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Abstract: In order to investigate the enrichment of ferric iron bound by extracellular polymeric substance (EPS) on the mineral
surface during bioleaching of chalcopyrite, several methods including sonication, heating and vortexing were used and sonication at
48 °C was shown as a good way to extract ferric iron. Scanning electron microscope (SEM) and energy dispersive X-ray
spectrometer (EDX) analysis showed that lots of cracks and pits can be found on the chalcopyrite surface after bioleaching and that
iron oxide was filled in these cracks and pits. The variations of contents of ferric iron and EPS on the chalcopyrite surface were
investigated. The results indicated that the content of EPS increased rapidly in the first 10 d and then maintained at a stable level,
while ferric iron content increased all the time, especially in the later stage of bioleaching.
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1 Introduction

Chalcopyrite is the most refractory and abundant
copper sulphide mineral in the world. Traditionally, this
mineral has been treated by pyrometallurgical methods to
obtain copper [1]. Due to high emission of polluted gas
mainly as SO, and high capital costs, the research for a
hydrometallurgical process as an alternative to
conventional smelting has been accelerated. Bioleaching
of chalcopyrite is a copper extraction process with
low capital and operation costs, and environmental
benefits [2]. At present, more attention has been paid to
chalcopyrite bioleaching with moderately thermophilic
microorganisms [3]. This is because using moderate
thermophiles compared with mesophiles to bioleach
chalcopyrite can greatly improve the leaching reaction
kinetics, hence, the total copper extraction is higher [4].

Ferric iron plays a very important role during
bioleaching of chalcopyrite. It has been reported that
bioleaching of chalcopyrite includes several steps, which
starts with the dissolution of mineral sulphides by
protons and ferric iron presented in the bioleaching
medium [5,6]. This step liberates metals in their ionic

forms and produces hydrogen sulphide. Hydrogen
sulphide is transformed by the oxidation with Fe(IIT) and
subsequent dissociation and dimerization in the
polysulphide. As a result of the combined actions of
protons and ferric iron, elemental sulphur is produced.
The reactions of this mechanism are described as
follows:

CuFeS,+Fe’ +H'—>Cu* +Fe* +H,S, (n>2) (1)
0.5H,S,+Fe’"—>0.125S4+Fe* +H" )

The oxidation of sulphur to sulphuric acid is mainly
completed by the sulphur-oxidizing microorganisms.
CORDOBA et al [7] recognized that ferric iron could
also oxidize elemental sulphur to sulphuric acid
(Eq. (3)), and the oxidation rate increased with the
increase of dissolved oxygen in the solution. Therefore,
they believed that ferric iron was the main oxidant in the
bioleaching system (Eq. (3)).

CuFeS,+4Fe* +30,+2H,0—>Cu?*+5Fe*"+2H,S0, (3)

It has been pointed out that extracellular polymeric
substance (EPS) also plays a pivotal role during
bioleaching of chalcopyrite [8,9]. EPS is generated by
bioleaching microorganisms and mediate the attachment
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of microorganisms to the mineral surface. After the
initial attachment of cells, the biofilm develops within a
few days, covering the mineral surface with cells
embedded in a continuous EPS layer [10,11]. Generally,
the EPS consists of polysaccharides as well as some
proteins, nucleic acids, lipids and humic substances, and
the composition varies with the mineral surface
chemistry, temperature, pH, leachate solution, the
microbial species and growth substrates [12—14].

Ferric iron on the mineral surface is reported to be
concentrated by complexation through uronic acids or
other residues of EPS [15,16]. This would create an
environment of net positive charges which may assist in
attachment of cells to the negatively charged minerals.
The EPS containing bound ferric iron therefore plays an
active role in the dissolution of sulphide minerals by
creating a reaction space for the dissolution process to
take place [17]. To date, little is known about conditions
within this reaction space, including the pH, oxidation
reduction potential (ORP), and especially the ferric iron
that is critical for the metal-winning. Although there have
been some reports about the extraction of EPS from the
ore surface during bioleaching, few studies have been
conducted to extract the EPS-bound ferric iron, and little
information is available with respect to the variation of
EPS and the bound iron (III) during bioleaching [15]. To
this end, several methods (sonication, heating and
vortexing) were designed to extract iron(IIl) bound with
EPS from the mineral surface. The chalcopyrite surface
during bioleaching was analyzed by SEM—EDX to detect
the enrichment of ferric iron. Finally, the variations of
the contents of EPS and ferric iron on the mineral surface
during bioleaching were investigated.

2 Experimental

2.1 Microorganisms enrichment

Acid mine drainages (AMD) samples from several
chalcopyrite mines in China were collected. The samples
were mixed and then inoculated into the culture medium
for the enrichment of moderate thermophiles. The
medium used for the enrichment consisted of the
following compounds: (NH4),SO4; 3.0 g/L, Na,SO,
2.1 g/L, MgS047H,0 0.5 g/L, K,HPO, 0.05 g/L, KCI
0.1 g/L, Ca(NOs), 0.01 g/L. Chalcopyrite concentrate
(50 g/L) was added as energy source. The samples were
enriched at 48 °C and pH 2.0. After adaptation to
chalcopyrite concentrate for more than 4 years, this
moderately thermophilic showed excellent
performance of chalcopyrite dissolution. Previous studies
have shown that Acidithiobacillus caldus and
Leptospirillum  ferriphilum  were the
microorganisms in the culture [18,19].

culture

dominant

2.2 Mineral components

The chalcopyrite sample was collected from
Dabaoshan in Guangdong Province, China, with
diameters of the particles less than 75 um. The mineral
sample was analyzed by X-ray diffraction (XRD) and
mainly consisted of 98% chalcopyrite and 2% silicate
(mass fraction).

2.3 Bioleaching experiments

Bioleaching experiments were carried out in a 3 L
glass cylindrical reactor with a mechanical stirrer
operated at 120 r/min. 1950 mL medium, 0.4 g/L yeast
extract and 120 g chalcopyrite (6% pulp density) were
added into the reactor, and 50 mL seed culture (no
soluble copper) was inoculated to get a cell density of
1x10° cell/mL. Air was blown into the base of the reactor
at an approximate rate of 360 mL/min. The experiments
were performed at 48 °C and pH 2.0. Evaporation loss
was compensated by distilled water. The ORP and the
concentrations of Cu2+, ferrous iron and total iron in the
solution were analyzed every two days, while the pH and
ORP of the solution were measured each day. These
parameters were determined as described in Ref. [19].
Furthermore, ore residue was analyzed at the end of
bioleaching by XRD.

Attached cells were removed from the mineral
surface as previously reported in Ref. [11]. Briefly, the
leaching solution was centrifuged at 2000 r/min for
2 min, then the obtained pellets were re-suspended and
voretexed, and centrifuged at 2000 r/min again. These
steps were repeated thrice. A final solution was obtained
and centrifuged at 12000 r/min for 10 min to collect the
sessile microorganisms. Cells were counted by a
counting chamber under an optical microscope.

2.4 Methods for extraction of iron on mineral surface

It has been reported that sonication can remove ions
from solid materials. Two main mechanisms may
contribute to the process: acoustic streaming which can
aid the mass transport of species away from the
solid—liquid interface and cavitation which can cause
cleaning of the surface [20]. In our previous study [19],
vortexing was used to collect attached microorganisms
during bioleaching. We found that with increasing the
vortexing speed and time, some metal ions would release
into solution. Also, vortexing has been employed for the
removal of harmful contents from waste samples [21].
Another method generally involved in this process is
heating [20]. Therefore, in this experiment, sonication,
vortexing and heating were used to extract ferric iron
from the ore surface during bioleaching of chalcopyrite.
The detail is shown as follows.

After bioleaching of chalcopyrite for 20 d, the
solution was settled for 1.5 h and then the supernatant
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was decanted. The thickened sludge was centrifuged at
2000 r/min and 4 °C for 4 min and 4 g pellets were
collected and resuspended with 10 mL H,SO, at pH 2.0.
For extraction of ferric iron from the mineral surface, the
ore residue was treated by five methods including
sonication at 48 °C for 15 min, sonication at 24 °C for
15 min, heating at 70 °C for 30 min, vortexing with 1 g
glass beads (with diameter about 0.2 mm) on a vortexer
for 15 min, heating for 20 min and then vortexing for
10 min. The control experiment without any treatment
was carried out. Then, the treated residue and the control
were centrifuged at 2000 r/min and 4 °C for 2 min. The
solution was used to determine the concentrations of
total iron, ferric and ferrous iron. These experiments
were carried out in triplicate.

In order to detect the chalcopyrite surface, the
chalcopyrite ore was ground to a slice from a cube and
then immobilized in the bioleaching solution. After being
bioleached for 20 d, the chalcopyrite slice was removed
from the bioleaching solution and then washed by diluted
sulphuric acid (pH 2.0) and exposed in the air for 2 h for
drying. After that, the slice surface was analyzed by SEM
and EDX, which were performed on an FEI Quanta 400
field emission, environmental scanning electron
microscope (ESEM) under high vacuum conditions.
Secondary electron imaging was performed at a beam
energy of 15 kV and a probe current of 140 to 145 pA.
EDX was performed at the beam energy of 15 kV and a
probe current of approximately 800 pA. The components
of the mineral sample and ore residue were analyzed by
X-ray diffraction (XRD) (Panalytical, X'pert Pro,
Netherlands) with Cu K, radiation (40 kV, 35 mA).

2.5 Extraction of EPS and ferric iron during

bioleaching

During bioleaching of chalcopyrite, the EPS and
ferric iron on the mineral surface were extracted on the
Ist, 5th, 10th, 15th and 20th day. The extraction methods
of EPS are described in detail as follows: the bioleaching
solution was settled for 1.5 h, and then the supernatant
was decanted. The thickened sludge was centrifuged at
2000 r/min and 4 °C for 4 min and 4 g pellet was
re-suspended in Milli Q water. 1 g glass bead with a
diameter of 0.2 mm was added into the re-suspension
and shaken on a vortexer (0—1400 r/min) for 10 min.
Then, 10 mmol/L tris-HCI (pH 7.0), 1 pmol/L N-
dodecyl-N, N-dimethyl-3-ammonio-1-propane-sulfonate
and 1 mmol/L ethylene glycol tetraacetic acid (EGTA)
were added into the solution at 4 °C. Following
extraction, all samples were centrifuged and filtered
through 0.2 um filters to collect the soluble fractions.
The extracted samples were stored at —20 °C until
analysis [10]. Contamination by the membrane fragments
of damaged cells, possibly caused by vortexing, was

checked by detection of 2-keto-3-deoxyoctonate (KDO)
and DNA. KDO is part of the lipopolysaccharide (LPS)
in Gram-negative bacteria, and it can be used as a marker
for their outer membrane compound contamination.
Since the Gram-positive bacteria have stronger cell wall
structure than Gram-negative bacteria, they are hard to
be broken by vortexing in this experiment. Furthermore,
the detection of DNA concentration could offer more
information to investigate the breaking extent of all
bacteria and archaea. Therefore, low levels of both DNA
and KDO indicate that the EPS extracted was not
contaminated by significant amounts of intracellular
materials [11].

Crude EPS was analyzed for nitrogen, uronic acids
and protein spectrophotometrically [11]. Qualitative and
quantitative estimations of fatty acids and sugar
monomers were achieved by gas—liquid chromatography.
Experimental procedures have been described in
Ref. [10].

3 Results and discussion

3.1 Bioleaching of chalcopyrite
thermophiles

Bioleaching of chalcopyrite by moderately
thermophilic microorganisms was carried out in the
stirred tank reactor for 20 d. Figure 1(a) shows the
copper concentration in solution as a function of
bioleaching time. The copper concentration increased
quickly from the very beginning without lag phase, this
was because the mixed culture has been acclimated for
more than 4 years [18]. On the 16th day, the soluble
copper achieved up to 12.18 g/L. After that, the
chalcopyrite dissolution rate became very slow. On the
20th day, the soluble copper was 12.66 g/L, and the final
copper extraction percentage achieved was 61.7%.

The concentration of iron in solution showed
different variation trends compared with copper
concentration (Fig. 1(a)). Before the 8th day, the
concentrations of ferrous and ferric iron both increased.
After that, the concentration of ferric iron decreased. At
that time, the pH value was between 1.4 and 1.7 and the
ORP was between 400 and 470 mV. When most of the
copper was leached out (after 16 d), the concentration of
ferrous iron began to decrease and the concentration of
ferric iron began to increase, which corresponded to an
increase of ORP (up to 623 mV on day 20). FOWLER
and CRUNDWELL [17] reported that iron played a key
role in the bioleaching of chalcopyrite. Ferric iron
dissolved chalcopyrite to generate copper and ferrous
iron. Ferrous iron as the energy source of bioleaching
microorganisms was oxidized to regenerate ferric iron. In
the final stage of bioleaching, the dissolution of
chalcopyrite was hindered, and the concentration of

by moderate
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Fig. 1 Variations of copper ion, ferrous iron, ferric iron and
total iron concentrations (a) and attached cell density (b) as
function of time during bioleaching of chalcopyrite by
moderate thermophiles

ferric iron increased when the surface of chalcopyrite
was covered with passivation substances formed as
jarosite [18]. In the meanwhile, ferrous iron was oxidized
continuously by microorganisms and reached a low
concentration in the end.

As can be seen from Fig. 1(b), the number of
attached cells increased in the first 10 d with short lag
phase and then kept stable at around 1.2x10° cell/g of ore
residue from the 12th to 16th day. During that time,
copper extraction rate increased in a large scale. After
16 d, when most of copper was leached out, the sessile
biomass decreased mainly due to the diminishing of
some essential nutrients (ferrous iron and sulphur).

At the end of bioleaching, the content of ore residue
was 41 g/L, and the XRD analysis showed that the
component of ore residue mainly included jarosite (44%)
and chalcopyrite (50%). The content of element sulphur
was very low, less than 4%. During bioleaching of
chalcopyrite, temperature is a very important factor for
the precipitation of iron compounds like jarosite, and
their precipitates increase as temperature rises. Thus, in
moderate thermophilic environments (like 48 °C), more
jarosite is readily formed than in mesophilic
environments [22].

3.2 Methods for extraction of iron bound with EPS
The ore residue after being bioleached for 20 d was
treated in five different ways to extract iron bound with
EPS. Table 1 shows the results of extracted iron from
mineral surface. It can be seen that the treatment by
ultrasonic at 48 °C can obtain a maximum content of
iron. The contents of total iron and ferric iron were
70.5 mg/g and 42.3 mg/g, respectively. Sonication has
been proved to be an effective technique to facilitate the
removal and isolation of a variety of substances, such as
fluoride (F), cyanide (CN) and sodium (Na") ions, lead
and methylmercury [20,23]. However, to the best of our
knowledge, few studies have been conducted to extract
EPS-bound iron on the mineral surface by ultrasonic
methods [24]. For confirming that the iron was extracted
from the mineral surface, but not from chalcopyrite or
jarosite, the components of ore residue before and after
treatment were analyzed by XRD. The result showed that
compared with the ore residue without treatment, there
was no obvious difference in the component of ore
residue after treatment by ultrasonic at 48 °C. Therefore,
it is suggested that the treatment by ultrasonic at 48 °C
can effectively extract iron from the mineral surface.
According to the maximum content of ferric iron
extracted, the global concentration of the EPS-bound
ferric iron after being bioleached for 20 d was about
1.7 g/L. Considering that ferric iron was filled in the
imperfections of mineral surface (see results of SEM and
EDX), the local concentration at the mineral/cell
interface would be much higher. This indicates that lots
of ferric iron is concentrated on the mineral surface,
which provides experimental evidence to support the
“indirect contact mechanism” of bioleaching [6]. In the

Table 1 Contents of total iron, ferric iron and ferrous iron per gram of ore residue after being bioleached for 20 d (mg/g)

Ultrasonic Ultrasonic Heating Vortexing Heating and
Iron . . Control
at 48 °C at 24 °C at 70 °C with glass beads vortexing
Total iron 70 .5(¢4.1) 54.1(£3.8) 8.3(x1.2) 32.2(£3.5) 42.1(£2.6) 3.1(x0.6)
Ferric iron 42.3(+3.9) 30.2(£3.0) 4.29(+1.0) 18.4(+2.4) 20.7(£2.3) 1.9(x0.5)
Ferrous iron 28.6(£2.5) 24.8(x1.9) 3.8(+0.9) 14.7(x1.3) 22.9(+2.1) 1.2(+0.3)

Data presented are average values of three repeated experiments and values in parentheses are standard deviations
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indirect contact mechanism, it is supposed that the
bioleaching microorganisms prefer to attaching onto the
mineral surface and producing EPS. A reaction zone as
extracellular polymeric layer between the cell wall and
the chalcopyrite is created. In this zone, ferric iron is
concentrated to dissolve chalcopyrite. The dissolution of
chalcopyrite would release the energy source such as
ferrous iron for growth of microorganisms.

For better understanding the enrichment of ferric
iron on the mineral surface, the chalcopyrite slices (98%
CuFeS,) with and without bioleaching were analyzed by
SEM and EDX (Fig. 2). Lots of imperfections (cracks
and pits) can be found on the chalcopyrite surface after
bioleaching. The analysis of the chalcopyrite surface by
EDX showed that iron oxide was filled in these cracks
and pits. This further indicated that ferric iron was
enriched on the mineral surface during bioleaching. The
iron oxide mainly originated from the reaction of ferric
iron and oxygen when the chalcopyrite slice was exposed
to air in the experiment.

3.3 Extraction and analysis of ferric iron and EPS on
mineral surface during bioleaching

The content of DNA extracted from the ore residue
was less than 0.25 mg/g, and the KDO content in the
extracted EPS was in the range of 0.03—0.08 mg/g. The
low contents of DNA and KDO in the extracted EPS
indicated negligible contamination by intracellular
substances in the collected EPS [10].

Table 2 shows the components and contents of EPS

and ferric iron extracted from the ore residues on the 1st,
5th, 10th, 15th and 20th day during bioleaching of
chalcopyrite. As can be seen, the collected EPS was
primarily composed of sugars and fatty acids and the
content of protein was relatively low. The composition of
the EPS was similar to that of previous studies [10]. The
content of extracted EPS varied according to the
sampling time. From the 1st day to the 10th day, the
content of extracted EPS increased rapidly to 59.7 mg/g.
During the first 10 d of bioleaching, the increase of EPS
benefits the enrichment of ferric iron on the mineral
surface, and the content of ferric iron increased from 4 to
19 mg/g, which would oxidize chalcopyrite to release
energy source for microbial growth. Thus, during this
time, the cell density in the solution increased and
reached the logarithmic phase. From the 10th day up to
the end of bioleaching, although the cell density in the
bioleaching began to decrease, the total content of
extracted EPS still maintained at a steady level and the
final content of EPS extracted was 69.6 mg/g. This
indicated that once the EPS was produced, it was
difficult to be eliminated from the bioleaching system.

It has been reported that for some Acidithiobacillus
ferrooxidans strains, the uronic acids within the EPS
combine with ferric iron at a molar ratio of about 2:1.
This causes the cells to have a net positive charge,
therefore, enhancing cell attachment to the negatively
charged substrates [15]. However, in this study, the molar
ratio of uronic acids to ferric iron was lower than 2:1 and
rather varied in different bioleaching periods. Two main

Fig. 2 SEM images and EDX patterns of chalcopyrite surface with and without bio-leaching: (a) SEM image of chalcopyrite surface

without bioleaching; (b) SEM image of chalcopyrite surface after being bioleached for 20 d; (¢, d) EDX patterns of red box area in (b)

(red box areas of 4 and B indicate iron oxide and chalcopyrite, respectively)
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Table 2 Components and contents of EPS and ferric iron in ore
residue during bioleaching of chalcopyrite (“b.d.” means below
detection limit)

Content of EPS fractions at different

EPS -
: Constituent bioleaching time/(mg-g ")
fraction
Ist 5th 10th  15th  20th
Protein Total 0.4 3.1 6.5 6.6 6.3
Total 46 195 308 385 363
Rhamnose 0.8 4.6 5.7 7.9 6.1
Fucose 1.7 6.4 9.4 11.2  10.8
Sugar Xylose 0.1 0.7 0.9 2.0 1.9

Mannose 0.3 1.0 2.3 2.4 2.0

Glucose 1.5 53 9.6 12.1 123

Uronic acids 0.2 1.5 2.9 2.9 32

Total 1.8 134 224 241 270

C12:0 b.d. 0.5 0.7 0.8 0.9

C14:0 bd. bd 0.2 0.3 0.4

Fatty Cl16:0 0.3 2.7 5.1 5.3 5.5
acid C17:0 bd. b.d 0.4 0.7 0.8
C18:0 1.5 82 143 141 16.1

C19:0 b.d. 2.0 1.7 2.9 3.0

C20:0 bd. bd. bd  bd 0.3

Total EPS 6.8 360 59.7 692 69.6
Ferric
. 4 15 19 33 45
ron
reasons account for the inconsistency. Firstly,

complexation of ferric ion varied between strains, and
because we used a microbial consortium in this study, the
ratio would be quite different from that of a pure culture.
Secondly, there may be some other mechanisms for the
enrichment of ferric iron. Sugars like glucose, fatty acids,
amino acids, or other negatively charged groups, could
also contribute to the binding of ferric iron [15,25]. The
content of uronic acids in the EPS kept at a relatively
stable level after the 10th day, while the content of ferric
iron increased as bioleaching continued. Especially in the
later stage of bioleaching, the content of ferric iron
enriched on the mineral surface increased from 19 mg/g
(on the 10th day) to 45 mg/g (on the 20th day). This may
be because during this period, large amounts of EPS and
jarosite were covered on the mineral surface to form a
passivation layer, which would block the diffusion of
metal ions to the outside of the layer. However, in the
micro-space on the mineral surface, the dissolution of
chalcopyrite still continued, and the metal ions like ferric
ion were released and accumulated.

4 Conclusions

1) A mixed culture of moderately thermophilic
microorganisms was used to bioleach chalcopyrite in a

stirred tank reactor, and showed good performance on
copper extraction.

2) Sonication at 48 °C is effective for extraction of
the EPS-bound iron.

3) A large amount of ferric iron was enriched on the
surface of mineral, and in particular, in the cracks and
pits.

4) The variations of EPS and the ferric iron bound
by EPS showed different trends and could be relevant to
the leaching of chalcopyrite.
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