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Electronic and chemical structures of pyrite and arsenopyrite
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ABSTRACT

The first-principles plane-wave pseudopotential method is used to study the electronic and chemical
structures of pyrite (FeS,) and arsenopyrite (FeAsS). The results indicate that an antibonding interaction
occurs between Fe and As atoms in arsenopyrite. This interaction results in the Fe atom being repelled
towards the S atom to stabilize antibonding orbitals, causing a larger S—Fe—S angle in arsenopyrite than in
pyrite and a distortion in the arsenopyrite structure. In arsenopyrite, Fe—Fe distances are alternately long and
short. The low spin density of the Fe d electrons supports this configuration in arsenopyrite. However,
electron density calculations indicate that there is negligible electron density present between Fe atoms. This
result indicates that cation-anion interactions are dominant in arsenopyrite. The pyrite Fe 3d orbital is split
below the Fermi level, whereas the arsenopyrite Fe 3d orbital is not split, which can be attributed to the
stronger interatomic bonding effects between Fe and S atoms in pyrite compared to arsenopyrite. It is found
that the d-p orbital interactions between Fe and S atoms lead to bonding-antibonding splitting in both pyrite
and arsenopyrite. However, the bonding effects between pyrite Fe and S atoms are stronger than in
arsenopyrite. In arsenopyrite, the bonding interaction between the As 4p and Fe 3d orbitals is very weak,
while the antibonding effect is very strong. The p-p orbital interaction is the dominant effect in As—S
bonding. Frontier orbital calculations indicate that the Fermi levels of pyrite and arsenopyrite are notably
close to each other, resulting in similar electrochemical activities. Orbital coefficient results show that the
pyrite Fe 3d and S 3p orbitals are the active orbitals in the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), respectively. In the case of arsenopyrite, Fe 34 orbitals are
very active in both the HOMO and LUMO. Moreover, the activity of the As 4p in the HOMO is greater than
S 3p, whereas the opposite situation occurs in the LUMO. Based on these results, As atoms could be one of
the active sites for the oxidation of arsenopyrite. In addition, separation of arsenopyrite and pyrite could be
achieved by utilizing the difference in chemical reactivities of iron in the two minerals.
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of pyrite and arsenopyrite were the same in
potassium ethyl xanthate at pH 7 and the same
product (dixanthogen) was formed after xanthate
interacted with the two minerals’ surfaces. In
addition, the natural oxidation rates of the minerals

Introduction

PyriTE (FeS,) and arsenopyrite (FeAsS) are two
major sulfur minerals, often found together in
Nature. In mineral processing, the separation of

these two minerals is difficult. They show many
similar properties, such as crystal structure,
oxidation behaviour, flotation behaviour and so on.

As-S separation is often difficult to achieve.
Allison et al. (1972) found that the rest potentials

are very similar in buffered solution. This behav-
iour makes separation of the minerals difficult.
Although they have very similar properties, there
are still some differences between them. Fernandez
et al. (1996) found that the oxidation rate of

arsenopyrite could be accelerated significantly by
the presence of sodium carbonate and sodium
sulfate. We think that the difference between
the minerals is affected mainly by their electronic
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and chemical structures and that these should be
studied further.

The crystal structures of pyrite and arsenopyrite
have been studied extensively (Huggins, 1922;
Ramsdell, 1925; Buerger, 1936; Morimoto and
Clark, 1961; Bayliss, 1977, 1989; Fuess et al.,
1987; Prince et al., 2005; Bindi et al., 2012). Earlier
workers suggested that an excess of sulfur tends to
lower the symmetry of arsenopyrite to triclinic, and a
large amount of arsenic precludes monoclinic
symmetry. It is concluded that most natural arseno-
pyrites are sulfur-rich. However, a study by Bindi
et al. (2012) showed that stoichiometric arsenopyrite
is monoclinic, space group P2;/c. Pyrite is diamag-
netic with Fe*" in low-spin configuration (£, €,°).
This configuration supports the cubic symmetry of
pyrite. In addition to Fe ions, dianion groups (S3",
AsS*") occur in the crystal structures of pyrite and
arsenopyrite. Eyert et al. (1998) confirmed that the
chemical stability results mainly from Fe—S bonding.
Goodenough (1972) found that structure-determining
interactions were cation-anion interactions and
not cation-cation interactions. However, Tossell
et al. (1981) suggested that, to fully understand the
structural and spectroscopic properties of the
disulfides and related compounds, the S-S struc-
tural units must be considered in addition to the
metal-S structural units.

Electronic interactions have a significant role in
the structural and chemical properties of crystals.
Nickel (1968) and Hulliger and Mooser (1965)
identified structural variations as a function of the
interactions of d electrons on metals. Tossell et al.
(1981) proposed that the systematic increase in
unit-cell dimension across the series from FeS, to
ZnS, could be explained by increasing occupancy
of the antibonding e orbitals of the metal. Finklea
et al. (1976) found that a very small amount of
electron delocalization was enough to cause the
quadrupole splitting observed in the Mossbauer
spectra due to the strong effects of the valence
electrons on iron in pyrite. Using quantitative
molecular orbital (MO) calculations, Tossell et al.
(1981) suggested that structural preferences could
be understood by considering the electron occupa-
tions of a set of molecular orbitals. The study by
Eyert et al. (1998) also showed that the S 3p state at
the conduction band minimum is very important for
the properties of pyrite, and small deviations in the
sulfur pair bond lengths resulted in drastic changes
in near-gap electronic states.

The electronic structure of pyrite has been
studied widely (Edelro ef al., 2003; Von Oertzen
et al., 2005a,b; Womes et al., 1997; Opahle et al.,
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2000; Eyert et al., 1998). It has been suggested that
arsenic could be present at the sulfur site in pyrite,
resulting in the formation of AsS>~ dianions in the
lattice (Abraitis et al., 2004; Blanchard et al.,
2007). However, there have been few studies on
arsenopyrite (Corkhill et al., 2011). The exact
electronic structure of arsenopyrite is still insuffi-
ciently understood. Moreover, no comparison
results have been published. It is believed that the
crystal properties have a critical role in the
processing of this mineral and just small differences
in crystal properties may lead to great differences in
flotation behaviour. For example, Chanturiya et al.
(2000) found that pyrite with high contents of Cu,
As and Au impurities can be floated effectively at
pH 11.8-12.2, while the recovery rate of pyrite with
low contents of copper and a high content of sulfur
vacancies does not exceed 25% under these high-
pH conditions. To understand the various differ-
ences between pyrite and arsenopyrite, it is
necessary to investigate their electronic and chem-
ical structures. The present study uses first
principles quantum mechanical calculations, from
which atomic-scale phenomena can be clearly
observed, to obtain detailed electronic and geo-
metric structures and frontier orbital information
about pyrite and arsenopyrite. This helps to
describe differences in properties between the
minerals. Moreover, our results are useful to
provide theoretical guidance for the separation of
pyrite and arsenopyrite, one of the difficult subjects
in mineral processing.

Computational methods

Based on density functional theory, structural
optimizations and electronic calculations were
performed using CASTER GGA-PW91 (Perdew
et al., 1992). Only the valence electrons (Fe 3d%4s?,
S 3s23p* and As 4s%4p>) were considered
explicitly through the use of ultrasoft pseudo-
potentials (Vanderbilt, 1990). A plane-wave cut-off
energy of 300 eV was used, and a Monkhorst-Pack
(Monkhorst and Pack, 1976; Pack and Monkhorst,
1977) k-point sampling density of 4 x 4 x4 mesh
was used for both pyrite and arsenopyrite. The
convergence tolerances for the geometry optimiza-
tion calculations were set to a maximum displace-
ment of 0.002 A, a maximum force of 0.05 eV A,
a maximum energy change of 2.0 x 1075 eV atom !
and a maximum stress of 0.1 GPa. The self-
consistent field (SCF) convergence tolerance was
set to 2.0x107°eV atom™!. Frontier orbital
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FiG. 1. (@) The unit cell of pyrite and (b) the relationship between neighbouring Fe atoms; and (c¢) the unit cell of

arsenopyrite and (d) the relationship between neighbouring Fe atoms.

calculations were performed using DMol?, a single-
point energy method, the GGA-PW9] method,
DNP basis set, effective core potentials, a fine
quality and an SCF convergence threshold of 1.0 x
107%eV atom™!. The spin calculation was per-
formed during the simulation using different wave
functions for different spins (Hohenberg and Kohn,
1964; Kohn and Sham, 1965; Von Barth and Hedin,
1972; Vosko et al., 1980; Cocula et al., 2003).

Results and discussion

Crystal structure differences between pyrite
and arsenopyrite

Pyrite crystallizes in space group Pa3. As stated
previously, arsenopyrite has two possible symmet-
ries, monoclinic and triclinic. To obtain a reason-
able structure for the present calculation, we
calculated and compared the monoclinic and
triclinic arsenopyrite results. The results for
triclinic arsenopyrite and monoclinic arsenopyrite
are almost identical, including the unit-cell dimen-
sions, interatomic distances, Fermi levels and
orbital coefficients for the frontier orbitals. In
addition, we also calculated the total energies of the
two unit cells. The values for triclinic and
monoclinic arsenopyrite were found to be similar,
5278.119 and -5278.120 eV, respectively. The
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recent report by Bindi et al. (2012) suggests that
stoichiometric arsenopyrite has monoclinic sym-
metry with space group P2,/c. Because the cell
(Fe4As4S,4) used in our calculation had an ideal
chemical composition, the monoclinic cell was
adopted.

The unit cells of pyrite and arsenopyrite are
shown in Fig. 1. The pyrite cell contains four FeS,
units and the arsenopyrite unit cell four FeAsS
units. The dianions in pyrite and arsenopyrite are
S%~ and AsS*, respectively. For each mineral, the
cation (Fe) is octahedrally coordinated by six
anions, and each of the anions is tetrahedrally
coordinated by three Fe ions and one other anion.
Table 1 lists the calculated crystal structural
parameters of pyrite and arsenopyrite compared
with results from the literature. The calculated
results are consistent with the experimental values
(<1% error), suggesting that the calculation method
for this study is reliable. By comparing S—Fe—S
angles in pyrite with those in arsenopyrite, it is
found that the S—Fe—S angle is close to 90° in pyrite
and obtuse in arsenopyrite, implying a greater
distortion of the octahedral symmetry of Fe in
arsenopyrite. This is related to the internal bonding
of the crystal, discussed later.

It was confirmed by Buerger (1939) that
interatomic distances in the arsenopyrite group are
quite different from those of the pyrite group.
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TABLE 1. Cell parameters and angles for pyrite and arsenopyrite.

Literature ——— Calculated result
Cell parameters (A) B (°) S—Fe-S (°) Cell parameters (A) B(°) S—Fe-S (°)
Pyrite* a=b=c=5417 90.0 85-95 a=b=c=5386 90.0 85.5-94.5
Arsenopyrite** a=5.761, 111.7 104.35 a=5.701, 111.8 104.9
b=5.684, b=5.636,
c=5.767 c=5.720

*Bayliss (1977); **Bindi et al. (2012).

Table 2 lists interatomic distances and Mulliken
bond populations in pyrite and arsenopyrite. In
pyrite, the lengths of the six Fe—S bonds (2.247 A)
are equivalent, whereas for arsenopyrite the lengths
of the three Fe—As bonds and the three Fe—S bonds
are different, ranging from 2.366 to 2.403 A and
2.174 to 2.209 A, respectively. Interatomic S-S
distances in pyrite and As—S in arsenopyrite are
2.186 A and 2.396 A, respectively. The Fe-Fe
distance in pyrite is 3.808 A, which is much longer
than in arsenopyrite (a short distance of 2.657 A
and a longer distance of 3.746 A).

Hulliger and Mooser (1965) and Tossell et al.
(1981) showed that two neighbouring Fe have a
common corner in pyrite, while they share an edge
in arsenopyrite (Fig. 1). It was noted by
Goodenough (1960) that the interactions between
two octahedral cations will be cation-anion-cation
interactions if the two octahedra share a common
corner, but may be cation-cation interactions if the
two octahedra share a common edge. These
configurations support the low-spin states of
pyrite and arsenopyrite. In pyrite Fe has the low-
spin configuration #, ° eg, while in arsenopyrite Fe
has a high-spin d° configuration, which cannot be

paired in the #,_ orbitals. However, spin pairing can
be achieved if the unpaired electron in one of the £,
orbitals of one atom is paired with an unpaired
electron of an adjacent metal atom across the
octahedral edge (Hulliger and Mooser, 1965;
Nickel, 1968). Consequently, in arsenopyrite, the
Fe—Fe distances are alternately long and short. A
magnetic moment of zero supports the low spin
configuration for the arsenopyrite structure
(Hulliger and Mooser, 1965). Our calculation also
yields a low spin density for the Fe d electrons in
both pyrite and arsenopyrite.

The bond population result shows that the
covalent S-S interactions in pyrite (0.22) are
weaker than As—S in arsenopyrite (0.28). It is
interesting that the population value of the Fe—As
bond is negative, suggesting an anti-bonding
interaction between Fe and As atoms. This situation
will result in Fe atoms being repelled towards S
atoms to stabilize antibonding orbitals. According
to Goodenough (1972), these cation-anion repul-
sive forces may cause distortion in the arsenopyrite
structure. The population value of Fe—S in pyrite
(0.34) is smaller than that in arsenopyrite (0.40—
0.44), suggesting that the covalent interaction in the

TABLE 2. Interatomic distances and Mulliken populations of bonds in pyrite and arsenopyrite.

—— Pyrite Arsenopyrite
Fe-S S-S Fe—Fe Fe-S Fe-As As-S Fe—Fe
Calculated distance (A) 2.247 2.186 3.808 2.174-2.209  2.366-2.403  2.396 2.657,3.746
Population* 0.34 0.22 0.40-044  -0.17t0-0.26 0.28 -
Literature distance (A)"™  2.23-2.30 2.14-2.17 2.229-2.233  2.370-2.412 2374 2.734,3.741

*Higher Mulliken population values indicates stronger covalent interaction between atoms and negative values indicate
anti-bonding interactions (Segall ez al., 1996). **Pyrite literature from Bayliss (1977); monoclinic arsenopyrite literature
from Bindi et al. (2012).
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F1G. 2. Electron density maps between (a) S-S and Fe—S atoms in pyrite and (b) Fe—S and As—S in arsenopyrite.
A greater degree of electron overlaps indicate a stronger covalent interaction.

former is weaker than in the latter. This apparently
greater covalent interaction is clearly shown in the
electron density map (Fig. 2a,b), from which it is
clear that the electron density in the arsenopyrite
Fe-S region is greater than that in the pyrite Fe-S
region. Based on the arsenopyrite map, there is no
electron density present between Fe atoms (for both
short and long separations), which indicates that the
cation-cation interaction is very weak even at these

are attributed to be cation-anion and not cation-
cation interactions.

Electronic structures

Electronic band structures and corresponding
densities of states (DOS) of pyrite and arsenopyrite
are shown in Fig. 3 (zero point energies were set at

distances and that cation-anion interactions are
dominant in arsenopyrite. This result is consistent
with the view of Goodenough (1960) and Tossell
et al. (1981) that structure-determining interactions

the Fermi level, Ef). There are DOS at the Fermi
energy level for pure pyrite or arsenopyrite, which
are insulating materials. This is caused by the
Gaussian broadening used in the DOS calculation.
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FIG. 3. Band structures and corresponding densities of states (DOS) of pyrite and arsenopyrite. The zero point of the
energy has been set at the Fermi level, £y
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F1G. 4. Band structures of pyrite and arsenopyrite near the Fermi level. The dashed line depicts the Fermi level at the

valence band maximum (VBM).

The electronic band structure of pyrite is split into
five energy intervals between —17 and 5 eV. The
two band groups between —17 and —10 eV have
almost entirely S 3s character. The lower group of
these two bands consists of the S—S bonding state,
and the higher group consists of the S-S
anti-bonding state. The band in the range from
—7.5to —1.5 eV, below the valence band maximum
(VBM), is formed mainly from bonding Fe 3d and
S 3p states. The band just below the Fermi level is
formed from nonbonding S 3p and Fe 3d states. The
conduction band is formed mainly from anti-
bonding Fe 3d and S 3p states. These results are
quite consistent with published studies (Edelro
et al., 2003; Von Oertzen et al., 2005a,b; Womes
etal., 1997; Opahle et al., 2000; Eyert et al., 1998).
For arsenopyrite, there are four groups of bands in
the energy range between —17 and 5 eV. The two
groups between —17 and —10 eV are similar to those
in pyrite. The lower group of these is derived
mainly from As—S bonding states, and the higher
group is formed from As—S anti-bonding states.
The VBM is mainly derived from Fe 3d, As 4p and
S 3p states with some contribution from As 4s and
Fe 4s states. The conduction band is composed of
S 3p, As4p and Fe 3d states, with some contributions
from S 35 and As 4s states.
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Comparing the electronic structures of pyrite
with arsenopyrite, it is clear that the pyrite valence
band ranging from —7.5 to 0 eV is split at an energy
of —1.25 eV, while this part of the valence band in
arsenopyrite is continuous. Although the Fe 3d
electrons are essentially localized in both pyrite and
arsenopyrite, the pyrite Fe 3d orbital is split below
the Fermi level, whereas the arsenopyrite Fe 3d
orbital is not split, consistent with the Fe L-edge
X-ray absorption near edge structure observation of
arsenopyrite by Mikhlin and Tomashevich (2005),
which demonstrated an almost unsplit 3d, e.g.
singlet Fe?*. This could be attributed to stronger
Fe—S bonding atoms in pyrite than in arsenopyrite.

The electronic band structures of pyrite and
arsenopyrite near the Fermi level are presented in
Fig. 4. It shows that both pyrite and arsenopyrite are
p-type semiconductors with indirect band gaps.
The lowest points of the conduction bands for
pyrite and arsenopyrite are located at the high
symmetry I point. Calculated band gaps for pyrite
and arsenopyrite are 0.54 and 0.78 eV, respectively.
The calculated band gap of pyrite is smaller than
the experimental value of 0.95 eV (Schlegel and
Wachter, 1976) due to the GGA-PW91 method,
which commonly results in smaller gap values. Few
reports on the optical band gap of arsenopyrite
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could be found in the literature. Using the diffuse
reflectance technique, Wood and Strens (1979)
found that the band gap of arsenopyrite is less than
0.5 eV, slightly lower than our calculated result.

Interactions between the orbital electrons can be
obtained by plotting the atomic DOS, as shown in
Fig. 5. Figure 5a plots the p-d S—Fe interaction in
pyrite. In the Fe octahedral ligand field, the 3d
orbitals are split at the Fermi level into fully
occupied non-bonding 7, states and empty anti-
bonding e states. The #,, state peak is sharp, and
localization of the electrons is very strong. In
addition, below the #,_ states there exist non-local,
bonding 3d e, states that are separated from the #,,
states at —1.5 eV. These e, states interact with the
S 3p states and form bonding states, while anti-
bonding interactions occur between the el state
with the S 3p state in the conduction band.

The p-d Fe-S interaction in arsenopyrite is shown
in Fig. 5h. The first distinct difference between the
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pyrite Fe—S atoms and the arsenopyrite Fe—S atoms
is that the d-p orbitals of the latter do not split in the
range of 7.5 to 0 eV, i.e. the bonding 3d e, states
and the non-bonding 3d ¢, states are connected.
Another difference is that the bonding range
between pyrite Fe-S atoms (-7.5 to —1.5¢eV) is
wider than that between arsenopyrite Fe—S atoms
(=7.5 to -3 eV). However, the anti-bonding effect
between pyrite Fe—S atoms is stronger than that
between arsenopyrite Fe—S atoms, which causes the
larger distance and weaker covalent bond between
Fe-S in pyrite than in arsenopyrite. The As—S
covalent interaction in arsenopyrite is also found to
be greater than the S—S covalent interaction in
pyrite. The p-d interaction between As—Fe atoms in
arsenopyrite is shown in Fig. Sc. It is clearly shown
that the bonding interaction between the As 4p and
Fe 3d orbitals is very weak, while their anti-
bonding effect is very strong, indicating anti-
bonding interactions between the As and Fe
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arsenopyrite. The zero point of the energy has been set at the Fermi level, Ex
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TABLE 3. Fermi levels and orbital coefficients of pyrite and arsenopyrite.

Mineral Fermi level (eV) Frontier orbital Orbital coefficient

Pyrite 5.99 HOMO 0.292Fe 3d, 0.035S 3p
LUMO 0.009Fe 3d, 0.242S 3p

Arsennopyrite 5.92 HOMO 0.323Fe 3d, 0.126S 3p, 0.264As 4p
LUMO 0.401Fe 3d, 0.200S 3p, 0.090As 4p

atoms, which is consistent with the calculated
negative Mulliken population of the As—Fe bond.
The orbital interactions between the As and S atoms
in arsenopyrite are shown in Fig. 5d. The p-p orbital
interaction occupies the predominant position
during the As—S bonding process, and the s
orbital electrons have little contribution to the
interatomic bonding. The p-p bonding region is
between —7.5 and -3 eV, and the anti-bonding
region is located in the range of -3 to 0 eV.

Frontier orbit calculation

The calculated Fermi levels (Er) and orbital
coefficients of pyrite and arsenopyrite are shown
in Table 3. Statistical theory has proven that the
Fermi level is the chemical potential of electrons in
the system, expressed by equation 1,

Ee—p— (%)T (1)

where 1 and G are the chemical potential and free
energy of the system, respectively, N is the total
number of electrons and 7 is the temperature.
According to the calculated Fermi levels of the
minerals (Table 3), the £ values of pyrite (5.99 eV)
and arsenopyrite (5.92 eV) are very close, which
suggests that the electrochemical activities of these
two minerals are very similar, resulting in difficult
separation via simple electrochemical methods.
According to frontier molecular orbital (FMO)
theory, interactions between molecules involve the
highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO).
Moreover, regioselectivity is controlled by the
orbital coefficients. A high value of the coefficient
indicates a large contribution of the atom to the
frontier orbital, while a low value indicates a small
contribution. For pyrite, the Fe 3d orbital coeffi-
cient (0.292) in the highest occupied molecular
orbital (HOMO) is far greater than that of S 3p
(0.035), whereas the opposite situation occurs for

1786

the LUMO (0.009 for Fe 3d and 0.242 for S 3p). In
the case of arsenopyrite, the Fe 3d orbital
coefficient (0.323) in the HOMO is the largest,
followed by the As 4p (0.265) and then the S 3p
(0.124). For the LUMO, the Fe 3d orbital
coefficient remains the largest, while the magnitude
of the S 3p orbital coefficient is greater than that of
the As 4p.

It is suggested that the LUMO of the O,
molecule and the HOMO of the mineral will take
part in interactions at the sulfide mineral surface.
Based on the orbital coefficients for the HOMO, Fe
atoms would be the most reactive sites for the
interaction of pyrite with oxygen, while Fe, S and
As (even more reactive than S) atoms all have
potential as the reactive site for interactions of
arsenopyrite and oxygen. Therefore, in addition to
iron oxides and sulfate, oxidation products on
arsenopyrite would include arsenate. In addition, it
is apparent from the orbital coefficients that the
oxidation of arsenopyrite by oxygen would be
stronger than for pyrite. Studies by Corkhill et al.
(2011) and Schaufuss et al. (2000) confirmed that
As was more reactive than Fe in an oxidizing
environment, and the reaction of oxygen with
FeAsS surfaces revealed fast oxidation of As
surface sites; therefore, As was likely to be the
most favourable atom at the surface for the sorption
of oxidizing species, such as O, and H,O, thus
promoting the production of As oxides and acids of
As, such as H3;AsO3z and H3AsO,. Based on these
results, we conclude that the selective separation of
arsenopyrite from pyrite may be possible using an
oxidation mechanism. However, the oxidation
process may be difficult to control.

In addition to oxidation, the interaction of a
collector with a mineral surface is also very
important for flotation. Generally, the interactions
of collectors with sulfide minerals occur between
the HOMO of the collector and the LUMO of the
mineral, and the Fe atoms are the reactive sites. It is
clear from the orbital coefficients of the LUMO that
the activity of Fe in the pyrite LUMO is much
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weaker than in the arsenopyrite LUMO, suggesting
distinctive differences in the activity of Fe.
Consequently, the separation of arsenopyrite and
pyrite could be achieved by using the difference in
chemical reactivities of iron in the two minerals.
Iron does not often form stable compounds with
amines; however, some complex amines species,
such as EDTA, ethylenediamine and bipyridine,
can form stable compounds with iron in aqueous
solution. Using hexylthioethylamine as a collector,
Sirkeci (2000) performed a flotation separation of
pyrite from arsenopyrite. Using an unconventional
anionic  collector, sodium dodecylsulfonate,
Kydros et al. (1993) performed the selective
flotation of arsenopyrite from pyrite at pH = 4 in
a Hallimond cell from a bulk auriferous pyrite-
arsenopyrite concentrate.

Conclusions

Density functional calculations were performed on
pyrite and arsenopyrite crystals to obtain their
electronic and chemical structures. In arsenopyrite,
Fe—Fe distances are alternately long and short with
a short distance of 2.657 A and a long distance of
3.746 A. However, electron density calculations
indicate that cation-cation interactions are very
weak, and that cation-anion interactions are dom-
inant in arsenopyrite. According to bond popula-
tion calculations, the covalent character between Fe
and S atoms in pyrite is weaker than in arsenopyrite.
In addition, the covalent S-S interaction in pyrite
is weaker than the As—S interaction in arsenopyrite.
It is interesting that a strong anti-bonding inter-
action occurs between Fe and As atoms. The
electronic structure results show that the pyrite Fe
3d orbitals below the Fermi level are very different
to those in arsenopyrite. In addition, d-p orbital
interactions between Fe and S atoms in pyrite are
also very different from those in arsenopyrite. In
arsenopyrite, the p-p orbital interaction is dominant
for As—S bonding. From frontier orbital calcula-
tions, it is shown that, for pyrite, it is the Fe 3d
electrons in the HOMO and the S 3p electrons in the
LUMO that take part in reactions with other
substances. In the case of arsenopyrite, in addition
to Fe 3d, both the As 4p and S 3p electrons in the
HOMO and LUMO would take part in reactions
with other substances. It is apparent that the
presence of As has a significant effect on the
reactivity of arsenopyrite, and As atoms could be
reactive sites for oxidation. According to the
frontier orbital calculations, the separation of

arsenopyrite and pyrite could be achieved by
using the difference in chemical reactivities of
iron in the minerals. Collector ions, which undergo
strong chemical adsorption onto mineral surface Fe
sites, could be used to achieve the flotation
separation of arsenopyrite and pyrite.
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