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Abstract: The hydration structure of water molecule adsorption at different coverages of a monolayer
on a pyrite (100) surface were simulated using the density functional theory (DFT) method. The results
demonstrate that the Fe-O interaction weakens and the adsorption energy per water molecule decreases
with increasing water coverage, except at a monolayer coverage of 12/12 (i.e., full coverage). H-S and
H-O hydrogen bonds were formed on the nearest surface layer. When large amounts of water molecules
adsorb onto the surface, the adsorbed water molecules can be divided into three layers: the layer nearest
to the surface, the second nearest to the surface, and the layer farthest from the surface. The thickness
of the former two layers is approximately 5.5 Å. The three layers have water densities of 1.12 g/cm3,
1.08 g/cm3, and 0.95 g/cm3, respectively, suggesting that there is a strong interaction between the
pyrite surface and water molecules and the influence of surface structure on water adsorption reaches
a distance of more than 10 Å. Dynamics simulations suggest that the water molecules close to the
mineral surfaces are in an orderly arrangement while those far from the surface are disordered.
Keywords: pyrite, water molecules, adsorption
1. Introduction
Pyrite (FeS2), one of the most widely existing sulphide minerals on Earth (Tauson et al., 2008), is found
to coexist with other sulphide minerals (including Cu, Pb, Zn, etc.) and coal. Some studies have
indicated that when pyrite is exposed to air and water, the pyrite surface becomes hydrophilic due to
oxidation and hydrolysis reactions (Chander, 1991, Xi et al., 2019). In froth flotation, based on the
difference in mineral surface hydrophilicity, the hydrophobic minerals can be separated from
hydrophilic minerals. Hence, the adsorption of water on the mineral surface is crucial during flotation.
Some experimental and theoretical results indicate that an isolated water molecule is absorbed onto
the pyrite surface through interaction between the outermost layer Fe and O atoms and the adsorption
energy of an isolated water molecule can reach more than -50 kJ/mol (Stirling et al., 2003, Sit et al., 2012,
Rosso et al.,1999, Li et al., 2018, Nesbitt and Muir, 1994, Knipe et al., 1995). With an increase in H2O
dosage, Pettenkofer et al. reported that when the pyrite surface has intermediate coverage
(approximately 0.5L), the intensity of the Fe related signal is weaker and the associated O signal is
stronger than on the clean pyrite surface, via LEIS-spectra. For approximately 1L, only the O-associated
signal remains, suggesting that water molecules are preferentially absorbed onto the Fe site (Pettenkofer
et al., 1991). During the flotation separation process, the pulp contains excess water molecules and a
hydration layer will be formed on the surface and affect the interaction of flotation reagents with the
mineral surface to some extent as the hydration layer can hinder the adsorption of flotation reagents or
compete with the flotation reagents to adsorb onto the surface (Li et al., 2019). Chen et al. (2014) studied
the adsorption states of multi-layer water molecules on galena and pyrite surfaces. It is suggested that
there are clear differences in the relaxation and electronic properties after the adsorption of multilayer
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water molecules, which may affect subsequent interfacial reactions. Knipe et al. (1995) utilized X-ray
photoelectron spectroscopy (XPS) to analyse the interaction between sulphide surfaces and water
vapour for different water contents. They found that the interaction process of pyrrhotite and pyrite
with water is different and that water molecules interact with the Fe 3d (eg) orbital of the pyrite surface.
Based on some experiments on fracture surfaces, they proposed that the adsorption degree of water
molecules decreases with an increase in the vacuum layer. However, although the adsorption of the
multilayer water molecules on the pyrite surface has been intensively studied, based on the binding
energy of oxygen derived from XPS, it is suggested that it is difficult to propose a clear mechanism for
the interaction between water molecules and the pyrite surface.
The interfacial water at hydrophobic and hydrophilic mineral surfaces has a different structure (Jin,
2016), which is a significant parameter for flotation. Various analytical methods, e.g., XPS (Nesbitt and
Muir, 1994, Knipe et al., 1995, Feng et al., 2020, Guevremont et al., 1998), grazing incidence X-ray
diffraction (GIXRD) (Sandrina and Uta, 2010), and Fourier transform infrared spectroscopy (FTIR)
(Cheng et al., 2013) have been widely used to study the interfacial water structure between water
molecules and minerals. Moreover, density functional theory (DFT) and molecular dynamics
simulations (MDS) can be adopted to investigate the interfacial water structure at the atomic level
(Pettenkofer et al., 1991, Li et al., 2019, Philpott et al., 2004, Jin et al., 2015, Criscenti et al., 2018). Based
on molecular dynamics (MD), Philpott et al. (2004) analysed the interaction of the water-iron pyrite FeS2
interface. They suggested that water molecules closest to the pyrite surface are bound by covalent
interactions with the iron atoms in the grooves that are parallel to the crystal axis and approximately
two atoms wide. They discussed the density of water molecules on the surface of pyrite as a function of
distance. In addition, they found that the water molecules bound by iron and sulphur are obviously
connected in the hydrogen bond network and the interaction between the first water layer and pyrite
surface is stronger at high temperatures. Jin et al. (2015) also utilized MDS to study the interfacial water
structure at fresh and oxidized pyrite (100) surfaces. They discussed the influence of pyrite surface
properties on interfacial water. However, a detailed understanding of hydration structures on pyrite
surfaces is still required.
Therefore, this study focuses on the hydration structure after water molecule adsorption at different
coverages, including at 1/12, 6/12, and 12/12 of a monolayer, and 24/12, 36/12, 72/12, and 120/12 of
water in excess of a monolayer on the pyrite (100) surface through the calculation of density functional
theory (DFT) based first-principles. Molecular dynamics simulations were performed to investigate the
radial distribution function of water molecules on the pyrite surface at different temperatures.
2. Computational model and methods
Based on density functional theory (DFT) and the plane wave pseudopotential, geometry optimisation
was performed using the CASTEP (Clark et al., 2005, Segall et al., 2002) module. The generalised
gradient approximation (GGA) (Perdew 1992 and 1993) was used as the gradient correction
approximation and PW91 as the exchange-correlation functional. The DFT-D was adopted for the
treatment of the van der Waals force between water molecules. After testing, a plane wave cut-off
energy of 350 eV was chosen and the Brillouin zone was sampled with a special Monkhorst-Pack (Chadi,
1977) of a 1 × 2 × 1 grid. Ultra-soft pseudopotentials (Vanderbilt, 1990) were chosen to calculate the
interaction between valence electrons. The computed lattice parameters of pyrite are a = b = c = 5.3798
Å, which is close to the experimental value of 5.4160 Å (Prince et al., 2005). The pyrite (100) surface was
cut from an optimized bulk cell and a vacuum layer with 20 Å thickness was built along the z-direction.
A 3 × 2 supercell in the x- and y-directions was fabricated, with 12 Fe sites on the surface, and a slab
size with 15 atomic layers was adopted. The Fe atoms on the (100) surface were five-coordinated and
the S atoms were three-coordinated. We constructed the adsorption structures of the isolated water
molecule (1/12), six water molecules (1/2), twelve water molecules (full adsorption), and several layers
of water on the surface. In our simulation, the density of state, charge density analysis, and Mulliken
population were calculated for the state of water molecule adsorption on the surface. The calculation
parameters were set as follows: 0.002 Å of convergence tolerances for atomic displacement, 0.05 eV/Å
of the maximum force, and 0.1 GPa of the maximum stress. The self-consistent field (SCF) convergence
tolerance was set to 2.0×10–6 eV/atom. Valence electron configurations, Fe 3d64s2, S 3s23p6, and O 2s22p4,
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were calculated. For the calculation of the density of states, the value of smearing is 0.1 eV. All
calculations were conducted in the reciprocal space with spin polarisation.
The adsorption energy of water molecules on the pyrite (100) surface was calculated as follows:
&

𝐸"#$ = ' (𝐸')*+/surface − 𝑛𝐸)* +/surface − 𝐸surface 6

(1)

where Eads represents the adsorption energy, EnH2O/surface represents the total energy of water molecules
on the surface, and EH2O and Esurface represent water molecules and the 3 × 2 supercell energy before
adsorption, respectively. The lower the adsorption energy, the more stable the adsorption.
Molecular dynamics (MD) simulations using the Forcite module (Sun, 1998) were performed to
investigate the effect of temperature on the adsorption of water molecules. The NVT ensemble and
universal forcefield were used. The energy minimization model was chosen as the initial configuration
of the molecular dynamics calculation. The periodic boundary condition was used in the dynamics
simulation and the calculation was simulated with a time step of 1.0 fs and total simulation time of 100.0
ps.
3. Results and discussion
3.1. Adsorption of few water molecules
The adsorption structures of H2O molecules at coverages of 1/12, 6/12, and 12/12 are shown in Fig. 1.
The adsorption of an isolated water molecule has been widely studied through experimental and
theoretical methods (Stirling et al., 2003, Rosso et al., 1999, Li et al., 2018, Knipe et al., 1995, Pettenkofer
et al., 1991, Tichomirowa and Junghans, 2009). In this study, an isolated water molecule is adsorbed
onto the pyrite (100) surface with an adsorption energy of -62.81 kJ/mol and the length of the Fe-O bond
is 2.096 Å. Our simulated results are consistent with other experimental and theoretical results. In
addition, the two H atoms in water adsorb onto S sites with H-S hydrogen bond lengths of 2.578 Å and
2.833 Å. This is consistent with the calculations by Sit et al. (2012). They calculated an adsorption energy
of -65.7 kJ/mol for an isolated water molecule with a 2.13 Å Fe-O bond length.
Figs. 1b–c show that as the water coverages increases, the Fe-O bond lengths increase (approximately
2.108 Å at 6/12 coverage and 2.125 Å at 12/12 coverage). At water coverage of 6/12 (half-full coverage),
there is no H-O hydrogen bond formed due to the long distance between water molecules but there are
H-O hydrogen bonds formed in addition to the H-S hydrogen bonds at 12/12 (full coverage). The
adsorption energy is calculated as -57.29 kJ/mol per water molecule at 6/12 coverage and -64.91 kJ/mol
per water molecule at 12/12 coverage. This result is not consistent with Sit et al. (2012) and Stirling et
al. (2003) who suggested that the adsorption energy per water molecule is reduced at full coverage
compared to at 1/8 and 1/4 coverage, respectively (their calculated model contains 8 and 4 Fe sites on
the top surface) but is consistent with the result of de Leeuw et al. (2000) who suggested that the
adsorption energy of the water monolayer is lower than that of an isolated water molecule on a planar
(100) surface. They calculated the water-water interactions to be attractive at -8.1 kJ/mol. Hence, they
proposed that the main reason for the reduced adsorption energy of the full monolayer is not due to the
repulsive interactions between the adsorbed water molecules themselves. Our simulation suggests that
in addition to H-S bonds, H-O hydrogen bonds are formed at full coverage, enhancing the adsorption
of water molecules. The water-water interaction can be clearly seen from Fig. 1c, where the H orientation
is changed compared to that at water coverages of 1/12 and 6/12. Stirling et al. (2003) proposed that
this is because the interaction of O-H is stronger than that of S-H.
It should also be noted that the bonding direction of Fe-O atoms is along the direction of the Fe-S
bond in the sublayer (the next layer below the top layer), indicating that water molecules are
directionally arranged on the pyrite surface. This phenomenon is consistent with the study by Philpott
et al. (2004) By analysing the concentration distribution of oxygen and hydrogen atoms, they
determined that the peak of the oxygen atoms surrounds the peak of the two hydrogen atoms,
suggesting that the direction of the water molecule formation in this layer is certain.
3.2. Adsorption of water molecules in excess of a monolayer
The adsorption properties of H2O on the pyrite surface in excess of a monolayer were then studied and
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Fig. 1. Adsorption structures of H2O molecule at coverages of 1/12 (a), 6/12 (b) and 12/12 (c) of a monolayer.
The blue dotted lines represent hydrogen bonds (including H-S and H-O)

Fig. 2 shows the adsorption structures of 2-6 layers of H2O molecules on the surface. The adsorption
energies of two layers, three layers, and six layers of water molecules were calculated as -46.43, -48.29,
and -46.46 kJ/mol per water molecule, respectively, which are less than that of a monolayer of water
molecules (-64.91 kJ/mol). These results indicate that the interaction between water molecules is weaker
than the interaction between water molecules and the pyrite surface, resulting in reduced adsorption
energy with increasing water molecules.

Fig. 2. Adsorption configuration of 2 layers of H2O molecule (a), 3 layers H2O of molecule (b),
and 6 layers of H2O molecule (c)
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Finally, the vacuum was filled with 120 H2O molecules (corresponding to 10 layers of H2O
molecules), producing a water density of 1.03 g/cm3. Fig. 3 shows the adsorption structure on the pyrite
surface. According to the adsorption structure, the water molecules can be divided into three areas in
the z-direction (the vacuum thickness is 20.0 Å); the first area within 5.5 Å above the surface (with a
thickness of 5.5 Å), the second area from 5.5 to 11.0 Å (with a thickness of 5.5 Å) above the surface, and
the third area from 11.0 to 20 Å (with a thickness of 9.0 Å) above the surface. It is shown that the
arrangement of water molecules is most regular in the first area. This can be ascribed to the ordered
adsorption of the first layer of water. The arrangement of water molecules in the second area also has
some regularity but those in the third area are arranged haphazardly. These results suggest that the
interaction between the pyrite surface and water molecules becomes weaker with increasing distance.
This is consistent with Philpott et al. (2004), i.e., as the distance from the surface increases, it gradually
decreases to the level of pure water density (1g/cm3).
The density of H2O molecules in different areas was calculated as shown in Fig. 4. It is demonstrated
that the densities in the first, second and third area are 1.12, 1.08 and 0.95 g/m3, respectively. This
suggests that the water close to the surface is tightly bound together owing to the strong interaction
with the surface. Interestingly, the adsorption of water molecules in the second area is also influenced,
although they are far away from the surface. However, the water density in the third area is apparently
lower than that in the former two areas. These results suggest that the interaction distance between
water molecules and the pyrite surface can reach 10 Å.
In addition, the structure of the adsorbed H2O molecule was analysed in terms of the H-O distance
and H-O-H angle (average value of the first layer of 12 water molecules bonded with Fe), as shown in
Table 1. It is shown that dH-O, as well as H-O-H angle, are reduced after adsorbing onto the surface,
compared to free H2O. It is clearly shown from Table 1 that the water molecules are somehow stretched
due to their hydrogen-bonding interactions.

Fig. 3. Adsorption configuration of ten layers of water molecules

The structures of water molecules at coverages of 1/12 and 6/12 are very similar as the water is
sufficiently dispersed with no interaction on the surface. With the increase in water coverage, there is a
great fluctuation in bond length and angle for the first layer of the adsorbed water molecules. The H-O
bond length changes significantly compared to 1/12 coverage. In addition, the average H-O-H angle
decreased. These results suggest that the structure of the first layer of the adsorbed water is affected by
the continuous adsorption of water, mainly generated from the formation of H-O hydrogen bonds
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between water molecules. This is consistent with the view of Stirling et al. (2003), that an additional
water molecule will change the geometry structure of the first water monolayer.
Table 1. H-O bond length and bond angle of water molecules before and after adsorption onto the surface. d
indicates bond length and α is an average value for the H-O-H angle
Water coverage
Theoretical valuea
Free H2O molecule
1/12
6/12
12/12
24/12
36/12
72/12
120/12
a Meng

dH-O/ Å
0.973
0.977
0.985
0.983-0.986
0.981-1.002
0.981-1.011
0.978-1.017
0.981-1.010
0.981-1.012

α HOH/°
104.85
104.94
106.27
106.29
106.22
106.44
104.95
104.49
105.92

et al., 2004

Fig. 4. Relative concentration profiles of O and H atoms of water molecules and between O atoms of water
molecules and Fe atoms of pyrite surface, as a function of distance from the top pyrite (100) surface atoms at 298K

3.3. MD simulations
3.3.1. Radial distribution function of water molecules
The radial distribution function (Li et al., 2019, Liu et al., 2013) reflects the probability density between
the two kinds of atoms and the aggregation characteristics of ions in the body. The radial distribution
function reflects the atomic distribution characteristics and thermodynamic properties of the system.
The radial distribution function can not only be used to study the order of matter but also to describe
the correlation of electrons. The calculation formula is as follows (Zhang et al., 2018):
𝑔89 (𝑟) = 𝑛9 /4𝜋 ∙ 𝜌9 ∙ 𝑟 A 𝑑𝑟
(2)
where 𝑔89 (𝑟) is the radial distribution function of β, nβ is the number of β ions around α in r →r + dr;
ρβ is the number density of β ions, and r is the distance between α ions and β ions.
Fig. 4 shows the radial distribution functions of O-O, O-H, and Fe-O at 298 K. It is found that gO-O,
gO-H and gFe-O are close to 1 when the water molecules are sufficiently far from the surface. According
to the results of radial distribution functions, it is suggested that water molecules which are closest to
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the surface are adsorbed regularly. With the increase in the distance from the pyrite surface, the
attenuation of the peak tends to be gentle and there is no obvious peak when the distance r is more than
10 Å, indicating that the arrangement of water molecules far from the pyrite surface is disordered.
Through the radial distribution functions of Fe-O, it is clearly illustrated that a water hydration structure
is formed on the pyrite surface. The radial distribution of O and O atoms in water molecules at 273.15
K, 298.15 K, 310.15 K, 323.15 K, 353.15 K, and 373.15 K is shown in Fig. 5. It was found that as the
temperature increased, only the position of the first peak changed. However, the positions of the second,
third, and fourth peaks are independent of temperature.
3.3.2. Water molecules transport
The relative concentration of water molecules along the z-axis is shown in Fig. 6. It is clearly found that
the adsorption configuration of water molecules on the pyrite (1 0 0) surface along the z-axis is layer by
layer. As is shown in Fig. 7, it is demonstrated that with the increase of temperature, the MSD of water
molecules is increased. This result is consistent with the simulated result of Brunello et al. (2011) It can
be seen clearly from Fig. 7 that MSD decreases as the amount of water molecules increases.

Fig. 5. Relative concentration profiles of the O and O atoms of water molecules as a function of the distance from
the top pyrite (100) surface atoms at different temperature

Fig. 6. Relative concentration of water molecules along (1 0 0) z-axis as a function of distance
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Fig. 7. Change of mean square displacement of water molecules as a function of time

4. Conclusions
Based on density functional theory (DFT), the adsorption structure of water molecules onto a pyrite
surface has been simulated. When water molecules are adsorbed onto the pyrite surface, the first layer
will be adsorbed along the direction of the Fe-S bond. H atoms in water molecules not only form a
hydrogen bond with sulphur atoms on the pyrite surface but also form a hydrogen bond with H and O
atoms in neighbouring water molecules. To simulate true water adsorption onto the pyrite surface,
multilayer water molecules were simulated. The interaction between the pyrite surface and water
molecules weakens with increasing distance. The analysis of molecular dynamics (MD) implies that
water molecules are adsorbed onto the near surface in an orderly manner and water molecules far away
from the pyrite (100) surface are disordered. The parts above the six layers are irregular. Through the
radial distribution functions of Fe-O, it is found that a water hydration structure is formed on the pyrite
surface. Then, the different coverage of water molecules may have an essential influence on the
interaction between the pyrite surface and other reagents.
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