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Abstract: The interaction of O2 with pyrite, marcasite and pyrrhotite surfaces was studied using first-principle calculations to obtain 
the oxidization mechanisms of these minerals. The results show that the adsorption energy of O2 on pyrrhotite surface is the largest, 
followed by that on marcasite surface and then pyrite surface. O2 molecules adsorbed on pyrite, marcasite and pyrrhotite surfaces are 
all dissociated. The oxygen atoms and surface atoms of pyrite, marcasite and pyrrhotite surfaces have different bonding structures. 
Due to more atoms on pyrrhotite and marcasite surfaces interaction with oxygen atoms, the adsorption energies of O2 on pyrrhotite 
and marcasite surfaces are larger than that on pyrite surface. Larger values of Mulliken populations for O−Fe bond of pyrrhotite 
surface result in relative larger adsorption energy compared with that on marcasite surface. 
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1 Introduction 
 

Iron sulfide is a chemical compound with the 
formula of FeS, and exists in several distinct forms, 
which differs in the ratio of sulfur to iron and properties. 
Common iron sulfides include pyrite (FeS2), marcasite 
(FeS2), pyrrhotite (FexS1−x) and so on. The structures of 
pyrite and marcasite have been well characterized and 
described in detail elsewhere, and the structural 
relationships between pyrite and marcasite were also 
studied [1−3]. According to BROSTIGEN and 
KIEKSHUS [3], the pyrite (001) and the marcasite (101) 
planes show the same atomic arrangement. Pyrrhotite is 
an unusual iron sulfide mineral with a variable iron 
content. Pyrrhotite is also called magnetic pyrite because 
the color is similar to that of pyrite and it is weakly 
magnetic. Pyrrhotite exists in a hexagonal or monoclinic 
form. The iron content ranges from 46.5% to 46.8% 
(mole fraction) in monoclinic pyrrhotite and from 47.4% 
to 48.3% in hexagonal forms [4]. The formula of 
pyrrhotite minerals can also be expressed as Fen−1Sn with 
n≥8 to give structures from Fe7S8 to Fe11S12. The most 

Fe-deficient end member, Fe7S8, has a monoclinic 
symmetry, whereas the intermediate (Fe1−xS) and 
equimolar (FeS) members have hexagonal and 
orthorhombic structures, respectively [5,6]. The bulk 
sulfides have been well studied and displayed different 
electronic structures and properties [7−10]. 

The surface chemistry of sulfides plays a large role 
in the commercially important processes of mineral 
benefaction and the separation of sulfides. The 
floatability of minerals depends on the wettability at 
solid particle surfaces. However, many studies show that 
O2 has large effect on the floatability of minerals [11,12]. 
It has been increasingly acknowledged that the oxidation 
of sulfide minerals themselves is fundamentally 
significant during flotation. Xanthates are often used in 
flotation operation as a collector for sulfide minerals, 
which attaches to the mineral surface and produces a 
hydrophobic surface. The xanthate oxidation process is 
accompanied by the concurrent reduction of oxygen [13], 
while the oxygen chemisorption energetically favors the 
oxidation of xanthate anions to produce an adsorbed 
hydrophobic species. This reaction can be expressed by 
the following equations: 
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O2+e=(O2
−)ads                                (1) 

 
ROCS2

−=(ROCS2)ads+e                         (2) 
 

Oxygen is a critical factor affecting the natural 
floatability of sulfide minerals. ROSSO et al [14] studied 
the interaction of gaseous O2, H2O and their mixtures 
with clean (100) surfaces of pyrite. Ab initio cluster 
calculations of adsorption energies and the interaction of 
O2 and water species with the surface indicate that H2O 
dissociatively sorbs when O2 is present on the surface. 
The study of ROSSO et al [14] suggests that O2 can be 
influential on H2O adsorption on the sulfide surfaces. In 
addition, pyrite exhibits surface chemistry that can 
profoundly affect the very environment in which it is 
present. One of the most striking examples of how the 
reactivity of pyrite can affect an environment is 
associated with anthropogenic activities. The oxidative 
decomposition of pyrite at coal and metal mining sites 
leads to the devastating environmental problem known as 
acid mine drainage [15,16]. Therefore, the role of O2 in 
the floatation of sulfides becomes one of the most 
important issues in the study of floatation of sulfides. 

In this work, the interaction of O2 with pyrite, 
marcasite and pyrrhotite surfaces was studied using 
density functional theory (DFT) method, including 
adsorption model, adsorption energy, surface charge 
distribution and charge transfer, and density of states 
(DOS). This study can provide important insight into the 
mechanism of O2 adsorption and the subsequent flotation 
behavior of sulfides. 
 
2 Computational methods and models 
 
2.1 Computational methods 

The calculations were performed using the 
Cambridge Serial Total Energy Package (CASTEP) 
developed by PAYNE et al [17]. DFT calculations within 
the generalized gradient approximation (GGA) using the  

Perdew, Burke and Ernzerhof (PBE) functional were 
carried out to study O2 adsorption on the surfaces of 
pyrite, marcasite and pyrrhotite [18]. The interactions 
between valence electrons and ionic core were 
represented by ultrasoft pseudoptentials [19,20]. The 
valence electron configurations included Fe 3d64s2,    
S 3s23p4 states. Based on the test results, a plane wave 
cut-off energy of 270 eV was used for all calculations. 
The convergence tolerances for structure optimization 
and energy calculation were set to the maximum 
displacement of 0.002 Å, the maximum force of     
0.08 eV/Å, the maximum energy change of 2.0×10−5 
eV/atom and the maximum stress of 0.1 GPa, and the 
self-consistent field (SCF) convergence tolerance was set 
to 2.0×10−6 eV/atom. 
 
2.2 Computational models 

Common pyrite (FeS2) possesses a cubic crystal 
structure, and has a space group of Pa3, which has good 
symmetry. The conventional unit cell is presented in  
Fig. 1(a). Each cell contains four FeS2 units, with Fe 
atoms located at each of the corners and the centers of all 
the cube faces. Each Fe atom coordinates with adjacent 
six S atoms, each S atom is tetrahedrally coordinated by 
three Fe atoms and one S atom with the S2 dimer  
formed. The mineral marcasite, sometimes called white 
iron pyrite, is iron sulfide (FeS2) with orthorhombic 
crystal structure. It is a mineral with the same 
composition as pyrite, but differing in crystal structure. 
Both structures do have in common that they contain the 
disulfide S2

2− ion having a short bonding distance 
between the sulfur atoms. The structures differ in how 
these dianions are arranged around the Fe2+ cations. The 
model of marcasite is shown in Fig. 1(b). Pyrrhotite is a 
nonstoichiometric compound, general formula of Fe1−xS, 
based on Fe(II) and S2− ions. The values for x vary  
from 0 (FeS) to 0.125 (Fe7S8). Each metal atom is in a 

 

 
Fig. 1 Bulk FeS2 unit cell of pyrite (a), marcasite (b) and pyrrhotite (c) 
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distorted octahedral coordination with six sulphur atoms 
but the six iron neighbours of a sulphur atom are 
displaced at the corners of a trigonal prism. Common 
pyrrhotite possesses a monoclinic crystal structure, as 
shown in Fig. 1(c). Monoclinic pyrrhotite (Fe7S8) has a 
crystal structure based on the NiAs structure (hence with 
a slightly distorted hexagonal close-packed array of 
anions) arising from the ordering of Fe vacancies. 

Based on the test results, the pyrite (100), marcasite 
(101) and pyrrhotite (001) faces were chosen for 
calculations because of being the most stable. All 
surfaces were obtained from the bulk sulfides with the 
optimum unit cell volume. The pyrite (100), marcasite 
(101) and pyrrhotite (001) faces were modeled using 
(2×2×1), (2×2×1) and (1×2×1) supercell geometries, 
respectively, where the central cell, periodic in 3D, 
contains a slab that has two surfaces and a vacuum gap 
above and below the surfaces separating the adjacent 
mirror images of slab. The surface energies of a range of 
surfaces with varying slab thicknesses were calculated to 
determine the slab size. Figures 2(a)−(c) are the most 
stable surface models resulted from DFT calculations. 
During all geometry optimization calculations, the 
central atomic layer of slab was kept fixed to prevent the 
slab from drifting vertically along the supercell. 

 
2.3 Calculation of adsorption energy 

The adsorption energies of O2 on sulfide surfaces 
can be expressed by following equation: 
 

surfaceO/surfaceOads 22
EEEE −−=                  (3) 

 
where adsE  is the adsorption energy, /surfaceO2

E is the 
total energy of the pyrite, marcasite, or pyrrhotite slab 
with adsorbed O2, 2OE is the energy of O2 molecules 
calculated in a cubic cell, surfaceE is the energy of pyrite, 

marcasite, or pyrrhotite slab. According to this definition, 
a negative value represents an exothermic process. The 
greater the value, the stronger the adsorption interaction 
between O2 and sulfide surface. 
 
3 Results and discussion 
 
3.1 Adsorption models of O2 on pyrite, marcasite and 

pyrrhotite surfaces 
The adsorption of O2 on the pyrite (100), marcasite 

(010) and pyrrhotite (001) surfaces was investigated on 
different adsorption sites, including its molecular axis 
perpendicular or parallel to the surface as well as located 
in atop, bridge and hollow sites. These adsorption sites 
were used as initial configurations for calculating the 
most favourable adsorption geometry, with oxygen 
pointing either towards or away from the surface. The 
most stable adsorption configurations of all species 
through optimization test of various adsorption sites are 
shown in Fig. 3. The calculated adsorption energies of O2 

molecules on pyrite, marcasite and pyrrhotite surfaces 
are displayed in Table 1. The data reveal that the 
adsorption energy of O2 on the pyrrhotite surface is the 
largest, −375.87 kJ/mol, followed by that on the 
marcasite surface, −287.59 kJ/mol, and pyrite surface, 
−243.34 kJ/mol (negative sign represents exothermic 
reaction). 

After O2 adsorption, one oxygen atom is bonded to 
one sulfur atom, the other is bonded to one iron atom on 
pyrite surface (Fig. 3(a)). One oxygen is bonded to one 
sulfur atom and one iron atom, the other is bonded to 
another sulfide atom and another iron atom on marcasite 
surface (Fig. 3(b)). In the case of pyrrhotite surface, one 
oxygen is only attached to one sulfur atom, while the 
other is attached to three iron atoms (Fig. 3(c)). These  

 

 
Fig. 2 Surface models of (2×2) pyrite (100) (a), (2×2) marcasite (101) (b) and (1×2) pyrrhotite (001) (c) 
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Fig. 3 Optimized configurations of O2 on pyrite (100) (a), 
marcasite (010) (b) and pyrrhotite (001) (c) surfaces 
 
Table 1 Adsorption energies of O2 molecules on sulfides 
surfaces (Negative sign represents exothermic reaction) 

Sulfide Crystal face 
Adsorption energy/ 

(kJ·mol−1) 
Pyrite (100) −243.34 

Marcasite (010) −287.59 

Pyrrhotite (001) −375.87 

 
different configurations lead to different adsorption 
energies for O2 molecule on pyrite, marcasite and 
pyrrhotite surfaces. 
 
3.2 Interaction between oxygen and surface atoms of 

sulfides 
The distances between two oxygen atoms after O2 

absorbed on pyrite, marcasite and pyrrhotite surfaces are 
2.842, 3.130 and 2.963 Å, respectively, which are 
marked in Fig. 3. The sulfur and iron atoms of pyrite, 
marcasite and pyrrhotite surfaces are very active. There 
is significant reconstruction for the O atom of O2 
molecules and the surface atoms of sulfides upon O2 
adsorption. The O—O bond in O2 molecule is broken in 

order to form the O—S bonds and O—Fe bonds. Figure 
4 shows the electron density of oxygen atoms and 
surface atoms of pyrite, marcasite and pyrrhotite after O2 
adsorption, in which the bondings of O atoms and 
surface atoms of sulfides are reconstructed. It is clear 
that O2 molecules in three sulfide surfaces are all 
dissociated. Instead, oxygen atoms are attached to the 
sulfur and iron atoms of sulfide surfaces. It is found from 
Fig. 4 that the electron densities in O1—S and O2—Fe 
regions of pyrite surface are very great (Fig. 4(a)), 
indicating the strong covalent bonds between O1 and S, 
and between O2 and Fe. The electron density of O1—S1 
region for marcasite surface is greater than that of    
O2—S2, while the electron density of O1—Fe1 region is 
smaller than that of O2—Fe2 region (Fig. 4(b)), showing 
that O1—S1 bond is stronger than O2—S2, while    
O1 — Fe1 bond is weaker than O2 — Fe2. On the 
pyrrhotite surface, the electron density of O1—S is very 
great, those of O2—Fe1, O2—Fe2 and O2—Fe3 regions 
are close. However, the electron density of O2—Fe1 is 
the slightly largest, followed by those of O2—Fe2 and 
O3—Fe3. In other words, the covalent bond of O2—Fe1 
is the strongest, while that of O3—Fe3 is the weakest. 
These results suggest that O2 molecules interact strongly 
with pyrite, marcasite and pyrrhotite surfaces. 

Table 2 shows the Mulliken bond populations of  
O atoms of O2 molecules and surface atoms of pyrite,  
 

  
Fig. 4 Electron density of O2 adsorption on pyrite (a),  
marcasite (b) and pyrrhotite (c) surfaces 
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Table 2 Mulliken bond populations of oxygen atoms and surfaces atoms of sulfides after O2 adsorption 

Pyrite  Marcasite Pyrrhotite 

Bond Population Length/Å  Bond Population Length/Å Bond Population Length/Å

O1—S 0.47 1.496  O1—S1 0.40 1.585 O1—S 0.38 1.543 

O2—Fe 0.60 1.692  O1—Fe1 0.23 2.082 O2—Fe1 0.41 1.83 

    O2—S2 0.29 1.607 O2—Fe2 0.39 1.848 

    O2—Fe2 0.35 1.918 O2—Fe3 0.38 1.997 

 
marcasite and pyrrhotite surfaces after O2 adsorption. 
The greater the value, the stronger the adsorption 
interaction between O2 and sulfide surface. The greater 
the value of the bond population, the stronger the 
covalent interaction. It is clearly shown that the 
populations of O1—S and O2—Fe for pyrite surface are 
larger than those of O—S and O—Fe for marcasite and 
pyrrhotite surfaces. However, the adsorption energy of 
O2 on pyrite surface is the smallest. That may be because 
relatively few atoms of pyrite surface interact with O2 
molecule compared with those of marcasite and 
pyrrhotite. Only two atoms (one sulfur atom and one iron 
atom) on pyrite surface interact with oxygen molecule, 
while four atoms (two sulfur atoms and two iron atoms 
for marcasite, one sulfur atom and three iron atoms for 
pyrrhotite) interact with oxygen on marcasite and 
pyrrhotite surfaces. Overall, the bond populations of   
O—S (O1—S) and O—Fe (O2—Fe1, O2—Fe2,     
O2—Fe3) for pyrrhotite surface are larger than those of 
marcasite surface (O1 — S1, O1 — Fe1, O2 — S2,      
O2—Fe2), which could result in larger adsorption energy 
of oxygen molecule on pyrrhotite surface compared with 
those on marcasite surface. In addition, the population 
values of O1—S bond and O2—Fe bond are large for 
pyrite surface. The population of O1—S1 bond is larger 
than that of O2—S2 bond for marcasite surface, while 
the population of O1—Fe1 bond is smaller than that of 
O2—Fe2 bond. As for pyrrhotite surface, the population 
of O1—S bond is large. Among O2—Fe1, O2—Fe2 and 
O2—Fe3, the population of O2—Fe1 bond is the slightly 
largest, followed by those of O2—Fe2 and O2—Fe3. 
These results are in good agreement with the electron 
density of O2 adsorption on sulfide surfaces (Fig. 4). 
 
3.3 Electronic shift between O atoms of O2 molecules 

and surface atoms of sulfides 
Tables 3−5 show the Mulliken charge populations 

of O atoms and pyrite, marcasite and pyrrhotite surfaces 
atoms before and after O2 adsorption, respectively. It is 
found that oxygen is electron acceptor, while iron and 
sulfur atoms of pyrite, marcasite and pyrrhotite surfaces 
are electron donors when oxygen molecules are adsorbed 
on the sulfide surfaces. The total charge of oxygen atoms 
(O1 and O2) on pyrite surface is the smallest, 
−1.20 e. The charges of oxygen atoms on marcasite and  

Table 3 Mulliken charge populations of O atoms and pyrite 
surface atoms 

Orbital Atomic 
label 

Adsorption status 
s p d 

Charge/e

Before adsorption 1.88 4.12 0.00 0 
O1 

After adsorption 1.93 4.83 0.00 –0.76 

Before adsorption 1.86 4.25 0.00 –0.01 
S 

After adsorption 1.70 3.56 0.00 0.74 

Before adsorption 1.88 4.12 0.00 0 
O2 

After adsorption 1.93 4.51 0.00 –0.44 

Before adsorption 0.34 0.43 7.15 0.08 
Fe 

After adsorption 0.34 0.48 6.82 0.36 
 
Table 4 Mulliken charge populations of O atoms and marcasite 
surface atoms 

Orbital Atomic 
label 

Adsorption 
status s p d 

Charge/e

Before adsorption 1.88 4.12 0.00 0 
O1 

After adsorption 1.85 4.34 0.00 –0.710

Before adsorption 1.88 4.29 0.00 –0.17 
S1 

After adsorption 1.79 3.75 0.00 0.46 

Before adsorption 0.37 0.49 7.02 0.12 
Fe1 

After adsorption 0.33 0.45 7.05 0.17 

Before adsorption 1.88 4.12 0.00 0 
O2 

After adsorption 1.91 4.24 0.00 –0.67 

Before adsorption 1.88 4.29 0.00 –0.17 
S2 

After adsorption 1.85 3.72 0.00 0.43 

Before adsorption 0.37 0.49 7.02 0.12 
Fe2 

After adsorption 0.34 0.42 6.97 0.28 

 
pyrrhotite surfaces are very close (−1.38 e on marcasite 
surface; −1.32 e on pyrrhotite surface). This means that it 
is not easy to lose electrons for pyrite surface atoms 
compared with marcasite and pyrrhotite surface atoms, 
while the donor power for marcasite and pyrrhotie 
surface is nearly identical. 

It is known from Table 3 that the charges mainly 
transfer from S 3p orbital and S 3s orbital of pyrite 
surface to O1 2p orbital for O1—S, while O 2s orbital 
gains a small number of electrons. In Mulliken charge  
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Table 5 Mulliken charge populations of O atoms and pyrrhotite 
surface atoms 

Orbital 
Atomic label Adsorption status

s p d 
Charge/e

Before adsorption 1.88 4.12 0.00 0 
O1 

After adsorption 1.94 4.78 0.00 –0.72 

Before adsorption 1.89 4.44 0.00 –0.34 
S 

After adsorption 1.82 3.65 0.00 0.53 

Before adsorption 1.88 4.12 0.00 0 
O2 

After adsorption 1.87 4.73 0.00 –0.60 

Before adsorption 0.48 0.50 6.65 0.36 
Fe1 

After adsorption 0.37 0.44 6.73 0.46 

Before adsorption 0.51 0.46 6.73 0.30 
Fe2 

After adsorption 0.42 0.36 6.82 0.40 

Before adsorption 0.39 0.59 7.00 0.02 
Fe3 

After adsorption 0.37 0.54 6.9 0.19 

 
population of Fe atom, there exists the p orbital of Fe, 
which is due to the hybridization of Fe atom. The 
charges mainly transfer from d−p hybridization orbitals 
of Fe to 3s and 3p orbitals of O2 for O2—Fe. 

After O2 adsorption on marcasite surface, O1 atom 
gains electrons (charges from 0 to −0.71 e), S1 and Fe1 
atoms coordinated with O1 lose electrons (S1: charges 
from −0.17 e to 0.46 e; Fe1: charges from 0.12 to 0.28 e), 
as shown in Table 4. So O1—S1 bond and O1—Fe1 
bond form. The p orbitals of Fe atoms occur here in the 
Mulliken charge populations, it can be speculated that 
there exists the hybridization of s−p−d orbitals. The 
charges mainly transfer from O1 2p orbital to the p 
orbital of S1 and s−p−d hybrid orbitals of Fe1, while O1 
2s orbital loses a small number of electrons. Similarly, 
O2 atom gains electrons (charges from 0 to −0.67 e), S2 
and Fe2 atoms coordinated with O2 lose electrons (S2: 
charges from −0.17 e to 0.43 e; Fe2: charges from 0.12 e 
to 0.28 e), which forms O2—S2 bond and O2—Fe2  
bond. The charges mainly transfer from O2 2p orbital to 
3p orbital of S2 and s−p−d hybrid orbitals of Fe2. The 
contributions of O 2s and S 3s orbitals are relatively 
small. Unlike O1 2s orbital, O2 2s orbital gains a small 
number of electrons. 

Different from pyrite and marcasite, one oxygen 
atom (O1) is only bonded to one sulfur atom (S), while 
the other oxygen atom (O2) is attached to three iron 
atoms (Fe1, Fe2 and Fe3) when O2 is adsorbed on 
pyrrhotite surface. According to Table 5, it is mainly 2p 
orbital of O1 atom gains electrons from 3p orbital of S 
atom, and forms O1—S bond (O1: charges from 0 to 
−0.72 e; S: charges from −0.34 e to 0.53 e), the 
contributions of O 2s and S 3s orbitals are relatively 
small. The 2p orbital of O2 atom gains electrons from 

s−p−d hybrid orbitals of Fe1, Fe2 and Fe3 atoms, which 
form O2—Fe1, O2—Fe2 and O2—Fe3 bonds. 

According to the analyses above, the charges all 
transfer from surface atoms (S and Fe) of pyrite, 
marcasite and pyrrhotite to O atoms of O2 molecules. As 
a result, there are rich electrons in the vicinity of O 
atoms of O2 molecules, while lack of electrons around S 
atoms and Fe atoms coordinated with oxygen on pyrite, 
marcasite and pyrrhotite surfaces, as shown in      
Figs. 5(a)−(c). In Fig. 5, the blue contours correspond to 
electron density depletion, and the red contours represent 
increased electron density. Note that the regions near Fe 
and S atoms of sulfide surfaces are blue, implying a 
decrease of electron density, while the regions near the O 
atom are red, indicating an increase of density. 
 

 
Fig. 5 Electron density difference map of sulfides with O2 
adsorption: (a) Pyrite; (b) Marcasite; (c) Pyrrhotite 
 
3.4 Density of state of sulfide surfaces with O2 

adsorption 
Figure 6 shows the DOS results of interactions 

between oxygen atoms of O2 molecules and surface 
atoms of sulfides. The EF value, the position of Fermi 
level, is 0 eV. Figure 6(a) plots the interactions between 
O1 and S, and between O2 and Fe in pyrite. The DOS 
curve of O1 atom interaction with S shifts down to lower 
energies compared with that of O2 atom interaction with 
Fe. This can be because of more electrons obtained from 
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sulfur atom for O1 (Table 3), indicating a strong covalent 
interaction between O1 and S. In the DOS curve of   
O2—Fe, the s, p and d orbitals of Fe atom are involved 
in the interaction, the hybridization of d−s−p orbitals 
leads to stronger interaction between O2 and Fe. 
 

 
Fig. 6 DOS results of O atoms and surface atoms of pyrite (a), 
marcasite (b) and pyrrhotite (c) after O2 adsorption 
 

Figure 6(b) shows the interactions between O and S 
(O1 and S1, O2 and S2), and between O and Fe (O1 and 
Fe1, O2 and Fe2) on marcasite surface. It is clear that   
the peaks of DOS curves of O2—S2 and O2—Fe2 
located at about −21.5 eV move towards low energy 
compared with those of O1—S1 and O1—Fe1 (about 

−20.5 eV). It is related to the gain or loss of electrons for 
oxygen atom. O1 2s orbital orbital loses the electrons, 
while O2 2s obtains the electrons (Table 4). Besides the 
peak mentioned above (bonding), there exist anti- 
bonding peaks for O1—S1 and O2—S2 at about −12 eV. 
The anti-bonding peak of O2—S2 is wider than that of 
O1 — S1, and its non-locality is strong, indicating 
stronger anti-bonding effect for O2—S2. In the range of 
−8 eV to 1 eV for O1—S1 and O2—S2, there exist some 
hybridization of O 2p and S 3p orbitals in bonding and 
anti-bonding. However, the anti-bonding of O2—S2 is 
far stronger than that of O1—S1. As a result, the 
interaction between O1 and S1 is stronger than that 
between O2 and S2. The peak located at about −12 eV 
for O2—Fe2 has a stronger non-locality compared with 
that for O1—Fe1, showing the stronger interaction 
between O2 and Fe2, which is mainly due to that O2 
interacts with hybrid s−p−d orbitals of Fe1 and Fe2 
(Table 4). In addition, there exist two hybrid peaks in the 
range of 0 to −4 eV in the DOS curve of O2—Fe2, while 
there is only one hybrid peak at about −2 eV in the DOS 
curve of O1—Fe1, which results in stronger interaction 
between O2 and Fe2. These results are in good 
agreement with the results of Mulliken charge population 
(Table 4). 

Figure 6(c) plots the interactions between O1 and S, 
between O2 and Fe (Fe1, Fe2, Fe3) in pyrrhotite. It is 
clearly shown that the peaks of O1—S located at about 
−21 eV move towards low energy compared with those 
of O2—Fe1, O2—Fe2 and O2—Fe3 (about −19 eV). 
This is because of the gain (O1) or loss (O2) of electrons 
for O 2s. There are bonding and anti-bonding orbitals for 
O1—S at −21 eV and −12 eV, respectively. In addition, 
there exist hybridizations of O 2p and S 3p orbitals at 
about −5.8 eV, −1.7 eV and −0.2 eV, which leads to 
strong interaction between O1 and S. The DOS curves of 
O2—Fe1, O2—Fe2 and O2—Fe3 are similar. It is 
mainly due to that O2 2p orbital interacts strongly with 
hybrid s−p−d orbitals of Fe1, Fe2 and Fe3 (Table 5). 
 
4 Conclusions 
 

1) The adsorption energy of O2 on pyrrhotite surface 
is the largest, −375.87 kJ/mol, followed by that on 
marcasite surface, −287.59 kJ/mol, and pyrite surface, 
–243.34 kJ/mol. 

2) The oxygen atoms of O2 molecule and surface 
atoms of pyrite, marcasite and pyrrhotite have different 
bonding structures. Two oxygen atoms adsorbed on 
pyrite surface are bonded to one sulfur atom and one iron 
atom, respectively. One oxygen atom adsorbed on 
marcasite surface is bonded to one sulfur atom and one 
iron atom, the other is bonded to another sulfide atom 
and another iron atom. One oxygen adsorbed on 
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pyrrhotite surface is only bonded to one sulfur atom, 
while the other is bonded to three iron atoms. 

3) Due to more atoms of pyrrhotite and marcasite 
interaction with oxygen atom, the adsorption energies of 
O2 on pyrrhotite and marcasite surfaces are larger than 
that of O2 on marcasite surface. 

4) The bond populations of O—S and O—Fe for 
pyrrhotite surface are larger than those for marcasite 
surface, which results in larger adsorption energy of 
oxygen molecule on pyrrhotite surface compared with 
that on marcasite surface. 
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氧分子与黄铁矿、白铁矿和 
磁黄铁矿表面作用的第一性原理计算 
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摘  要：为了获得黄铁矿、白铁矿和磁黄铁矿的氧化机制，采用第一性原理方法研究氧分子与这三种矿物表面的

作用。计算结果表明：氧分子在磁黄铁矿表面的吸附能最大，在白铁矿表面的吸附能次之，在黄铁矿表面的吸附

能最小。氧分子在黄铁矿、白铁矿和磁黄铁矿表面都发生了解离。氧原子与黄铁矿、白铁矿和磁黄铁矿的表面原

子具有不同的键合结构。由于白铁矿和磁黄铁矿表面与氧作用的原子数较多，因此，氧分子在白铁矿和磁黄铁矿

表面的吸附能比在黄铁矿表面的吸附能大。磁黄铁矿表面相对较大的 O—Fe 键布局值导致氧分子在磁黄铁矿表面

的吸附能比在白铁矿表面的吸附能大。 

关键词：硫化矿；氧吸附；表面氧化；第一性原理 

 (Edited by Mu-lan QIN) 
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