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Abstract

The effects of halophilic bacteria (Halobacillus sp. and Marinobacter sp.) on pyrite and chalcopyrite
surface oxidation in artificial seawater is studied by electrochemical impedance spectroscopy (EIS) in
conjunction with X-ray diffraction (XRD) and cyclic voltammetry analysis (CV), in order to explain the
influence of these microorganisms on the minerals floatability. EIS analyses on pyrite electrodes suggest
that biomaterial from both bacteria adheres to the mineral surface, which is reinforced by CV experiments
as capacitive currents are promoted by both bacteria. Additionally, XRD analyses of pyrite electrodes
after immersion in artificial seawater with and without bacteria indicate the formation of hematite on the
mineral surface in the presence of Halobacillus sp., which together with the adherence of biomaterial
could promote the depression of pyrite during flotation. On the other hand, EIS and CV analyses on
chalcopyrite electrodes suggest that the adherence of Halobacillus sp. and Marinobacter sp. to the surface
of the mineral have no significant effects on the kinetics of the chalcopyrite oxidation processes. These
results together with XRD analyses of the chalcopyrite electrodes after immersion in artificial seawater
with and without bacteria suggest that superficial sulphur might have a stronger influence on chalcopyrite

flotability than the presence of bacteria.

Keywords: bioflotation, halophilic bacteria, chalcopyrite oxidation, pyrite oxidation, electrochemical
impedance spectroscopy
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1. Introduction

Chalcopyrite (CuFeS,) is one of the most widely used minerals for copper production processes. It is
frequently found associated with iron sulphide minerals such as pyrite, which are considered as gangue
and removed by flotation to reduce their concentration during copper minerals processing.!"! In a flotation
unit, the ore particles are mixed with water to form a pulp and their surface properties are modified by
addition of flotation reagents such as collectors — which increase the hydrophobicity of the target minerals
(e.g. chalcopyrite) — and depressants — which decrease the floatability of the unwanted ones (e.g. pyrite) —
. Air is sparged into the pulp to produce bubbles, so that the hydrophobic particles adhere to them and are
carried up to the surface of the flotation unit to form a froth, which is removed, rinsed and dried to obtain

the concentrate.”

It is well known that flotation processes are intensive in terms of water consumption and that drinking
water resources are increasingly scarce worldwide; consequently, the use of seawater appears to be a
sustainable solution to reduce the water footprint of the mining industry, particularly for mine sites close
to the seashore. Nowadays, numerous copper sulphide flotation plants in Australia, Canada, Chile and
Indonesia operate using seawater.”**) However, the implementation of flotation processes using seawater
is challenging since surface chemistry phenomena differ to those observed when using fresh water; the
saline environment of seawater compresses the electrical double layer in the surface of hydrophobic
minerals, resulting in enhancement of the flotability, entrainment and the reduction of bubbles size.*! In
addition, some seawater components (e.g. carbonate/bicarbonate and borate/boric acid) exert a buffering
effect in the pulp; this particularly impacts on the lime (pH modifier and pyrite depressant) consumption

in Cu-Mo flotation processes, which increases when using seawater."!

In the last decades, bioflotation has arisen as an alternative to overcome the difficulties associated with
the use of seawater in flotation processes. Bioreagents are less toxic than some of the most common
flotation reagents (such as petroleum oils, xanthates, cyanides, and amines) and have proven to be
effective collectors, depressants and frothers for a wide selection of minerals, exhibiting high selectivity
and specificity under diverse operation conditions.™ In comparison with conventional reagents, the
microorganisms (and their associated metabolites) explored for mineral processing are biodegradable and
environmentally friendly. However, most of the bioflotation studies to the date are at the laboratory scale;
therefore, further research is required on the scaling up of the microorganisms and biomolecules

3



72
73
74
75
76
77
78
79

80
81
82
83
84
85

86

87

88
89
90
91

92
93
94
95
96
97

production methods using genetic engineering and recombinant DNA technologies for the development
of highly active and non-pathogenic microorganisms, appropriate for large scale industrial applications.!”
A recent study shows the potential of halophilic bacteria, a group of microorganisms adapted to live in
extreme conditions with high salt concentrations, in substitution of lime as the pyrite depressant agent in a
flotation process using seawater: the calculated floatability of pyrite is lower than 10% in the presence of
Halobacillus sp.”’ This previous study was primarily focused on floatability and depression experiments,

thus the phenomena associated with the interaction of the mineral surface and the bacteria remain unclear

(zeta potential experiments were performed, but inconclusive results were obtained).

The present work investigates the effects of Halobacillus sp. and Marinobacter sp. on pyrite and
chalcopyrite surface oxidation processes occurring when the minerals are immersed in seawater. To
accomplish this, electrochemical impedance spectroscopy analysis was conducted using mineral-coated
working electrodes and artificial seawater containing Halobacillus sp. or Marinobacter sp. as electrolyte.
Additionally, X-ray diffraction analysis and cyclic voltammetry measurements were performed to

complement the results obtained.

2. Experimental

2.1. Pyrite and chalcopyrite electrodes fabrication

Pyrite and chalcopyrite samples used in this study were obtained from Dr. F. Krantz — Reinisches
Mineralien Kontor GmbH & Co. KG, Germany. The mineral was first crushed and then dry sieved to
obtain fine ground particles. Afterwards, it was ground using a mortar and pestle to obtain a grain size

smaller than 37 pm (Tyler mesh 400).

Stainless-steel plates (AISI 316L) were used as conductive supports for the minerals coating. An area of 3
cm’ on the stainless-steel plates was polished using P1200 sandpaper; the remining area was insulated
using a non-conducting varnish (Imp Lacktherm 1303 B, Tintas Weg). The polished area of the stainless-
steel plates was covered with a double-sided adhesive conductive carbon tape (3M™ XYZ-Axis
Electrically Conductive Tape 9713) and ground mineral was pasted to its surface applying gentle manual

pressure to aid the sticking of the particles (this process was repeated twice). Before each experiment, the
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so manufactured electrodes were washed with a 6 M HCI aqueous solution to remove superficial oxides

and rinsed with deionized water.

2.2. Artificial seawater preparation and microbiological culture

Artificial seawater was prepared following the methodology reported by Kester e al., which composition
is: 23.93 g L' NaCl, 10.83 g L' MgCl,, 4.01 g L' Na,SO,, 1.52 g L' CaCl,, and 0.68 g L' KCI (with
minor traces of Br, F, and Sr).""”! After preparation, the pH of the solution was adjusted to 8.0 by means
of bubbling compressed air for 3 hours.!"'™"* The use of artificial seawater aims to provide a reproducible
environment to perform experimental work and minimize biological effects. Marine microorganisms are
considered to be about 70% of the biomass in the ocean, including bacteria, archaea, viruses and

protozoa.m]

Following that previously reported by Luque Consuegra et al. regarding floatability and depression
experiments, the halophilic bacteria Halobacillus sp. and Marinobacter sp. (isolated and characterized by
Dr. Gotz Haferburg from the Technical University Bergakademie Freiberg) were employed in this
study.”’ The bacteria were cultured according to a two-stage method. In the first stage (growing phase),
bacteria were cultivated in Halobacillus medium at pH 7.5 for 48 hours in a shaker (100 rpm and 37°C).
After incubation, bacterial cells were harvested by centrifugation at 11000 rpm and 4°C for 15 minutes,
rinsed twice with sterilized artificial seawater and finally resuspended in 10 mL of artificial seawater.
Control experiments were performed simultaneously to assure sterility. In the second stage, a 5 mL
sample of the resuspended bacteria solution was inoculated into 250 mL of sterilized artificial seawater
containing peptone/casein (3 g L) and yeast extract (5 g ). Bacteria were incubated in this medium for
48 hours in a shaker at 100 rpm and 37°C. The growth and concentration of biomass was characterized by
optical density analysis using a wavelength of 600 nm (OD600)"*! and cells were harvested within 3 h of
reaching the maximum optical density in the medium.!'” Bacterial cells were harvested by centrifugation
at 11 000 rpm and 4°C for 15 minutes, rinsed twice with sterilized artificial seawater and finally
resuspended in 20 mL of artificial seawater. Finally, this suspension was incubated in a shaker at 100 rpm

and 37°C for 1 hour before any experiment.
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2.3. X-ray diffraction analysis

The fabricated pyrite and chalcopyrite electrodes were immersed for 60 minutes in artificial seawater in
the presence and absence of bacteria. To identify changes in the crystallinity and composition of the
electrodes, samples were characterized immediately after these experiments by X-ray diffraction (XRD)
analysis using a Bruker D8 Advance diffractometer with Cug, radiation (A = 0.15406 nm) and working at

30 kV /40 mA in a scanning angle (20) range from 20° to 70° with a step size of 0.02°.

2.4. Electrochemical measurements

The oxidation of pyrite and chalcopyrite in artificial seawater in the presence and absence of bacteria was
studied by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses, using a
Gamry Reference 3000 potentiostat/galvanostat/ZRA. For this purpose, a 100 mL glass cell was filled
with an electrolyte comprised of 80 mL of artificial seawater and 3 mL of resuspended bacteria solution
when required (cell concentration of ca. 58.6 g L™ and 54.8 g L' for Halobacillus sp. and Marinobacter
sp., respectively). The pyrite/chalcopyrite electrodes fabricated were used as working electrodes, while a
platinum wire and an Ag/AgCl (3 M KCl) electrode were used as counter electrode and reference,
respectively'. All experiments were conducted at 25°C and repeated at least three times to confirm the

reproducibility of the results.

CV measurements were performed between -0.3 V and 0.3 V for pyrite electrodes and between -0.5 V
and 0.5 V for chalcopyrite electrodes, both at a scan rate of 4 mV s with a step size of 1 mV for one

cycle.

For EIS measurements, a perturbation signal with 10 mV AC amplitude around the open-circuit potential
(OCP) was applied to the working electrode. Frequencies analysed were between 400 kHz and 0.1 Hz for
pyrite electrodes and between10 kHz and 0.1 Hz for chalcopyrite electrodes, with 10 points per decade
each. The pyrite or chalcopyrite electrodes were immersed for 60 minutes in the electrolyte solution (with

or without bacteria as it corresponds) and EIS measurements were performed every 15 minutes.

! All the potentials presented in this work are referred to this electrode, unless noted otherwise.
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3. Results and discussion

3.1. XRD analysis of pyrite and chalcopyrite electrodes

The fabricated pyrite and chalcopyrite electrodes were immersed for 60 minutes in artificial seawater in
the presence and absence of bacteria. XRD patterns of pyrite before and after the immersion experiments
are depicted in Figure 1. As can be seen, the diffractogram obtained for the pyrite electrode before
immersion (Figure 1(a)) shows typical peaks for pyrite at 28.55°, 33.07°, 37.10°, 40.79°, 47.45°, 56.29°,
59.02°, 61.70° and 64.29° (PDF# 01-071-1680), which are also clearly distinguished in Figure 1(b), 1(c)
and 1(d). The peaks located at 44.58° and 52.92° are associated with the Ti support used during XRD
analyses. The electrode immersed in seawater containing Halobacillus sp. (Figure 1(c)) shows an
additional peak at 25.46°, which can be associated to hematite according to previous studies on pyrite
oxidation in alkaline media.'”’ Additionally, a quantification analysis was performed from the
diffractograms of pyrite electrodes immersed in seawater containing Halobacillus sp., which suggests a
content of 13% hematite and 87% pyrite (not considering the peaks associated with the Ti support).

Consequently, the calculated rate of hematite formation is 0.175 mg hematite h™' (g bacteria)™.
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165 Fig. 1. XRD patterns of pyrite electrodes (a) before immersion experiments, and after 60 minutes of immersion in: (b)
166 artificial seawater, (c) artificial seawater with Halobacillus sp., (d) artificial seawater with Marinobacter sp.

167

168 The diffractograms of chalcopyrite electrodes before and after the immersion experiments are shown in
169 Figure 2. The XRD pattern for chalcopyrite electrodes before the immersion experiments (Figure 2(a))
170 exhibits the peaks associated to chalcopyrite at 29.44°, 33.93°, 38.28°, 48.70°, 49.10°, 52.96°, 57.89° and
171  58.57° (PDF# 00-037-0471), and the presence of quartz as an impurity (peaks at 26.56° and 40.14°, PDF#
172 01-085-1780). These peaks are also distinguished in Figure 2(b), 2(c) and 2(d) for the samples after
173 immersion experiments, together with the presence of a peak at 31.74° that can be associated with
174 elemental sulphur."® Chalcopyrite electrodes before immersion showed a 98% content of chalcopyrite

175  and a2% of quartz.
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Fig. 2. XRD patterns of chalcopyrite electrodes (a) before immersion experiments, and after 60 minutes of immersion
in: (b) artificial seawater, (c) artificial seawater with Halobacillus sp., (d) artificial seawater with Marinobacter sp.

3.2. Cyclic voltammetries in artificial seawater with and without bacteria

Figure 3 shows the voltammograms obtained for pyrite electrodes in artificial seawater, in the presence
and absence of bacteria. As can be seen, the voltammogram for pyrite electrodes in artificial seawater is
similar to those reported for pyrite in alkaline media after a pre-treatment with acid.!'” The presence of
Marinobacter sp. in the electrolyte generates a higher current density at the anodic potential limit (0.3 V)
compared to that measured in pure artificial seawater, with the distinguishing characteristic of large
capacitive currents. This increase in current density has been observed in the presence of other bacteria
(P. aeruginosa) and it has been attributed to an electrochemical interaction between the bacterial surface-
associated molecules and the surface of the electrode.*” Furthermore, it is known from the literature that
Marinobacter sp. synthesise ferritins, proteins responsible for iron oxidation and storage: ferrous ions are
translocated to ferroxidation centres where, in the presence of hydrogen peroxide or molecular oxygen,
are oxidized.”! Recent studies have detected that ferritins are capable of oxidizing iron even in anoxic

environments, through electron transfer reactions from the aqueous Fe(II) to the solid ferric mineral.l**)
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This capacity of ferritins for iron oxidation might possibly have contributed to the increase in the current

density observed in the voltammogram for pyrite in the presence of Marinobacter sp.

On the other hand, the presence of Halobacillus sp. in the electrolyte produces a maximum anodic current
density similar to that measured for pyrite in pure artificial seawater. However, capacitive currents can be
noticed after the oxidation of the mineral, which could be ascribed to adsorption of exopolysaccharides or
bacterial cells. The component generating this capacitive behaviour is not clear yet but might lead to the

formation of the hematite phase detected in the XRD analysis (Figure 1(c)).
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Fig. 3. Voltammograms obtained in artificial seawater for pyrite electrodes in the presence and absence of bacteria.

Figure 4 shows the voltammograms obtained in artificial seawater in the presence and absence of bacteria
for chalcopyrite electrodes. It can be observed that the maximum anodic current density is similar in all
experiments. However, in the presence of bacteria small capacitive currents can be noticed which could

be related to the presence of molecules or bacterial cells in the surface of the mineral.!'**"

10
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Fig. 4. Voltammograms obtained in artificial seawater for chalcopyrite electrodes in the presence and absence of
bacteria.

3.3. Electrochemical impedance spectroscopy in artificial seawater with and without bacteria

The phenomena taking place on the surface of the pyrite and chalcopyrite electrodes immersed in
artificial seawater with and without bacteria were modelled using equivalent circuits. The equivalent
circuit 1 (Figure 5(a)) is proposed to model the EIS experimental data obtained for pyrite electrodes: R,
represents the solution resistance, R, is the charge transfer resistance, CPE,; is a constant phase element
which describes the double-layer capacitance of the solution-electrode interface,*”! C,,1 is the biomaterial
capacitance and R,; is the biomaterial resistance (generated by bacteria and biomolecules).** " The
equivalent circuit 2 (Figure 5(b)) is proposed to model the EIS experimental data obtained for
chalcopyrite electrodes, considering that a part of the electrode surface is covered by an adherent layer
probably composed by sulphur, hydroxides, biomolecules and cells as discussed below.””! In this
equivalent circuit, R;; represents the solution resistance, CPE.; is a constant phase element which
describes the double-layer capacitance of the solution-electrode interface, CPE., and R, are associated

to the layer of sulphur, hydroxides and biomolecules/cells and R ; is the charge transfer resistance.

11
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Fig. 5. Equivalent circuits describing the electrochemical interaction between: (a) pyrite and the electrolyte and (b)
chalcopyrite and the electrolyte.

The results of EIS measurements for pyrite electrodes in the presence and absence of bacteria are
presented in Figure 6 in the form of Nyquist plots. The impedance data were tested using Kramers-Kronig
transforms (KKTs) for validation. Details on the formulation of KKTs can be found elsewhere.”*"! The
results obtained suggest that the impedance data were valid since the maximum residual error for all
experiments is not higher than 1.3%. Moreover, the sum of quadratic deviations between the EIS
experimental and calculated KKT data (Goodness of Fit, GoF) shows an average value of 22.5 x 10™. The
EIS data was fitted to circuit 1 using the Gamry Echem Analyst software v6.23, applying simplex method
in the curve fitting toolbox. The values of the fitted parameters associated with each circuit element can
be found in Appendix A. Supplementary data (Table Al, A2 and A3). The GoF of experimental and
simulated data display an average value of 5.39 x 10, suggesting that the proposed circuit is suitable for
explaining the EIS spectra. An example of the results obtained by fitting the equivalent circuit 1 is shown

in Figure 6(d).

Pyrite oxidation experiments are typically performed in acid environments where pyrite reacts with Fe*"
ions in the solution resulting in the solubilization of pyrite to Fe*".** In this research the environment is
alkaline since the pH value of the artificial seawater was adjusted to 8.0 (see section 2.2). Under this
condition, Fe** ions are insoluble and sulphide minerals are oxidised by dissolved molecular oxygen,

resulting in the formation of soluble sulphate and amorphous iron oxyhydroxides.*'! Nicholson et al.

12
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established an stoichiometric equation for pyrite oxidation in circumneutral solutions with iron

oxyhydroxides forming as a product:"*

FeS

2(s)

+3.750.

2(aq)

+3.5H,0

., —> Fe(OH),  +250%,

3(s) 4(aq)

+4H (1)

The formation of iron oxyhydroxides on the surface of pyrite is expected to result in a reduced available
surface for charge-transfer reactions and therefore, an increase in the charge-transfer resistance, R,.

From Figure 7a, it can be seen that in all conditions a continuous increase of R, is obtained.

Regarding R;,; values in the presence and absence of bacteria in the electrolyte, it was obtained that the
presence of bacteria slightly reduces the value of the solution resistance at any time of immersion; this
behaviour could be associated with addition of the bacterial sample, which contains metabolites from the
bacteria. The CPE,; component is related with the capacitance of the electrode | electrolyte interface: n,;
values show a relatively steady capacitive behaviour (values between 0.7 and 0.9), almost independent of
the presence of bacteria. The deviation from a value of 1 (capacitor) is attributed to the surface
heterogeneities and roughness since values between 0.5 and 1 can be considered a capacitive behaviour

modified by the heterogeneity of the surface.*”!

Luque Consuegra et al. performed bacteria adherence experiments on pyrite obtaining that Halobacillus
sp. presented higher adhesion to the sulphide surface than Marinobacter sp.”’ In EIS experiments the
attachment of the biomaterial to the surface of pyrite can be characterized by C,,; and R,, 3. The C,; values
obtained in the presence of Halobacillus sp. are in average ca. 31% higher compared to these obtained in
the presence of Marinobacter sp. On the other hand, as shown in Figure 7(b), R, ; initially increases over
time to reach its maximum value between 30 to 45 minutes with a subsequent decrease. This behaviour
could be ascribed to an increase in the number of bacteria attached to the electrode surface, which results
in an increase of R, ;. However, after a certain time, bacterial cells begin to have contact with each other
generating an increase in the density of the resistance connected in parallel, which finally decreases the

total bacterial resistance.

13
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Fig. 6. Nyquist plots for pyrite electrodes at different immersion times in: (a) artificial seawater, (b) artificial
seawater with Halobacillus sp., and (c) artificial seawater with Marinobacter sp. (d) example of the result obtained
by fitting the equivalent circuit 1 to EIS data.

Previous studies on pyrite floatability in the presence of halophilic bacteria have reported that the
floatability of this sulphide can be drastically reduced to below 10% in the presence of Halobacillus sp.,
while no significant depression was obtained in the presence of Marinobacter sp.” In this research, CV
experiments show capacitive currents for both bacteria indicating that both biomaterials adhere to the
surface of pyrite. In addition, EIS analyses reinforce that the biomaterial of both bacteria adheres to the
mineral surface (R;,3) with Halobacillus sp. showing a stronger interaction. Furthermore, when analysing
the electrodes by XRD only the experiments in the presence of Halobacillus sp. promoted the formation
of a hematite phase on the surface of the mineral, which together with the adherence of biomaterial could
be responsible for the depression of pyrite® considering that recent studies have reported that

polysaccharides act as depressants of hematite by absorbing on its surface, making it hydrophilic.**)
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Fig. 7. Time-dependence of equivalent circuit model resistances obtained for pyrite electrodes immersed in seawater
without or with bacteria: (a) R,,, (charge transfer resistance) and (b) R, 5 (biomaterial resistance).

The results of EIS measurements for chalcopyrite electrodes in the presence and absence of bacteria are
presented in Figure 8. The Nyquist plots of chalcopyrite electrodes at different immersion times are
similar in appearance exhibiting two capacitive components deviated from an ideal semicircle. KKT
analyses of the obtained EIS spectra indicate that the experimental data is valid presenting a maximum
residual error of 1.7% and an average GoF of 29.1 x 10, The resulting impedance spectroscopy was
fitted to the equivalent circuit 2 using the Gamry Echem Analyst software v6.23. The parameters fitted

for the experimental results can be found in Appendix A. Supplementary data (Table A4, A5 and A6).

An empirical reaction for chalcopyrite oxidation in circumneutral artificial seawater has been proposed by

Knight et al., which suggests the formation of iron oxyhydroxide as product:*"

CuFeS

2(s)

+8.50

2(aq)

— CuO

+5H,0 )

0 +Fe(OH)3(S) +450;,, +8H,, )

The formation of amorphous iron oxyhydroxide on the surface of the chalcopyrite electrode, along with
sulphur, is expected to cause an increase in the charge-transfer resistance. This is corroborated by the
results presented in Figure 9(a) for the time-dependence of R, 3, which is enhanced by the presence of
bacteria in seawater. The increase of charge-transfer resistance in the presence of bacteria could be
explained by the attachment of biomaterial to the electrode surface, which is consistent with the increased
capacitive behaviour of the current densities observed in the voltammograms shown in Figure 4 for
chalcopyrite electrodes immersed in seawater containing Halobacillus sp. and Marinobacter sp.

However, the resistance associated with the attachment of biomaterial to the electrode (R.,) shows a

15
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changes on the chalcopyrite surface composition as a result of reaction (2) promoting detachment or

reorganization of biomolecules and bacterial cells.
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Fig. 8. Nyquist plots for chalcopyrite electrodes at different immersion times in: (a) artificial seawater, (b) artificial
seawater with Halobacillus sp., and (c) artificial seawater with Marinobacter sp. (d) example of the result obtained
by fitting the equivalent circuit 2 to the EIS data.

The behaviour of the solution resistance (R. ;) over time is shown in Figure 9(b). A slight decrease (5%
on average) of R, can be observed after 15 minutes of immersion in all experiments, which could be
explained by the addition of ionic species such as SO+ and H' to the electrolyte, in accordance with
reaction (2). In addition, the CPE,, component (sulphur/oxides and biomolecules/cells layers resistance)
displays n values with a relatively steady capacitive behaviour (values between 0.8 and 1), almost
independent of the presence of bacteria. On the other hand, and similarly to pyrite, the CPE.; component
(double-layer capacitance of the solution-electrode interface) shows n values between 0.5 and 1.0, which

could be explained by surface heterogeneity or porosity.**!
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Luque Consuegra et al. found that natural flotation of chalcopyrite was scarcely improved in the presence
of Halobacillus sp. or Marinobacter sp.””’ This is in good agreement with the EIS and CV analyses
discussed previously, which suggest that the adherence of Halobacillus sp. and Marinobacter sp. to the
surface of the mineral (electrode) has no significant effects on the kinetics of the chalcopyrite oxidation
processes (analogous oxidation current densities than those obtained using pure seawater and increasing
charge transfer resistances over time). Based on that and the XRD analysis of the chalcopyrite electrode
surface after immersion experiments in the presence and absence of bacteria shown in Figure 2, it is
thought that chalcopyrite floatability is not importantly influenced by the microorganisms but mainly due
to the presence of surface oxides and elemental sulphur formed by contact of the mineral with seawater,

which is in good agreement with results reported previously by other authors.***"!

m Scawater m Seawater + Halobacillns sp. m Seawater — Marinobucier sp.
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Fig. 9. Time-dependence of equivalent circuit model resistances obtained for chalcopyrite electrodes immersed in
seawater without and with bacteria: (a) R, 3 (charge transfer resistance) and (b) R, (solution resistance).

4. Conclusions

The effects of Halobacillus sp. and Marinobacter sp. (halophilic bacteria) on pyrite and chalcopyrite
surface oxidation processes in artificial seawater were investigated by electrochemical impedance
spectroscopy (EIS). EIS analyses on pyrite electrodes showed that the biomaterial of both bacteria
adheres to the mineral surface, which was also detected during the cyclic voltammetry (CV) experiments
as capacitive currents are promoted by the presence of both bacteria. Additionally, XRD analyses of
pyrite electrodes immersed in seawater with and without bacteria showed that in the presence of

Halobacillus sp. a hematite phase is generated on the surface of the mineral which together with the
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favoured adherence of biomaterial could be the responsible for the depression of pyrite reported in
previous flotation studies. On the other hand, EIS and CV analyses for chalcopyrite electrodes suggest
that the adherence of Halobacillus sp. and Marinobacter sp. to the surface of the mineral have no
significant effects on the kinetics of the chalcopyrite oxidation processes. Furthermore, XRD analysis of
the chalcopyrite electrode surface after immersion experiments showed the presence of elemental sulphur
formed by contact of the mineral with seawater, which might have a stronger influence on its floatability

than the presence of bacteria.
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442

443  Appendix A. Supplementary data

444 Table Al. Impedance parameters obtained for pyrite electrodes in the absence of bacteria using circuit 1 for different
445 immersion times.
Immersion R . ;
time /min R/ € Re2/Q Yop,/10 SSs™ ny, C,./uF R,3/Q  Goodness of Fit/ 10
0 5.82 5442 3.40 0.80 - - 26.5
15 8.37 6999 2.72 0.78 - - 10.0
30 8.42 7305 2.78 0.77 - - 7.18
45 8,33 8019 2.86 0.76 - - 577
60 8.08 8746 2.90 0.75 - - 8.17
446
447 Table A2. Impedance parameters obtained for pyrite electrodes in the presence of Halobacillus sp. using circuit 1 for
448 different immersion times.
Immersion R . §
ime /min R /@ Rea/Q Yo, /10°Ss™ ny, Cp1/ uF R,:/Q  Goodness of Fit/10™
0 5.67 1303 3.47 0.84 4.60 25.72 2.53
15 7.79 2868 2.84 0.80 1.57 102.4 4.03
30 7.89 3531 3.00 0.78 0.98 186.8 3.74
45 7.48 3854 3.42 0.76 0.66 199.7 135
60 6.70 4067 3.85 0.73 0.66 111.2 0.57
449
450 Table A3. Impedance parameters obtained for pyrite electrodes in the presence of Marinobacter sp. using circuit 1
451 for different immersion times.
I i y . .
é’;‘gef:l‘l’r? R, /Q  Rpn/Q  You,/10°Ss™  np, Cpi1/ uF R,;/Q  Goodness of Fit /10
0 5.62 1534 3.78 0.86 3.98 25.0 1.27
15 8.08 5713 2.76 0.80 1.08 105.3 2.54
30 7.94 6928 2.88 0.78 0.66 167.2 4.74
45 7.56 7256 3.08 0.76 0.53 158.9 1.69
60 7.06 7968 3.27 0.75 0.55 123.7 0.71
452
453 Table A4. Impedance parameters obtained for chalcopyrite electrodes in the absence of bacteria using circuit 2 for
454 different immersion times.
MmESION R /Q Ra/Q You/10°Ss™  my Yoo /10*Ss™  no R /Q  Goodness of Fit/10°
time / min ’
0 3.9 - - - 0.76 0.72 852.3 4.61
15 4.2 - - - 1.20 0.62 1770 3.11
30 4.0 - - - 1.17 0.61 2290 3.45
45 3.9 - - - 1.17 0.61 2598 3.76
60 3.9 - - - 1.17 0.61 2748 3.71
455
456
457
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460

461
462

463
464

Table AS5. Impedance parameters obtained for chalcopyrite electrodes in the presence of Halobacillus sp. using
circuit 2 for different immersion times.

I;rrlnrge/rf;‘l’;‘ Ra/Q  Ra/Q Yo, /10°Ss™  no  Yo../10°Ss™  no  Re/Q  Goodness of Fit / 107
0 45 342 3.46 091 0.82 0.71 970.7 2.18
15 4.9 3113 2.96 0.95 133 0.60 2983 1.04
30 45 257.8 2.92 0.95 1.42 0.59 4190 1.50
45 43 233.8 2.87 0.94 1.46 0.58 5154 1.67
60 4.2 216.8 2.88 0.94 1.46 0.59 5852 2.28

Table A6. Impedance parameters obtained for chalcopyrite electrodes in the presence of Marinobacters sp. using
circuit 2 for different immersion times.

Immersion g /0 RL/Q You/104Ss™  ny Yo /10°Ss™  n,  Re/Q  Goodness of Fit/ 10°
time / min ’ ’ - "

0 4.0 336.5 3.39 0.91 428 0.76 1283 432

15 4.1 2175 351 0.90 6.01 0.67 3012 3.76

30 3.9 170.0 3.62 0.88 6.08 0.67 4575 438

45 3.8 142.6 3.54 0.89 6.57 0.66 5730 4.92

60 3.7 133.4 3.41 0.89 6.94 0.66 6832 5.38
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