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Abstract: The effect of galvanic interaction between pyrite and galena on xanthate adsorbing on the
galena surface has been investigated by means of density functional theory (DFT) and cyclic
voltammetric measurements. The calculated results show that differences in the contact site and
contact distance between galena and pyrite can affect the intensity of the galvanic interaction, and the
relationship between the intensity of galvanic interaction and the adsorption ability of xanthate on
galena surface has been studied in detail. In general, the galvanic interaction between pyrite and
galena surface can enhance the adsorption of xanthate on the galena surface. The adsorption energies
of xanthate on the galena surface decrease with the decrease of contact distance, and when the contact
distance is lower than 4 A, the adsorption energies decrease significantly at Pb-Pb, Pb-S and S-S sites.
In particular, at the contact distance of 3 A, a sharp decrease of adsorption energy is observed at the
Pb-Pb contact site; in this case, the negative shift of the Pb-S bonding range and DOS non-locality at
Pb-Pb contact site are significantly greater than that of the S-S or Pb-S contact sites. The cyclic
voltammetric measurements reveal that the galvanic interaction between galena and pyrite improves
the adsorption of xanthate on galena surface, which is in good agreement with the DFT results.

Keywords: galvanic interaction, adsorption, DFT, pyrite and galena surface, cyclic voltammetric
measurements

1. Introduction

Sulphide minerals are narrow band gap semiconductors. They are generally found in association with
each other in mineral deposits and in the industrial production processes such as metallurgy and
flotation, where galvanic interaction could occur between the sulphide minerals due to their different
electrode potentials (Cheng and Iwasaki, 1992). It has been known that galvanic interactions play
important roles in the generation of acid mine drainage (AMD) (Sadeghiamirshahidi et al., 2013),
heavy metal ions pollution (Heidmann and Calmano, 2010), oxidation of sulphide minerals surface
(Silva et al., 2003), minerals grinding (Nooshabadi and Rao, 2014), bio-metallurgy (Liu et al., 2007),
leaching (Chmielewski and Kaleta, 2011) and flotation (Moslemi et al., 2011).

Sulphide minerals are usually recovered by flotation with xanthate, which is an electrochemical
process and exist in a variety of minerals in contact with each other, so that galvanic interaction
between the sulphide minerals exerts a strong influence on this flotation process. The electron transfer
caused by the galvanic interaction changes the surface properties of sulphides, which will increase or
decrease the recovery of the sulphide minerals (Rao S R, 1988). Pyrite has the highest electrode
potential among the sulphide minerals while galena has one of the lowest, and therefore, a significant
galvanic interaction could occur when these two materials are in contact and make show a marked
influence on their flotation (Liu et al., 2009). Qin et al. (2015) used UV spectroscopy to test the
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adsorption capacity and rate of butyl xanthate affected by the galvanic interaction between galena and
pyrite, and the results suggest that the adsorption of butyl xanthate on the galena surface is enhanced
for the galvanic interaction (Qin et al.,, 2015). However, the microscopic details of the change on
agents’ adsorption capacity by the effect of galvanic interaction between pyrite and galena have not
been well researched by DFT, and the traditional CV test methods could not well directly investigate
the effect of galvanic interaction on the agents” adsorption on the single couple mineral.

To further investigate the effect of galvanic interaction between pyrite and galena on xanthate
electrochemical adsorption on galena surface, the galvanic interaction models of galena (100) surface
with pyrite cluster were constructed, and electrochemical measurement methods have been used in
order to obtain further detailed understanding of the galvanic interaction and its effect on the xanthate
adsorption on the mineral surfaces.

2. Materials and methods
2.1 DFT method and models

All calculations were based on the density functional theory (DFT) method and were performed using
the CASTEP package, and the GGA-PW91 exchange-correlation functional (Perdew et al., 1992). Only
the valence electrons (Fe 3d64S2, Pb 5d106s26p2, S 3s23p4, C 2s22p2, O 2s22p4, H 1s1) were
considered through the use of ultrasoft pseudopotentials (Vanderbilt, 1990). A plane wave cut-off
energy of 400 eV was used for all calculations. The integration over the Brillouin zone was performed
using the Monkhorst-Pack (Monkhorst et al.,, 1976) scheme, and the number of k points was set as
2x2x1 for all supercell models. The self-consistent field (SCF) convergence tolerance was set to
2.0x107 eV atom—1. The adsorption energies and Mulliken charges calculation methods have been
reported by the researches (Li et al., 2018; Ke et al., 2016).

Cluster models have been generally used in DFT calculations of the solid contacting with surface
or coating (Ionescu et al., 2003; Li et al., 2013; Roscioni et al., 2013; Shang and Liu, 2010; Zhang et al.,
2012). An atomic model of the FeS2 (100) surface has been used by Herbert et al to investigate the
pyrite surface.(Herbert et al., 2014) According to these reports, a cluster model of pyrite (100) (Fe4S8)
has been cleaved from an optimized pyrite (100) surface, and the S1 and S2 atoms of the pyrite cluster
were contacted with the galena surface slab model in different contact site, and the contact distances
between pyrite cluster and galena surface could also be changed for investigating the galvanic
interaction. The “contact distance” using in this paper (such as Figs. 2, 3, 4, 5, 6 etc.) means the
distance between S atom of pyrite cluster and the atom of galena surface which interacting with the S
atom, which has been used to represent the distance between pyrite cluster and galena surface. The
pyrite cluster was constrained during the calculations. A vacuum layer of 25 A was applied along the
¢ direction to avoid interactions between the pyrite and bottom surface in the slab. The xanthate
molecule has been optimized by the calculating parameters, which are the same as that of the galena
surface and pyrite cluster, to make sure the consistency and the correctness of the adsorption energy
calculation in this adsorption system.

2.2 Cyclic voltammetry measurements
2.2.1 Cyclic voltammetry measurements parameters and mineral samples

Cyclic voltammetry (CV) measurements were performed using a CHI660D-type electrochemical
workstation. During this test, saturated calomel electrode and platinum electrode are used as the
reference electrode and counter electrode, respectively. The glassy carbon electrodes or the mineral
block electrodes are used as the work electrodes. A 0.01 mol/dm?3 sodium borate solution was used as
the buffer solution. The experimental parameters were set as follows: scanning area range from -0.8 to
0.8 V, sensitivity of 10-> A/V for glassy carbon electrodes and of 10+ A/V for mineral block electrodes,
and the scanning rate of 0.1 V/s. Electrodes were measured in a pH 9.18 buffer solution conditioned
with sodium borate, and a 0.001 mol/dm3 butyl xanthate solution for glassy carbon electrodes while a
0.01 mol/dm?3 butyl xanthate solution was used for mineral block electrodes.

The mineral samples, pyrite (FeS2) and galena (PbS), were procured from Guangxi, China. The
chemical compositions of the mineral samples are shown in Table 1. The particle of galena and pyrite
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samples used for preparing glassy carbon electrodes are ground into below 320 meshes (45 pm), while
the samples used for preparing mineral electrodes are directly cut from the highly mineralized rock
samples.

Table 1 Chemical composition of minerals

Minerals Composition/ %
Pb Fe S
Galena 83.89 0.17 13.51
Pyrite 0.06 44.16 53.37

2.2.2 Glassy carbon electrodes preparation and measurements

The surface area of the glassy carbon electrode is a circle with the diameter of 0.3 cm. The method of
preparing and exanimating for glassy carbon electrodes made of galena, pyrite and the mixture of
galena and pyrite in the weight ratio of 1:1 using in this paper have been reported by the research
(Chen et al., 2015b).

2.2.3 Mineral block electrodes measurements

To avoid the mixed effects and to further investigate the galvanic interactions between the minerals, a
new electrochemical measurement has been used by Ekmekc¢i and Demirel (1997). The improved
mineral block electrodes using in this paper are based on the above electrochemical measurement, in
addition, the electrode 1 is contacted with electrode 2 by a copper wire, which could obtain more
stable measurement results. The construction of the improved working electrodes is shown in Fig. 1. It
is shown that the block electrode consists of copper wire, resin, silver brazing and mineral. The
cylinder minerals with the diameter of 0.55 cm and thickness of 0.3 cm used for preparing mineral
electrodes are directly cut from highly mineralized rock samples, and all block electrodes have the
same mineral surface area (0.24 cm?).
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block electrons | block electrops 2
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Fig. 1. Diagrammatic drawing of block mineral electrodes CV measurement: (a) before test and (b) testing

Prior to the measurement, first, the mineral block electrodes are ground with alumina powder for 5
min to obtain the fresh mineral surface; and then, the electrode 1 is connected with electrode 2 by a
copper wire and both are dipped in the solution for 30 min (shown in Fig. 1(a)), and then taken out to
measure. When measuring, the block electrode 1, which is the electrode to be measured, combined
with the calomel electrode and platinum electrode, are dipped in the same solution. The block
electrode 2, which is connected with block electrode 1 by a copper wire, is placed outside the solution
(shown in Fig. 1(b)).

The two block mineral electrodes are alternately used as measured electrodes (electrode 1), and
electrode 2 is used to study its galvanic effects on electrode 1 because of the copper wire connection
between these two electrodes. When the galena electrode is used as electrode 1, pyrite or galena
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electrode is used as electrode 2, while when the pyrite electrode is used as electrode 1, pyrite or galena
electrode is also used as electrode 2.

3. Results and discussion

3.1 Galvanic interaction between pyrite and galena (100) surface

Pyrite contact with galena (100) surface at the S-S, Pb-S and Pb-Pb sites have been investigated,
respectively, and different contact distances between pyrite and galena surface have also been
researched. The total numbers of electrons transferred between these galvanic contact interfaces are
shown in Fig. 2, and the optimized models are shown in Fig. 3.

0.40

r —a— Pb-Pb site
0.30 #— Pb-S site
F —&— 5-5 site

electrons transfer number/e

Distance/A

Fig. 2. Total number of electrons transferred from galena surface to pyrite

Fig. 3. Configurations of pyrite contact with (100) galena surface at (a) Pb-Pb site, (b) S-S site
and (c) Pb-S site in different contact distances
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It is found that when the contact distance is larger than 3 A, the S-S site has the largest number of
transferred electrons, followed by the Pb-S site contact, and then the Pb-Pb site contact. This result
means that the galvanic interaction occurring at the S-S site is stronger than that occurring at other
sites when the contact distance is larger than 3 A. However, Fig. 2 shows that the number of
transferred electrons at the Pb-Pb site shows a sharp increase at the contact distance of 3 A, and at this
point, the number of transferred electrons (0.33 e) is even larger than that at the S-S and Pb-S sites.
This result indicates that the galvanic interactions occurring on the Pb-Pb site at the short contact
distance are the strongest.

This strong galvanic interaction at the Pb-Pb site can be attributed to the interaction of pyrite Fel
atom and galena S3 atom, as shown in Fig. 3(a). It is shown that the distance between the Fel atom
and S3 atom is 2.208 A, which is lower than the sum of the Fe atom and S atomic radii (2.30 A),
indicating the bonding between the Fel and S3 atoms. Moreover, it can be seen that the distance
between the S3 atom and the Pb1l and Pb2 atoms are 3.881 and 3.792 A, respectively, which are much
larger than the sum of the Pb and S atomic radii (2.79 A), indicating that these Pb-S bonds are broken.
On the other hand, the distances between the S3 atom and the Pb3 and Pb4 atoms are 2.899 and 2.967
A, respectively, indicating that Pb3 and Pb4 atom are still bonded to the S3 atom on the galena surface.
However, at the Pb-S and S-S contact sites, the Fe atom of pyrite could not bond with the S atom on
the galena surface at all of the contact distances. These results suggest that the galvanic interaction
occurring at the Pb-Pb site with the contact distance of 3 A could greatly enhance the S atomic
relaxation and further enhance the oxidation of the galena surface.

It is also noted that when the contact distance is 10 A, no electron transfer occurred on the pyrite
and galena surface at all contact sites, implying that there is no galvanic interaction between pyrite
and galena surfaces at the contact distance of 10 A.

3.2 Effect of galvanic contact distance and contact site on the xanthate adsorption

The Pb-Pb site has been known as the most stable adsorption site of xanthate on the galena surface
(Lan, 2012) so it has been selected as the adsorption site of xanthate on the galena surface in this
research (as shown in Fig. 5). In the present study, different galvanic contact sites and distances were
investigated to obtain the effects of galvanic interaction on the adsorption of xanthate on the galena
surface. The adsorption energies are shown in Fig. 4, and the adsorption configurations are shown in
Fig. 5.

Fig. 4 shows that the adsorption energy of xanthate decreases with the decrease of the contact
distance at all contact sites. When the distance is larger than 4 A, the adsorption energy decreases
slowly. In these conditions, the Pb-Pb contact site has the highest adsorption energies, followed by the
Pb-S contact site, and the S-S contact site has the lowest adsorption energies. However, when the
distance is lower than 4 A, the adsorption energies decrease significantly. It is found that the
adsorption energy of Pb-Pb contact site is dramatically decreased and is even lower than that of the
Pb-S and S-S sites at the contact distance of 3 A. This could be attributed to the galvanic interaction
between pyrite and galena surface being strongest at the Pb-Pb site.

It can be seen that the changes of adsorption energies (Fig. 4) correspond well to the changes in the
number of transferred electrons (Fig. 2): the larger the electron transfer number (indicating the
stronger galvanic interaction), the lower the adsorption energy (the stronger xanthate adsorption).
Hence, the galvanic interaction between pyrite and galena surface can greatly enhance the adsorption
of xanthate on the galena surface.

The Pb5-54 bond lengths of xanthate adsorbed on galena surface are also shown in Fig.5, and it can
be seen that the S atoms of xanthate could bond with the Pb atoms of the galena surface at all contact
sites and contact distances. Moreover, the Pb5-54 bond lengths for the contact distance of 3 A are less
than those for the contact distance of 10 A at the same contact site. It can also be seen that the Pb5-S4
bond lengths of more intense galvanic interaction model (Fig. 5(a)) are smaller than those of the
weaker galvanic interaction model (Figs. 5(b) and 5(c)). Moreover, the changes of Pb6-55 bond lengths
are not obvious compared to the changes of Pb5-54 bond lengths. These results indicate that the
galvanic interaction could enhance the bonding strength of xanthate adsorbed on galena surface.
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For a further study the xanthate adsorption, the density of states (DOS) of the Pb5-54 bond at
different contact sites and contact distances are shown in Fig. 6. It has been known that there is no
galvanic interaction between pyrite and galena surface at the contact distance of 10 A (shown in Fig.
2). Fig. 6 shows that these are mainly the S 3p, Pb 6s and Pb 6p DOS appear in the Fermi level. In
addition, as shown in Fig. 6(a), with the contact distance change from 10 A to 3 A at Pb-Pb contact site,
the DOS of S 3p and Pb 6p near Fermi level decrease sharply, indicating that at Pb-Pb contact site the
bonding of Pb5 atom and S4 atom make the energy near Fermi level obviously reduce, which causing
the structure become more stable.
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Fig. 4. Adsorption energy of xanthate on galena surface with galvanic contacting with pyrite at different contact
sites and contact distances
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Fig. 5. Adsorption configurations of xanthate adsorbed on galena surface with galvanic contact with pyrite at the
contact site of (a) Pb-Pb site, (b) S-S site and (c) Pb-S site with different contact distances

Moreover, the bonding range for Pb5 6p and S4 3p are in the valence band near the Fermi level.
Particularly, Fig. 6 (a) shows that the bonding range for Pb5 6p and S4 3p at the distance of 3 A
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remarkably shifts to negative energy compared to that at the distance of 10 A at the Pb-Pb contact site,
and the non-locality of the S4 3p state is obviously enhanced in the range of -3 to 1 eV when the
galvanic interactions occur. These results indicate that the Pb5-54 bond at 3 A contact distance is more
stable than that at 10 A contact distance, and the galvanic interaction enhances the bonding of Pb5 and
54 atoms at the Pb-Pb contact site. Fig. 6(b) shows that the bonding range for Pb5 6p and S4 3p at the
S-S contact site shifts to negative energy and the non-locality of the S4 3p states is enhanced in the
range of -3 to 1 eV with the occurrence of the galvanic interaction. Fig. 6(c) shows that the bonding
range for Pb5 6p and 54 3p at Pb-S contact site shifts slightly to negative energyin the presence of the
galvanic interaction.

Fig. 6 also shows that the density of states of the Pb5-54 bond at the S-S, Pb-S and Pb-Pb contact
sites are similar when the contact distance is 10 A. However, when the contact distance is 3 A, the
negative shift of thePb5-54 bonding range and DOS non-locality at the Pb-Pb contact site are greatest,
followed by that at the S-S contact site and that of the Pb-S contact site is the smallest, meaning that
the Pb-S bond forming by xanthate and galena surface at the Pb-Pb site is stronger than that at the 5-S
or Pb-S contact sites.
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Fig. 6. Density of states of Pb5-54 bond at (a) Pb-Pb contact site, (b) S-S contact site and (c) Pb-S contact site with
different contact distances

A (6X3X1) supercell model of galena surface has also been constructed for investigating the
adsorption site of xanthate which is farther away from pyrite. The adsorption site of xanthate on
galena surface is still the Pb-Pb site. The adsorption configurations are shown in Fig. 7 and the
adsorption energies are shown in Table 2.

Fig. 7 shows that the length of the Pb-S bond between xanthate and galena surface is 2.914 and
2.865 A in the distance of 8.97 A and that of bond length is 2.944 and 2.889 A in the distance of 4.56 A.
These results indicate that the xanthate could adsorb on galena surface in both of the distances.

Table 2 shows that the adsorption energy of xanthate adsorbed on galena surface with the distance
between pyrite and xanthate of 4.56 A (-67.55 KJ/mol) is less than that of 8.97 A (-58.69 KJ/mol),
which indicates that the xanthate is more favour to adsorb on the galena surface at the distance
between pyrite and xanthate of 4.56 A than that of 8.97 A. It may be attributed to the effect of galvanic
interaction is weaken when far away from the galvanic contact site (the site pyrite contact with galena
surface), and the adsorption energy of 8.97 A (-58.69 KJ/mol) is closer to that without galvanic
interaction (Fig. 4, -41.81 KJ/mol).
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Fig. 7. Adsorption configurations of xanthate adsorbed on galena surface with the distance
of (a) 4.56 A and (b) 8.97 A

Table 2. Adsorption energies of xanthate adsorbed on galena surface at different distances
between pyrite and xanthate

Distance between pyrite and xanthate/ A Adsorption energy/KJ/mol
4.56 -67.55
8.97 -58.69

3.3 Cyclic voltammetric curves of galena and pyrite affected by galvanic interaction with the
presence of butyl xanthate

Cyclic voltammetry measurements were first conducted on glassy carbon electrodes of powder
galena, pyrite as well as mixture of galena and pyrite in a 1:1 weight ratio in the butyl xanthate
concentration of 0.001 mol/dm3 at pH 9.18. The results are shown in Fig. 8. Two oxidation peaks
(peaks 1 and 2) are observed in the curves. Peak 1 that occurs near 100 mV is gentle, while peak 2,
which occurs near 400 mV, is a strong oxidation peak. It can be seen that peak 1 of the mixed electrode
occurs at the lower potential than that of pure pyrite or pure galena. The intensity of peak 2 for mixed
electrode increased compared to galena and pyrite electrodes, indicating that the adsorption of
xanthate on the mixed electrode is improved. Moreover, peak 2 of mixed electrode occurs at lower
potential compared to galena and pyrite, meaning that it is easier for the adsorption of xanthate to
occur on the mixed electrode, and the intensity of peak 2 of the mixed electrode is significantly
enhanced compare to that of galena or pyrite, indicating that the galvanic interaction enhanced the
xanthate adsorption.

To further investigate the galvanic interaction in detail, improved block electrodes are used, and
the obtained CV results are shown in Fig. 9. As suggested in section 2.3, pyrite and galena are
alternately used as electrodes for the measurement (electrode 1), and electrode 2 is used to study its
galvanic effects on electrode 1. Here, in Fig. 9, the composition of electrode 1 is specified outside the
parenthesis, and the composition of electrode 2 is specified inside the parenthesis. Two oxidation
peaks (peaks 1 and 2) are found for both galena(galena) and galena(pyrite) curves in Fig. 9(a). It is
obvious that the intensities of peaks 1 and 2 for the galena(pyrite) curve are stronger than those for the
galena(galena) curve. In addition, the initial oxidation potential for the galena(pyrite) curve is lower
than that for the galena(galena) curve. These results suggest that the adsorption of xanthate on the
galena surface is increased due to the presence of pyrite. In the case of the measurement for the pyrite
electrode (Fig. 9(b)), two oxidation peaks (peaks 3 and 4) and one reduction peak (peak 5) are found
for the pyrite(pyrite) curve, while peak 3 disappears for the pyrite(galena) curve. Near 100mV, the
initial potential of peak 4 shifts to the higher potential side with the presence of galena, suggesting
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that the adsorption of xanthate on pyrite surface is decreased owing to the presence of galena. Based
on the above results, it is clear that the galvanic interaction between galena and pyrite could improve
the adsorption of xanthate on the galena surface while weakening the adsorption of xanthate on the
pyrite surface. The DFT results have shown that the stronger the galvanic interaction the stronger the
xanthate adsorption on galena, in good agreement with the cyclic voltammetric results.

Current / pA

.20 1 I 1 1 ! I 1 Il I
<1000 800 -600  -400 -200 0 200 400 600 800 1000

Potential f mV

Fig. 8. Cyclic voltammetric curves of galena, pyrite and the mixture of galena and pyrite in the weight ratio of 1:1
glassy carbon electrodes in a buffer solution (0.01 mol/dm3 sodium borate) at pH 9.18 and butyl xanthate
concentration of 0.001 mol/dm3. Scan rate V =100 mV/s
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Fig. 9. Cyclic voltammetric curve of modified block electrodes in a buffer solution (0.01 mol/dm? sodium borate)
at pH 9.18 and butyl xanthate concentration of 0.01 mol/dm3. Scan rate V =100 mV/s

4. Conclusions

The number of transferred electrons changes with the change of the contact site between galena and
pyrite; in particular, a sharp increase in the amount of the transferred electrons transfer number occurs
atthe Pb-Pb contact site at the contact distance of 3 A, enhancing the relaxation of S atoms on the
galena surface and further improving the oxidation of the galena surface.

The adsorption energy of xanthate decreases with the increase of contact distance at all contact
sites. Especially, when the distance is lower than 4 A, the adsorption energies decrease significantly,
and the adsorption energy ofthe Pb-Pb contact site is dramatically decreased and becomes the lowest.
The change in the adsorption energies corresponds well to the change in the number of the transferred
electrons number: the stronger the galvanic interaction (larger amount of transferred electrons), the
stronger the xanthate adsorption (lower adsorption energy), and the obtained results for the Pb-S
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bond length and the density of states of the Pb-S bond are also in agreement with this trend. These
results suggest that the galvanic interactions could improve the adsorption of xanthate on the galena
surface. The cyclic voltammetry measurements also reveal that the galvanic interaction between
galena and pyrite improves the adsorption of xanthate on the galena surface, in good agreement with
the DFT results.
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