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Abstract: The galvanic interaction of arsenopyrite—magnetite in acidic culture medium was investigated by electro-
chemical measurements, X-ray photoelectron spectroscopy characterization and leaching experiments. The results
indicated that the rest potential of magnetite was 321 mV, which was more anodic than 223 mV of arsenopyrite, and the
galvanic current was 7.40 pA, verifying the existence of the galvanic interaction between arsenopyrite and magnetite.
The galvanic potential and polarization curves suggested that the redox behaviors of arsenopyrite dominated the overall
galvanic interaction. The galvanic interaction enhanced the electrochemical dissolution of arsenopyrite with the
generation of more oxidation products (S° SO%", SO and AsO3") on arsenopyrite and an increase in the chemical
reactivity of the surface. Leaching experiments of 6 days showed that the presence of magnetite improved the arsenic
release from arsenopyrite by 30 mg/L, and further confirmed the enhanced oxidation of arsenopyrite when coupled with

magnetite.
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1 Introduction

The development of the social economy
contributes to the continuously decreasing reserves
of easy-leaching gold ores, and the refractory ones
have become the most critical gold resources in the
world [1,2]. Gold particles are often “invisible” and
trapped in arsenopyrite and pyrite [3]. Biological
oxidation is considered as an effective and efficient
pretreatment method to render the contained gold
released [4—6]. However, sometimes the gold
recovery could not be ensured because of the low
dissolution of arsenopyrite. One of the most
important factors associated with the low
dissolution of arsenopyrite might be the toxicity of
As(IIT) and As(V) to the microorganisms, since the
formation of As(III) and As(V) is inevitable during
the leaching of arsenopyrite. Another factor is the

passivation product covering on the mineral surface,
which hinders the further dissolution of arseno-
pyrite. Elemental sulfur, jarosite, and scorodite
have been reported as components of the
passivation layers accumulated on the arsenopyrite
surface [7,8].

A lot of researches have been carried out on
developing methods to promote arsenopyrite
leaching, involving using thermophilic micro-
organisms or mixed strains [9—11], adding ferric
ions or cupric ions [12-14], designing new
bioreactors to maintain the high bioactivity of
microorganisms at high pulp densities [15], and
adding another noble mineral to form a galvanic
cell [16—18].

One of the most studied galvanic interactions
with arsenopyrite is the pyrite—arsenopyrite
interaction. In nature, usually pyrite has a close
inter-growth with arsenopyrite in refractory gold
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ores. TAXIARCHOU et al [19] observed that
arsenopyrite was oxidized at 480-550 mV, and
pyrite was oxidized at more anodic potentials where
the oxidation of arsenopyrite had almost ceased.
KOMNITSAS et al [20] concluded that
arsenopyrite was oxidized more preferentially as
compared with pyrite. URBANO et al [21] found
that the electrochemical reactivity of pyrite
contained in arsenopyrite was delayed in 0.1 mol/L
NaNOs electrolyte (pH=6.5). DOS SANTOS
et al [22] reported that pyrite contributed more to
the valence band of the pyrite—arsenopyrite solid/
solid interface, whereas arsenopyrite contributed
more to the conduction band. That shifted the
valence state positively and reduced the band gap,
and thus facilitated the interfacial electron transfer.
XU et al [23] proposed that the corrosion behavior

of the galvanic pair agreed with that of arsenopyrite.

Additionally, the galvanic interaction increased the
anodic and cathodic current densities and decreased
the electron transfer resistance, contributing to the
accelerated corrosion of arsenopyrite.
previous studies [17,24], it is found that apart from
the galvanic interaction, the low crystallinity of the
product layers generated on the surface of
arsenopyrite in the presence of pyrite is also the
reason for the promoted leaching of arsenopyrite.
Magnetite follows an inverse spinel structure
with the chemical formula of B(AB)Os4 where
ferrous ions occupy half of the octahedral lattice
sites, and ferric ions occupy the other half of the
octahedral lattice sites and all the tetrahedral lattice
sites. Electrons coordinated with these iron species
are thermally delocalized and can migrate rapidly
within the magnetite lattice, and hence magnetite
exhibits excellent electrical conductivity [25].
Therefore, a galvanic cell can be formed when it
contacts with sulfide minerals with semiconductive
properties. The galvanic interaction between
magnetite and chalcopyrite has been confirmed in a
previous study [26]. Since it can be recycled for the
stable structure and strong magnetism, magnetite
would be an ideal cathode material which can be
used to galvanically enhance arsenopyrite leaching.
However, at present, few efforts have been
made to investigate the galvanic effect of magnetite
on the oxidation of arsenopyrite. In this study, the
galvanic interaction between arsenopyrite and
magnetite was systematically studied in acidic
culture medium by

In our

some alternative electro-

chemical techniques, X-ray photoelectron spectro-
scopy (XPS) and leaching experiments. The
objective is to confirm the galvanic interaction
between arsenopyrite and pyrite, and then to
provide an innovative approach for efficient
pretreatment of refractory gold ores.

2 Experimental

2.1 Minerals

The arsenopyrite samples were obtained from
Inner Mongolia, China. The samples were prepared
by crushing, hand-sorting to remove the gangue
minerals, grinding and dry-sieving to 0.037-
0.074 mm. The magnetite samples were obtained
from Changsha Research Institute of Mining and
Metallurgy (China), with the particle diameter
smaller than 0.037 mm. The XRD patterns of
arsenopyrite and magnetite samples are shown in
Fig. 1. Quantitative XRD analysis indicated that the
purities of both samples were higher than 95%.
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Fig. 1 XRD patterns of arsenopyrite and magnetite
samples

2.2 Electrochemical experiments
2.2.1 Working electrodes preparation

The working electrode used in this work was a
carbon-paste electrode bound with paraffin wax.
2.1 g of mineral samples and 0.6 g of graphite were
mixed with 0.3 g of paraffin wax which was melted
in a 50 mL beaker by an alcohol burner. The paste
was then compacted in a cylindrical chrome steel
mold with a diameter of 15 mm under a pressure of
35 MPa for 10 min. The compressed cylinder was
sealed in a PTFE sample holder, with an area of
1 cm? exposed to the electrolyte. Before each test,
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the working electrode was sequentially abraded
with 6007, 1000” and 1500" silicon carbide paper,
and rinsed with distilled water and ethyl alcohol
several times, in order to create a fresh working
surface.
2.2.2 Electrochemical measurements

All the electrochemical experiments were
carried out on the Zahner Zennium E potentiostat
(Germany) equipped with a computer. The
electrochemical cell was a glass reactor with an
effective volume of 200 mL. A conventional three-
electrode electrochemical system was applied in
this research. A saturated Hg/HgCl, electrode (SCE)
was used as the reference electrode (241.5 mV vs
SHE, 25 °C). The auxiliary electrode was a graphite
electrode. The iron-free 9K medium at pH=2 was
used as the electrolyte solution. All the chemical
reagents used in this study were of analytical grade.

The rest potentials (open circuit potential, OCP)
of arsenopyrite and magnetite were measured with
the freshly prepared working electrodes in open
circuit mode for 30 min. The galvanic potential
between arsenopyrite and magnetite was measured
by short-circuiting both working electrodes by an
electric wire and recording the potential in the same
way as the rest potential measurement. The galvanic
current measurement was performed in a two-
electrode electrochemical cell where arsenopyrite
was connected to the working electrode clip,
whereas magnetite was connected to the auxiliary/
reference electrode clip, as shown in Fig. 2. The
potential between them was set to be 0V, and in
this manner, the potentiostat could be regarded as a
zero-resistance ammeter (ZRA).
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Fig. 2 Schematic set-up for measuring galvanic current

Tafel polarization curves were measured in the
potential range of OCP + 250 mV with a sweep rate
of 1 mV/s. Tafel slopes (anodic and cathodic),
corrosion current density and polarization resistance
were calculated by the Zahner Analysis software
in the potential range of 50—100 mV away from
the corrosion potential. The cyclic voltammetry
measurements were performed from OCP to
—600 mV (negative-going potential scan), then
reversed to 600 mV (positive-going potential scan)
and back to OCP with a scan rate of 20 mV/s. All
the potentials reported in this work were with
respect to SCE, and all the measurements were
conducted in the stationary state without removing
oxygen and in triplicate.

2.3 X-ray photoelectron spectroscopy

XPS was used to identify the surface species
of arsenopyrite electrodes after self-corrosion and
galvanic corrosion with magnetite for 24 h. The
reason for corrosion of 24 h not 2 h was to amplify
the difference of surface properties of arsenopyrite
after self-corrosion and galvanic corrosion. The
XPS spectra of the arsenopyrite surfaces were
collected using a PHI5000 Versaprobelll X-ray
photoelectron spectrometer (ULVAC—-PHI) with
mono Al K, X-rays (1486.6eV) at 15kV and
4.5 mA, and was processed with Multipak 9.6. All
the spectra were fitted and calculated after aligning
C 1s peak to 284.8 eV.

2.4 Leaching experiments

Leaching experiments were performed in
250 mL flasks with 150 mL iron-free 9K medium
whose composition was 3 g/l (NH4),SO4, 0.5 g/L
K>HPO4, 0.5 g/L MgS0O47H,0, 0.01 g/L Ca(NOs3),
and 0.1g/L KCI. The initial pH was adjusted to 2.0
with 20% sulfuric acid. 1.5 g of arsenopyrite or
1.5 g of arsenopyrite and 0.5 g of magnetite were
added to each flask. The rotating speed and
temperature of the incubator were set to be
165 r/min and 35 °C, respectively. Each experiment
was conducted in duplicate. 1 mL of leaching
solution was sampled every day to analyze the total
arsenic concentration. The sampling loss was
compensated with 1 mL of the iron-free medium.
Evaporation loss was supplemented with distilled
water at pH=2.0. The total arsenic concentration
was determined by an atomic fluorescence
spectrometer.
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3 Results and discussion

3.1 Galvanic potential and current of
arsenopyrite—magnetite couple

Figure 3 shows the rest potentials of
arsenopyrite and magnetite electrodes in iron-free
9K medium (pH=2) during the immersion time of
30 min. Variations of the rest potentials resulted
from the rearrangement of electric charges in the
double-layer capacitance formed at the electrode/
electrolyte interface and chemical reactions at the
interface. The stable rest potentials of arsenopyrite
and magnetite were 223 and 321 mV, respectively,
with a difference of 98 mV. This suggests that
arsenopyrite is more reactive than magnetite in
sulfuric acid, and therefore they can form a galvanic
cell in which arsenopyrite with lower rest potential
acts as the anode and magnetite with higher rest
potential as the cathode. The galvanic potential
between arsenopyrite and magnetite was stabilized
at 230 mV, which sat between the rest potentials of
arsenopyrite and magnetite. Since the galvanic
potential represents the new equilibrium point of
the arsenopyrite—magnetite couple and the galvanic
potential is more positive than the rest potential of
arsenopyrite, the galvanic interaction can result in
the anodic polarization of the arsenopyrite electrode,
contributing to the accelerated oxidation of
arsenopyrite. Additionally, the galvanic potential
was only 7mV larger than the rest potential of
arsenopyrite. This means that the redox behaviors
of arsenopyrite play a dominant role in the galvanic
interaction between arsenopyrite and magnetite.
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Fig. 3 Rest potentials of arsenopyrite and magnetite and
galvanic potential of arsenopyrite—magnetite couple

Figure 4 shows the galvanic current of the
arsenopyrite—magnetite couple and the self-
corrosion current of arsenopyrite. The galvanic
current had a rapid drop in the initial stage due to
the transient charge of the double-layer electrical
capacitance [27], and then reached a plateau that
was the desired galvanic current. The galvanic
current in the medium was 7.40 pA, demonstrating
that the arsenopyrite electrode was the anodic
component of the galvanic couple. The self-
corrosion  current of  arsenopyrite =~ was
approximately zero, which was lower than the
galvanic current, confirming that the oxidation of
arsenopyrite can be enhanced when galvanically
coupled with magnetite.
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Fig. 4 Galvanic current for arsenopyrite—magnetite
couple

3.2 Tafel polarization plots

Apart from corrosion potential (@cor), Tafel
polarization curves can provide a lot of useful
kinetics information, such as corrosion current
density (Jecorr), Tafel slopes and polarization
resistance (Rp). Figure 5 presents the Tafel
polarization curves of arsenopyrite, magnetite and
arsenopyrite—magnetite galvanic couple in the
iron-free 9K medium. The ¢cor of magnetite was
221 mV, which was higher than 161 mV of
arsenopyrite. The @corr of the galvanic couple was
173 mV, which sat between the @cor values of
arsenopyrite and magnetite. These observations
were consistent with the rest potential results. The
cathodic curves for arsenopyrite and arsenopyrite—
magnetite couple showed a similar reduction
behavior, but the cathodic current density for the
couple was much larger than that for arsenopyrite.
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Due to the linear relationship between the reaction
rate and the current density, it is apparent that the
galvanic coupling with magnetite promoted the
cathodic reduction of arsenopyrite. By contrast, the
anodic curve of the galvanic couple overlapped
with that of arsenopyrite, implying that the anodic
oxidation of arsenopyrite dominated the galvanic
interaction.
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Fig.5 Tafel polarization curves of arsenopyrite,

magnetite and arsenopyrite—magnetite galvanic couple

As listed in Table 1, the Jeorr 0of the arsenopyrite
electrode (32.32 pnA/cm*) was remarkably larger
than that of magnetite (5.80 uA/cm?), confirming
that magnetite was much more inert than
arsenopyrite. As for the arsenopyrite—magnetite
couple, a higher Jeorr of 43.23 pA/cm? was obtained,
as compared with 32.32 nA/cm?® of arsenopyrite,
suggesting that the galvanic interaction with
magnetite would contribute to the improved
dissolution of arsenopyrite, which was also
confirmed by the polarization resistances (R).
Combining with the shape of the polarization
curves, the galvanically promoted dissolution of
arsenopyrite was mainly associated with the
enhanced cathodic reduction in the presence of
magnetite.

3.3 Cyclic voltammograms

In order to further illustrate the influence of
the galvanic interaction with magnetite on the
surface properties of arsenopyrite, the cyclic
voltammograms of arsenopyrite were measured
after self-corrosion and galvanic corrosion for 2 h,
and the results are shown in Fig. 6. The cyclic
voltammogram scans started negatively from OCP
to =600 mV, then reversed to 600 mV, and finally
back to OCP.

The detailed oxidation and reduction process
of arsenopyrite has been discussed in our previous
study [28]. The broad cathodic Peak C between 0
and —200 mV was associated with the reduction of
elemental sulfur, accompanied with the formation
of H,S (Eq. (4)). It is noted that the cathodic current
density of Peak C after galvanic corrosion with
magnetite was a little larger as compared with that
after self-corrosion, suggesting that the galvanic
interaction with magnetite contributed to the
generation of more elemental
arsenopyrite surface. The anodic oxidation Peak A
corresponded to the oxidation of arsenopyrite, as
described in Egs. (1)—(3). It is notable that the
anodic current density after galvanic coupling was
much higher as compared with that after
self-oxidation. This means the presence of
magnetite increased the chemical reactivity of the
arsenopyrite surface, which might be related to the
more oxidation products (S° and AsO;") formed on
the arsenopyrite surface. The cathodic Peak B was
related to the reduction of Fe** to Fe?".

FeAsS+3H,0 — Fe* + AsO3 +S” +6H" +5¢

sulfur on the

(1
Fe’* - Fe’ +e (2)
S’ +4H,0 - 8H" +SO; +6e (3)
S’ +2H" +2e > H,S 4)

To sum up, differences of cyclic voltammo-
grams between arsenopyrite after self-corrosion
and galvanic interaction with magnetite are in good

Table 1 Electrochemical kinetics parameters calculated from polarization curves

Electrode Peor/mV Jeor/(LA-cm?) b./(mV-decade™) b/(mV-decade™) Ry/kQ
Arsenopyrite 161 32.32 202 161 1.20
Magnetite 221 5.80 180 97.3 4.73
Galvanic couple 173 43.23 242 146 0.91

b, and b, are the anodic and cathodic Tafel slopes in the Butler—Volmer equation, J=J
and 7 is the over potential; R, refers to the linear polarization resistance for corrosion, R, =b,b /[2.3(b, +b,)J

[exp(2.3n/b,) —exp(-2.3n7/b,)]

corr

corr] :
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Fig. 6 Cyclic voltammograms of arsenopyrite after self-
oxidation and galvanic coupling with magnetite for 2 h

accordance with the galvanic current and
polarization curves results. This confirms that the
galvanic effect between arsenopyrite and magnetite
can alter the arsenopyrite surface with the
generation of more oxidation products and an
increase in the chemical reactivity of the
arsenopyrite surface.

3.4 XPS characterization

Figure 7 displays the S 2p and As 3d XPS
spectra of arsenopyrite with and without galvanic
coupling with magnetite. The contents of each
surface species calculated from the spectra are
listed in Table 2. Due to the high intensity of C 1s

3749

and the thickness of the arsenopyrite electrode, the
Fe 2p spectra did not show any signals of energy
peaks, and therefore the Fe2p spectra are not
presented in this study.

The S 2p spectra of arsenopyrite were fitted
with 5 doublet peaks. Because of the high similarity
between the binding energy peaks of (AsS)*” and
S3™ [29], the peaks of (AsS)* represent the sum of
(AsS)* and S3” in this study. According to the
binding energies of each sulfur species reported
in previous studies [29,30], the peaks around
161.25 eV are representative of S*°, and the peaks
around 162.7eV refer to (AsS)*. The energy
regions around 163.7 eV represent S27/S°. The
higher regions around 165.8 and 168.3 eV
correspond to S from SO3 and SOJ ", respectively.
As for the arsenopyrite surface after self-oxidation,
the (AsS)* and S2/S” were the major chemical
states of sulfur, which accounted for 30.25% and
32.88%, respectively, and the sum of the contents
of SO and SO;  was 25.36%. After galvanic
coupling with magnetite, the content of (AsS)*
decreased to 19.81%, and SO3 and SO increased
to a proportion of 34.55% in total. This indicates
that the galvanic interaction with magnetite
enhanced the oxidation of arsenopyrite and resulted
in the generation of more oxidation products on the
surface of arsenopyrite. It is noticeable that the
content of SZ7/S” after galvanic coupling (32.45%)
had no obvious difference from that after self-

(2)

(b)

172 170 168 166 164 162 160
Binding energy/eV

172 170 168 166 164 162 160
Binding energy/eV
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Fig. 7 XPS spectra of arsenopyrite after self-corrosion (a, ¢) and galvanic corrosion (b, d) for 24 h: (a, b) S 2p;

(c,d)As 3d
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Table 2 Contents of each chemical state of sulfur and arsenic on arsenopyrite surfaces after self-corrosion and galvanic
coupling with magnetite for 24 h

Arsenopyrite after self-corrosion

Arsenopyrite after galvanic coupling

Species
Binding energy/eV Content/% Binding energy/eV Content/%
S+ 161.25 11.51 161.25 13.19
(AsS)* 162.72 30.25 162.74 19.81
S 2p Sz/s0 163.81 32.88 163.61 32.45
SO35~ 165.87 7.71 165.88 13.41
SO;~ 168.35 17.65 168.21 21.14
As(-1)—S 41.55 43.38 41.55 36.28
As 3d As(I)—O 44.03 41.03 43.56 3241
As(III)—O 44.88 15.59 4475 31.30

oxidation (32.88%). This contradicts with cyclic
voltammograms in which more elemental sulfur
was detected after coupling with magnetite. This
might be attributed to that some of elemental sulfur
was oxidized to SO3™ and SO;  after a longer time
(24h) of oxidation, confirmed by the larger
proportion of SO3 ™ and SO on arsenopyrite.

Three doublet peaks were used to fit the
As 3d spectra. The energy peaks around 41.55 eV
are representative of As(—I)—S from the bulk
arsenopyrite [29,30]. The higher regions around
43.8 and 44.8 eV are interpreted as As(I)—O and
As(IIT)—O, respectively. The content of As(—1)—S
on arsenopyrite after galvanic coupling was 36.28%,
which was lower than that after self-oxidation
(43.38%). In addition, 31.30% of arsenic on
arsenopyrite after galvanic interaction was in the
form of As(II)—O, but the proportion of
As(IIl)—O after self-oxidation was only 15.59%.
These observations further prove that the presence
of magnetite contributed to the promoted oxidation
of arsenopyrite with additional AsO3 species
accumulated on the surface of arsenopyrite.

3.5 Leaching results

To further confirm the promoted dissolution of
arsenopyrite in the presence of magnetite, leaching
experiments of arsenopyrite with/without magnetite
were conducted in the iron-free 9K medium of
pH 2, and the total arsenic concentrations in the
solution during the leaching of 5 days are shown in
Fig. 8(a). It is notable that after leaching for 5 days,
about 240 mg/L arsenic was extracted for pure
arsenopyrite, but in the presence of magnetite,
nearly 270 mg/L of arsenic concentration was

obtained, verifying that the presence of magnetite
accelerated the dissolution of arsenopyrite. The
oxidation of arsenopyrite in the acidic culture
medium is a very slow chemical reaction, and the
generation of ferric ions is very difficult. Therefore,
the addition of magnetite did not exert any effect on
the redox potential during arsenopyrite leaching, as
shown in Fig. 8(b).

It is evident that the difference imposed
by the galvanic coupling with magnetite was not
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Fig.8 Influence of magnetite on total arsenic

concentration (a) and redox potential (b) during
arsenopyrite leaching in acidic culture medium (pH=2)
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significant. This might be attributed to the mild
feature of the culture medium or the improper mass
ratio of arsenopyrite to magnetite. Therefore, the
galvanic interaction between arsenopyrite and
magnetite in the presence of ferric ions or
iron-oxidizing/sulfur-oxidizing microorganisms will
be further studied. Additionally, it is essential to
investigate the influence of the mass ratio of
magnetite to arsenopyrite on the leaching behaviors
of arsenopyrite.

4 Conclusions

(1) The galvanic pair of arsenopyrite—
magnetite in acidic culture medium (iron-free 9K
medium of pH 2) was identified. Arsenopyrite with
lower rest potential acts as the anode, and magnetite
with higher rest potential acts as the cathode. The
galvanic potential was higher than the rest potential
of arsenopyrite, and thus the galvanic coupling with
magnetite resulted in the anodic polarization of
arsenopyrite, facilitating the dissolution of
arsenopyrite.

(2) Compared with arsenopyrite after self-
oxidation, more oxidation products (SO, SO3, SO;~
and AsO3") were detected on the surface of
arsenopyrite  after galvanic coupling with
magnetite, as cyclic voltammograms and XPS
characterizations revealed. Cyclic voltammograms
also proved that the galvanic interaction with
magnetite increased the chemical reactivity of the
arsenopyrite surface.

(3) Leaching experiments further confirmed
the promoted oxidation of arsenopyrite when
coupled with magnetite. This study would provide
an innovative approach for the efficient leaching of
arsenopyrite and other refractory sulfide minerals.
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