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As a heterogeneous catalyst, Pyrite increases chalcopyrite oxidation by
creating more cathodic points and enhancing electron transfer to ferric (Fe3+)
ions. In this study, the interaction of ferric ions with 100, 110 pyrite surfaces
and 001-S, M (M= Cu and Fe) chalcopyrite surfaces was investigated using the
Density functional theory (DFT) method and Material Studio software. The
results showed that Fe3+ ion reacted well with the desired surfaces, and free
energies were negative in the 25-275 °C temperature range, and interaction
enthalpy increased linearly with increasing temperature. However, the two
surfaces of 110 pyrite and 001-S chalcopyrite were more active than other
surfaces, and a stronger reaction occurred between the ferric ion and that
surfaces. Also, due to the strong metal-sulfur bond, the free energy of ferric
ion interaction with the 001-M surface of chalcopyrite increased by increasing
temperature. However, on the other surfaces, free energy was reduced in the
presence of sulfur atoms.
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Introduction

Chalcopyrite(CuFeS;) is the world's most
important copper source [1-3]. The ferric sulfate
is the most common oxidation agent due to the
simplicity of the process and low cost [4,5]. The
chalcopyrite leaching is initially fast but is
disrupted due to forming a passive layer [6].
Most of the chemical or electrochemical research
has focused on oxidative processes or redox,
especially ferric (Fe3*) ions. Some rely on the
important potential on the
chalcopyrite leaching, in which increasing of Fe3+
ion is increased solution potential [6-11]. The
reduction of Fe3* ion is linearly related to
temperature, and its reduction is increased with
increasing temperature. The activation energy in
the 25 °C is 76.8-87.7 k] /mol, while the activation
energy for electron transfer through elemental
sulfur is 80-96 k]/mol, reported in the literature
[7-13]. Various oxidants such as carbon, oxygen,
hydrogen peroxide, pyrite (FeS;), and metal ions
(Ag!*, Hg!*) have been investigated to improve
the leaching of chalcopyrite [14-17]. In the
meantime, pyrite as an accompanying mineral
and availability are among the things that have
attracted the attention of researchers. Pyrite
leads to the increase of cathode points on the
surface, which improves the dissolution of
chalcopyrite with the help of the galvanic effect
and acts as a heterogeneous catalyst [15,18].
Galvanic interaction between sulfides results in
rest potential
minerals to more rest potential minerals. Sulfide
mineral with larger rest potential is more stable
in the medium, and as a conductor, it transfers
electrons from the adjacent sulfide surface (less
potential and unstable) [19]. Miller and
Chahremaninejad et al. believe that the
electrochemical reaction of chalcopyrite leaching

role of the

electron transfer from less

depends on the charge transfer between the
particle surface and the Fe3+ion [20,21].
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In the presence of pyrite, ions increased in the
solution-solid interface, thereby reducing the
resistance to electron transfer [22,23]. Yubiao Li
et al. suggested that pyrite causes the oxidation
of chalcopyrite in the presence of Fe3+ ions by
preventing the formation of hydrogen sulfide on
the surface and increasing the solubility potential
[24]. The Fe3+ ion interacts well on clean surfaces
of pyrite and chalcopyrite, but its reduction is
more rate on the pyrite surface. Also, the rate of
reduction on galvanic
pyrite/chalcopyrite, is greater than that of
solitary chalcopyrite, and the corresponding
current density is higher in the presence of pyrite
[22,25].

Some studies have been conducted to evaluate
the structure, surfaces, and electrical resistance
of chalcopyrite and pyrite [26-30]. Studies by
Hang et al. on the 100 and 110 pyrite surfaces
revealed that the 100 surface is more stable, and
the electrostatic properties of the surfaces
depend on the iron and sulfur atoms on the
surface [26]. Also, the adsorption of oxygen
molecules on the 001 surface of chalcopyrite
occurs near iron atoms (due to the lower energy
barrier of iron atoms) and oxygen showed less
tendency to react with other surface atoms [27-
29]. The formation of disulfide and the reduction
of iron (III) ions to iron (II) on the surface are the
most probable events that can occur due to the
reconstruction of chalcopyrite surfaces, which is
mentioned in the theoretical studies of Oliveira et
al. [30].

In this paper, due to the importance of
chalcopyrite leaching in the presence of Fe3* ion,
the interaction of Fe3+ ion with 001 surface of
chalcopyrite and 100, 110 surfaces of pyrite by
using density functional theory (DFT) and
material studio software were investigated. The
001 surface of chalcopyrite and the 100, 110
pyrite surfaces are pyrites and chalcopyrite main
cleavages. This study was conducted to better
identify the behavior of pyrite and chalcopyrite

coupling,

in the presence of Fe3* ions because the oxidation
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of chalcopyrite slows down over time, and the
amount of copper extraction decreases.

Computational details

Previous studies have indicated that the DFT is
among the most versatile and popular methods
to investigate electronic structure of solids [31-
33]. Bulk pyrite, chalcopyrite, and all surface
relaxation calculations were optimized with the
Perdew-Burke-Ernzerhof (PBE) density
functional as implemented in the Dmol3 code
[34]. Chalcopyrite bulk and pyrite space groups
are [-42d and Pa3, respectively. Cell parameters
of chalcopyrite are: a = b = 5.289 A, ¢ = 10.4230
A. The pyrite unit cell is cubic, and each Fe atom
is coordinated with six atoms of S, and each S
atom is coordinated with three atoms of Fe and
one S atom [35,36].

Optimization of bulk pyrite and chalcopyrite
were performed with 4x4x4 and 3x3x1 K-points,
respectively. A double numerical (DND) basis set
and semi-core pseudopotential (DSPPs) were
employed in the DFT calculations. Calculations
on the relaxed surfaces and adsorption study
were performed on 2x2 supercell surface for 100
and 2x1 for 110 surfaces of pyrite by using the
COSMO method (water solvent) [37]. The
number of layers for the 110 and 100 surfaces
are 6 and 7 layers, according to Figure 1.

Furthermore, chalcopyrite
surfaces were performed on supercell surface
2x2, with 2x2x1 k-points, using the COSMO
method (water solvent), as demonstrated in
Figure 2. The number of layers for the 001-S and
the 001-M surfaces is 5 and 6 layers, respectively.

calculations of

Vacuum region equal to 20 A was applied to
prevent the interaction between layers, and the
bottom layers were fixed during the geometry
optimizations.

(a)

Figure 2. The 001-S and M surfaces of chalcopyrite: (a) 001-S surface, (b) 001-M surface
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After preparing the surfaces, the interaction of
Fe3+ ion with surfaces of chalcopyrite and pyrite
was investigated. According to earlier studies,
the Fe3* ion tends to be adsorbed over the
surfaces where sulfur atoms are present. Figures
3 and 4 reveal the most stable configurations of
Fe3+ion adsorbed on the surfaces [38,39].

(a)

.aticms

The  thermodynamic  calculations
performed under the computational conditions
mentioned. Thermodynamic
changes in enthalpy, entropy, and free energy in
the temperature range between 25 - 275 °C.

were

studies include

Figure 4. Fe3+ position on the surface of chalcopyrite: (a) 001-S surface, (b) 001-M surface

Results and discussion
Enthalpy

To better understand the interaction of Fe3+
ions with the surfaces, the thermodynamic
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parameters for reducing Fe3* were also obtained
at 25-275 °C and 1 atm. The interaction of the
Fe3* ion with 100 and 110 pyrite surfaces is an
electrostatic reaction that leads to electron
transfer to the Fe3* ion [40]. According to
previous studies, the dissolution of chalcopyrite
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in an acidic environment in the presence of
pyrite increases by increasing temperature and is

temperature dependent [5,12]. As shown in
a
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Figure 5, the enthalpy value is positive and
increases at both surfaces with increasing

temperature.
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Figure 4. Enthalpy of Fe3+ ion interaction with pyrite surfaces: (a) 100 surfaces, (b) 110 surface

The trend of changes for 001-S and 001-M
chalcopyrite surfaces was similar to pyrite, which
positively and linearly increased. However,
energy values for the 001-M surface were further
and extended the range. The enthalpy changes of
the Fe3* jon interaction on the chalcopyrite
surfaces are shown in Figure 6.
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In addition, the positive enthalpy values on the
110 pyrite surface and the 001-S chalcopyrite
surface were lower than other surfaces, and 110
and 001-S surfaces had better conditions for
reaction with ferric ion, which is consistent with
previous data [26,39].

550
530
510
490
470
450
430
410
390
370 . . . .

0 25 50 75 100 125 150 175 200 225 250 275 300

T/°C

AH (kcal/mol)

T T T T T T T T
A

Figure 6. Enthalpy of Fe3* ion interaction with chalcopyrite surfaces: (a) 001-S surface, (b) 001-M

surface
Free energy

As Equation 1 shows, Fe3* ion can be reduced to
the Fe2* ion over the surfaces.

Fe3* + € __, Fe?*

(1)
As a result, equation 2 was used to obtain the
free energy changes of this reaction:
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AG = Gpez+ — (Gpeas+ + Go) (2)

Where Grez+ and Gres+ are the free energy of the
adsorbed Fe2* and Fe3+ ions, respectively, and Ge
is the Gibbs free energy of an electron. When the
Fe3+ ion reacted with the surface, it received
electrons from the surface and converted to the
Fe2* ion. The surface charge difference before
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and after Fe3* ion adsorption equals the amount
of electron charge. The free energy values for the
surfaces were obtained as negative at different
temperatures multiplied by -1 for better
representation, as shown in Figures 7 and 8.
According to Figure 7, the free energy of Fe3* ion
interaction on the pyrite surfaces decreased by
increasing temperature. This decrease was more

d
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slope for the 110 pyrite surfaces, in Figure 73,
and less for the pyrite 100 surfaces, in Figure 7,
b. However, by comparing the amounts of free
energy at different temperatures, we can find
that 110 surface has a stronger interaction with
Fe3* ion, and its free energy is much higher than
100 surfaces.
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Figure 7. Free energy of Fe3+ ion interaction with pyrite surfaces: (a) 100 surface, (b) 110 surface

The reaction of Fe3* ion with chalcopyrite
surfaces was well performed, and the negative
free energy values at the desired temperatures
confirm it. According to Figure 8a, the free
energy decreased with increasing temperature
for the 001-S surface. The maximum value was
obtained at 25 °C and decreased with a slight
slope at different temperatures.
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According to Figure 8b, for the 001-M surface
increasing the temperature caused an increase in
the free energy, however the range of energy
changes for the 001-M surface was lower than for
the 001-S surface that at the ambient
temperature (25 °C) the interaction of Fe3+ ion
over the 001-S surface
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Figure 8. Free energy of Fe3+ ion interaction with chalcopyrite surfaces: (a) 001-S surface, (b) 001-M

surface

306



V. Aghazadeh et al. / Adv. ]. Chem. A 2023, 6(3), 301-310

Entropy

To investigate the effect of entropy on the
interaction of Fe3* ions with surfaces in the
desired temperature range of 25-275 °C,
equation 3 was used. At both the 100 and 110
surfaces, the curve show the positive effect of the
entropy curve's trend shows the entropy's
positive effect on the lese temperature.

AG = AH — TAS 3)

Where AG, AH, AS, and T are the free energy,

enthalpy, entropy, and temperature, respectively.
According to Figure 9, the entropy of the Fe3+ ion
interaction decreased with the 100 and 110
pyrite surfaces. However, the entropy values for
100 surfaces, in Figure 9,
significant.
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Similar to the pyrite, entropy decreased for the
001-S and 001-M surfaces by increasing the

temperature and was associated with a
downtrend, as the Figure 10 The more
considerable entropy value at different

temperatures for the 001-M surface than the
001-S
significant irregularity of the surface and the
presence of metal atoms and reduced
coordination [40,41]. The presence of sulfur
atoms and the decrease in the coordination of
metal atoms is caused by the 001-M surface
activated electrostatically [41]. Overall, an
increase in the temperature has decreased the
entropy for both surfaces. However, its positive
effect on the interaction of Fe3* ions on the
chalcopyrite surfaces was significant.

surface can result from the more
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Figure 9. Entropy of Fe3* ion interaction with pyrite surfaces: (a) 100 surface, (b) 110 surface
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According to the results obtained, the interaction
of Fe3+ ion with pyrite and chalcopyrite surfaces
was well performed, but the free energy values
were further for the 110 surfaces of pyrite and
001-S surface of chalcopyrite [38,42]. More
significant free energy and the enthalpy in the
different temperatures for 110 surfaces indicated
stronger interactions of Fe3* ions with this
surface. At 25 °C, free energy values for both
surfaces of 110 and 001-S were more than 50
kcal/mole. The decrease in free energy at the
001-S surface may be related to more sulfur
atoms, because sulfur-sulfur bonds are weaker
than metal-sulfur bonds [29].

Conclusion

In the present study, the interaction of Fe3+ ion
with the surfaces (100,110) of pyrite and (001-S,
001-M) chalcopyrite
investigated by thermodynamic aspect. The Fe3+
ion has interacted with the surfaces of pyrite and
chalcopyrite, and the electron exchange between
the surfaces and the active species (Fe3*)
occurred  well.  Thermodynamic
(enthalpy, entropy, free energy) showed the
interaction of Fe3+ ion with surfaces as possible,
and the active species tends to be absorbed on
surfaces. In the 25-275 °C temperature range, the
reaction enthalpy was linear and had an
increasing (positive) trend. Also,
interaction free energy was obtained in the
desired temperature range, which can be a
spontaneous reaction.

A comparison of thermodynamic data showed
that two 110 pyrite and 001-S chalcopyrite
surfaces are more active electrostatically. In
addition, the decreasing trend of free energy for
the 001-S surface was associated with a greater
slope, which could be related to the presence of
sulfur atoms on the surface. The structure of

surfaces has been

studies

negative

sulfur atoms can change under the influence of

temperature, affecting the exchange of electrons
between the surface and the Fe3+ion. In general,
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the interaction of ferric ions with surfaces is an
electrostatic reaction. The reaction depends on
the favorable conditions for the transfer of
electrons from valence band orbitals (Fe3+ion) to
which can change under the
influence of temperature.

the surface,
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