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COMPARATIVE VARIANTS OF BIOLOGICAL AND CHEMICAL LEACHING OF THREE
DIFFERENT COPPER CONCENTRATES
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ABSTRACT. Two copper sulphide concentrates and a copper concentrate containing copper mainly in its elemental form were subjected to
different variants of bacterial and chemical batch leaching in agitated bioreactors. The most efficient leaching of copper from the sulphide
concentrates was achieved by means of a mixed culture of mesophilic chemolithotrophic bacteria at acidic pH maintained by sulphuric acid added
from outside. The different variants of biological and chemical leaching of the third concentrate resulted in similar extractions of copper.

CPABHUTENHW BAPUAHTU HA BUONOrMYHO U XUMUYHO U3NYIBAHE HA TPU PA3NTMYHU MEOHW KOHLIEHTPATA
Upena U. Cnacoea, MapuHa B. Hukonoea, lMnamen C. Meopauee u CmosiH H. Mpydes
MurHo eeonoxku yHugepcumem «Ce. MeaH Puncku», 1700 Coghus

PE3IOME. [1Ba MeaHy CynduaHu KOHLEHTpaTaTa 1 enH MeAeH KOHLEHTPaT CbAbpPXaLll Mef, INaBHO B enemMeHTapHa opma, 65xa NoanoxeHu Ha
pasnuyHW BapuaHTM Ha GakTepuanHO W XUMMYHO M3MyrBaHe B MEPUOAMYEH pexum BropeakTop C MexaHWyHo pasbbpksaHe. Hai-edmkacHo
n3nyrsaHe Ha Mef OT CyndmaHUTe KOHUEHTpaTh e MoCTUrHaTo MOCpeACTBOM CMeceHa KynTypa Ha Me30tWrHM XUMONMTOTPOHM BakTepum,
pa3BMBalLM Ce B MPUCLCTBME Ha KOHLEHTpaTa. Pa3TBapsHeTO Ha MefTa OT TpeTust KOHUEHTpaT 6e edukacHO 4pe3 XMMWYHO M3nyrBaHe
(MocpeAcTBOM CApHa KncenuHa u (pepu 11oHK), KakTo 1 Ypes xemonuTtoTpodHuTe BakTepun npu kuceno pH, NoAAbPXaHO Ypes CApHa KucenuHa
pobaBeHa OTBBH. Pa3nnyHuTe BapuaHT Ha B1OMOrMYHO W XUMWYHO U3MYrBaHe Ha TPETUS KOHLIEHTPAT NOCTUTHAaXa CXOAHW M3BNMYaHNS Ha MeaTa.

Introduction These bacteria oxidize the sulphide minerals by means if
Different types of sulphide concentrates can be efficiently different mechanisms but both iron- and sulphur-oxidizing
leached by means of chemolithotrophic bacteria. In some activities are needed to be present by the relevant bacterial
cases the leaching is connected with solubiliztaion of one or communities for achieving high leaching rates. Some bacterial
more non-ferrous metals such as copper, zinc, nickel, cobalt, species are able to oxidize only the ferrous iron, other are able
etc. from the concentrate being leached. In some other cases ~ to Oxidize only S° and sulphur reduced inorganic compounds
the bacterial leaching is used as a pretreatment procedure ~ but some species are able to oxidize both iron and sulphur
prior to conventional treatment. Such pretreatment procedure (Norris, 2007; Rawlings, Johnson, 2007). Furthermore, the
can be of different type: selective solubilization of some strains related to one and the same taxonomic species can
contaminant metals to upgrade the relevant concentrate with differ considerably from each other with respect to the levels of
respect to the prevalent metal, e.g. solubilization of the copper, their oxidative ability.
zinc and cadmium from off-grade complex lead concentrates;
selective removal of some unwanted elements such as arsenic In some cases the chemolithotrophic bacteria are able to
to make the relevant concentrate acceptable for conventional facilitate the leaching of metals present in the concentrates in
processing; oxidation of go|d_bearing and Si|ver-bearing their elemental ZerO'Valency form or as oxides and carbonates.
sulphide minerals to liberate the gold (or silver) finely
disseminated in the sulphide matrix and to facilitate its The present paper contains some data about the leaching of
subsequent chemical extraction. three different copper concentrates by means of different

variants of bacterial and chemical leaching.

The bacterial leaching is carried out under batch or )
continuous conditions and is best performed in reactors with Materials and Methods

mechanical stirring. The optimum leach conditions can be Data about the chemical composition of the concentrates are
established and controlled in such systems. Mixed cultures of shown in Table 1. The concentrate No 1 was a typical copper
different species of both mesophilic and thermophilic chalcopyritic concentrate. Covellite, chalcocite and bornite
chemolithotrophic bacteria have been used in such operations were also present but in much lower concentrations. The
(Groudev et al., 2005a; 2005b). concentrate No 2 contained copper mainly in the secondary

sulphides chalcocite and covellite. Chalcopyrite was also
relatively well present, although in much lower concentration.
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These two copper sulphide concentrates were relatively rich-in-
pyrite. The contents of other non-ferrous metals such as zinc
and lead were low. The concentrate No 3 was a typical
polymetallic concentrate consisting of a mixed scrap from
different sources, mainly from damaged electronic and
machinery equipment. Apart from the copper, this concentrate
contained also considerable amounts of lead and zinc, as well
as of silver.

Table 1. Chemical composition of the concentrates

Component Concentrate | Concentrate | Concentrate
No 1 No 2 No 3
Cu total, % 21.7 35.2 404
Cu sulphidic, % 20.8 34.0 -
- primary, % 17.0 6.5 -
- secondary,% 3.8 275 -
Cu oxide, % 0.9 1.2 1.8
Cu elemental, % - - 98.2
Fe, % 255 18.1 14.5
S, % 32.9 28.0 0.32
Zn, % 0.21 0.12 8.2
Pb, % 0.48 0.33 12.7

The acidophilic chemolithotrophic bacteria used in this study
were initially isolated as a mixed culture from a rich-in-pyrite
and copper sulphides heap in the Vlaikov Vrah bioleaching
operation. The culture consisted of Acidithiobacillus
ferrooxidans,  Acidithiobacillus  thiooxidans, Leptospirillum
ferrooxidans and Acidiphilium sp. (probably Ac. cryptum). The
culture was adapted to the concentrates used in this study by
consecutive transfers of late-log-phase subcutures into the
relevant concentrate suspensions with increasing pulp
densities in a nutrient medium with the following composition
(in g/l): (NH4)2S04 0.50, KH2PO4 0.25, KCI 0.50, MgS04.7H20
0.50, Ca(NOs)2 0.01, with an initial pH of 1.8-1.9. The
composition of the different microbial cultures originating from
the mixed culture differed considerable in the presence of the
different concentrates. The difference consisted mainly in the
different ratios between the number of cells related to the
different individual species of bacteria. These ratios depended
on several factors such as pulp density, pH and composition of
the nutrient medium, i.e. of the leach solution, and temperature
during the leaching, as well as on the growth history of the
relevant subculture. Some of these factors changed during the
leaching and this was connected with changes of the species
composition of the relevant mixed subculture.

The direct bacterial leaching of the concentrates was carried
out under batch conditions in agitated 2 | buffled bioreactors
containing 900 ml of the nutrient medium mentioned above,
100 g concentrate (with a particle size minus 0.074 mm) and
100 ml of an active microbial inoculum consisting of a late-log-
phase bacterial culture preliminary adapted to the relevant
concentrate and containing about 10° cells/ml. The leaching
was carried out at stirring rate of 600 rpm, at 37 °C, for 10 days
for the concentrate No 1 and No 2, and for 5 days for the
concentrate No 3. Apart from the mechanical stirring, air
containing 0.2 % CO2 was injected into the bioreactors at a
rate of 0.3 L/L mineral suspension. The pH was maintained
within the range of 1.8 — 1.4 by addition of sulphuric acid or
freshly ground limestone.

The indirect bacterial leaching was carried out by systems
consisting of two different bioreactors. The first bioreactor was
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of the same type as the bioreactors used for the direct bacterial
leaching. The leach conditions were also the same but without
the initial inoculation of the mineral suspensions with the
relevant bacterial cultures. Instead this, acidified solutions of
ferric sulphate generates in the second bioreactor as a result of
the bacterial oxidation of ferrous ions in diluted sulphuric acid
solutions were added to the first bioreactor. The addition of
ferric ions to the first bioreactors was carried out in a way to
follow the changes of the dissolved iron concentration during
the direct bioleaching of the relevant concentrate.

The chemical leaching of the concentrates by means of
acidified solution of Fe3* ions was carried out in the same way
as the indirect bacterial leaching by such ions but the leach
solutions did not contain bacteria. In one variant the ferric ions
were produced as a result of the chemical oxidation of ferrous
sulphate in diluted sulphuric acid solutions by means of
KMnOs. In a second variant the ferric ions were produced as a
result of the bacterial oxidation of ferrous ions but then the
bacteria were removed by means of vacuum filtration on the
leach solutions.

The chemical leaching of the concentrates by means of
sulphuric acid were carried out also in the buffled reactors of
the same type and under the same experimental conditions but
without bacteria and Fe®* ions added from outside. The pH
during the leaching was maintained within the range of 1.8-1.4.

The progress of the bacterial and chemical leaching was
followed by analysis of the leach solutions for pH, Eh,
dissolved oxygen and metals, and number of iron- and sulphur-
oxidizing bacteria. Elemental analysis of the liquid samples
was carried out by means of atomic absorption spectrometry
and induced coupled plasma spectrometry. Elemental analysis
of the solid samples was carried out by digestion and
measurements of the ion concentrations in solutions by the
above-mentioned methods. The isolation, identification and
enumeration of microorganisms were carried out by methods
described elsewhere (Karavaiko et al., 1988; Hallberg,
Johnson, 1991).

Results and Discussion

The direct bacterial leaching was the most efficient way to
solubilize copper from the concentrates No 1 and No 2 (Table
2 and Fig. 1). The extraction from the concentrate No 2 was
much higher due to the presence of most copper in the forms
of the secondary sulphide minerals chalcocite and covellite.
These secondary sulphides are more amenable to bacterial
leaching than the chalcopyrite. Regardless of this, the
extraction of copper from the chalcopyrite, especially from the
concentrate No1, was high, having in mind that the mesophilic
bacterial leaching of chalcopyrite rarely exceeded 45% due to
the formation of jarosites precipitated on its surface. The
number of chemolithotrophic bacteria during the second half of
the leaching period exceeded 10° cells/ml but most of the
bacteria were firmly attached to the concentrate particles.
Leptospirillum ferooxidans was the prevalent bacterial species
but Acidithiobacillus ferrooxidans was also well present. The
number of Acidithiobacillus thiooxidans and Acidiphilium sp.
was considerably lower (less than 104 and 102 cells/ml,
respectively).

The indirect bacterial leaching by means of ferric ions was
practically a combination of the direct and indirect leaching



since the Fe3*-bearing solutions introduced into the relevant
bioreactor (of the type No1) contained also considerable
amounts of active iron-oxidizing bacteria. A large portion of
these bacteria rapidly attached to the surface of the
concentrate and started to oxidize the relevant sulphide
minerals also by the direct mechanism. It must be noted that
the continuous bacterial production of Fe3* ions in the
bioreactors of the type No 2 decreased considerably the
number of Acidithiobacillus thiooxidans which was not able to
oxidize the Fe?* ions. However, the bioreactors No 1 were
populated, apart from the iron-oxidizer Leptospirillum
ferrooxidans, also by Acidithiobacillus ferrooxidans which
possessed both iron- and sulphur-oxidizing abilities.

Table 2. Data about the leaching of concentrates by different
methods used in this study

Copper-bearing Type of leaching
substrates  and Direct Indirect | Chemical | Chemical
forms of copper bacterial | bacterial by Fe3* by H2SO4
Copper extraction, %
Concentrate No1
- primary 46.5 335 25.3 16.8
sulphidic Cu
- secondary 78.9 76.3 68.4 3.2
sulphidic Cu
-oxide Cu 88.9 88.9 88.9 99.9
- total Cu 53.9 43.3 355 7.8
Concentrate No2
- primary 442 40.1 25.8 1.5
sulphidic Cu
- secondary 86.0 82.2 72.9 32.5
sulphidic Cu
-oxide Cu 90.1 90.1 89.2 99.9
- total Cu 78.4 74.7 64.4 29.1
Concentrate No3
- total Cu 90.1 92.5 921 914
- total Zn 93.0 93.8 93.2 93.0
extraction
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Fig. 1. Extraction of copper during the leaching of the
concentrate No 1 and No 2

The copper leaching by this “indirect” bacterial action was
not so efficient like the direct leaching. The copper extraction
from the concentrate No 2 was much higher than that from the
concentrate No 1 since the secondary copper sulphides were
much more amenable to leaching (directly and by Fe®* ions)
than the chalcopyrite. Furthermore, it was found that the
leaching by bacteria possessing only iron-oxidizing ability

185

(such was Leptospirillum ferrooxidans) was not efficient and
that the presence of bacteria possessing sulphur-oxidizing
ability (such as Acidithiobacillus  ferrooxidans and
Acidithiobacillus thiooxidans) was necessary for the leaching of
sulphide minerals.

The chemical leaching of the concentrate No 1 and No 2 by
ferric ions (without bacteria) was less efficient then the
bacterial leaching. The difference was more essential with the
concentrate No 2. These data reflect the essential role played
by bacteria in the oxidation of sulphide minerals. They also
confirm the finding that both iron- and sulphur-oxidizing abilities
are needed for achieving an efficient leaching of such minerals.
The high sulphidic sulphur contents and the strongly negative
net neutralization potentials made the bacterial leaching of
these concentrates practically not connected with addition of
sulphuric acid from outside.

The bacterial and chemical (by sulphuric acid and with or
without ferric ions added outside) leaching of the concentrate
No 3 resulted in similar extractions of copper, as well as of zinc
and iron (Table 2; Fig. 2). This was connected with the efficient
solubilization of the forms of these metals in this concentrate
(mainly in the relevant elemental form and, in much lower
concentrations, as oxides and carbonates). The acidophilic
iron-oxidizing chemolithotrophic bacteria were able to grow in
these leach systems only if sulphuric acid was added from
outside to maintain the pH within the range suitable for these
bacteria (i.e. at pH lower than 3.5). These bacteria used the
ferrous ions solubilized from the concentrate by the sulphuric
acid as the only energy source. The ferric ions produced as a
result off the bacterial oxidation oxidized the elemental (zero-
valency) metals to the relevant bivalent acid-soluble ions and
in this way facilitated their solubilization. However, this effect
was not very essential at leaching with 10% pulp density.
Experiments carried out at higher pulp densities (12-15%)
revealed that the presence of ferric ions increased to some
extent the rate of metal solubilization. However, this positive
effect was achieved only in systems in which the ferric ions
were added from outside. This was due to the fact that the
bacterial activity at these higher pulp densities (especially at
15%) was considerably decreased due to the higher
concentrations of dissolved toxic metals.
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Fig. 2. Extraction of metals from concentrate No 3 during the
chemical leaching by H2S804 with and without Fe3*



Some processes of cementation of metals (mainly of Cu2+
ions by the Fe?) proceeded during the leaching but the resulted
Cu0 was also solubilized. The leaching of the concentrate No 3
was connected with high consumption of sulphuric acid added
from outside (within the range of 203-215 g/100g concentrate
at the different variants of leaching). The extraction of leach
from all concentrates was very low due to the insolubility of
PbSOa.

Conclusion

The data from this study demonstrates the essential role of
the direct bacterial leaching in the extraction of copper from
chalcopyrite, which is the most refractory sulphide mineral. The
direct contact of the chemolithotrophic bacteria with the surface
of this mineral as well as their ability to grow in a leach system
containing high concentrations of heavy metals makes the
preliminary adaptation of the relevant bacterial culture to the
mineral substrate subjected to leaching an important stage in
the development of the complex technological approach is
needed also for an efficient extraction of copper from
secondary copper sulphides, regardless of their higher
amenability to oxidation by ferric ions. The indirect leaching by
means of ferric ions obtained as a result of the bacterial
oxidation of ferrous ions in diluted sulphuric acid solutions de
facto creates a system for a combined direct and indirect
leaching. Such system can operate even at high temperatures
if thermophilic chemolithotrophic bacteria are used for
production of the ferric ions-bearing solutions. Regardless of
the fact that ferric ions are able to oxidize the elemental
sulphur which is formed during the oxidation of sulphide
minerals and is deposited on their surface, the presence of
sulphur-oxidizing bacteria in the leach system enhance the
removal of these passivation films and accelerate the leach
rate. On the other side, the presence of chemolithotrophic
bacteria in systems for chemical leaching by sulphuric acid of
concentrates containing copper and other heavy metals in their
elemental and oxide forms is not essential. In some cases,
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however, the iron-oxidizing bacteria can facilitate this process
by generating ferric ions in situ as a result of the bacterial
oxidation of the ferrous ions which are chemically dissolved
from the concentrate.
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