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Bioleaching of chalcopyrite by pure and mixed culture
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Abstract: The bioleaching of chalcopyrite in shake flasks was investigated by using pure Acidithiobacillus ferrooxidans and mixed
culture isolated from the acid mine drainage in Yushui and Dabaoshan Copper Mine in China, marked as YS and DB, respectively.
The mixed culture consisted mainly of Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, and Leptospirillum spp.
(Leptospirillum ferriphilum and Leptospirillum ferrooxians). The results show that the mixed culture is more efficient than the pure
Acidithiobacillus ferrooxidans because of the presence of the sulfur-oxidizing cultures that positively increase the dissolution rate
and the recovery of copper from chalcopyrite. The pH value decreases with the decrease of chalcopyrite leaching rate, because of the
formation of jarosite as a passivation layer on the mineral surface during bioleaching. In the bioleaching using the mixed culture, low
pH is got from the sulfur oxidizing inhibiting, the formation of jarosite. The copper extraction reaches 46.27% in mixed culture and

30.37% in pure Acidithiobacillus ferrooxidans after leaching for 75 d.
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1 Introduction

As an environmentally benign technology with wide
biohydrometallurgical
characterized by low cost for recovering metals from

applications, process is
low-grade refractory ores and has received growing
attentions due to the increasingly stringent environmental
protection regulations[1—-3]. Therefore, it is an
economical method to recover metals from minerals,
especially low-grade ores, overburden, and waste from
current mining operations which require moderate capital
investment and operating cost[4]. Bioleaching is
generally more environmentally friendly than
conventional metal
concentration and smelting. Those physicochemical
metal extraction processes generate sulfur dioxide, a
toxic emission that is increasingly the target of
regulatory legislation[5—6].

Microorganisms are important in the bioleaching of
the sulfide ores in heap or dump processing commercial

application. The most important bacteria are iron- and

TeCOvVery processes such as

sulfur-oxidizing Acidithiobacillus
sulfur-oxidizing  Acidithiobacillus thiooxidans and
Acidithiobacillus caldus, and iron-oxidizing
Leptospirillum spp (Leptospirillum ferriphilum and
Leptospirillum ferrooxians)[7-9]. In the processes the
temperature is 35—45 ‘C. It has been recognized that the

ferrooxidans,

dominant microbes were Leptospirillum species and A.
caldus in the bioleaching processes operated at 45-50 ‘C
[10]. Some research demonstrated that the mixed culture
was more efficient than the pure culture alone. And the
bacteria have the best adaptability to the ore from which
the bacteria were isolated.

Chalcopyrite is the most abundant and refractory
copper sulfide. And the bioleaching of chalcopyrite is the
main industry target. The slow dissolution rate of
chalcopyrite is the main factor hindering commercial
application, because the polysulphides, elemental sulfur
and iron-hydroxy precipitate layer formed on the surface
of chalcopyrite restrict the flow of bacteria, nutrients,
oxidants, and reaction products to and from the
chalcopyrite surface[4—5, 11].

In this study, the bioleaching of chalcopyrite by
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pure Acidithiobacillus ferrooxidans and two mixed
cultures isolated from acid mine drainage of Yushui and
Dabaoshan Copper Mine, marked as YS and DB,
respectively, is investigated to determine the culture
adaptability to chalcopyrite. The chalcopyrite surface
after leaching for several days and the leaching residues
are characterized by scanning electron microscopy
(SEM), energy dispersive X-ray analysis(EDXA). The
bioleaching mechanisms of chalcopyrite by the culture
and the role of jarosite are discussed.

2 Experimental

2.1 Culture media and microorganism

The bacteria used in the experiment were A.
ferrooxidans type strain ATCC23270 purchased from
ATCC and the two mixed culture isolated from the acid
mine drainage in Yushui and Dabaoshan Copper Mine in
China, which consisted mainly of Acidithiobacillus
ferrooxidans,  Acidithiobacillus  thiooxidans, and
Leptospirillum spp. (Leptospirillum ferriphilum and
Leptospirillum ferrooxians).

A. ferrooxidans was grown in medium 9K with an
initial pH of 2.0. The mixed cultures were maintained in
salt medium with sulfur and Fe*" as the energy source,
and adjusted to pH value 2.0 using the sulfuric acid. The
9K medium contained 3 g/L (NH,4),SO,, 0.1 g/L KCI, 0.5
g/L K,HPO,, 0.5 g/L MgS0,7H,0, 0.01 g/L Ca(NOs),
and 44.7 g/L FeSO, 7TH,0.

2.2 Mineral

The mineral samples used in the experiments were
obtained from Yushui Copper Mine in China, which
contained about 96% chalcopyrite and 3.5% secondary
cupric sulfide and 0.5% galena. Chemical analyses
showed that the ore contained 31.84% Cu, 26.74% Fe,
and 31.99% S. The mineral was ground to the particle
size of <<0.074 mm over 90%. Thin polished slabs of
chalcopyrite were prepared by attaching the mineral to
the glass slides, cutting thin sections, and then polishing
the exposed faces. Several blocks were produced from
the slab. The mineral blocks were then washed with
acetone and ethanol.

2.3 Bioleaching experiments

The bacterial leaching experiments were carried out
in 250 mL Erlenmeyer flasks that were shaken in an
air-conditional shaker. The temperature and rotation
were constantly maintained at (30+1) ‘C and 160 r/min,
respectively. The bacterial activity was monitored by the
oxidation rate of Fe*" and sulfur element. The progress of
bioleaching was monitored through the measurement of
the concentration of Fe*', Cu®’, and pH value. The
concentration of ferrous irons in the solution was

determined by titration with potassium dichromate
(K,Cr,05). The concentration of Cu*" in the solution was
measured using an atomic adsorption spectophometer. In
order to determine the mineral solubility, the specific
surface area of both the original mineral sample and the
leaching measured. The structural
morphology of polished mineral blocks was examined by
scanning electron microscopy. The pH value in the
leaching solution was measured with a pH-meter (SJ-4A)
and was kept constant (pH 2.0) throughout the leaching
process using a solution of H,SO4 (4.0 mol/L). Solid
samples were also collected, filtered, dried in air and
analyzed using SEM and EDXA.

residuum was

3 Results and discussion

3.1 Activity of bioleaching bacteria

The bacteria were cultured in salts media with
energy sources of Fe?" and S, respectively. The oxidation
rate of Fe*" and the pH value of solution are shown in
Figs.1 and 2, respectively. The oxidation rate of Fe‘and
S indicates that the oxidation activity of mixed culture is
higher than that of the pure culture. Over 95% Fe®' is
oxidized in less than 30 h by mixed culture of Yushui
and in 45 h by mixed culture of Dabaoshan, while about
85 h by the pure Acidithiobacillus ferrooxidans. The
results in Fig.2 indicate that the mixed culture oxidizes
element sulfur more actively than pure Acidithiobacillus
ferrooxidans. The final pH value of the media is 1.68,
1.32 and 1.2, respectively after being cultured for 120 h.
It is demonstrated that the iron and sulfur oxidation
activity of mixed culture is higher than that of the pure
culture.
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Fig.1 Oxidation rate of Fe** by pure culture Acidithiobacillus
ferrooxidans and mixed culture of Y'S and DB in 9K solution at
pH2and 30 C

3.2 Bioleaching of chalcopyrite in presence and
absence of bacteria
The copper extraction of the chalcopyrite leached
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by mixed culture of YS and in abiotic control is shown in
Fig.3. Chalcopyrite is oxidized more deeply by mixed
culture than in the abiotic control. The copper leaching
rates are 46.27% and 11.5% respectively after being
leached for 75 d. The dissolution of chalcopyrite is
accelerated by the mixed culture. Therefore, the
dissolution rate of chalcopyrite in bioleaching is much
higher than that in abiotic control.
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Fig.2 Changes in pH of solution when pure and mixed bacteria
were cultured in salts media with element sulfur as energy
sources at 30 C
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Fig.3 Copper extraction of chalcopyrite leached in mixed
culture YS and in abiotic control at initial pH 2 and 30 ‘C

3.3 Bioleaching of chalcopyrite by Acidithiobacillus

ferrooxidans and mixed culture

The comparison of leaching chalcopyrite at 30 ‘C
by pure Acidithiobacillus ferrooxidans and mixed
cultures of Yushui and Dabaoshan is shown in Fig.4. The
mixed culture oxidizes chalcopyrite more actively than
pure culture of Acidithiobacillus ferrooxidans and abiotic
controls. As anticipated, the pure culture of
Acidithiobacillus ferrooxidans is ineffective in leaching
chalcopyrite, with copper extraction of 30.37%, which is
lower than that of the mixed culture. Copper extraction
after 75 d of incubation reaches 30.37% in pure culture

of A. ferrooxidans, 44.68% in mixed culture of
Dabaoshan, and 46.27% in mixed culture of Yushui. The
presence of sulfur-oxidizing bacteria in the mixed culture
significantly increases the dissolution of chalcopyrite.
The copper release rate of the pure and mixed culture is
accelerated initially but decreased significantly after 40 d
of incubation. Fig.5 shows the changes in pH of the
solution during leaching of chalcopyrite. The pH value
increases in the initial bioleaching, and decreases after
leaching for 25 d. The pH value in abiotic control keeps
at the level of 1.8-2.0.
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Fig.4 Copper extraction of chalcopyrite leached by A.
ferrooxidans and mixed culture at initial pH 2 and 30 C
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Fig.5 Changes of pH value during leaching of chalcopyrite by
A. ferrooxidans and mixed culture at initial pH 2 and 30 C

3.4 SEM image of polished chalcopyrite blocks

The SEM images of chalcopyrite surface un-leached
and leached with bacteria are shown in Fig.6. The SEM
image of the polished chalcopyrite block surface prior to
leaching is shown in Fig.6(a). The surface is smooth and
clear. The surface of the chalcopyrite leached for 75 d in
the abiotic control is not heavily etched as shown in
Fig.6(b). Many small stripes are present on the surface,
which exhibits insignificant dissolution character. The
surface morphology exposed to bacteria is different from
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Fig.6 SEM images of chalcopyrite surface (All reactions were at pH 2.0 and 30 C): (a) Un-leached; (b) After 75 d reaction in abiotic
control; (¢) In Acidithiobacillus ferrooxidans pure culture; (d) In mixed culture of DB; (e, f) In mixed culture of YS

that to the abiotic control. As illustrated in Figs.6(c), (d)
and (e), the chalcopyrite surfaces leached by the culture
show remarkable surface cauterization, especially in the
presence of the mixed culture of Yushui (Fig.6(e)).
Unlike the small stripes on the abiotic control samples
surface, larger consecutive alveolates are observed on the
sample surfaces (Fig.6(f)). In addition, large amounts of
deposits in the form of porous flocs are seen on the
chalcopyrite surfaces after 75 d leaching (Figs.6(d) and
(e)). It is illustrated that the bacteria have the best
adaptability to the ore obtained from the same place
where the bacteria are isolated.

3.5 EDXA analysis of chalcopyrite and leaching
residues
The chalcopyrite and leaching residues were

examined by area analysis of EDXA. The contents of
three elements Cu, Fe and S in chalcopyrite and leaching
residues are listed in Table 1. The results indicate that S
and Fe in the leaching residues are the majority. It is
possible that the polysulphides, elemental sulfur layer
and the iron-hydroxy precipitate layer are formed on the
chalcopyrite surface. The mass fraction of copper
decreases from 34.13% to 31.22% and the mole fraction
of Cu decreases from 25.34% to 21.98%, indicating that
copper is dissolved.

3.6 Discussion

Chalcopyrite as acid-soluble metal sulfides is
probably dissolved by the ferric ions and proton attack
[4, 12—14]. Ferric iron oxidizes chalcopyrite to copper
and ferrous ions in solution, and elemental sulfur. This
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Table 1 Composition of chalcopyrite and leaching residues analysed by EDXA

Mass fraction/% Mole fraction/%
Sample
S Fe Cu S Fe Cu
Chalcopyrite 31.84 26.74 34.13 50.45 24.21 25.34
Leaching residues 36.53 32.24 31.22 51.45 26.03 21.98
reaction is illustrated as follows: culture increases the dissolution rate and the recovery of
CuFeS,4Fe® — Cut'+28%+5Fe?" 1) copper from chalcopyrite through reducing the

The ferrous ions formed in the bioleaching reaction
are rapidly oxidized in the presence of iron-oxidizing
bacteria by the following reaction:

Fe? +2H'+0.50, — AL T 5 oFe¥*+H,0 )

The elemental sulfur formed in the reaction (1) can
be oxidized to sulfate in the presence of sulfur-oxidizing
bacteria as the following reaction:

28°4+30,+2H,0 —AbAGS  Hgn 27 41t 3)

Chalcopyrite can be dissolved directly in acid by the
following possible reaction[13, 15—-16]:

CuFeS,+2H"+0.50,— Cu*'+2S+Fe*"+H,0 4)

During the leaching processing, ferric ions readily
precipitate as basic sulfates such as jarosite by the
reaction as follows:

3Fe’'+280,% +6H,0+K " — KFe(SO,),(OH)s+6H"  (5)

The acid dissolution (reaction (4)) and ferrous iron
oxidation (reaction (2)) processes are acid-consuming
reactions, which lead to the increase of culture pH in
bioleaching systems. The sulfur oxidization (reaction (3))
and the formation of jarosite (reaction (5)) processes are
acid-producing reactions, which contribute to the pH
decrease in bioleaching systems. Ferrous iron oxidation
is the primary reason for the pH increase in pure A.
ferrooxidans and the mixed culture containing A.
Ferrooxidans and L. ferriphilum as shown in Fig 5. The
more rapid increase of pH in the mixed culture than in
the pure culture results from the A. ferrooxidans and L.
ferriphilum accelerating the oxidation of ferrous iron to
ferric iron. The primary decrease of the pH value relates
to the formation of jarosite (reaction (5)). Jarosite forms
a passivation layer on the mineral surface to inhibit the
dissolution of chalcopyrite. Therefore, the decrease of
chalcopyrite leaching rate is accompanied with the
decrease of pH value of the solution at the same time
after leaching about 25 d.

It is shown in Fig.4 that the copper extraction
increases with the decrease of pH value, especially in the
mixed culture, indicating that the mixed culture is more
efficient than the pure culture. The presence of the
sulfur-oxidizing bacteria A. thiooxidans in the mixed

accumulation of sulfur by transforming it into sulfuric
acid[14, 17]. The intermediary sulfur may form a layer
on the metal sulfide surface, negatively influencing
leaching kinetics.

In the leaching of chalcopyrite, jarosite readily
forms in the high Fe’* concentration at pH 2.0-2.6 and
30 C, and the most important factor influencing the
formation is pH[18—19]. In pure A. ferrooxidans, jarosite
precipitation forms a passivation layer on the mineral
surface[5], which strongly inhibits ferric iron reduction
followed by a subsequent reduction in the copper
leaching rate. While in the mixed culture, the low pH
value hinders the formation of jarosite precipitates
because of the presence of iron- and sulfur-oxidizing
culture. The leaching rate of chalcopyrite is influenced
little by the passivation effect of jarosite and does not
decrease in the latter leaching period.

4 Conclusions

1) The iron- and sulfur-oxidizing activity of mixed
culture is higher than that of the pure A. ferrooxidans.

2) The mixed culture is more efficient than the pure
Acidithiobacillus ferrooxidans and positively increases
the dissolution rate and the recovery of copper from
chalcopyrite because of the presence of sulfur-oxidizing
culture in the mixed culture, by which the sulfur is
oxidized into sulfuric acid to inhibit the formation of
jarosite on the chalcopyrite surface.

3) The mixed bacteria of YS have the best
adaptability to the bioleaching of chalcopyrite. The
copper extraction achieves 46.27% in mixed culture of
YS and 30.37% in pure Acidithiobacillus ferrooxidans.
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