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Abstract

The microbiological leaching of chalcopyrite (CuFeS,) is of great interest because of its potential application to many CuFeS,-rich ore
materials. However, the efficiency of the microbiological process is very limited because this mineral is one of the most refractory to bacterial
attack. Knowledge of bacterial role during chalcopyrite oxidation is very important in order to improve the efficiency of bioleaching
operation. The oxidative dissolution of a massive chalcopyrite electrode by Acidithiobacillus ferrooxidans was evaluated by electrochemical
impedance spectroscopy (EIS) and atomic force microscopy (AFM). A massive chalcopyrite electrode was utilized in a Tait-type
electrochemical cell in acid medium for different immersion times in the presence or absence of bacterium. The differences observed in the
impedance diagrams were correlated with the adhesion process of bacteria on the mineral surface.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Acidithiobacillus ferrooxidans, formerly Thiobacillus
ferrooxidans [1], is an acidophilic chemolithoautrophic
bacterium that utilise ferrous iron (Fe* ) or reduced sulphur
compounds, including mineral sulphides, as the sole energy
sources for its growth. Due to its capacity to oxidise metal
sulphides, this microorganism is one of the most important
utilised in bioleaching industrial operations to recover
metals, such as copper, uranium and gold.

Among the metal sulphides that are oxidised by A.
ferrooxidans, chalcopyrite (CuFeS,) has deserved special
attention since it is the principal mineral source of the 10
million tons of copper produced annually worldwide and at
same time the most refractory to bacterial or chemical attack
[2].

The biological mechanisms and the reactions that come
into play during the oxidative dissolution of metal sulphides
are controversial and still poorly understood [3]. Two mech-
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anisms are known to be responsible for the bioleaching of
sulphides, namely indirect and direct mechanisms. The
indirect mechanism operates by the chemical action of acidic
ferric sulphate solutions produced by bacterial oxidation of
ferrous iron or pyrite (FeS,), normally present in these
environments. In this mechanism, adhesion of the bacteria
to the mineral surface is supposed to be not required. The
direct mechanism, on the other hand, involves the enzymatic
attack of the mineral by the bacterium, for which intimate
contact and, hence, adhesion are required. Several publica-
tions have been devoted to explain the role of cell adhesion
during the early steps of bacterial sulphide oxidation [4—6].
These authors have shown that sulphur-grown cells of A.
ferrooxidans present more hydrophobicity than those grown
in ferrous iron medium. However, this condition could not be
associated with more or less adhesion of the cells. More
recently, other studies suggested that exopolymeric substan-
ces (EPS) present in cell envelope [7,8] might play very
important role in the initial stages of adhesion.

The analysis of the electrochemical impedance spectros-
copy (EIS) data can provided information about physical,
chemical and biochemical process occurring in the elec-
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trode/electrolyte (sulphide/culture medium) interface in the
presence and absence of 4. ferrooxidans, as recently dem-
onstrated by Bevilaqua et al. [9] for bornite (CusFeS,).

In recent years, atomic force microscopy (AFM) has
opened exciting new potentialities in microbiology and
biophysics for probing microbial organisms. As reported by
van der Aa and Dufréne [10], AFM presents capabilities to
visualize the surface ultra-structure of microbial cells; it also
allows estimation of the width and height of bacterial cells,
and the thickness of exopolymeric substances, as well as
measuring local physical properties such as adhesion forces
and elasticity. AFM has been used to follow cell adhesion as
one of the most effective on-line techniques for biomaterial
imaging due to the optimal high resolution attained either ex
situ and also in situ, in vivo, single bacterium cell imaging on
a well-defined surface [11]. Besides, characterization of
substratum roughness, including measurements depth and
diameter of individual corrosion pits is also possible, making
AFM and important partner tool for EIS studies.

As mentioned before, the bacterial oxidation of chalco-
pyrite has been studied extensively under different condi-
tions, particularly in acidic aqueous conditions; however,
the electrochemical studies involving microorganisms for
bioleaching purposes is still incipient. Because of the
complexity and variability of the interaction between chal-
copyrite and the oxidizing environment, including bacteria,
there are many aspects that are not understood.

This work’s aim is to improve our knowledge on the
aspects governing the action of A. ferrooxidans during
chalcopyrite bacterial oxidative dissolution utilizing EIS
and AFM techniques.

2. Material and methods
2.1. Bacterial strain and growth conditions

A. ferrooxidans strain LR was used in this work [12].
The culture was grown in a T&K mineral salts medium
[13] at pH 1.8 plus ferrous sulfate as energy source. The
cells for electrochemical analysis and adhesion experi-
ments were obtained after growth for 48 h in a shaker
(150 rpm and 30 °C) by successive washing and centri-
fugation (5000 X g) to eliminate residual ferric ion from
the medium. The washed suspension was centrifuged at
12000 x g for 25 min, washed twice in a Milli-Q water
of 18 MQ) cm and finally suspended in 10 ml of the
mineral salts medium, using pro-analysis purity grade
chemicals and Milli-Q water. The cell suspension was
standardized by the modified Lowry protein determination
method [14].

2.2. Mineral samples preparation

Research-grade CuFeS,; used in this study was obtained
from Ward’s Natural Science Establishment (Rochester,
NY). Samples of chalcopyrite were cut in pieces of approx-
imately 1 cm? using a diamond saw. One face was hand-
polished through four grit sizes of silicon carbide paper with
a final polishing using alumina suspension of 0.3 pm
particle size. To eliminate impurities, the samples were
sonicated with acetone, ethanol and Milli-Q water (15 min
each one), and then were dried with pure argon and stored in
desiccators before using.
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Fig. 1. Experimental (symbol) and simulated (solid line) Nyquist plots of (A and D) 7 h, (B and E) 71 h and (C and F) 288 h of immersion. Open symbols:
impedance diagram without 4. ferrooxidans-LR; closed symbols: impedance diagram with A. ferrooxidans-LR.
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Table 1

Parameters’ values using the circuit Ry( Q(R,W)) for different incubation
times of chalcopyrite electrodes in the presence or absence of A.
ferrooxidans-LR

Sample RJQ  Yo,/10°° my  RJ10Y W07 421073
S " QO Ss"

Control 7 h 373 8.71 0.76 2.60 13.9 233

Control 24 h 384  9.04 0.75 451 11.9 291

Inoculated 7 h 354  3.08 0.79 133 8.59 2.64

2.3. Electrochemical measurements

A Tait-type electrochemical cell that allows the use of
working electrodes of different size and shape, including a
sheet geometry, was used in this work. This cell type
eliminates the need for machining or special mechanical
preparation of the samples and facilitates the microscopic
observation after electrochemical studies. In this cell, the
working electrode (chalcopyrite) was fixed at the bottom of
the cell with an O-Ring, and the other electrodes were fixed
at the cell top. The exposed area of the sulfide was 0.28 cm”.
The electrochemical cell was provided with a jacket
connected to a thermostatic bath and a recirculation pump
to maintain constant the temperature during the test, which
was fixed at 30 °C. An Ag/AgCl/KCly,, electrode connected
to the solution through a Luggin capillary was used as
reference. A Pt wire with large area was used as auxiliary
electrode. A Pt disc electrode connected to the reference by
a 10-uF capacitor was used to minimize the noise at low
frequency and the phase shift at high frequency [15]. All
immersion tests were carried out using 10 ml of aerated
iron-free mineral salts solution of T&K medium (pH 1.8),
ionic strength 0.08 mol 1~ '. In the inoculated tests, the
concentration of the cells of 4. ferrooxidans-LR was
~5x10% cells ml~'. Control experiments were carried
out utilizing the same work solution without inoculum.

Open-circuit potential (Eoc vs. time) and electrochem-
ical impedance measurements of the chalcopyrite electrode
were performed using an electrochemical system from
EG&G PARC, model 283 and a Frequency Response
Analyzer EG&G PARC, model 1025, monitored by a
microcomputer using the M398 software. After the attain-
ment of the steady state, the electrode was submitted to
impedance electrochemical measurement. The impedance
spectra were obtained by applying on the open-circuit
potential a small amplitude sine wave voltage (10 mV

rms) with a frequency range from 1 x 10° to 1 x 10~ > Hz
and 10 points per decade. All the imaginary and real
impedances are given on a geometric area (0.28 cm?)
basis, and the data were analyzed using the Equivalent
Circuit program developed by Boukamp [16]. The imped-
ance diagrams were recorded in different incubation times
(7, 24, 71, 120, 288 h) in the absence and presence of the
bacteria into the electrolyte. For all conditions studied, the
Eoc values before and after the impedance measurement
were the same within 2 mV.

2.4. Adhesion experiments

Imaging of a biological sample with AFM requires a near
atomically flat surface in order to discriminate topographical
features. Initial values of roughness for chalcopyrite surfa-
ces were typically around 4 and 5 nm, respectively. To
eliminate impurities the samples were rinsed with acetone,
ethanol and water purified to 18 M) cm (15 min each one
in an ultrasonic bath), and then were blown dry with pure
argon and kept in desiccators before using. The mineral
samples were incubated without shaking at 30 °C in 1 ml of
iron-free mineral salts solution of T&K medium (pH 1.8) in
water purified to 18 M{) cm to containing a cell suspension
(~5x10' cells). The samples were taken out from the
solution after different times of incubation, rinsed exhaus-
tively with water purified to 18 M) cm to remove any
remaining unattached bacteria and dried in purified argon. A
Nanoscope III Extended Multimode Atomic Force Micro-
scope (Digital Instruments, Santa Barbara, CA, USA) oper-
ating in a tapping mode in air was used to image cells. The
Digital Nanoscope software (version 4.42r8) was used to
analyse the topographic images.

At the end of each experiment, the solution was withdraw
from the cell and filtered for Cu and Fe analysis by
inductively coupled plasma (ICP) emission spectroscopy.

3. Results and discussion

Fig. 1 shows the experimental and simulated impedance
diagrams for chalcopyrite electrode recorded after 7, 71 and
288 h of incubation in the absence and presence of A.
ferrooxidans-LR. Diagrams for 24 and 120 h are not shown,
because they are very similar to the other incubation times.
All spectra showed an incomplete semicircle in the high

Table 2

Parameters’ values using the circuit Ry(R;C)( Q(R,W)) for different incubation times of chalcopyrite electrodes in the presence or absence of A. ferrooxidans-
LR

Sample RJ/Q R,/Q C/10"°F Yp,/107° S s” n R»/10* Q W10~ 38 §" 721073
Control 71 h 266 2124 2.34 4.77 0.78 4.78 6.50 3.73
Control 120 h 284 2179 2.46 5.42 0.75 6.0 5.99 3.53
Inoculated 24 h 389 1308 13.4 10.3 0.75 4.7 13.2 1.96
Inoculated 71 h 320 2269 7.68 10.2 0.75 6.35 9.99 3.15
Inoculated 120 h 370 2427 8.36 11.0 0.73 6.85 9.43 2.62
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Table 3

Parameters’ values using the circuit Ry(R; Q)( O(R,0)) for different incubation times of chalcopyrite electrodes in the presence or absence of 4. ferrooxidans-LR
Sample RJQ R/Q Yo1/107 6 S " (n) Yo2/107 6 S " (n) R»/10° Q You/107° S s" (B/s"?) 721073
Control 288 h 175 45,320 2.34 (0.76) 3.69 (0.86) 4.62 7.52 (6.43) 6.73
Inoculated 288 h 212 43,750 19.4 (0.76) 7.92 (0.81) 9.67 8.90 (5.85) 5.01

frequency region followed by a Warburg characteristic
impedance for lower incubation times. The semicircle
increased and the Warburg component shifted to lower
frequencies or lost influence for higher incubation times.
Since the electrode is a natural mineral, its surface is
heterogeneous, and when attacked by the electrolyte, its
resistance increases probably due to a sulphur coating
formation [17,18]. In fact, sulphur was detected as a new
crystalline phase during chalcopyrite oxidation by A. fer-
rooxidans [19]. At the same time, the semi-infinite linear
diffusion diminishes in importance since the reaction is
partially blocked. The impedance data obtained in the
non-containing bacteria electrolyte for 7 and 24 h of incu-
bation times and 7 h in the presence of bacteria were well
fitted using the equivalent circuit Ry Q(R,W)). R; is the
solution resistance and Q(RW) is connected to the active
region of the electrode. The values for the parameters of the
circuit are in Table 1. The table indicates that 3> which
represents the sum of quadratic deviations between exper-
imental and calculated data, has a low value. R; clearly
increased with time immersion indicating the increase in the
film and charge transfer resistance. The constant phase
element (CPE) is related with the capacitance of the elec-
trode/electrolyte interface. The n values were about 0.75
independent of the incubation times and can be attributed to
the surface heterogeneities and roughness, since a 0.5 <n <1
value is associated to the electrode heterogeneity and
roughness [20,21]. The Y, values increased in the presence
of the bacterial cells, which were attached but EPS were not
excreted yet, as discussed latter.

For incubation times of 71 and 120 h in the absence of
bacteria and 24, 71 and 120 h in presence of bacteria, the
equivalent circuit Ry(R,C)( Q(R,W)) represented a good fit
of the impedance data (Table 2). This circuit was proposed
considering that a part of the surface is covered by an
adherent layer with certain porosity, probably composed by
sulfur, hydroxides, biomolecules and cells, represented by
R, C element, where R, is related to the film resistance and C
with its capacitance. Q represents the constant phase ele-
ment for the active region of the electrode associated with
the capacitance of this part of electrode/electrolyte interface,
with an n about 0.75, associated with a roughness and
heterogeneous surface. The R, is the charge transfer resis-
tance, W is the Warburg impedance and the serial R,V
association represents the faradaic current branch.

For the immersion time of 288 h in the absence and
presence of bacteria, the equivalent circuit Ry(R;0;)( Q>
(R,0)) fitted well the impedance data (Table 3). In this
circuit, R0, association represents the biological or sulphur

film described above and R, has the same meaning as
described before. The O represents a finite diffusion element
that considers the electrode surface to be almost totally
covered by sulphur, biomolecules and cells, and then,
supposes that the diffusion through this film limits the mass
transport process. The serial R,O association also represents
the faradaic current branch.

Fig. 2 depicts a set of images corresponding to A.
ferrooxidans-LR cells attached on chalcopyrite at different
incubation times. Cell attachment could be clearly observed
for lower incubation time (30—60 min) even after exhaus-
tive washing before the image was taking out (data not
shown). Comparing the surface of the inoculated samples
(Fig. 2A and B, at 3 and 7 days, respectively) with that
surface of a non-inoculated (Fig. 2C, at 28 days), the
presence of a film is evident. EPS could be related with
this film. As considered before, the EPS present in the cell
envelope might play a very important role in the adhesion.
However, this film was not observed in early incubation
times, so this work could not relate the film to cell adhesion.
The EPS formed remains around the cell and may increase

Fig. 2. AFM images of chalcopyrite surface after different incubation times
in the cell suspension: (A) 3 days; (B) 7 days. The images are real zoom:
(2 % 2) pm? area and 400 nm Z range for (A) and (3 x 3) pm? and 400 nm Z
range for (B); (20 x 20) pm? (C) shows the blank mineral surface after 28
days immersion on the suspension media without the presence of the
bacteria (400 nm Z range).
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Table 4

Solubilization of copper and iron from chalcopyrite electrode after
electrochemical measurements in absence or presence of A. ferrooxidans-
LR

Cu (mg 1 ") Fe (mg 1™
Control 0.58 1.40
Inoculated 0.71 9.00

The copper and iron contents in the initial electrolyte solution were <0.05
and 0.10 mg 1~ ', respectively.

the contact interaction area between cells and the mineral
substrate.

Table 4 shows copper and iron dissolution of chalcopy-
rite electrode after electrochemical measurement (288 h) in
order to verify the influence of the 4. ferrooxidans-LR in the
solubilization of these ions. It can be seen that the solubi-
lization of iron was enhanced by almost sevenfold in the
presence of bacteria compare to control; however, the
copper solubilization was negligible in both conditions.
This result is very interesting since the refractory behaviour
of chalcopyrite is specifically regarding copper oxidative
dissolution by bacteria but not for iron. It has been reported
that the presence of ferric sulphate in a leaching system,
decreases copper solubilization from chalcopyrite even in
these oxidant conditions [22]. As mentioned before, a
passivating layer formed during the (bio)leaching of chal-
copyrite prevents the diffusion of ions to and from the
mineral surface, decreasing copper release [2]. The nature of
this layer has been not elucidating yet.

4. Conclusions

Microorganisms like all living beings behave in a com-
plex way regarding their physiology and metabolism during
growth while utilizing organic or inorganic substrates. To
understand the physiological characteristics of A. ferroox-
idans during its utilization of mineral sulphides as an energy
source and solubility mechanism for valuable metals, it is
necessary to combine electrochemical and surface analysis
techniques to obtain more detailed information about how
the bacteria interact with minerals.

In this study, the adhesion of bacteria on the mineral
surface was detected early (30—60 min) of testing, and it
could be associated with the difference observed in the
impedance diagrams during first hours of test. After about
71 h of incubation, the composition of adsorption layer
included cells, biomolecules and sulphur. Collectively, the
layer was formed on the chalcopyrite surface and functions
as a capacitor, which makes the diffusion of molecule and
ions to and from the electrode surface difficult. In the test
solution that did not contain bacteria, similar behaviour was
observed after 71 h. This time differential is probably due to
the sulphur coat formation at the electrode surface. The
demonstrated recalcitrant behaviour of chalcopyrite, with
the respect to copper dissolution from the mineral but not

from iron, also reinforces the existence of this passivating
coating. The AFM images also confirm these coating
features and behavior expectations.
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