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Abstract: This paper elaborated on the sustainability of the copper extraction process. In fact, an alternative copper extraction route 
from mixed sulphide ores, chalcopyrite and chalcocite using mesophilic biomass consortium at 33.3 °C and ferric leaching process 
were attempted. Bioleaching experiments were settled with a fraction size of −75+53 µm. Bacteria were used as the catalyst. A 
copper yield of 65.50% was obtained. On the other hand, in ferric leaching process, with a fraction size of −53+38 µm, when the 
temperature was increased to 70 °C, the copper leaching rate increased to 78.52%. Thus, comparatively, the mesophilic bioleaching 
process showed a more obvious advantage in copper extraction than leaching process with a high temperature. However, it has been 
resolved from the characterization performed using SEM−EDS, FTIR and XRD observations coupled with different thermodynamic 
approaches that, the indirect mechanism is the main leaching mechanism, with three transitory mechanisms (polysulphide, 
thiosulphate and elemental sulphur mechanisms) for the mixed chalcopyrite−chalcocite ore. Meanwhile, the speciation turns into 
Cu2S−CuS−Cu5FeS4−Cu2S before turning into CuSO4. While ferrous oxidation and the formation of ferric sulphate occur, and there 
is a formation of strong acid as bacteria digest sulphide minerals into copper sulphate at low temperature, which is why this copper 
production scenario requires a redox potential more than 550 mV at room temperature for high copper leaching rate. 
Key words: sustainable copper extraction; mixed chalcopyrite−chalcocite; copper speciation; ferric leaching; mesophilic bioleaching 
mechanism; redox potential 
                                                                                                             

 
 
1 Introduction 
 

Bio-hydrometallurgy is presented nowadays as an 
alternative route for hydrometallurgical and pyro- 
metallurgical processing [1,2]. Hydrometallurgy is a 
successful process in the primary production and 
recycling of metal components. In hydrometallurgical as 
well as bio-hydrometallurgical processes, the leaching 
process is a key step that consists of dissolving a solid 
phase in an aqueous medium to subsequently separate 
the compounds of interest. Chalcopyrite is the most 
abundant copper sulphide and it is widely spread in the 
ecosystem [3,4]. It is typically found in the environment 
embedded in rich pyritic−siliceous ore [5]. 

However, many studies proposed mechanisms for 
the dissolution of chalcopyrite and chalcocite using 
thermophilic bacteria or conventional ferric leaching 
method but there are not conclusions on mixed 
chalcopyrite−chalcocite [6−9]. In the meantime, the 
termination and limitation of chalcopyrite and chalcocite 
mechanisms are still a subject of discussion owing to the 
diversified and large number of outcomes showing 
different assumptions, which could be attributed to the 
diversity of the mineralogical composition of the 
sulphide minerals. 

The challenge in determining the sustainable  
copper extraction and precise mechanism in a mixed 
chalcopyrite–chalcocite in the presence or absence of 
mesophilic bacterial strains becomes evident. Hence, it 
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turns out to be very important to make a comparison 
between conventional ferric leaching and mixed pyritic 
siliceous chalcopyrite−chalcocite bioleaching using 
indigenous mesophilic bacterial strains originated from 
the same bulk samples as well as the characterization of 
the bioleachate solution, copper sulphide minerals 
speciation and solid bioleachate residues by means of 
new analytical techniques as mentioned below coupled 
with some thermodynamic considerations. On the other 
hand, there is a hope that indigenous mesophilic 
microorganisms could be useful in future industrial 
applications, keeping into consideration their availability 
and other advantages over moderately and extremely 
thermophilic strains. This work used indigenous 
mesophilic strains originated from the same copper rock 
sample for biotic experiments. In addition, scanning 
electron microscopy with energy dispersive X-ray 
spectrometry (SEM−EDS), Fourier- transform infrared 
spectroscopy (FTIR) and X-ray powder diffraction (XRD) 
were used by coupling with thermodynamic simulation 
approaches in order to determine the dissolution 
mechanisms and limitations of this green and sustainable 
copper extraction method. 
 
2 Experimental 
 
2.1 Chemicals 

All reagents and solvents employed in this 
investigation were of analytical grade for making sure 
that all experiments are well done. Distilled water, 
absolute ethanol and hydrochloric acid for bacterial DNA 
identification were purchased from Johannesburg, South 
Africa. 
 
2.2 Sample collection and methodology 

The bulk samples used in this work were collected 
in the DR Congo, and the mixed chalcopyrite–chalcocite 
ore was collected from Kamoa orebody, one of the 
largest copper high-grade deposit in the world. However, 
the crushed ore was sieved with particle sizes from −150 
to −38 µm for liberating and facilitating copper. 

The bioleaching experiment was carried out as 
indicated elsewhere [10]. Meanwhile, the redox potential 
was ranged between 350 and 550 mA. The solid 
bioleachate residues were obtained after a leaching 
experiment in the presence of native mesophilic strains 
originated from the same sample. The solid bioleachate 
residues were analyzed using SEM−EDS, XRD and 
FTIR spectrometry for displaying a clear understanding 
of the exact mechanism of the mixed chalcopyrite− 
chalcocite. 
 
2.3 Analytical techniques 

Samples underwent chemical composition analysis 
using XRF spectrometry. The Cu, Co, Fe, Ni, Ca, Mg, K, 

Mn, Al and Si contents of the samples were analyzed 
using an X-ray tube and two crystal analysis materials 
made by Rigaku Tokyo, Japan. 

Crystalline structures were evaluated using several 
analytical techniques employed in mineralogical studies. 
XRD tomography of the bulk samples was performed 
using the ULTIMA IV diffractometer with the following 
measurement conditions: scan speed, 2 (°)/min; radiation 
generated at 40 kV; λ=1.5406 nm at 30 mA; scan axis at 
2θ. XRD data were collected employing a computer- 
controlled XRD. Crystal elements were characterized 
using a FTIR spectrometer in a range of 4000−500 cm−1. 
The stretching vibrations (spectra) of bulk samples were 
then identified. 

The analysis of solid bioleachate residues that were 
mounted in polished sections, was made using TESCAN 
SEM−EDS devices with the backscattering electron mode 
and the detector employing a beam voltage of 20 kV. 
 
2.4 Bacterial identification 

The next generation sequencing of 16S rRNA was 
performed from the synthetic bacterial consortium for 
allowing the assessment of microbiota diversity and 
detection of microorganisms. This technique combined 
with the method called interphase fluorescence in    
situ hybridization (FISH) coupled with polymerise  
chain reaction (PCR) amplification. Those methods  
confirmed the presence of five DNA classes identified, 
which are Gammaproteobacteria, beta proteobacteria, 
Alphaproteobacteria, Bacilli, and Acidobacteria. They 
were greatly identified and numbered from the designed 
synthetic bacterial consortium, which were used as 
inoculum. Among them, Acidithiobacillus ferrooxidans 
and Acidithiobacillus thiooxidans species are the most 
known for their biotechnological interest. 
 
3 Results and discussion 
 
3.1 Characterization of bulk sample  

The XRF, XRD and FTIR data (referring to Table 1 
as well as Figs. 1 and 2, respectively) confirmed that the 
rock sample was made up of a silica matrix bearing 
copper in the form of chalcopyrite–chalcocite and with a 
huge amount of silica. However, the XRF analysis shows 
the presence of Si, Fe, Al, Mg and Ca as major 
components in the recalcitrant ore. The contents of    
the major components were 46.70% Si, 17.09% Fe,  
12.16% Al, 11.34% S, 4.26% Mg, 4.55% Cu and 2.97% 
Ca. Other elements that existed as minor substances were 
K, As, Se, Pb, Sr and Mn. The isotopic signature of 
cobalt was noticed to be quite trivial with 0.0095%, and 
this was observed in the chemical characterization results 
related to different fraction sizes of the sample used as 
provided in Table 2. 
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Table 1 Main chemical composition of mixed chalcopyrite− 

chalcocite ore (wt.%) 

Cu Co Fe Ti S 

4.55 0.0095 17.09 0.8 11.34 

Mg Ca Al Si 

4.26 1.97 12.16 46.70 

 

 

Fig. 1 XRD pattern of dolomitic−siliceous matrix bearing 

copper sulphides, mainly chalcopyrite and chalcocite 
 

 

Fig. 2 FTIR spectrum of mixed chalcopyrite−chalcocite ore 

 
The XRD analysis was utilized for the qualitative 

examination of the bulk sample. The identification of 
minerals in the bulk sample was achieved regarding the 

peak position and intensity in comparison with the 
spectra from drafted powder diffraction data for minerals. 
The FTIR analysis (see Fig. 2) shows the evolution of  
transmittance as a function of wavenumber. Thus, it is 
first indicated that Al—OH and Si—O turned out to be 
the main functional groups observable in the ranges 
around 500 and 1000 cm−1, respectively. Intensive peak 
at 1000.20 cm−1 was due to the Al—O—S stretching 
vibration bond [11]. The bands at 100.40−100.60 cm−1 
corresponded to the Al—OH vibrations. The functional 
groups were related to inter-Si—O— Si tetrahedral  
bands stretching with SiO2 and the hydroxyl band of 
gibbsite [12] caused the bands at 796.83−777.83 cm−1. 
On the other hand, the same combination fundamental 
absorption band was observed in the region of 
796.83−694.52 cm−1. It is almost in this region, where 
the bonding of some silica with the sulphur atom or 
molecule or ion occurred (730−690 cm−1). Iron existed in 
the form of Fe—O and Fe2O3 close to 500 cm−1, almost 
below 694.52 cm−1 [13]. A carbonate structure was also 
detected at around 1423.12 cm−1. This structure isolate 
was usually the radical 2

3CO   group bearing the 
symmetric stretch (ν3). The hydroxyl linkage group    
( — OH) and/or H2O strong bands also showed  
absorption bands at 3388.51 and 1714.33 cm−1 in the 
matrix spectrum. This revealed the presence of water   
(H—O—H) stretching vibrations in a relative absorbance 
caused by the hydroxyl-linkage nature of the diamictite 
materials. The SEM−EDS observations in Fig. 3 and 
Table 3 are in agreement with the XRF, XRD, and FTIR 
results as indicated above and helpful to investigate the 
tomography related to the sample and different copper 
grain sizes as shown in Fig. 4. 

 
3.2 Effect of particle size on copper extraction from 

mixed chalcopyrite−chalcocite ore 
A ferric leaching experiment was carried out by 

varying particle size in the range from +150 to −38 μm at 
pulp density of 2% (w/v) and with 4 g of Fe2(SO4)3 over 
2 h, at pH 1.5 and 120 r/min. There was a weaker 
extraction of 28% of copper because of possible 
chemical reactions and the mineralogical lattice of the 

 
Table 2 Particle size distribution of mixed chalcopyrite−chalcocite ore 

Particle size/µm 
Content/wt.% 

Cu Co Fe Ti S Mg Ca Al Si 

+150 1.50 0.0059 19.10 1.12 17.37 3.62 2.36 11.17 44.02 

−150+106 1.55 0.0059 18.07 1.11 17.13 3.72 1.85 11.06 43.66 

−106+75 2.63 − 17.70 1.9 16.35 4.35 2.03 11.92 44.69 

−75+53 3 .73 − 17.25 1.7 15.36 3.80 2.13 11.13 45.69 

−53+38 4.51 − 17.39 0.9 14.13 3.98 2.16 11.43 46.15 

−38 4.55 0.0095 17.09 0.8 11.34 4.26 2.97 12.16 46.70 
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Fig. 3 SEM−EDS micrographs showing morphology of mixed chalcopyrite−chalcocite ore: (a−c) SEM images; (d) EDS spectrum 

 

Table 3 EDS results related to one of spectra of mixed chalcopyrite−chalcocite ore 

Point in Fig. 3(b) 
Content/wt.% 

Phase 
Mg Al Si S Fe Cu O 

1 0.081 0.161 8.484 8.125 58.254 FeO 

2 28.755 70.345 SiO3 

3 6.441 6.845 7.877 8.419 70.647 CaO 

4 6.285 1.859 7.687 9.130 55.255 FeS 

5 8.336 8.782 7.846 68.723 CuO 

 

composite sample. However, the effect of particle size on 
the leaching rate of copper is clearly shown in Fig. 4(a). 

Theoretically, the ore particles with fine sizes were 
easily leached owing to the mass transfer and higher 
leaching rate. 

Indeed, in the presence of fine sizes, metal 
liberation is very casual, and dissolution is affected. 
Figure 4(a) shows that when the size is decreased, the 
copper leaching rate increases relatively quickly. The 
lower extraction rate was noted to be more substantial in 
the coarser sized ranges than that in finer sized ranges. In 
addition, it has been observed that the leaching rates of 
Cu and Co increase slowly when the particle size is 
increased from +150−106 to −75+53 μm. When the size 
is decreased to −53+38 and −38 μm, the leaching rate is 
increased relatively fast even if less recovery was 
reported. This might be assigned to substantial oxidation 
of Fe2+ in the minerals into Fe3+ ions in the fraction sizes 
from −53 to +38 μm, and −38 μm particles affecting the 
copper leaching rate present in the pyritic siliceous phase. 

On the other hand, another explanation could be 
attributed to the composition of the overall crystal lattice 
of the matrix used as well as the microbiota activity and 
growth, which have participated in better liberation of 
Fe3+ in the finer sizes as mentioned above. These 
approaches are in agreement with results in Refs. [14,15]. 
It might be assumed that mixed fractions of finer 
particles with sizes >38 μm and −53+38 μm of mixed 
chalcopyrite−chalcocite could allow better liberation of 
copper during abiotic leaching process but more 
exposure time is required to achieve better results. 

Conversely, the lower extraction rate was noted to 
be much substantial in the coarser size ranges than finer 
size. That is why the choice was a particle size of 
−53+38 μm, since grinding would not be required due to 
the high operation cost at −38 μm. Compared with biotic 
leaching as shown in Fig. 4(b), at first, metal recovery 
increased after a slight increase during the first 4 d of 
biotic leaching corresponding with the bacterial activity. 
Thus,  these  scenarios  correspond  to  the  phases  of 
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Fig. 4 Abiotic leaching results using ferric sulphate with pulp 

density 2% (w/v) at 30 °C, 2 h and pH 1.5 (a) and biotic 

leaching results with pulp density of 2% (w/v) at 33.3 °C, and 

redox potential of 350−550 mV over 16 d 

 
bacterial growth i.e. the lag phase, the phase of 
exponential growth and the stationary phase. Different 
states, according to different particle sizes, were 
observed in each phase, and a difference occurred during 
the lag phase, 4−7 d, with particle sizes of −53, +53−75 
and +75−106 μm, respectively. 42.4% of copper 
extraction was obtained at a particle size of −75 μm, 
without shaking, and under incubation at 33.3 °C. The 
results show that abiotic leaching is more energy 
demanding than biotic leaching. On the other hand, the 
great bio-solubilization at particle sizes <75 μm could  
be vindicated through distribution and mineralogy, 
including weaker acid consumption from silica and the 
nature of generated residues, which are dolomitic  
gangue, and aided by a substantial amount of Fe within 
the overall matrix with particle sizes <75 μm [16,17]. 

The decrease of the particle size to −75 μm could be 
explained through acid consumption by the gangue, 
owing to the reduced exposition of the mineral   
surface [18]. This is contributed to the narrowing of the 
particle sizes during the leaching process due to 
mineralogy and biomass activity, which is based on the 

control in the activity of iron. In contrast, NEMATI and 
HARRISON [19] believed that the range of particle sizes 
below +150 μm did not influence the morphology and 
growth kinetics of the cells. Nevertheless, HEDRICH  
et al [20] believed that a significant bio-dissolution 
occurred at a particle size of −75 μm, compared with 
other particle sizes that revealed the lowest extraction 
rate. This could be explained by the morphology of 
mineral phases and the chemical composition of 
bio-leached residues by using SEM and XRD analysis at 
a particle size of −75 μm. 
 
3.3 Effect of leaching temperature on copper recovery 

from mixed chalcopyrite−chalcocite ore 
Figure 5(a) shows that the effect of temperature is 

more evident on metal extraction compared with that 
obtained under preceding conditions. As a result, the 
leaching rate of Cu was noted to be an average of 
78.52% at 70 °C, while a decrease was noted at 90 °C 
with 65.48%. This is due to the increase of jarosite and 
elemental sulphur accumulation, which hindered the  
 

 
Fig. 5 Influence of temperature on leaching rate in abiotic 

experiment at pH 1.5, pulp density of 12% (w/v) during 2 h in 

the presence of 1.5 mol/L H2O2 (a) and bioleaching time on 

leaching rate in biotic experiment at 33.3 °C, pulp density of 

2% (w/v), fraction size of −75 μm, 16 d and redox potential of 

350−550 mV (b) 
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dissolution action at high temperature at 50% of copper 
recovery. On the other hand, this means that the diffusion 
control is less accelerated despite an increase in 
temperature. Conversely, considering the obtained results 
compared with the biotic experiment results at 33.3 °C 
mentioned in Fig. 5(b), all the results obtained in the 
presence of indigenous bacterial strains were more 
suitable and flexible than results obtained in the   
abiotic process (technically suitable, economically and 
environmentally friendly). Indeed, as illustrated in    
Fig. 5(a) at 70 °C and 90 °C with pulp density of 12% 
(w/v), the copper leaching rates in the abiotic experiment 
were only about 78% and 65%, respectively. However, in 
the biotic experiment with a pulp density of 12% (w/v) at 
33.3 °C, the recovery yield was 65.2%. What confirms 
the assumption of the bioleaching process as an 
alternative route to the conventional method, is energy 
saving. The copper behaviour in bacterial leaching and 
the abiotic experiment is therefore different. It was noted 
that there was almost significant copper leachable, 
78.52% at 70 °C and 38.57% at 30 °C, respectively in 
abiotic leaching, while the biotic experiment recorded 
65.2% of copper yield at only 33.3°C as mentioned in 
Fig. 5(b). Meanwhile, the copper concentrations of the 
solution tended to decrease at the end of the tests. This 
phenomenon is less important since it is observed in 
every test. 

The highest total iron reached was about 45% of 
oxidation in biotic leaching, which was more than copper 
oxidation in abiotic experiment at 30 °C. In the 
meantime, it was observed that the iron oxidation in the 
abiotic experiment was more substantial than the copper 
oxidation. This phenomenon could be attributed to the 
mineralogical composition of the ore used and observed 
working conditions in both experiments. Furthermore, 
the compromise between the temperature and redox 
potential could also contribute to explaining the iron 
behaviour in the biotic experiment, which was why 
various iron oxidation values were recorded in a redox 
potential range between 350 and 550 mV. Much more 
attention is needed in the prospect studies with respect to 
abiotic leaching, nevertheless, it is of interest to mention 
that the difference in terms of copper extraction yield, 
which has been observed between 70 and 90 °C in the 
abiotic leaching, confirms the importance of serious 
control of temperature with other parameters as well as 
the compromise to be taken with redox potential in order 
to enhance the copper efficiency. This explains the need 
to break out the limitation of activation energy for 
getting higher copper extraction in abiotic testing than  
in biotic experiment. Yet, the better iron extraction 
performance in abiotic system than in biotic experiment 
could be explained by the thermodynamic frameworks, 
which have been established during the respective 

experiments and based on the mineralogical nature of 
head sample used and the medium conditions [21]. In 
addition, the difference could be attributed to the fast 
kinetic of Fe2+ and slow Fe3+ reduction and 
biodegradation of sulphur coupled with the delay in the 
accumulation of hydroxide ions in biotic experiment 
generating the jarosite, which is known as inhibitor agent 
of bacterial activity and growth until a certain level is 
well defined [22]. 

The dynamic interactions of ferric and ferrous iron, 
which form the total iron as observed in Figs. 6(a) and 
(b), can influence the decaying streams of the increased 
copper leaching rate and reduce the final redox potential 
with the effect of the iron−copper extraction in chemical 
leaching compared with the bioleaching process based on 
the influence of bacterial activity. This observation is in 
accordance with the earlier studies carried out by 
KHOSHKHOO et al [23] as well as the SEM−EDS 
outcomes of the solid bioleachate residues. On the other 
hand, in abiotic experiment, the feature system requires 
temperature higher than 90 °C with 65% of leaching rate, 
to reach 80% of copper oxidation [24]. The findings 
confirmed that the abiotic leaching or conventional 
method is very energy demanding compared with biotic 
leaching with 65.2% of copper extraction at 33.3 °C with 
12% (w/v) of solid loading. Our biotic experiment 
outcomes are efficient compared to those obtained by 
BEHERA et al [25] at 25 °C. Conversely, PETERSEN 
and DIXON [26] believed that the temperature did not 
have an effect during the chalcopyrite bioleaching time 
but, the redox potential played a critical role in copper 
extraction yield. 

Nevertheless, there is a link electrochemically 
between redox potential and temperature as per the 
Nernst Law [27]. In our case, it can be therefore 
confirmed that the increased redox potential has to be 
promoted for efficient mesophilic bioleaching. This 
phenomenon was confirmed by the XRD observations of 
solid bioleachate residues during bioleaching time   
(Fig. 6). In contrast, some studies on the chalcopyrite and 
chalcocite bioleaching process with the same conditions 
but redox potential >650 mV showed substantial copper 
extraction compared to the findings obtained in      
Ref. [26], despite the presence of chalcocite in the used 
sample. This may be attributed to the decreased redox 
potential used in this research (350−550 mV) and the 
earlier Jarosite accumulation rate originated from the 
pyrite oxidation, which has been reported. However, the 
chemical and mineralogical compositions of the overall 
matrix highlighted the better ponderation of iron and 
silica originated from pyrite and quartz, respectively, 
which have been reported as antibacterial agents in their 
increased oxidation. Additionally, the increased rate of 
some by-products and the copper speciation as well as 
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the behavior of bacterial activity and growth occurring 
during biotic experiment can provide much more 
revelations to the decreased copper yield. Hence, it may 
be concluded that the redox potential should be increased 
at redox potential >650 mV without reaching the critical 
redox potential >750 mV. 
 

 

Fig. 6 XRD patterns of samples in biotic experiment at 33.3 °C, 

−75 μm, 2−11 d, and redox potential of 350−550 mV: (a) Day 2; 

(b) Day 4; (c) Day 6 (jarosite appearance); (d) Day 11 (jarosite 

accumulation) 

 
3.4 Characterization of solid state of bioleachate 

residues-induced metamorphic transformation of 
mixed chalcopyrite−chalcocite ore 
From the XRD analysis in Fig. 6, it can be observed 

that covellite, bornite and chalcocite appeared in the 
bioleachate residues at days 2, 4 and 6 respectively and 
chalcocite disappeared from the 11th day. Covellite 
appeared at day 2 (Fig. 6(a)) and then increased and 
disappeared. The bornite phase took place as observed in 
Fig. 6(b). The chalcocite phase was observed after the 
disappearance of the bornite phase (Fig. 6(c)) during the 

bioleaching process; jarosite formation increased with 
the evolution of time and turned out to be the key 
composition with time. In addition, the anatase phase and 
elemental sulphur were identified in the full experiment. 
Indeed, in this work the Cu microparticles on TiO2 
surface were enclosed in the bioleachate solid residues 
and those present in the pregnant leach solution (PLS) 
led to bacterial inactivity. The FTIR analysis was helpful 
to display a better understanding of the copper sulphide 
disappearance time (11th day and 14th day). Based on 
the obtained results, it can be reported that the 
exothermic reaction at working temperature of 33.3 °C 
generated a copper oxidation and then a precipitated 
covellite (CuS) occurred a bit late because of the low 
rates of redox potential and Fe2+ oxidation as observed in 
Figs. 7(a) and (b). It is of interest to mention that the 
substantial increased Fe2+ was directly accredited to the 
steady decrease of the pH in the system as observed in 
Fig. 7(b). These observations are in agreement with the 
investigations carried out in Ref. [28−30]. 

In this respect, this research mentioned the 
existence of three copper speciations (steps) before   
the formation of copper sulphate at required Fe2+ 

concentration, which involves literally the increase of 
redox potential [31]. Similar findings have been provided 
in Refs. [32,33]. The latter might be formed in two 
copper sulphates (Cu2SO4 and CuSO4) depending on the 
redox potential rate and the formation of by-products 
(jarosite and elemental sulphur). Nevertheless, the 
formation of copper sulphate (CuSO4) requires an 
elevated redox potential (0.5 or 1 V) in the system. 

The FTIR spectra (Figs. 8(a) and (b)) support the 
increased jarosite by the crystal lattice theoretical bands 
occurring near 470, 650, 700 cm−1 and 900−925 cm−1; 
this is observed based on the generated data for both 
transmittance modes. An intensive band assigned to ν1 
( 2

4SO  ) is reported for a large number of sulphates with 
 

 

Fig. 7 Evolution of bioleaching process as functions of copper leaching rate and redox potential (φ) (a) and evolution of pH and Fe2+ 

leaching rate during bioleaching process (b) at 33.3 °C, pulp density of 2% (w/v) and particle size of −75 µm 



David Lukumu BAMPOLE, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2170−2182 

 

2177

 

 

Fig. 8 FTIR spectra from bioleachate residues at 33.3 °C, fraction size of −75+53 μm and redox potential of 450−550 mV: (a) Day 11; 

(b) Day 14 

 

inaccurate configuration at 950−1000 cm−1 [34]. A strong 
doublet stretching vibration at 700 and 760 cm−1 
correlates with ν4 (

2
4SO  ), and the strong doublet band is 

reinforced by the intensive peak closer to the wide band 
between 3550 and 3200 cm–1 and a weak band occurring 
from 1750 to 1000 cm–1, which are assigned to 
differential linkage of —OH distending vibrations of 
water. Hence, by coupling the bands related to 2

4SO 
 

and —OH some observable AlOOH and FeOOH phases 
display a γ-OH linkage near 750 cm−1 as well as a δ-OH 
doublet adjacent to 1030 cm−1 [35]. The intensive peaks 
at 2800 and 2900 cm−1 are also attributed to the jarosite 
occurring with amalgamation to stretching vibrations 
mentioned above. Hence, the jarosite accumulation is 
very substantial on the 14th day, which is observable 
when comparing with Figs. 8(a) and (b)). The jarosite 
formation occurred at the main components on day 14. 
This jarosite accumulation affects the copper leaching 
rate and decreases the dissolution together with sulphur 
degradation, H2S and FeOOH, because of hydrogenation 
reaction, increased sulphuric acid and Caro’s reaction. 
These observations are in contract with the studies 
carried out by LIU et al [36−38] who observed the 
jarosite and chalcocite formation at day 4 with 
thermophilic and mesophilic bacterial strains, while in 
this work we observed the same phases at day 6. 
Meanwhile, the findings obtained in this work are not in 
agreement with the studies of LIU et al [36] who argued 
that there was no evident passivation influence on copper 
leaching rate through jarosite and S precipitation. 
Nevertheless, the difference could be attributed to the 
mineralogical composition of the ore used; the iron and 
sulphur concentrations in the overall matrix, the 
operating conditions over time, and the delay in the 
reduction of Fe3+ ions can be attributed to the jarosite 
accumulation. Hence, it is of interest to mention that  
the fast jarosite formation in our studies could be 
explained by the rapid pyrite oxidation beyond mixed 

chalcopyrite−chalcocite bioleaching process in the 
second stage of pyrite oxidation, which depends upon the 
dynamic interaction between microbiota activity and 
growth as well as Fe2+ oxidation affecting the passivation 
of the copper grains. As a result, the copper leaching rate 
is therefore undesirably affected as well. This evidence 
could be observed by SEM−EDS results of bioleachate 
residues (Fig. 9). The EDS results, which have been 
observed in Fig. 9(d) were assigned to Point 1 in     
Fig. 9(c). The chemical compositions of Point 1 are 
observed in Table 4. 

From the results in Tables 2 and 3 correlated to the 
chemical characterization of the head sample and the 
EDS results of the bioleachate residues in Table 4 
respectively, an effective alteration of the recalcitrant ore 
used as overall feed is observed based on the recorded 
values in terms of comparison. The analysis results of 
bioleachate residues after bioleaching time confirmed the 
presence of the jarosite as a candidate of passivation 
during mesophilic bioleaching time. Indeed, it can be 
seen that the morphologies (Figs. 9(a−c)) and chemical 
compositions (Fig. 9(d) and Table 4: EDS results) shed 
some light on the bioleachate residue properties. 
Furthermore, all the micrographs showed that they were 
made up of Cu, P, Fe, S, O, K and C. These chemical 
compositions are provided in the precipitates in different 
proportions. These precipitates can be predicted as an 
iron oxide which is combined to an amalgamation of 
potassium, alteration of silica and elemental sulphur, 
especially when the medium is rich in sulphate and 
contains elements such as Na, P and N, and K originated 
from the 9K culture medium is in favor of jarosite 
formation. Sulphur, copper and iron are originated from 
the dissolution of mixed chalcopyrite−chalcocite ore. 
The presence of C in several spectra is assigned to 
microorganisms because it has been originated from 
non-polished sections of the solid bioleachate residues  
as observed in Figs. 9(a−c). Table 4 shows a carbon 
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Fig. 9 SEM images (a−c) showing effective alteration of mixed chalcopyrite−chalcocite ore at 33.3 °C, fraction size of −75+53 μm 

on day 16, and EDS spectrum of Point 1 in Fig. 1(c) (d) 

 

Table 4 EDS analysis of chemical compositions in bioleachate 

residues at Point 1 in Fig. 9(c) 

Element wt.% at.% Formula 

C 1.02 1.01 CO 

Al 3.62 3.24 Al2O3 

Si 8.37 7.19 SiO2 

S 15.19 11.43 SO3 

K 1.67 1.03 K2O 

Ca 0.14 0.09 CaO 

Ti 0.54 0.27 TiO2 

Fe 3.79 1.64 FeO 

Cu 22.10 8.39 CuO 

O 43.56 65.71 

 

component that could be attributed to an organic 
component matter, probably due to the presence of 
bacteria in these precipitates. These observations show 
that most bacteria would be encrusted by these 
precipitates. The SEM−EDS results of the bioleachate 
residues confirmed the similar trends that the copper 
oxidation with native mesophilic strains is governed by 
two stages (dissolution and non-dissolution). 

The two stages could be shed light trough the 
thermodynamic framework based on the effect of the 

temperature and equilibrium potentials. Furthermore, 
these copper intermediate phases can be approached 
thermodynamically as well (HSC Chemistry 5.0 for 
simulation). 
 
3.5 Approach on thermodynamic speciation of mixed 

chalcopyrite−chalcocite ore during mesophilic 
bioleaching in atmospheric conditions 
It can be highlighted that CuS, Cu5FeS4 and Cu2S 

phases, which have been observed by XRD spectrometry 
as mentioned above, are the main solid phases of 
chalcopyrite metamorphic transformation in the indirect 
mechanism, hence, the couple (Fe3+, Fe2+) and the 
elemental sulphur (S) are by-products before the Cu2+ 
final phase [39]. As a result, the CuFeS2 oxidative 
dissolution reactions are facilitated by means of  
forming sulphuric acid by H+ reactions, which are 
summarized in Tables 5 and 6 (originated from the 
previously reported transitory mechanisms). This 
approach in accordance with the Pourbaix diagram 
revealed below in Fig. 10. 

As mentioned in Table 5 and Fig. 10, both potentials 
are correlated with the expected dissolution reactions  
as functions of the Cu2+ and Fe2+ concentrations. The 
different cryptograms in φ (description) are correlated 
with the redox potentials in Table 5, which have been 
designed from the HSC Chemistry database [40]. 



David Lukumu BAMPOLE, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2170−2182 

 

2179

Table 5 Equilibrium potentials of CuFeS2 eventual oxidative 

solubilization reaction routes in H2SO4 

State Eventual reaction Equilibrium potential 

1 
CuFeS2=CuS+ 

S+Fe2++2e 
φo1= 0.219+0.0295lg [Fe2+] 

2 
10CuFeS2=2Cu5FeS4+

12S+8Fe2++16e 
φo2= 0.251+0.0295lg[Fe2+] 

3 
2CuFeS2=Cu2S+ 

3S+2Fe2++4e 
φo3= 0.289+0.0295lg [Fe2+] 

4 
CuFeS2=Cu2++ 

2S+Fe2++4e 

φo4=0.426+0.0148lg [Fe2+]+ 

0.0148lg [Cu2+] 

 
Table 6 Standard Gibbs free energy of formation related to 

Cu1+xS at 25 °C (kJ/mol) 

Cu2S Cu1.96S Cu1.93S Cu1.83S 

−85.52 −84.60 −83.60 −80.25 

Cu 1.75S Cu1.67S Cu1.38S CuS 

−78.50 −74.40 −63.11 −48.93 

 

 

Fig. 10 Pourbaix diagram of S−Cu−Fe−H2O system at 33 °C 

and pH 0.5−2.5 (HSC Chemistry 5.0) 
 

The analysis from the HSC Chemistry     
database [41,42], considers the following speciation 
sequence order: 
 
CuS<Cu5FeS4<Cu2S<Cu2+                                 (1) 
 

Different potentials in Table 5 are correlated with 
different transitory phases in Eq. (1). Increased potentials 
are a function of the concentration of Fe2+ and the 
potential sequence order. φo4-1, is the CuFeS2 redox 
potential in favor of being converted directly into CuSO4 
(see Tables 5 and 6) because the dissolution is reported to 
be in an acidic system. That is why the oxidative 
reactions take place in the mixed chalcopyrite− 
chalcocite surface layers, with a tendency to form 
intermediate phases, keeping the three expected routes 
into consideration. This can be observed in a Pourbaix 
diagram (Fig. 10). CuS is the most likely phase; Cu5FeS4 

is the second most likely one. Nevertheless, it could also 
be reported that the chalcocite has only the intermediate 
phase before forming a large amount of Cu2+ or CuSO4, 
as per the following reaction: 
 
Cu2S+2H+=Cu2++CuS+H2S                    (2) 
 

According to the available literature [43,44], the 
diffusion channel of chalcocite transitory phases as 
shown in Eq. (2), the H2S diffusion is not rapid, and the 
subsequent elemental sulphur biodegradation stops the 
diffusion of bornite as an intermediate phase [43,44]. 
This could be explained in the CuS termination through 
direct oxidation of Fe3+, even in the presence of Fe3+ 
accumulation. 

Based on thermodynamic approaches, different 
standard Gibbs free energy values in Table 6 confirm the 
assumption. 

The Cu1+xS is provided as an equation, considering 
different standard Gibbs free energy values and their 
formation expresses their linear relation: fG = 
−49.947−36.30×0.99=−85.884 kJ/mol (determination 
coefficient is 0.9962). 

Thus, the value −49.947 kJ/mol is assumed to be the 
value of the standard free energy of CuS from Table 6.  
It is between the values described in Ref. [45], 
corresponding closely to the value of metals of    
48.929 kJ/mol. 

Once CuFeS2 is attacked by H+ reactions, the 
decomposition state can occur, and then Cu5FeS4, CuS 
and Cu2S generate as transitory phases before CuFeS2 

completes decomposition into Cu2+, with Fe2+ and 
elemental sulphur as a by-product into the solution  
according to these reactions. 
 
CuFeS2+2H+=CuS2+H2S+Fe2+ 
 

f ,1G =−2.303×8.314×298lg{[Fe2+][H2S]/[H+]2}= 
20421 J/mol                           (3) 

 
2CuFeS2+4H+=CuS2+2H2S+S+Fe2+ 
 

f ,2G =−2.303×8.314×298lg{[Fe2+]2[H2S]2/[H+]4}= 
54513 J/mol                           (4) 

 
5CuFeS2+8H+=Cu5FeS4+4H2S+2S+4Fe2+ 
 

f ,3G =−2.303×8.314×298lg{[Fe2+]4[H2S]4/[H+]8}= 
79406 J/mol                            (5) 

 
It can be observed that Reactions (3−5) are 

accompanies by the H2S liberation during the dissolution 
route from the solution. This observation is in 
accordance with the result in Ref. [45]. Indeed, the 
resulting H2S concentration with different transitory 
phases assumes the sequence Cu5FeS4→CuS>Cu2S. 
Both H2S concentrations are reduced at the same time 
with the increase of pH and Fe2+ concentration which 
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turn out to be more stable with the similar amount of 
concentration. 

 

4 Conclusions 
 

(1) The biotic experiment using indigenous 
mesophilic strains which were originated from the same 
rock sample was proven to be a sustainable copper 
extraction method and an alternative route to 
conventional ferric leaching process. Bioleaching 
process was settled at 33.3 °C, a pulp density of 2% 
(v/w) and a fraction size of −75+53 µm, which gave a 
copper extraction rate of 65.50% in 16 d. Compared to 
ferric leaching process at 70 °C with addition of 1.5% 
H2O2, a fraction size of −53+38 µm and a pulp density of 
2% (v/w), the copper leaching rate upgraded to 78.52%, 
which demonstrated that the bioleaching process is lower 
energy demanding and cost and more environmentally 
friendly than ferric leaching process of the mixed 
chalcopyrite−chalcocite ore. 

(2) The characterization performed using SEM− 
EDS, FTIR and XRD tomography combined with the 
thermodynamic approaches confirmed that the indirect 
mechanism is the main leaching mechanism, with   
three transitory mechanisms (polysulphide, thiosulphate 
and elemental sulphur mechanisms) for the mixed 
chalcopyrite−chalcocite ore. 

(3) The speciation turns into Cu2S−CuS−Cu5FeS4− 
Cu2S before turning into CuSO4 since the final product 
requires a high redox potential at room temperature for 
high copper leaching rate. Hence, conversely, a contact 
mechanism takes place when bacteria adhere to mineral 
surfaces. This implies that the copper suphide speciation, 
which occurs during bioleaching time as observed by 
aided XRD observations (copper sulphide metamorphic 
alteration), induces the metal sulphide dissolution in the 
zone between bacteria and mineral surface. In both cases 
(direct and indirect mechanisms), the bacterium 
contributes to the sulphide metal dissolution by the 
regeneration of the oxidizing agent (Fe3+). 
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利用生物质从黄铜矿和辉铜矿混合矿中可持续提取铜 
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摘  要：本文阐述提铜工艺的可持续性。实际上，针对混合硫化矿(黄铜矿和辉铜矿)，尝试在 33.3 ℃下使用中温

混合菌群的提铜工艺和三价铁浸出过程。其中，生物浸出实验是在矿石粒径−75+53 µm 范围内完成的。采用细菌

作为催化剂，铜收率达 65.50%。另一方面，在三价铁浸出过程中，矿石粒径为−53+38 µm，温度升高至 70 ℃时，

铜收率提高到78.52%。与高温浸出过程相比，中温生物浸出过程在铜的提取中显示出明显的优势。通过SEM−EDS、

FTIR 和 XRD 表征，结合各种热力学分析，可以认为间接机理是主要的浸出机理。对于黄铜矿−辉铜矿混合矿而

言，浸出机理分为三种过渡产物机理，即多硫化物机理、硫代硫酸盐机理和元素硫机理。铜形态转变为

Cu2S−CuS−Cu5FeS4−Cu2S，最后转变为 CuSO4。在发生亚铁氧化和硫酸铁生成反应的同时，细菌消耗掉硫化矿物，

形成强酸，最后在低温下形成 CuSO4，这种铜生产方案要求室温下氧化还原电位高于 550 mV，以便有效地提取

铜。 

关键词：可持续提铜；黄铜矿−辉铜矿混合矿；铜形态；三价铁浸出；中温生物浸出机理；氧化还原电位 
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