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The oxidation of finely ground (—200 wm) bornite (CusFeS,) by Acidithiobacillus ferrooxidans was
evaluated in oxygen uptake and shake flasks experiments. The oxidation was a net acid-consuming
reaction. Residual bornite was not detected by X-fray diffraction in solids after 2 days of contact in acid
leach solution, indicating that the chemical and biological oxidation of bornite was relatively fast.
Virtually 100% of copper solubilization was achieved in A. ferrooxidans cultures with or without ferrous
iron, while in abiotic controls the copper extraction was around 30%. Bornite was not oxidized by
Acidithiobacillus thiooxidans in respirometric or shake flasks experiments. Covellite (CuS) was detected as
a secondary phase under all experimental conditions. Sulfur and jarosite were formed only in the
presence of A. ferrooxidans.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Among Fe-bearing Cu-sulfides, bornite [CusFeS4] has a rela-
tively widespread occurrence in diverse geological locations.
Physical and chemical properties of this economically important
Cu-sulfide have been characterized in previous studies [1,2].
Electron paramagnetic resonance studies suggest that copper
occurs only in the Cu(I) valence in natural bornite [3]. Iron is in the
Fe(Ill) state [3], as confirmed also by Mossbauer data [4]. Early
valence changes upon bornite oxidation are complex and
extremely difficult to track because of transient redox inter-
conversions and perturbations and the S-bridge between Fe(III)
and Cu(I) [5].

Bornite oxidation in acid solutions involves multiple oxidants in
bioleaching reactions. Ferric iron-dependent oxidation in the
absence of any other oxidants typically accumulates ferrous iron
and elemental sulfur:

CusFeS, + 12Fe3* — 5Cu?* + 13Fe?* 4 4S° 1)

Upon solubilization the monovalent Cu in bornite is oxidized
very fast in the solution phase by Fe** as well as by dissolved O.
Fe- and S-oxidizing bacteria, when present, can regenerate ferric
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iron and produce sulfuric acid from elemental sulfur:
4Fe?* + 0, +4H + — 4Fe** +2H,0 (2)

25% 4+ 30, +2H,0 — 25042 +4H* (3)

Thus the concurrent ferric iron-dependent and bacterial
oxidation can be approximated with the following net reaction:

4CusFeS, + 370, + 20H+ — 20Cu®* + 4Fe3* + 165042~ + 10H,0
(4)

Because bornite contains structural Fe, the oxidation releases
iron into solution which acts as a redox shuttle in the bioleaching.
At pH values >1.5, ferric iron forms jarosite, an acid producing
precipitation reaction with some monovalent and divalent cations
in bioleaching solutions.

3Fe3* 4+ K* + 25042 + 6H,0 — KFe3(SO4)2(OH)g + 6H* (5)

Formulations of mineral salt solutions used for cultivating
acidophiles usually include K* and NH4" which readily incorporate
into jarosite solid solution.

Acidophilic bacteria such as Acidithiobacillus ferrooxidans play a
central role in the acid leaching of Cu-sulfides, but the efficiency of
the bioleaching greatly varies with the mineral. In general, bornite
is present as a minor sulfide mineral in many Cu ores and is
relatively readily oxidized in bioleaching systems. However, only
few studies have been reported for the bacterial oxidation of
research-grade bornite. Previous electrochemical studies with
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bacteria and bornite electrodes have shown that bacterial
oxidation can be described as an accelerated corrosion process
|6-8]. However, the solid-phase products of bacterial oxidation of
bornite have not been reported in the literature. The purpose of
this was to assess the oxidative dissolution of research-grade
bornite by A. ferrooxidans and A. thiooxidans in respirometric and
shake flask experiments. The formation of liquid and solid phase
products over time was also characterized.

2. Materials and methods

A. ferrooxidans strain LR and A. thiooxidans strain FG-01, originally isolated from
uranium mine effluents in Brazil [11] were used in this work. Ferrous sulfate-
mineral salts medium [12] at pH 1.8 was used to maintain A. ferrooxidans LR and to
grow cells for respirometric experiments. For A. thiooxidans FG-01, the same
medium was used except that ferrous sulfate (6g Fe?*L~') was replaced by
elemental sulfur (10 g L) at initial pH 2.8 [12].

A research-grade bornite sample was obtained from Ward’s Natural Science
Establishment (Rochester, NY) and ground in a disc mill to 100% —200 pm size. The
sample contained (w/w) 39.7% Cu, 19.7% Fe, and 29.4% S. X-ray diffraction (XRD)
analysis revealed bornite as the major phase and minor amounts of accessory
quartz (SiO-), pyrite (FeS,) and chalcopyrite (CuFeS;) in this sample.

Respirometric experiments were performed using a Warburg apparatus with
washed cells of A. ferrooxidans and A. thiooxidans, which were previously grown in
the mineral salts medium. Cells were harvested by membrane filtration (0.45 pm
pore size), washed twice, and resuspended in 0.01 M H,SO,4. Cell suspensions were
standardized by protein determination [13].

A. ferrooxidans cultures were initially adapted to grow with bornite through
several subcultures in liquid medium through successive replacement of Fe?* with
bornite sample. Attempts to adapt A. thiooxidans to bornite by gradual replacement
of elemental sulfur with the mineral were unsuccessful. The leaching experiments
were carried out in 150 ml cultures in 250 ml flasks containing bornite (2.5%, w/v)
in mineral salts solution. The flasks were sterilized by autoclaving (30 min, 120 °C)
and inoculated with (5%, v/v) previously adapted A. ferrooxidans or inoculated with
sulfur-grown A. thiooxidans. The cultures in shake flasks were incubated at 150 rpm
and 30 + 2 °C. In some experiments, the A. ferrooxidans cultures were supplemented
with 30 mmol Fe?* L' (as ferrous sulfate). The following formulations were used as
uninoculated chemical controls: (i) mineral salts solution, (ii) mineral salts solution
supplemented with 30 mmol Fe?* L', and (iii) mineral salts solution amended with
filter-sterilized (0.45 pm pore size) spent medium from an A. ferrooxidans culture
containing about 30 mmol Fe** L',

Samples (15mL) were periodically (days 2, 5, 7 and weekly thereafter)
withdrawn from the flasks for measurements of pH and redox potential (an Ag?/
AgCl reference) and for chemical analyses of leach solutions. The concentrations of
Fe?* and total Fe in solution were determined titrimetrically with K,Cr,0 [14] and
Fe3* was calculated from the difference. Supernatants from centrifuged samples
(10,000 x g for 15 min) were preserved in 1 M HCI for Cu analysis by inductively
coupled plasma emission spectroscopy.

Solids were recovered by centrifugation on days 7, 28, and 56 and were air dried
for XRD analyses. Dried residues were ground gently in an agate mortar and
analyzed as top fill mounts in a Siemens D-5000 diffractometer, using graphite
monochromated CuK radiation and 2 range from 10° to 70° in 0.02° 2 increments
and a 2 s count time.

3. Results and dsiscussion

3.1. Oxygen uptake experiments with A. ferrooxidans and A.
thiooxidans

Oxygen uptake coupled with bornite oxidation by resting cells
of A. ferrooxidans and A. thiooxidans in manometric experiments is
shown in Fig. 1. The oxygen uptake due to bornite oxidation by A.
ferrooxidans was higher than that of A. thiooxidans and the abiotic
control but only slightly faster than the chemical control in the
0.01 M H,SO,4 medium (Fig. 1A). The oxygen consumption in the
chemical control shows that bornite is abiotically oxidized in acid
solution. However, in the pH 2.2 buffered-medium, the bacterial
oxygen uptake was considerably higher than in both controls
(Fig. 1B) and A. thiooxidans. It has previously been shown that
glycine-H,SO4 buffer has no stimulatory or inhibitory effect on A.
ferrooxidans [15]. As shown in reaction (2), bornite oxidation is net
acid consuming and the pH increases during the incubation. The
slow bornite-dependent oxygen uptake by A. ferrooxidans in
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Fig. 1. Oxygen uptake by A. ferrooxidans and A. thiooxidans in manometric
experiments using bornite (100 mg-200 wmol) as substrate. Cell suspensions
(150 g protein/manometric flask) were incubated in (A) acid water-H,SO4, pH 1.8,
and (B), glycine-H,S0,4 buffer, pH 2.2. A. ferrooxidans (O ); A. thiooxidans (& ); abiotic
control (7). Dead cells (A) were used in both experiments to account for non-
specific O, uptake. Oxygen uptake activity was not monitored to the completion.

unbuffered medium may be the result of the increase of pH to 4.5,
which is outside of the pH range at which A. ferrooxidans is
normally active [16]. The abiotic control involving inactivated cells
showed slightly less oxygen consumption compared to the
chemical control. Bornite was not oxidized actively by A.
thiooxidans cell suspension and the oxygen consumption was
similar to that of abiotic control.

3.2. Bornite leaching of experiments with A. ferrooxidans

In bornite bioleaching experiments with A. ferrooxidans, the
pH reached 3.5 within the first days of the experiment (Fig. 2).
The concurrent Fe?* oxidation by A. ferrooxidans (Fig. 3A and B)
was also acid-consuming (Eq. (2)). After this initial period a one-
time pH adjustment was necessary to maintain a permissive pH
range for bacterial growth. In the chemical controls, the redox
potential was relatively stable at ~360mV (Fig. 2A). Iron
oxidation was also apparent from the redox potential of
550 mV (Fig. 2). The concentration of Fe3* reached about
20 mmol L7! in 20 days and kept constant until the end of the
experiment. Ferric iron was not detected in the abiotic control
during the experiment (Fig. 3A).

In the Fe?*-amended A. ferrooxidans culture, Fe** was oxidized
and the Fe3" concentration increased to about 10 mmol L' in 7
days. In the abiotic control dissolved iron remained in the reduced
form (Fig. 3B).

Spent culture filtrate of A. ferrooxidans, containing about
30 mmol Fe** L~!, was also used as a sterile, chemical lixiviant
(Figs. 2C and 3C). The redox potential decreased to comparable
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Fig. 2. Changes in pH (A) and redox potential (@) in A. ferrooxidans cultures
growing with bornite. (A), no additional Fe?*; (B), additional 30 mmol Fe?* L~*; (C),
sterile spent culture filtrate of A. ferrooxidans containing initially about 30 mmol
Fe3* L~1.The respective chemical controls for pH (A) and redox potential (O) are
also shown.

levels with other chemical controls, and Fe>* was depleted within a
two days due to chemical reduction by the mineral sample. Iron
was oxidized at slow rate in the chemical controls and precipitated
because the pH was about 2.5.
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Fig. 3. Changes in Fe?* (A) and Fe** (@) concentrations in A. ferrooxidans cultures
growing with bornite. (A), no additional Fe?*; (B), additional 30 mmol Fe?* L~"; (C),
sterile spent culture filtrate of A. ferrooxidans containing initially about 30 mmol
Fe>* L. The respective chemical controls for Fe?* (A) and Fe3* (O) are also shown.
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Fig. 4. Dissolved copper concentrations in A. ferrooxidans cultures growing with
bornite and without additional Fe?* and in the corresponding chemical controls.
Symbols: (A), A. ferrooxidans culture; (A) abiotic control; (@), A. ferrooxidans
culture amended with 30 mmol Fe?*L~'; (O), abiotic control amended with
30 mmol Fe?* L~1; ([J), abiotic control amended with filter-sterilized spent culture
solution containing about 30 mmol Fe** L.

Up to almost 100% of the Cu content was dissolved in A.
ferrooxidans cultures (Fig. 4). This was three times the amount of Cu
released in abiotic controls with or without ferrous or ferric
addition. There were no major differences between the inoculated
flasks with or without supplemental ferrous iron. Copper
solubilization in A. thiooxidans cultures was not different from
the chemical and abiotic controls, indicating that this species had
no direct or indirect effect of bornite dissolution during the time
period of these experiments.

Wangetal.[17]also examined the bioleaching of a bornite sample
with A. ferrooxidans in shake flasks. The results showed 72% Cu
solubilization through bioleaching in 30 days vs. 8.5% Cu solubiliza-
tion in abiotic controls. Bornite was more readily oxidized by A.
ferrooxidans as compared to a similar experiment with a chalcopyrite
sample.Inacomparative study, Dew et al.[18] ranked several Cu-and
Fe-sulfides in a decreasing order of susceptibility to bioleaching:
chalcocite (Cu,S) > bornite > cubanite (CuFe,S3)> covellite > pyrite
> enargite (Cu3AsS,) > carrolite (Cu(Co,Ni),S4)>>chalcopyrite.

The XRD pattern of research-grade CusFeS, revealed the
presence primarily of bornite but also minor amounts of pyrite,
chalcopyrite and quartz (Fig. 5). Bornite was not detected by XRD
in solids after 2 days of contact with A. ferrooxidans culture,
suggesting relatively rapid solubilization. After 7 days of contact,
covellite was a major solid phase and S° was also detected
(Fig. 6A). After 28 days of contact, jarosite was present whereas
covellite could not be detected (data not shown). At 56 days
(Fig. 6B) the presence of jarosite and sulfur was evident. In the
abiotic control covellite was present through the end of
experiment (Fig. 6C). Minor amounts of chalcopyrite, present as
an impurity, remained in all solid residues confirming its
refractory nature.

The results were somewhat similar with additional 30 mmol
Fe**L~!. Covellite was formed under abiotic and inoculated
conditions, and after 7 days of contact S° was detected in the
A. ferrooxidans (Fig. 7A and C). This secondary covellite
formed as an intermediate may be more susceptible to bacterial
attack and perhaps more porous than natural covellite [19].
Monteiro et al. [20] showed that natural covellite was
not completely solubilized and remained in the solids until
the end of the experiment. The formation of covellite as a
secondary phase in the dissolution of copper mineral sulfides
has also been previously reported, but mostly with chalcopyrite
[10,19,21,22].

Jarosite was present in 56 day samples whereas covellite could
not be detected (Fig. 7B). Because of the increasing pH, Fe(III)
precipitates were formed although jarosite was detected only in 28



104 D. Bevilaqua et al./ Process Biochemistry 45 (2010) 101-106

B
1.94A

100

3044

= 3184
= 2.74A

2.71A

= 2.80A

°20 CuK«

Fig. 5. X-ray diffractograms of original bornite sample utilized in respirometric and
leaching experiments. The spacings of the diagnostic XRD lines are given in
Angstroms. B = bornite, C = chalcopyrite, P = pyrite, Q = quartz. The vertical bar
shows the scale of relative counts.
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Fig. 6. X-ray diffractograms of solids bornite leaching experiments. (A), A.
ferrooxidans without an additional Fe source after 7 days; (B), A. ferrooxidans
without an additional Fe source after 56 days; (C) chemical control after 56 days.
The spacings of the diagnostic XRD lines are given in Angstroms. C = chalcopyrite,
Cv = covellite, ] = jarosite, P = pyrite, Q = quartz, S =elemental sulfur. The vertical
bars show the scale of relative counts.
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Fig. 7. X-ray diffractograms of solids bornite leaching experiments with additional
Fe?* and A. ferrooxidans (A) after 7 days, (B) after 56 days and the sterile control after
56 days (C). The spacings of the diagnostic XRD lines are given in Angstroms.
C = chalcopyrite, Cv = covellite, ]=jarosite, P = pyrite, Q= quartz, S=elemental
sulfur. The vertical bars show the scale of relative counts.

day (data not shown) and 56 days samples (Figures 6 and 7). Thus
the data suggest initial Fe(Ill) precipitation as a an amorphous
or poorly crystallized phase not detectable by XRD. One example
of a poorly crystalline Fe(Ill) mineral is schwertmannite
(FegOg(OH)eSO4) [23,24], which typically forms in sulfate rich
environments at pH 2.5 and above [21,23-25]. Spent culture
filtrate of A. ferrooxidans showed the presence of the same phase as
in abiotic controls.

Fig. 8 is a schematic diagram of bornite oxidation in acid
solutions by chemical attack and by A. ferrooxidans cultures. In the
abiotic controls as well as in the Fe?*- and Fe>*-amended cultures,
only covellite was found as a new solid phase toward the end of the
time course. The chemical oxidation pathway with or without iron
addition was characterized by low redox potential because of the
lack of Fe?* oxidation. As a consequence iron was not precipitated
and jarosite was not formed in these controls.

The oxidation of bornite by A. ferrooxidans (Fig. 8) is associated
with the oxidation of the Fe and S entities, with release of Cu?*
and the ultimate formation of Fe3" and SO,2~. The bornite
oxidation pathway is an acid-consuming reaction by proton
attack and because of the oxidation of Fe?" by A. ferrooxidans.
Covellite was also detected as new crystalline phases in bacterial
cultures. In contrast to abiotic controls, this secondary copper
sulfide was oxidized by A. ferrooxidans, releasing more copper in
solution, and it could not be detected at the end of experiment.
Sulfur was a new solid phase formed and found after 56 days of
the experiment despite its oxidation by A. ferrooxidans cultures.
As a consequence of ferrous oxidation in inoculated flasks, ferric
iron precipitation caused jarosite formation toward the end of
the experiment. Jarosite formation controls the solubility of Fe>*
in acid solutions. Based on the changes in pyrite and chalcopyrite
peak intensities, minor amounts of these sulfides were also
oxidized.
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scheme. Bornite oxidation was not initiated by A. thiooxidans in the present work.

4. Conclusions

Acid and bacterial leaching of bornite is a relatively fast
reaction. During the acid-consuming reactions, bornite dissolution
by chemical and bacterial attack generated a new solid phase
identified as a secondary covellite. In the A. ferrooxidans cultures
covellite was solubilized within 28 days of contact, whereas in the
controls and A. thiooxidans cultures it persisted through the end of
the experiments (56 days). Inactivated cells, as opposed to the
complete absence of cells, showed the least amount of O,
consumption in respirometric experiments, suggesting that
biomass covered the mineral surface and acted as an oxygen
diffusion barrier. Minor amounts of chalcopyrite and pyrite present
in this natural bornite sample were found at the end of assays in all
treatments, suggesting that they were more recalcitrant to acid
leaching and bacterial oxidation.

Acknowledgments

We are grateful to Waldenir A. Menezes for skillful technical
assistance. Support for this work was received from the Fundacio
de Amparo a Pesquisa do Estado de Sdo Paulo and Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico, Brazil. OHT
acknowledges partial support from the Finnish Funding Agency for
Technology and Innovation (Finland Distinguished Professor
Program, 402/06).

References

[1] Grguric BA, Putnis A. Compositional controls on phase-transition tempera-
tures in bornite: a differential sanning calorimetry study. Can Mineral
1998;36:215-27.

[2] Gautier JL, Ortiz J, Heller-Ling N, Poillerat G, Chartier P. Oxygen reduction on
bornite (CusFeS,) in alkaline medium. ] Appl Electrochem 1998;28:827-34.

[3] Borgheresi M, Bernardini GP, Cipriani C, Di Benedetto F, Romanelli M. Electron
paramagnetic resonance and electron spin echo spectroscopy study of natural
bornite. Mineral Petrol 2005;85:3-18.

[4] Vaughan DJ, Craig JR. Mineral chemistry of metal sulfides. Cambridge: Cam-
bridge University Press; 1978.

[5] Goh SW, Buckley AN, Lamb RN, Rosenberg RA, Moran D. The oxidation states of
copper and iron in mineral sulfides, and the oxides formed on initial exposure of
chalcopyrite and bornite to air. Geochim Cosmochim Acta 2006;70:2210-28.

[6] Bevilaqua D, Acciari HA, Arena FA, Benedetti AV, Fugivara CS, Filho GT, et al.
Utilization of electrochemical impedance spectroscopy for monitoring bornite
(CusFeS,4) oxidation by Acidithiobacillus ferrooxidans. Miner Eng 2009;22:254-
62.

[7] Bevilaqua D, Acciari HA, Benedetti AV, Fugivara CS, Tremiliosi G, Garcia Jr O.
Electrochemical noise analysis of bioleaching of bornite (CusFeS,) by Acid-
ithiobacillus ferrooxidans. Hydrometallurgy 2006;83:50-4.

[8] Bevilaqua D, Diéz-Perez I, Fugivara CS, Sanz F, Benedetti AV, Garcia Jr O.
Characterization of bornite (CusFeS,) electrodes in the presence of the bacter-
ium Acidithiobacillus ferrooxidans. ] Braz Chem Soc 2003;14:637-44.

[10] Watling HR. The bioleaching of sulphide minerals with emphasis on copper

sulphides - A review. Hydrometallurgy 2006;84:81-108.

[11] Garcia Jr O. Isolation and purification of Thiobacillus ferrooxidans and Thioba-
cillus thiooxidans from some coal and uranium mines of Brazil. Rev Microbiol
1991;20:1-6.

[12] Tuovinen OH, Kelly DP. Studies on the growth of Thiobacillus ferrooxidans 1. Use
of membrane filters and ferrous iron agar to determine viable numbers and
comparison with '#CO,-fixation and iron oxidation as measures of growth.
Arch Mikrobiol 1973;88:285-98.

[13] Hartree EF. Determination of proteins: a modification of the Lowry method
that gives a linear photometric response. Anal Biochem 1972;48:422-7.

[14] Garcia Jr O, Bigham JM, Tuovinen OH. Oxidation of galena by Thiobacillus
ferrooxidans and Thiobacillus thiooxidans. Can ] Microbiol 1995;41:508-14.

[15] Schnaitman CA, Korczynski MS, Lundgren DG. Kinetic studies of iron oxidation
by whole cells of Ferrobacillus ferrooxidans. ] Bacteriol 1969;99:552-7.

[16] Smith JR, Luth GR, Middleton AC. Microbial ferrous iron oxidation in acidic
solution. ] Wat Pollut Contr Fed 1988;60:518-30.

[17] Wang ], Qin W-Q, Zhang Y-S, Yang C-R, Zhang J-W, Nai S-S, et al. Bacterial
leaching of chalcopyrite and bornite with native bioleaching microorganism.
Trans Nonferrous Met Soc China 2008;18:1468-72.

[18] Dew DW, Van Buuren C, McEwan K, Bowker C. Bioleaching of base metal
sulphide concentrates: A comparison of high and low temperature bioleach-
ing. ] South Afr Inst Min Metall 2000;100:409-14.

[19] Rossi G. Biohydrometallurgy. Hamburg: MacGraw-Hill; 1990.

[20] Monteiro VF, Garcia Jr O. Tuovinen OH. Oxidative dissolution of covellite by
Thiobacillus ferrooxidans. In: Amils R, Ballester A, editors. Biohydrometal-
lurgy and the environment toward the mining of the 21st century, Part A:
Bioleaching, microbiology. Amsterdam: Elsevier; 1999. p. 283-90.

[21] Ahonen L, Tuovinen OH. Solid-phase alteration and iron transformation in
column bioleaching of a complex sulfide ore. In: Alpers CN, Blowes DW,
editors. Environmental geochemistry of sulfide oxidation. Washington: Amer-
ican Chemical Society; 1994. p. 79-89.



106 D. Bevilaqua et al./ Process Biochemistry 45 (2010) 101-106

[22] Sasaki K, Nakamuta Y, Hirajima T, Tuovinen OH. Raman characterization of
secondary minerals formed during the leaching of chalcopyrite with Acid-
ithiobacillus ferrooxidans. Hydrometallurgy 2009;95:193-8.

[23] Bigham ]JM, Carlson L, Murad E. Schwertmannite, a new iron oxyhydroxysul-
phate from Pyhdsalmi, Finland, and other localities. Mineral Mag 1994;58:
641-8.

[24] Bigham JM, Schwertmann U, Traina SJ, Winland RL, Wolf M. Schwertmannite
and the chemical modelling of iron in acid sulfate waters. Geochim Cosmo-
chim Acta 1996;60:2111-21.

[25] Wang H, Bigham JM. Tuovinen OH. Transformation of schwertmannite to
jarosite in the presence of iron-oxidizing microorganisms. Mater Sci Eng
2006;588-92. C26.



	Oxidative dissolution of bornite by Acidithiobacillus ferrooxidans
	Introduction
	Materials and methods
	Results and dsiscussion
	Oxygen uptake experiments with A. ferrooxidans and A. thiooxidans
	Bornite leaching of experiments with A. ferrooxidans

	Conclusions
	Acknowledgments
	References


