern industries such as construction, power generation, and
electronics. Of all the copper minerals, chalcopyrite (CuFeS, ) is the copper mineral that provides about
70% of the world's copper supply [1-4]. In metallurgy, chalcopyrite is mainly subjected to
pyrometallurgical methods like roasting after flotation. Roasting is a process in which sulfide ores are
heated in the presence of oxygen to remove sulfur and other impurities as gases, leaving behind a more
easily processed material. This method is meant to convert the chalcopyrite ore into an oxide for the
leaching process to be performed with ease. However, this process releases large amounts of sulfur
dioxide (SO, ), which harms the environment and has led to stricter global pollution regulations.
Because of this, researchers have investigated alternative ways to extract copper, particularly
hydrometallurgical and pyro-hydrometallurgical methods, which are more environmentally friendly
and cost-effective [5-7].

The hydrometallurgical discipline has methods that can process low-grade copper ores while
producing less SO, pollution. One of those methods is leaching. This method is a chemical process
whereby an acid solvent is used to dissolve metals of value from their ores while simultaneously leaving
behind the valueless material. The mineral chalcopyrite is an extremely difficult mineral to dissolve
using standard leaching practices because of its tendency to form passivation layers. Passivation is the
formation of surface layers during the leaching process of chalcopyrite, and these layers can hinder the
dissolution of copper from the chalcopyrite mineral. The surface layers formed are elemental sulfur (S),
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jarosite (KFe3 (SO, )2 (OH)e ), and copper polysulfides (CuxS). Passivation is influenced by multiple
factors such as temperature, pH, and redox potential [8].

Galvanic action, another factor in the leaching process. Galvanic action happens when two different
minerals or metals come in contact within a solution, which then creates an electrochemical reaction
that accelerates the dissolution of the desired metal. Pre-treatment methods such as roasting have been
considered to reduce the passivation of chalcopyrite during the leaching process [9]. The use of different
roasting temperatures, use of manganese dioxide as a galvanic couple, and low solution potentials have
also been included.

Overcoming Passivation

Leaching at high temperatures, low solution potentials and galvanic coupling with manganese dioxide
have been found to reduce the passivation of the chalcopyrite mineral. The oxidation of chalcopyrite is
controlled at low redox potentials, which reduces the production of elemental sulphur and jarosite,
which can form a passivating layer. Rather, the dissolution occurs through the direct electron transfer,
which facilitates the extraction of copper [10]. The kinetics of chalcopyrite dissolution are improved by
higher temperatures, which also increase reaction rates and decrease the persistence of intermediate
passivation products. Pyrite acts as a galvanic couple with chalcopyrite, facilitating electron transfer.
This galvanic interaction enhances iron dissolution from chalcopyrite, reduces the formation of iron-
based passivation layers by preventing iron accumulation on the surface [11, 12].

2. Methodology

2.1. Chalcopyrite Sample Preparation

The chalcopyrite concentrate used in this experiment was received at a particle size of -75 um.
Before the roasting process, the concentrate was homogenized using a spinning riffler to ensure
uniformity and representativeness.

A portion of the concentrate, 15 g for chemical analysis and 15 g for mineralogical analysis and
surface structure analysis, was set aside for detailed analysis. Chemical analysis was performed using
X-ray fluorescence spectrometry, mineralogical analysis was conducted using X-ray diffraction, and
scanning electron microscopy (SEM) was used to analyse the surface structure of the chalcopyrite
concentrate.

The chalcopyrite concentrate was roasted in a muffle furnace at temperatures of 400°C, 600°C, and
900°C for 1 hour. After the roasting process, the roasted concentrates were allowed to cool at room
temperature and crushed to break up any agglomerates that had formed. The cooled roasted concentrates
were then sieved to obtain a particle size range of -75 um for the leaching step. Characterization was
conducted on the roasted concentrates. The concentrates were analysed using XRF to determine
compositional changes, XRD to identify phase transformations, and SEM to examine surface structural
alterations from the roasting process.

The leaching of the roasted chalcopyrite was conducted in two processes: the first involved leaching
using only a sulfuric acid solution, and the second involved galvanic-assisted leaching with manganese
dioxide (MnQO2).

2.2. Preparation of Manganese dioxide fines

The manganese dioxide (MnO;) used in this experiment was received as a fine concentrate with a
particle size of less than 75 um. The received sample was sieved to ensure uniform particle size
distribution of -75 um. For the galvanic leaching process, the MnO2 to chalcopyrite ratio was optimized
at 4:1 (w/w) based on previous studies and electrochemical considerations.

2.3. Leaching of Roasted Chalcopyrite concentrate with and without a galvanic couple

The leaching process was conducted in two ways. The first leaching process was leaching the roasted
concentrate with only sulfuric acid, and the second leaching process was conducted on the roasted
chalcopyrite using a galvanic-assisted process with manganese dioxide (MnQ,) to enhance copper
dissolution. MnO, was introduced as an oxidant to facilitate the electrochemical oxidation of Cu(l) and
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Fe(lIl) species.

Sulfuric acid with a purity of 98% was used as the leaching agent and prepared at a concentration of
0,03 M. 2,5 g of the roasted chalcopyrite were introduced into the leaching vessel. The solid-to-liquid
(S/L) ratio that was used is 1:40 to provide sufficient solution volume to promote metal dissolution.

The leaching reaction was carried out at an agitation speed of 300 rpm using a magnetic stirrer to
enhance mass transfer and prevent particle settling. To control reaction kinetics, temperatures of 25°C,
35°C, 45°C, and 55°C were used. The leaching process was conducted on hot plates in beakers of
250mL. Temperature played a critical role in the dissolution process, affecting both the reaction rate
and solubility of metal ions in solution.

The leaching duration was varied between 2, 4, 6, and 8 hours to assess the kinetics of copper
dissolution and identify the optimal reaction time. At specific time intervals, leachate samples were
withdrawn, filtered, and analysed to track the progress of copper recovery. The filtered solutions were
analysed for copper concentration using atomic absorption spectroscopy (AAS), allowing for precise
guantification of leaching efficiency.

Throughout the leaching process, the pH of the leach solution was carefully monitored and
maintained at 1.5 using a calibrated pH meter. Adjustments to pH were made via dropwise addition of
sulfuric acid to maintain optimal acidity and ensure consistent reaction kinetics throughout the processh.

3. Results and Discussion
3.1. XRF

The XRF results show clear changes in the composition of the chalcopyrite concentrate as the roasting
temperature increased. The unroasted concentrate contained 32.88% CuO and 27.82% Fe,O3 which
indicates that this chalcopyrite concentrate has high contents of copper and iron. When roasted at 400°C
and 600°C, CuO and Fe,0; content increased slightly suggesting initial oxidation of sulfides. At 900°C,
Fe205 had a sharp increase 43.10% while the CuO decreased to 29.92% showing that excessive roasting
favors iron enrichment and partial copper volatilization or conversion into other phases. At the same
time, the SO; content decreased from an initial amount of 19.80% to 12.97%, confirming the removal
of sulfur as SO gas. These changes in composition confirm progressive oxidation and desulfurization
with rising roasting temperature, which is consistent with earlier reports [13].

3.2. XRD
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Fig. 1: XRD graphs of the chalcopyrite concentrate
Figure 1 shows XRD graphs of different chalcopyrite concentrates. Graph (a) is for an unroasted
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chalcopyrite concentrate. Graph (b) is for a chalcopyrite concentrate roasted at 400°C. Graph (c) is for
a chalcopyrite concentrate roasted at 600°C. Graph (d) is for a chalcopyrite concentrate roasted at
900°C. The XRD patterns show the phase evolution of the chalcopyrite concentrate with increasing
roasting temperatures.

The unroasted sample (a) primarily consists of calcite (CaCO; ), dolomite (CaMg(CO3 ), ), covellite
(CuS), periclase (MgO), and bornite (Cus FeS, ), indicating the dominance of sulfide and carbonate
minerals. At 400°C (b), new peaks of quartz (SiO, ), enstatite (SiO3 ), and hematite (Fe, Oz ) appear,
suggesting the onset of sulfide oxidation and carbonate decomposition. Further roasting at 600°C (c)
results in the formation of anorthite (CaAl, Si, Og ), chalcocyanite (CuSO, ), tenorite (CuO), and
magnetite (Fes O, ), confirming significant oxidation and phase transformation. At 900°C (d), the
dominant phases are magnetite, anhydrite (CaSO, ), hematite, and calcite, showing complete oxidation

Fig. 1: SEM-EDS of the unroasted chalcopyrite concentrate and at different roasting temperatures

Figure 2 shows the EDS of the unroasted chalcopyrite and at different roasting temperatures. Picture
A is the unroasted chalcopyrite concentrate, picture B, C, and D are for the concentrates roasted at
400°C, 600°C, and 900°C respectively. The SEM-EDS results confirmed the morphological evolution
of the chalcopyrite concentrate with temperature. The unroasted surface appeared to be sulfur rich, with
clear Cu-Fe-S associations. After roasting at 400°C and 600°C, the oxygen peaks increased and the
sulfur decreased, showing oxidation. At 900°C, surfaces showed dominations of oxygen and Cu, with
reduced S intensity, indicating oxidation of the concentrate. The morphological changes attained at
moderate roasting temperatures improve the acid accessibility, enhancing subsequent leaching.

3.3. Leaching results

The different chalcopyrite concentrates of mass 2.5 g were leached under various conditions to obtain
a pregnant liquor. The produced pregnant liquors were assessed for dissolution concentrations, and
these were used to formulate the recoveries. The recoveries were used to assess the effect of roasting
and the addition of a galvanic couple on the roasted concentrates.

3.4. Effects of Manganese dioxide on unroasted chalcopyrite

The effect of manganese dioxide (MnQ,) was investigated on the unroasted chalcopyrite concentrate
at varying temperatures and varying times. Figure 6 gives the information about the recoveries obtained
from leaching an unroasted chalcopyrite concentrate with and without MnO..
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Fig. 2: Copper recovery on unroasted chalcopyrite

Figure 3 shows the copper recovery graphs obtained at different leaching temperatures. Graph (a)
represents the copper recovery obtained from the unroasted concentrate using sulfuric acid and graph
(b) represents the copper recovery obtained from the unroasted concentrate with the addition of MnO,
as a galvanic couple. Graph (a) shows that leaching an unroasted chalcopyrite concentrate with only
sulfuric acid results in very low copper recovery recoveries, with 15% recovery being the highest
recovery obtained from this experiment after 8 hours, with temperature having a little impact. The
reaction rate of this leaching process remains slow throughout the whole, indicating that passivation
layers formed and limited the copper dissolution and diffusion through the product layer. Graph (b)
shows that the addition of MnO; significantly improves the copper recovery, reaching a recovery of
70%. The initial leaching rate increases sharply, this is especially true at higher leaching temperatures,
suggesting that the addition of MnO- as a galvanic couple accelerates the redox reaction and electron
transfer between the chalcopyrite concentrate and MnO,. These findings are consistent with literature,
which report that CuFeS,/ MnO; galvanic couples achieve higher recoveries due to their favourable
electrochemical potential difference and reduced activation energy compared to chalcopyrite alone [14].
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Fig. 3: Copper recovery for the chalcopyrite roasted at different temperatures

Figure 4 shows the copper recovery results obtained from copper concentrates that were roasted at
different temperatures. Graph (a) shows the copper recovery obtained from the concentrate that was
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roasted at 400°C. This graph shows an improvement in copper recovery when compared to the
unroasted samples, with its optimum copper recovery being 79% at the leaching temperature of 55°C.
The leaching rate showed a rapid initial dissolution rate in the first 2 hours, then rate slows down for
the rest of the leaching process. Graph (b) is the copper recovery from concentrate roasted at 600°C.
This graph presents the highest overall recovery, with rapid dissolution within the first 2 hours and the
highest recovery reaching 85% at a higher leaching temperature for a longer leaching time. Similar to
the results obtained from the sample roasted at 400°C, this leaching system had a rapid initial copper
dissolution rate for the first two hours, then gradually became slower suggesting improved dissolution
through the porous oxide layer. However, graph (c) had the lowest copper recovery, reaching a highest
recovery of 60%. The reaction rate was initially fast for the first two hours then gradually slowed down
for the rest of the leaching process. The results obtained from the samples roasted at 400°C and 600°C
showed an increased recovery rate when compared to leaching the unroasted sample with only sulfuric
acid and with the addition of MnO,.

3.5. Effects of Galvanic Coupling on Roasted Chalcopyrite
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Fig.4: Copper recovery for the chalcopyrite roasted at different temperatures with MnO,

Figure 5 shows the copper recovery obtained from copper concentrates that were roasted at different
temperatures combined with MnO,. Graph (a) represent the recoveries obtained from roasting at a
temperature of 400°C and combining that roasted sample with MnO,. Graph (b) and (c) represents the
recoveries obtained from concentrates roasted at 600°C and 900°C combined with MnO,. At 400°C +
MnO. recoveries exceeded 70% reaching 82%, while 600°C + MnO; gave the best recoveries reaching
a recovery of 95%. At 900°C + MnO- recoveries drop to 79%, however this recovery was better than
the recovery obtained when leaching the concentrate roasted at 900°C with only sulfuric acid. The
400°C + MnO; and 600°C + MnO; graphs indicate fast copper dissolution within the first two hours
and slowed down gradually for the rest of their respective processes. The rate trend for the 900°C +
MnO; process was steady but slower, flattening after 4 hours, suggesting that over-roasting caused
sintering and the formation of compact oxide layers. Overall, 600°C roasting with MnO- provides the
most effective copper dissolution.
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3.6. Leaching Model
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Fig. 5: Effect of leaching temperature on a chalcopyrite concentrate (diffusion-controlled)

Figure 6 applies the diffusion-controlled shrinking core model (KT = 1-3(1-X)2/3) to study the copper
leaching kinetics, showing that higher temperatures improve diffusion through the product layer. The
slopes show that 55°C and 45°C had the fastest copper diffusion rates, while the 35°C is the slowest.
The high R? values confirm that process is well described by the diffusion-controlled model. This means
that the rate-limiting step was not the chemical reaction but rather the diffusion of copper ions through
the porous product layer.
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Fig. 6: Arrhenius Plot of Ln(k) against 1/T

The Arrhenius plot in Figure 7 shows the relationship between LnK and 1/T for copper dissolution.
The slope of -1676.8 indicates a low activation energy, suggesting that the reaction can occur with
minimal energy input and proceed even at lower temperatures. The calculated activation energy was 14
KJ.mol-1. However, the low R? value shows a weak correlation, implying that temperature has a limited
effect. Instead the reaction was largely governed by mass transfer and diffusion phenomena through the
product layer.
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Figure 8 shows a strong linear relationship (R? = 0.939) between the kinetic parameter kt = 1-3(1-
X)1/3 and the normalized reaction rate term RTk*RTk*e-Ea/RT, with the equation y = 8.364x — 1.1074.
The positive slope indicates a direct proportional relationship, and the high R? value demonstrates that
the kinetic model accurately represents the experimental data, with approximately 94% of the variance
explained by this linear fit. These findings confirm that the copper dissolution from roasted chalcopyrite
in this experiment is controlled by diffusion through the product layer rather than by the surface
chemical reactions.

4. Conclusion

This study aimed to investigate the effects of roasting and galvanic coupling with Manganese dioxide
(MnO2) on copper recovery from a chalcopyrite concentrate under different operational parameters
including roasting temperature, leaching time, and leaching temperature. The copper head grade of the
unroasted chalcopyrite concentrate was determined to be 26.26% using X-ray fluorescence
spectrometry. The results showed that leaching the unroasted sample with only sulfuric acid yielded a
recovery of less than 20%, but the addition of MnO at the ratio of 1:4 improved the recovery to over
60% demonstrating the effectiveness of galvanic assistance in overcoming passivation. Roasting
significantly enhance the leachability of the copper, achieving a recovery yield of 85% using only
sulfuric acid and exceeded 90% with the addition of MnO,. However roasting at 900°C reduced the
copper recovery to around 60%, 79% with MnO..

Kinetic modelling revealed that the process follows a diffusion-controlled shrinking core model (R?
=0.939). With the Arrhenius analysis indicating low activation energy, suggesting that temperature and
other factors like mass transfer influence the dissolution rates. Overall, this study revealed that for
effective copper recovery, and approach of combining both roasting and galvanic coupling greatly
improves copper recovery. It is recommended to maintain galvanic coupling with MnO; throughout the
leaching process to prevent passivation and maintain reaction rates. Future work should focus on
optimizing the roasting time and temperature to maximize copper recovery. Studies should also stick to
either galvanic coupling or roasting the concentrate because combining the two methods can prove to
be costly.

5. Acknowledgment

The authors acknowledge the financial support from the Faculty of Engineering and the Built
Environment at the University of Johannesburg in South Africa.

6. References

[1] Kolela J Nyembwe, Elvis Fosso-Kankeu, Frans Waanders, Kasongo D Nyembwe. 2019. Structural,
compositional and mineralogical characterisation of carbonatitic copper sulfide concentrator plant streams:
Run of mine, concentrate and tailings. International Journal of Minerals, Metallurgy and Materials. 26(2):
143-151.

[2] Kolela J Nyembwe, Elvis Fosso-Kankeu, Frans Waanders and Martin Mkandawire. 2021. pH-Dependent
leaching mechanism of carbonatitic chalcopyrite in ferric sulfate. Transactions of Non Ferrous Metals Society
of China. 31: 2139- 2152.
https://doi.org/10.1016/S1003-6326(21)65644-3.

[3] KolelaJ Nyembwe, Elvis Fosso-Kankeu, Frans Wanders and Edward Ntumba Malenga. 2018. Mineralogical
Observation Made During the Kinetic Dissolution Study of Chalcopyrite Mineral in Sulphate Media under
Free pH at Room Temperature. Editors: Elvis Fosso-Kankeu, Frans Waansders, Michel Plaisent. 10th Int'l
Conference on Advances in Science, Engineering, Technology & Healthcare (ASETH-18) Nov. 19-20, 2018
Cape Town (South Africa). ISBN: 978-81-938365-2-1. Vol 11. Pp 144-148.

[4] Brad Barlow, Elvis Fosso-Kankeu, Kolela ] Nyembwe, Frans Waanders and Edward Ntumba Malenga. 2018.
Prediction of Dissolution of Copper from a Chalcopyrite Carbonatite Ore of South Africa. Editors: Elvis
Fosso-Kankeu, Frans Waansders, Michel Plaisent. 10th Intl Conference on Advances in Science,
Engineering, Technology & Healthcare (ASETH-18) Nov. 19-20, 2018 Cape Town (South Africa). ISBN:
978-81-938365-2-1. Vol 1. Pp 96-100.

https://doi.org/10.17758/DIRPUB19.DiR1225711 56



[5] KolelaJ. Nyembwe, Elvis Fosso-Kankeu, Frans Waanders, Bhekie B. Mamba and Martin Mkandawire. 2024.
Chalcopyrite Leaching in Ferric Sulphate: The Effect of Fe304-CuFeS2 Galvanic Couple on the Cu
Dissolution. Minerals. 14: 162.

[6] KolelaJ Nyembwe, Elvis Fosso-Kankeu, Frans Waanders, Martin Mkandawire, Didier K Nyembwe, Bhekie
B Mamba. 2024. Influence of Fe304 on redox changes during Cu dissolution from CuFeS2 in acidified ferric
sulfate. Trans. Nonferrous Met. Soc. China 34(2024) 1965—1975..

[7] Kolela Nyembwe, Frans Waanders, Martin Mkandawire, Bhekie Mamba. 2024. Complexity of chalcopyrite
mineral affecting copper recovery during leaching. Eds. Elvis Fosso-Kankeu, Bhekie Mamba, Antoine F
Mulaba-Bafubiandi. 2024. Recovery of Values from Low-Grade and Complex Minerals: Development of
Sustainable Processes. Wiley. ISBN: 97811198964 18.

[8] Padilla, R., Nava-Alonso, F., Uribe, I. and Uribe, S., 2019. Effect of pH and temperature on copper leaching
from chalcopyrite with hydrogen peroxide and sulfuric acid. Minerals Engineering, 141, p.105862.

[9] Riveros, P.A., Dutrizac, J.E., & Spencer, P. (2013). Chalcopyrite hydrometallurgy at atmospheric pressure: 1.
Review of acidic sulfate, chloride and nitrate process options. Hydrometallurgy, 139, 27-41.

[10]Sun, X., Yuan, W., Jin, K., & Zhang, Y. (2021). Control of the Redox Potential by Microcontroller
Technology: Researching the Leaching of Chalcopyrite. Minerals, 11(4), 382.

[11]Karimov K, Tretiak M, Rogozhnikov D. The Dissolution Behavior of Pyrite and Chalcopyrite in Their
Mixture During Low-Temperature Pressure Oxidation: A Kinetic Analysis. Materials (Basel). 2025 Jan
25;18(3):551. doi: 10.3390/ma18030551. PMID: 39942218; PMCID: PMC11818596.

[12]Jafari, M., Karimi, G., and Ahmadi, R. (2017). Improvement of chalcopyrite atmospheric leaching using
controlled slurry potential and additive treatments. Physicochemical Problems of Mineral Processing, 53(2),
pp.1228-1240.

[13]Nyamjargal, L., Batdemberel, G., Burmaa, G. and Burmaa, D. (2018) 'Effect of roasting temperature for
copper leaching of sulfide concentrate by combined methods', Open Journal of Applied Sciences, 8(12), pp.
545-553. doi:10.4236/0japps.2018.812044.

[14]Moganedi, M., Malenga, E. and Fosso-Kankeu, E., 2024. Comparative effects of CuFeS,/MnO, and
CuFeS,/Fe;0, galvanic couples during the kinetic dissolution of Cu. In: 38th ROME International Congress
on Biological & Environmental Sciences (RIBES-24), 4-6 December 2024, Rome, Italy. [online] EARES.
Available at: https://doi.org/10.17758/EARES19.EAP1224203

https://doi.org/10.17758/DIRPUB19.DiR1225711 57





