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Abstract: The electronic property of pyrite supercell containing As, Se, Te, Co or Ni hetero atoms were calculated using density 
functional theory (DFT), and the reactivities of pyrite with oxygen and xanthate were discussed by frontier orbital methods. The cell 
volume expands due to the presence of impurity. Co and Ni mainly affect the bands near Fermi levels, while As mainly affects the 
shallow and deep valence bands, and Se and Te mainly affect the deep valence bands. Electronic density analysis suggests that there 
exists a strong covalent interaction between hetero atom and its surrounding atoms. By frontier orbital calculation, it is suggested that 
As, Co and Ni have greater influence on the HOMO and LUMO of pyrite than Se and Te. In addition, pyrite containing As, Co or Ni 
is easier to oxidize by oxygen than pyrite containing Se or Te, and pyrite containing Co or Ni has greater interaction with collector. 
These are in agreement with the observed pyrite practice. 
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1 Introduction 
 

Pyrite originating from different deposits and even 
from different sections of one deposit has different 
floatability, which is mainly ascribed to the variable 
properties of pyrite that has been observed. The 
heterogeneity mainly resulting from the presence of 
impurity elements in pyrite crystal leads to the variability 
in pyrite properties. The perfect pyrite, represented by 
the formula FeS2, is not encountered in natural 
specimens. ABRAITIS et al [1] reviewed the types of 
impurities found in natural pyrite. Their analysis showed 
that natural pyrite typically contained a variety of minor 
and trace elements which could exist as substitutions in 
the pyrite lattice or as inclusions. 

Pyrite is a semiconducting mineral with narrow 
band gap (0.95 eV [2]) and its flotation process involves 
electrochemical reactions. It has been proved that, in the 
process of pyrite flotation, oxygen accepts electrons on 
the pyrite surface on which the cathodic reaction occurs, 
while xanthate loses electrons on the pyrite surface on 
which the anodic reaction occurs. The above process can 

be summarized by the following redox reactions: 
 
Cathodic reaction    O2+4e→2O2−           (1)   
Anodic reaction    2EX−→(EX)2+2e      (2) 
 

It has been confirmed that the rest potential of pyrite 
electrode and the equilibrium potential for the reaction  
(2) can affect the product forming on pyrite surface [3]. 
The presence of impurities can change the 
semiconductivity of pyrite and consequently influence 
the chemical reaction of pyrite electrode. LEHNER et al 
[4] and SAVAGE et al [5] studied the influence of 
arsenic, cobalt and nickel impurities on the electrical 
conductivity and semiconductivity type of pyrite. The 
crystal structure and electronic structure of pyrite can 
also be affected by the presence of impurities in pyrite. 
Using X-ray diffraction, FERRER et al [6] found that the 
pyrite lattice constant increases as Ni content increases. 
CHANDLER and BENÉ [7] proposed the partial energy 
band scheme for cobalt and nickel impurities in pyrite by 
electron paramagnetic resonance (EPR). LEIGHTON  
et al [8] discussed the electronic structure of   
Co1−xFexS2 alloy. Using density functional method (DFT),  
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BLANCHARD et al [9] suggested that there is a strong 
covalent bond between arsenic and iron atoms in pyrite, 
and the electronic structure of pyrite becomes metallic 
gradually with the increase of arsenic concentration. 

Recently, CHEN et al [10−16] studied the effect of 
lattice impurities on electronic structures and flotation 
behaviors of sphalerite and galena. However, few 
theoretical results concerning the influence of impurities 
on the pyrite flotation behavior were published. In this 
study, the pyrite bearing Co, Ni, As, Se and Te 
impurities which are often incorporated into the pyrite 
lattice via a substitution mechanism is studied. To 
understand the effects of these impurities on the 
electronic structure and reactivity of pyrite would be 
helpful to solve the problems which might be 
encountered in pyrite flotation practice. 
 
2 Computational details 
 
2.1 Pyrite structure 

Pyrite (FeS2) possesses a rocksalt type structure and 
belongs to the space group 36 PaTh − , with the Fe2+ 
cations on the corners and the face-centers positions of 
the cubic cell and the −2

2S  dimmers occupying the 
anion sites along the 〈111〉 directions (see Fig. 1(a)). The 
unit cell of pyrite contains four FeS2. Each Fe atom is 
coordinated to six S atoms, creating a distorted 
octahedron, while each S atom is coordinated to three Fe 
atoms and one S atom in a tetrahedral configuration. The 
2×2×1 pyrite supercell with a Co or Ni atom substitution 
for a Fe atom or a As, Se or Te atom substitution for a S 
atom was used (see Fig. 1(b)). 
 
2.2 Computational methods 

Based on the density functional theory, the 
calculations were performed using the program CASTEP 
[17−18] and DMol3 [19−20]. The calculations of 
geometry optimization and electronic properties on 
pyrite were performed using CASTEP, GGA-PW91 [21], 
with plane wave cut-off energy of 270 eV and 
Monkhorst-Pack [22−23] k-point sampling density of 
2×2×4. Only valence electrons were considered 
explicitly using ultrasoft pseudopotentials [24], and 
pseudo atomic calculations were performed for S 3s23p4，

Fe 3d64s2，Co 3d74s2，Ni 3d84s2, As 4s24p3，Se 4s24p4，

Te 5s25p4. The convergence tolerances for geometry 
optimization calculations 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 GP, and the SCF 
convergence tolerance was set to 2.0×10−6 eV/atom. In 
addition, the spin-polarization was used for all 
calculations. 

 

 
Fig. 1 Computed cell models of pyrite: (a) Pyrite unit cell; (b) 
2×2×1 impurity-substituted pyrite supercell (Arrows indicate 
the impurity-substituted Fe and S positions) 
 

The frontier orbitals of pyrite were calculated by 
DMol3 with a single-point energy method after 
optimization using CASTEP, while both the structure 
optimization and frontier orbital calculations on oxygen 
and dixanthogen were performed using DMol3. All the 
calculations were performed using DMol3, with  
GGA-PW91 method, DNP basis set, effective core 
potentials, a fine quality, and SCF convergence threshold 
of 1.0×10−6 eV/atom. 
 
3 Results 
 
3.1 Impurity substitution energies 

The substitution energy refers to the energy required 
when impurity atom substitutes for matrix atom. Here the 
substitution energy of an impurity in the pyrite 
lattice, EΔ , is defined as follows according to 
NISHIDATE et al [25]: 

 

impurity
total
perfectx

total
impurity EEEEE −−+=Δ             (3) 



LI Yu-qiong, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1887−1895 1889

where total
impurityE  and total

perfectE  are the total energies of 
impurity-substituted and perfect pyrites, respectively. Ex 
and Eimpurity are defined as the calculated total energies of 
the substituted matrix atom (x= Fe or S) and the impurity 
atom (impurity = Co, Ni, As, Se or Te), respectively. The 
smaller the value of ∆E is, the more easily the 
substitution reaction will occur, i.e. the impurity will 
exist in pyrite lattice more easily. 

The impurity substitution energies were calculated 
by allowing the pyrite cell volume to relax. The 
calculated results are listed in Table 1, which 
demonstrates that the substitution energies of five 
impurities are all positive, indicating that these 
impurities cannot spontaneously enter into pyrite lattice 
at T=0 K. However, in practice these impurities may 
easily enter into pyrite lattice in the process of 
crystallization under high temperature and pressure. 
 
Table 1 Substitution energy of impurity in pyrite lattice, and 
cell volume of perfect and impurity-substituted pyrites 

Species Substitution energy/eV Cell volume/Å3 

Fe16S32 − 634.181 

Fe15S32Co 1.721 636.645(+0.39%) 

Fe15S32Ni 3.105 640.412(+0.98%) 

Fe16S31As 0.705 641.179(+1.10%) 

Fe16S31Se 0.876 638.350(+0.66%) 

Fe16S31Te 2.949 647.336(+2.07%) 

The values in parentheses are the relative changes of cell volume. A positive 
sign indicates expansion of the cell volume, while a negative sign indicates 
compression of the cell volume. 
 
3.2 Influence of impurities on pyrite crystal structure 

The calculated lattice parameter a0=5.4121 Å 
deviates from the experimental value a0=5.4166 Å [26] 
only by about 0.1%, suggesting the reliability of the 
calculation. The incorporation of five impurities results 
in a variable expansion of the lattice (see Table 1). Our 
calculated results are consistent with other works[6, 9, 
27]. The extent of lattice expansion could be explained 
by the different covalent radii of atoms and the different 
bond lengths between bonding atoms. The extent of 
lattice expansion resulting from the impurity increases in 
the following order: Co< Se< Ni<As<Te. 
 
3.3 Influence of impurities on electronic structure 

Figures 2 and 3 show the band structure and partial 
DOS of pyrite when the zero of energy was set at the 
Fermi level (EF). Our calculations are in good agreement 
with other works [28−34]. The band structure is split into 
five groups of bands between −17 and 5 eV. The two 
groups between −17 and −10 eV have almost entirely the 
character of S 3s states, only with few contributions from 
Fe 3d and S 3p states. The band in the range from −7.5 to 

−1.5 eV below the valence band maximum (VBM) is 
formed of hybridized S 3p and Fe 3d eg

  states with the 
main contribution from S 3p. The band just below Fermi 
level is formed of S 3s and non-bonding Fe 3d t2g states 
with the main contribution from Fe 3d state. Finally, the 
conduction band is mainly formed of hybridized 
anti-bonding S 3p and Fe 3d ∗

ge  states with few 
contributions from S 3s states. In addition, the 
contribution from Fe 4s is very small and not shown in 
the figure. 

Co and Ni impurities substitution for Fe introduces 
bulk defect states within the band gap (see Figs. 2(b) and 
2(c) and Figs. 3(b) and 3(c)). This is consistent with the 
study by CHANDLER and BENÉ [7]. Co and Ni would 
bond with S atom in pyrite crystal, forming     
covalent  Co—S and Ni—S bonds. Electronic structure 
calculations by BULLETT [28] showed that the total 
DOS of CoS2 and NiS2 shifts to lower energy in contrast 
with that of FeS2. Our calculations showed that the DOS 
of pyrite shifts to lower energy by about 1 eV due to the 
incorporation of Co or Ni, suggesting that the Co- and 
Ni-bearing pyrites are more oxidative. This is helpful to 
the xanthate oxidation and then adsorption at pyrite 
surface. It was shown that there exist new state peaks in 
the band gap (at 0.2 eV and 0) generated from Co 3d and 
Ni 3d states, respectively, and also new state peaks at 
−2.3 eV generated from their 3d states, respectively. 

As impurity introduces new state peaks at −10 and 
−13.7 eV generated from its 4s state, respectively. In 
addition, there exists a new state peak at −1.5 eV 
generated from As 4p state (Fig. 2(d) and Fig. 3(d)). The 
DOS of Se-substituted pyrite is most similar to that of 
perfect pyrite (Fig. 2(e) and Fig. 3(e)), and there is no 
apparent peak of impurity state in the band. This is 
relative to more similar properties of Se to S reflected in 
electronegativity and covalent radii than that of the 
others to S. Te impurity introduces new state peaks at 
−10.8 and −14 eV generated from its 5s state (see    
Fig. 2(f) and Fig. 3(f)). 

The bonding between atoms can be clearly shown 
by the electron density map. The presence of strong 
As-Fe, Se-Fe, Te-Fe, Co-S, and Ni-S hybridization 
interactions is clearly visible on total electron density 
maps (see Fig. 4). 

Calculations on perfect pyrite produce a low-spin 
state, in line with experimental findings. At the 2.08% 
impurity concentration, the calculations on Se-, Te-, Co-, 
or Ni-substituted pyrite produce low-spin states, while on 
As-substituted pyrite produces a spin-polarized state (see 
Fig. 5). Spin DOS near Fermi level is mainly generated 
from Fe 3d state. By contrast with spin-neutral pyrite, 
spin-polarized pyrite would be more reactive to magnetic 
specie such as O2 than non-magnetic species，hence 
As-substituted pyrite would be oxidized easily, which is 
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Fig. 2 Band structures of perfect pyrite and impurity-substituted pyrite: (a) Perfect pyrite; (b) Co-substituted pyrite; (c) Ni-substituted 
pyrite; (d) As-substituted pyrite; (e) Se-substituted pyrite; (f) Te-substituted pyrite (The zero of energy was set at the Fermi level. 
Alpha and beta indicates the spin up and spin down, respectively) 
 

 
Fig. 3 DOS of perfect pyrite and impurity-substituted pyrite: (a) Perfect pyrite; (b) Co-substituted pyrite; (c) Ni-substituted pyrite;  
(d) As-substituted pyrite; (e) Se-substituted pyrite; (f) Te-substituted pyrite (The zero of energy was set at the Fermi level) 
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Fig. 4 Electron density maps of pyrite supercell containing impurity: (a) Co-substituted pyrite; (b) Ni-substituted pyrite; (c) 
As-substituted pyrite; (d) Se-substituted pyrite; (e) Te-substituted pyrite 
 

 
Fig. 5 Spin density of states of As-substituted pyrite 
 
consistent with the fact that pyrite containing As is 
oxidized easily in nature. 
 
3.4 Influence of impurities on semiconductivity type 

of pyrite 
The presence of impurities may vary the 

semiconductivity type of sulfide minerals, resulting in 
both p-type and n-type, and even p-n-type 
semiconductivity [35]. The calculated results suggested 
that Co- and Ni-substituted pyrites exhibit n-type 
semiconductivity, while As-, Se-, and Te-substituted 
pyrites exhibit p-type semiconductivity. S, Se and Te in 
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the same group in period table, who adopt the outer 
electron configurations of s2p4, were studied similarly in 
behaviors in metal-matte systems by SCHLITT and 
RICHARDS [36]. PRIDMORE and SHUEY [37] 
indicated that As is an electron acceptor impurity in 
pyrite, and high As content in pyrite has been found to 
impart p-type properties. LEHNER et al [4] found that 
the carries tend to be holes in the presence of As in pyrite, 
and this pyrite is p-type, while the carries tend to be 
electrons in the presence of Co or Ni, and these pyrites 
are n-type. FERRER et al [6] also found that Ni-doped 
pyrite is an n-type semiconductor. In addition, our 
calculations showed that the energy gaps of As-, Co-, 
and Ni-substituted pyrites are indirect, while the energy 
gaps of Se- and Te-substituted pyrite are direct. 
 
3.5 Calculation results of frontier orbital and atomic 

orbital coefficients 
The above results suggested that the presence of 

impurities could slightly change the crystal structure, 
electronic structure, semiconductivity type, and internal 
covalent bonding in pyrite. Co and Ni mainly affect the 
bands near Fermi levels, while As mainly affects the 
shallow and deep valence bands, and Se and Te mainly 
affect the deep valence bands with introducing new 
impurity energy levels. Co and Ni enter the pyrite lattice 
as donors, resulting in n-type semiconductivity, while As, 
Se and Te enter the pyrite lattice as acceptors, resulting 
in p-type semiconductivity. All the evidences showed 
that the properties of pyrite are changed in the presence 
of impurities, and consequently the reactivity of pyrite 
with flotation reagents will be affected. 

The extent of the interaction of pyrite with reagents 
is inversely proportional to the energy difference 
between the HOMO (highest occupied molecular orbital) 
which donates electrons and LUMO (lowest unoccupied 
molecular orbital) which accepts electrons [38], and the 
magnitude of the atomic orbital coefficient, which 
indicates the contribution of atoms to frontier orbital, 
also plays an important part in this interaction. 

A high value of coefficient (absolute value) 
indicates a large contribution of atom to the frontier 
orbitals, while a low value (absolute value) indicates a 
small contribution of atom. Moreover, the same signs of 
coefficient denote the bonding between atoms, while the 
opposite signs of coefficient denote the anti-bonding 
state between atoms. Here only the absolute value and 
maximum value are concerned. Table 2 shows the atomic 
orbital coefficients of HOMO and LUMO. It is shown 
that the coefficient of Fe atom (0.238) is much larger 
than that of S atom (0.068) for HOMO, indicating that 
the main contribution of HOMO for perfect pyrite is 
generated from Fe atom, which is in accordance with the 
fact that Fe atom in pyrite is easily oxidized from Fe2+ to 

Fe3+. While the coefficient of S atom (0.124) is much 
larger than that of Fe atom (0.004) for LUMO orbital, 
indicating that the main contribution of LUMO of perfect 
pyrite is generated from S atom. 
 
Table 2 Atomic orbital coefficients of HOMO and LUMO of 
perfect and impurity-substituted pyrites 

Species 
Frontier 
orbital 

Atomic orbital coefficient of 
HOMO and LUMO 

HOMO +0.238 Fe, −0.068 S1, −0.067 S2
 

Fe16S32 
LUMO −0.004 Fe, −0.124 S1, +0.123 S2

 

HOMO 
−0.011 Fe, −0.007 Co, 
−0.128 S1, −0.128 S2

 

Fe15CoS32

LUMO 
+0.202 Fe, −0.421 Co, 
+0.329 S1, −0.329 S2 

HOMO 
+0.010 Fe, −0.008 Ni, 
+0.131 S1, +0.131 S2

 

Fe15NiS32

LUMO 
+0.191 Fe, −0.447 Ni, 
+0.342 S1, −0.342 S2 

HOMO +0.478 Fe, +0.315 As, −0.180 S2
Fe16S31As

LUMO −0.049 Fe, −0.125 As, −0.140 S2

HOMO −0.247 Fe, +0.119 Se, +0.082 S2
 

Fe16S31Se
LUMO +0.015 Fe, −0.153 Se, +0.132 S2

 

HOMO +0.360 Fe, +0.135 Te, +0.123 S2
Fe16S31Te

LUMO +0.005 Fe, −0.161 Te, +0.153 S2

S1 denotes one of the two bonded S atoms ( −2
2S  dimmers) in pyrite crystal, 

S2 denotes another S atom. 
 
Co and Ni impurities have similar influence on the 

frontier orbital. The Co and Ni have great effect on 
LUMO, whose coefficients are up to 0.421 and 0.447 
respectively, indicating that Co and Ni will directly take 
part in the oxidation reaction of LUMO. In addition, the 
presence of Co and Ni impurities results in the increase 
of coefficients of Fe atom (0.202 and 0.191, respectively) 
and S atom (0.329 and 0.342, respectively). The 
coefficient of Fe atom in HOMO is decreased in the 
presence of Co and Ni. 

Arsenic impurity only influences the HOMO of 
pyrite, whose coefficient is up to 0.315, and the 
coefficients of Fe and S in HOMO are also enhanced. 
These results suggest that the pyrite can be oxidized 
easily in the presence of As impurity, and As impurity 
will participate the oxidation reaction. This is the reason 
why As is easily dissolved out from natural pyrite 
surface. Se impurity has little influence on the HOMO 
and LUMO of pyrite, which is mainly ascribed to the 
similar chemical properties between Se and S atoms. Te 
impurity slightly increases the coefficients of Fe and S 
atoms in HOMO and that of S atom in LUMO. 

Based on the frontier orbital theory, in the pyrite 
oxidation, the reaction should occur between the LUMO 
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of oxygen and the HOMO of pyrite. The extent of 
interaction between HOMO and LUMO can be defined 
by the absolute energy difference (|ΔE1|) between them. 
The |ΔE1| is defined as: 

 
|ΔE1|=| LUMO

oxygen
HOMO
pyrite EE − |                       (4) 

 
The small |ΔE1| indicates strong interaction. The 

calculated values of the HOMO and LUMO energies and 
the absolute difference (|ΔE1|) are shown in Table 3. It is 
shown that As, Co and Ni lower the |ΔE1|, indicating that 
the presence of As, Co and Ni can enhance the oxidation 
of pyrite, which is consistent with the observed pyrite 
oxidation [39]. Se and Te impurities do not apparently 
change the |ΔE1|, suggesting that Se and Te would not 
affect the oxidation of pyrite. 

During froth flotation, xanthate is oxidized to 
dixanthogen on pyrite surface and forms hydrophobic 
surface, and then pyrite is collected by attaching to rising 
air bubbles. The frontier orbital of butyl-dixanthogen 
((C4H9OCS2)2) was calculated. Based on the frontier 
orbital theory, the reaction should occur between the 
LUMO of pyrite and the HOMO of (C4H9OCS2)2. The 
extent of the interaction between HOMO and LUMO can 
be defined by the absolute energy difference (|ΔE2|) 
between them. The |ΔE2| is defined as: 

 
|ΔE2|=| LUMO

pyrite
HOMO

)OCSH(C 2294
EE − |                   (5) 

 
The calculated values of the HOMO and LUMO 

energies and the absolute difference (|ΔE2|) are shown in 
Table 3 also. It is shown that for perfect pyrite the |ΔE2| 
is small (0.517 eV), suggesting strong interaction 
between perfect pyrite and butyl-dixanthogen. The 
incorporation of Co and Ni impurities significantly 
lowers the |ΔE2| (0.361 eV for Co-bearing pyrite and 
0.231 eV for Ni-bearing pyrite), while As, Se and Te 
 
Table 3 HOMO and LUMO orbital energy of perfect, 
impurity-substituted pyrites, and O2  and (C4H9OCS2)2, and 
absolute value of orbital energy difference between pyrite and 
either O2 or (C4H9OCS2)2. 

Species EHOMO /eV ELUMO /eV |ΔE1|/eV |ΔE2|/eV

O2 − −4.610 − − 

(C4H9OCS2)2 −5.215 − − − 

Fe16S32 −6.477 −5.732 1.837 0.517 

Fe16S31As −6.285 −5.709 1.675 0.494 

Fe16S31Se −6.461 −5.747 1.851 0.532 

Fe16S31Te −6.349 −5.726 1.739 0.551 

Fe15CoS32 −5.839 −4.854 1.229 0.361 

Fe15NiS32 −5.696 −5.446 1.086 0.231 
|ΔE1|=| LUMO

oxygen
HOMO
pyrite EE − |; |ΔE2|=| LUMO

pyrite
HOMO

)OCSH(C 2294
EE − |. 

impurities do not influence the |ΔE2| apparently. It can be 
speculated that Co and Ni would greatly enhance the 
interaction of pyrite with butyl-dixanthogen, while As, 
Se and Te would have little effects on the interaction of 
pyrite with butyl-dixanthogen. This is in agreement with 
the processing practice of pyrite that the pyrite 
floatability typically gets better due to the presence of Co 
or Ni. 
 
4 Conclusions 
 

1) The presence of Co, Ni As, Se and Te impurities 
makes the expansion of pyrite lattice, and the extent of 
the expansion increases in the order: Co<Se<Ni<As<Te. 
In addition, the computed electronic density shows that 
all the impurity atoms have covalently bonded to their 
surrounding atoms. 

2) Co and Ni mainly affect the electronic structures 
near Fermi levels, while As mainly affects the electronic 
structure at shallow and deep valence bands, and Se and 
Te impurities mainly affect the electronic structures at 
deep valence bands of pyrite. 

3) At the impurity concentration of 2.08%(mole 
fraction), Co-, Ni-, Se- and Te-substituted pyrites are 
predicted to be spin-neutral, while As-substituted pyrite 
is predicted to be spin-polarized. 

4) The interaction of pyrite containing different 
impurity with oxygen and xanthate were studied using 
frontier orbital method. The presence of As, Co and Ni 
can enhance the oxidation of pyrite, while Se and Te 
would not affect the oxidation of pyrite. Co and Ni can 
greatly enhance the interaction of pyrite with 
butyl-dixanthogen, while As, Se and Te have little effects 
on the interaction of pyrite with butyl-dixanthogen. 
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摘  要：采用密度泛函理论计算含有砷、硒、碲、钴或镍等杂质的黄铁矿的结构和电子性质，并采用前线轨道理

论讨论含杂质黄铁矿与氧气和黄药的反应活性。杂质的存在使黄铁矿晶胞体积膨胀。钴和镍主要对费米能级附近

的能带产生影响，而砷杂质主要对黄铁矿浅部和深部价带产生影响，硒和碲主要影响深部价带。电荷密度分析结

果表明，所有的杂质原子都与其周围的原子形成较强的共价相互作用。前线轨道计算表明，砷、钴和镍杂质对黄

铁矿的 HOMO 和 LUMO 的影响比硒和碲杂质大。此外，含砷、钴或镍的黄铁矿比含硒或碲的黄铁矿更容易被氧

气氧化，而含钴或镍的黄铁矿与黄药捕收剂的作用更强。计算结果与观察到的黄铁矿实际情况相符。 
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