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Pyrite is a common sulfide mineral, which has arisen early interest by its euhedral shape and by
its metallic glow similar to gold. However, it is only in our century that we began to understand pyrite
crystal growth, considering the thermodynamic and kinetic aspects of crystal formation as a function of
temperature and concentration of the elements present in the medium. This article reports an analysis
by molecular mechanics of 11 surfaces associated to observed morphologies in order to explain the
growth of natural and synthesized minerals. The lowest surface and attachment energies (respectively
1.04 J/m? and -20.3 kJ/mol) were obtained for the (001) plane, indicating that it is the most stable
surface and that kinetic growth also preferentially occurs on this plane. Less known properties, such
as crystal striations along the <100> directions, are also discussed.
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1. Introduction

Pyrite FeS, is the most common natural sulfide mineral
and has always attracted the interest of humankind. The spark
created when a crystal hits other harder material is probably
at the origin of the name, pyr, meaning fire in Greek. Well-
defined shapes, triangular, cubic or pentagonal facets, with
their symbolic appeal, and the golden metallic aspect explain
their power of fascination. The stone called fool’s gold led
several gold prospectors to bankruptcy. Ancient civilizations,
like the Maya, used pyrite as an ornament. This sulfide
has also been used in Chinese medicine and has industrial
applications in the field of catalysis (coal liquefaction),
photocatalysis, energy materials such as rechargeable
sodiumy/lithium batteries and solar cells '*. Pyrite is also part
of the biomineralization cycle of some organisms, such as
magnetotactic bacteria living in a sulfurous environment *'°.
It may have played as well a significant role in the origin of
life 12, The mineral has very common elements, Fe and S,
with no commercial value of its own. However, the stone is
present in the mineral markets. In fact, pyrite is commonly
found in mines during the extraction of coal or various metals.
This unfortunately causes environmental problems during the
drainage processes of the rocks where the dissolved pyrite
participates in the acidification of the rivers '*'%. The affinity
of pyrite for metals was always seen negatively, because it
made difficult the extraction of the most precious metals.
But today, this affinity is being explored, using pyrite to
extract metals from electronic waste '°.

*e-mail: corinne@ufscar.br

In the case of volcanic, sedimentary or metamorphic
minerals containing pyrite or of materials synthesized in
the laboratory, pyrite crystals are known to have different
morphologies with specific facets, i.e. cubic, octahedral,
dodecahedral crystals with pentagonal faces, or shapes
combining different facets such as cube modified by octahedron.
It is known that the growth of minerals is a function of the
conditions of the medium, such as the temperature and acidity
of the solution, the relative concentrations of the solutes in
the liquid phase, most importantly the supersaturation degree
of iron and sulfur solutes and partial pressures of the gases
above the solution. The various exposed facets are generally
well defined and show kinetic growth which vary according
to these conditions.

This article discusses some models optimized with molecular
mechanics to explain different observed morphologies. It
aims to bring new insights on thermodynamic and kinetic
growth to clarify the observed morphologies and striations
on surfaces. It is organized as follows. The next section
introduces the theoretical methodology used to simulate
pyrite surfaces and morphologies. Section 3 is devoted to the
description of morphologies of the different pyrite minerals
and the calculation of exposed surfaces. The theoretical results
are then discussed in section 4, analyzing the experimental
data in light of the existing theories.

2. Methodology

The focus of this study was the understanding of the forms
of pyrite crystals as a function of thermodynamic and kinetic
conditions. For that, surface energies (thermodynamics) and
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Figure 1. Crystal structure of pyrite (B-FeS,) ""(Fe in the center of
the octahedron, S: yellow spheres).

attachment energies (kinetics) of pyrite were estimated. In
this section, we present the classic method based on Born'®
model for the study of pyrite. Pyrite belongs to the cubic
system; the unit cell, seen in Figure 1, contains 4 FeS, units.
Iron atoms occupy the vertices and center of the faces in
the unit cell. The iron ion has coordination number 6 (i.e.
six sulfur atoms) and the sulfur ion a coordination of 4
(three Fe atoms and one sulfur). Iron atoms and S > dimers
occupy FCC (face centered cubic) sites forming a NaCl-like
structure. The pyrite space group is Pa3.

The classic simulations were done using the program
METADISE " (Minimum Energy Techniques Applied to
Dislocation, Interface, and Surface Energies). Various surface
terminations are created automatically using the Tasker"
approach. The reader will find a broader description of
the methodology in the work of de Leeuw et al.>* We have
used the same methodology with the same potentials in the
present work, calculating 11 {hkl} surfaces. The interatomic
potential was then built by adding Coulomb interactions and
Buckingham potential according to the relation:
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where g, and q, represent the charge of each ion, r, the
distance between the ions and A, p;; Care ion-ion parameters
in the Buckingham relation. We applied a cutoff of 20 A in
the simulation for short-range interactions. The S, dimer
was also defined by introducing a mathematical harmonic
function ¢ (equation [2]) with a constant force ki/_.
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where 1, represents the separation between the two
atoms at equilibrium.
Analogously, an angular interaction, 3-body S-S-Fe
term was introduced:
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Table 1. Interatomic potentials for FeS,

q(e)) Fe +2.0 S-1.0
Buckingham potentials A (eV) r(A)  C(eV/AY
Fe-S 94813.90 0.18125 0.0000
S-S 1777.08 0.33080  97.4915
Constant Force k (eV) r, (A)

S-S 8.44 2.23

3-body potential k (eV rad?) Q,

S—S-Fe 12.5 109.503

The parameters of the interatomic potentials are listed
in Table 1; the validity of these potentials was confirmed
by comparison of the simulated values with experimental
data'”2!12? (elastic constant, structural parameters, etc.).

The surface energy in vacuum, ¥, for the (hkl) surface
of the crystal, can be calculated from the following expression:

th — Ehkl _14{1:{ ~Ebulk (4)

where E, | stands for the energy of the (hkl) surface,

E, . represents the energy of the bulk normalized to the
number N of FeS, units considered in the supercell and A
corresponds to the surface area.

Surface energy is an index of the stability of the surface.
The lower the surface energy, the more stable the surface.
Therefore, thermodynamically stable surfaces may be inert,
while unstable and defective surfaces may favor reactions.
Surface reactivity is important in catalysis and corrosion
studies.

Attachment energy, following the theory of Hartman-
Perdok®, provides an understanding of the growth of crystals.
It corresponds to the energy released per mol by the growth
of a layer (or slice) of thickness d,, (interplanar distance)
which is an exothermic process. The attachment energy is
given by the expression:

17—
Zkl - Ebulk - -E'slioe

where E, is

the energy of the slice (hkl) per mol. Surfaces with high
attachment energy grow rapidly while the lower surface

is the lattice energy of the crystal, E

lice

energies are preferably exposed, thus defining the morphology
of the crystal. The morphology of an ideal crystal of fixed
volume minimizes the surface energy of the particle. It is
constructed using the law of Gibbs-Curie-Wulff %,

M hkl

By — @ (5)

where the M, value depends on the type of morphology

desired: one uses M, . = ¥, to obtain the morphology at

hkl
thermodynamic equilibrium under vacuum, using surface
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energies, or M, =| Fji| to get the morphology under kinetic

growth, using attachment energies; h . corresponds to the

distance from the center of mass of }:ﬁe solid to the (hkl)
surface and o is a characteristic constant of the material.

METADISE " software allows to derive the crystal
morphology under thermodynamic or kinetic control of the
pyrite using the energies extracted by classical methods.
The advantage of this technique is that one can model
various types of surfaces and generate morphologies using
a simple laptop.

The principles underlying the construction of crystalline
morphologies can be illustrated simply for the cubic unit
cell. The simplest morphology in this case is a hexahedron
with square faces, that is: a cube. The surface of the cube
is defined by the family of 6 {100} planes, i.e. by the six
surfaces. Two morphologies are defined by the family {h,
k, 0}, with 12 facets in both cases (dodecahedron with
parallelogram facets). In the case h = k (e.g. {110}), the
morphology is a regular dodecahedron; in the case of
h#k (e.g. {210}), an irregular dodecahedron with pseudo-
pentagonal facets is formed. In the simulated morphology,
the edge at the intersection between two twins gets a longer
distance compared to the other four edges. Finally, in the
case of the family {h, k, I} withh#k #1, one gets 24 facets,
corresponding to an icositetrahedron. If h =k =1, the shape
will have 8 facets forming an octahedron with triangular
facets. Some simulated morphologies, commonly found in
pyrite, are shown in Fig. 2.

3. Surfaces and Morphologies of Pyrite

3.1 Observed morphologies of minerals

We present three typical forms of pyrite crystals from
geological origin: cubic (Fig. 3a), octahedral (Fig. 3b) and
pyritohedral (Fig. 3c).

The cubic morphology is frequent in nature but natural
minerals are not perfectly cubic and form twins. We observe
3 different lengths along the a, b, c directions, in other word,
it is a rectangular prism. Striations are also observed on the
crystal surfaces with cubic morphologies (Fig. 3a), always
in [100], [010] or [001] directions. The largest crystal in
Figure 3a has a face of dimension 2.0 cm x 1.5 cm.

In the octahedral morphology (Fig. 3b), there are 8
facets from the {111} family. There is no striation on plane
triangles {111}. The square base of the crystal is 1.0 cm.

In the pyritohedral pyrite crystals (sizes around half
centimeter and below, fig. 4c), there are striations, such as
in the cubic case, along [100], [010] or [001] directions.
The twin facets (021) and (02-1) (and by complementarity,
the twin facets (0-21) and (0-2-1)) have striations oriented
along the [100] direction. Striations on twin facets (102)

Figure 2. Morphologies calculated a) with {100} cubic hexahedron,
b) pyritohedral dodecahedron (with {210}) ¢) octahedron ({111}),
d) {111} and {100} truncated octahedron, ¢) {110} dodecahedron,
f) {123}, icositetrahedron.

and (-102) are along the [010] direction and those on twin
facets (2-10) and (210) are along the [001] direction. We
can also observe for each twin that one facet is rougher
than the other. This pyritohedral morphology with this type
of striations is called positive pyrite, a denomination due
to Endo and Sunagawa®. Figure 5a schematically shows
the profile of the lines on the surface family {210} of the
observed pyritohedral pyrite. The same authors® have also
described pyritohedral negative pyrite. The orientation of
the striations is symbolized in Figure 5b. The pentagonal
facets of the natural mineral (Fig. 4c) are distorted.

Other forms of pyrite may be observed for example
with a combination of these facets with truncated corners
(such as truncated cube, truncated octahedron, truncated
dodecahedron) and / or appearance of other facets (such as
{310}, {410} and {320})*.

3.2 Calculated surfaces
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Figure 3. Crystals of pyrite with a) cubic morphology ({100}) (C. Arrouvel), b) octahedral ({111}) museum donation Urca, Rio de Janeiro

c) pyritohedral ({210}) (C. Arrouvel, origin Peru).

Figure 4. Pyritohedral pyrite (dodecahedron with pentagonal facets) a) positive; b) negative.

The most common facets were calculated using METADISE
in order to evaluate the structure, stability of each surface
and deduce the morphology of the crystal. The classical
methods allow calculating a higher number of surface types
with higher Miller indices (see Table 2). The order of stability
using classical potentials given in Table 1 is:

(001) < (310) < (210) < (320) < (110) < (540) < (311)
<(430) < (211) < (410) < (111)-Fe.

Lower energy surfaces, as given after relaxation are
the most stable. The most stable surface is thus the surface
(001) giving a cubic morphology when pure. The other stable
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Figure 5. Polyhedral representation of surfaces (optimized using force field) a) (100), b) (111), ¢) (210), d) (310).

Table 2. Surface energy and structure of the facets of Miller indices {hkl}.

Attachment Surface energy  Surface energy
Indexes dnm(A) energy unrelaxed relaxed Termination gt);/ze;ffn};‘; (S:Z;r/af;zs)
V) O Om?) (1) Um?)
001) S 1.82 0.21 1.29 1.04 S182 6.7 6.7
(001) Fe 1.82 5.65 5.87 4.67 Fe 33 6.7
(110) 3.87 0.50 2.48 1.97 S1.82 4.7 9.4
(111) Fe 3.16 1.31 4.78 322 Fe 3.8 11.5
11y s 3.16 1.31 4.89 3.38 S182 7.7 7.7
(210) 245 0.62 2.11 1.65 S182 6.0 8.9
(211) 2.24 1.38 3.65 2.62 S1.82 6.8 8.2
(310) 1.73 0.70 1.90 1.47 Fe S1 82 6.3 7.4
(311) 1.65 1.47 3.06 225 S1.82 6.0 8.0
(320) 1.52 1.14 2.28 1.79 S182 5.5 8.3
(410) 1.33 1.94 3.33 2.86 S1.82 6.5 7.3
(430) 1.10 3.75 5.10 2.34 S182 6.0 9.3
(540) 0.86 3.74 4.52 222 Fe S1S2 6.2 8.8

d,,, : interplanar distances
hkl
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surfaces belong to the pyritohedral morphologies, such as
those observed in the Hispanic mines Cameros®.

Surface energies calculated according to classical and
quantum methods, reported in Table 3, agree in relation to
the order of stability of the surfaces. Some differences appear
between the results from ab initio calculations reported
by Hung et al. ”?® and those given by Alfonso ** (Table 3)
but they may be due to the different thickness choices of
surfaces, cutoff energies, k-points grid in the Brillouin zone,
stoichiometric versus non-stoichiometric models. Using force
field methods, we found that the (210) surface is more stable
than the stoichiometric (111) surface, a result that cannot
be compared with quantum results described by Alfonso %.
Indeed, in the latter case, the modeled (111) surfaces contain
sulfur in excess which results in stabilization of the surface,
according to calculations applying the chemical potential
approach; the surface energy of the stoichiometric surface
is not given by the author. The optimized stoichiometric
surfaces are represented in Figure 5.

Assuming the above surface energies calculated with
interatomic potentials, one may tentatively explain the
observed morphology of the crystal. Considering first a
growth in vacuum involving all surfaces, the cubic growth
dominates. The two other typical shapes are possible with a
strong stabilization of the {210} and {111} facets respectively.
However, the relative stabilization of each surface depends
on partial pressures and temperature. We delay the respective
discussion concerning observed crystal morphologies until
the next section and focus here on the structure of the three
commonly observed surfaces: (001), (210) and (111) surfaces.
The (310) surface is also briefly described, being the second
most stable of calculated surfaces.

On the (001) surface, there is a slight decrease of the
Fe-S distances to 2.21 A (compared to 2.29 A in the bulk).
50% of surface Fe are 5-coordinated and 50% of S are
3-coordinated. On the surface (210), the Fe-S distances
decrease to 2.12 A and the distances S-S increase to 2.33 A
(compared to 2.18 A in the bulk). The Fe is 4-coordinated
and S 2-coordinated. There is also a 5-coordinated Fe and
a 3-coordinated S. On the (111) surface, the Fe atoms are
positioned above the S atoms contrary to the (001) and
(210) surfaces. The most external sulfur is bound to 2 Fe

Table 3. Surface energies from the literature.

Surface energy (y,,)

Indexes  (Jm?) Force Field (de DFEES zr;g et Allf)ol:go”
Leeuw et al.??)

(001) 1.23 LO6%(001)S 121

(110) 2.58 1.68%(110)-S  1.79

(110) fac 1.54 (mfy®

(111) Fe 5.09

(111) S 5.15 1.407(111)-S  1.49

(210) . 1.50Y(210)-S 1.6

note: DFT = Density Functional Theory
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atoms, at a distance of 2.08 A and the S-S dimer of 2.25 A
perpendicular to the surface. In the cell of the (310) surface,
there are two 4-coordinated Fe, three 5-coordinated Fe, one
doubly-bridging S and six triply-bridging S. The shortest
Fe-S is 2.12 A, with the doubly-bridging S species. The
distances of surface S-S dimers are slightly higher: 2.21 A,
223 Aand 2.34 A.

4. Discussion

The crystal structure of pyrite is known and it is easily
reproduced using classical and quantum methods. X-ray
diffraction is the key method allowing deducing the structure
of the unit cell with the atomic positions. The classical
calculations are based on experimental data and reproduce the
pyrite structure. In the initial chosen structure'’, the distance
parameter of the cubic cell is a=5.418 A. After optimization
(without imaginary frequencies) using METADISE, the cell
parameter is a=5.480 A, with a deviation of only 1.1% from the
experimental values. The calculated dielectric constant is 2.31
(against experimental value of 10.9 for the n-type pyrite?') and
the elastic constants C, =31.99 x 10" dyn/cm’ (i.e. 320 GPa),
C,,=5.54x 10" dyn/cm?’ (i.e. 55 GPa),and C,,=10.80 x 10" dyn/cm’
(i.e. 108 GPa) (C, =38.18,C ,=+3.10, C,,= 10.94, in units
of 10" dyn/cm? from Simmons and Birch??). Our results are
similar to those given by Sithole et al.*

The surfaces have a different role and applications in
catalysis / photocatalysis. Pyrite growth, whether on the
geological scale or synthesized in the laboratory, depends
on external conditions. Under the conditions of low [S] /
[Fe] ratio (low sulfur content, high iron content), {001}
facets grow first and in the opposite case of sulfur-rich
environment, the {210} and {111} facets are favored *-!-33,
The effect of the sulfur content can be evaluated theoretically
using the chemical potential method. Several studies based
on quantum calculation techniques apply this method to
explain the growth of crystals *3'*%. Not only the sulfur
content defines the growth direction of the crystal but also the
adsorption of species can block the growth of a surface and
modify the shape of the crystal. For instance, cubic particles
are synthesized when ethanol:H,O solutions are used as the
solvent 3, while {111} facets are exposed in the presence of
As* or when ethanolamine:H,O is used as the solvent®. The
solubility of pyrite is also one of the factors influencing the
growth / dissolution of the crystal and generating sulfuric
acid. Oxygen (O,) molecules participate, for example, in the
dissolution of pyrite *” while CI, SO,* anions inhibit pyrite
oxidation by adsorption . The morphology of pyrite also
has an influence on its dissolution and formation of acids.
Framboidal forms (aggregates of pyrite spheres similar to
a raspberry) are more easily oxidized than euhedral forms
(with well-defined facets) 3.

Kinetic and thermodynamic results obtained in the
present study, using classical techniques, indicate that the
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(001) surface is the more stable. Experimentally, the cubic
form preferably grows at high Fe content *'. The (310) and
(210) surfaces are also relatively stable and the morphologies
generated from them are pyritohedrons.

The morphology of pyrite thus depends on the sulfur
content, but also on the surfactants and solvents. For example,
chemisorption of oleylamine surfactant favors the growth of
the {210} surface *. A nonionic surfactant (Triton X-100)
favors the cubic morphology, that is to say with the stable
(100) surface, while polyvinyl pyrrolidone (PVC) favors the
octahedral morphology with the {111} facets *°. The cubic
morphology is also stabilized by solvents such as ethanol®
or ethanolamine?.

A characteristic of the {111} facet is that it is reactive
and the growth in the <111> directions is blocked with
As. Fe (II) ions are more exposed than sulfur ions, being
a particularity of the surface (111). The reactivity of iron
with arsenic is known, which may explain the specificity
of the octahedral growth of pyrite in the presence of this
element. The reactivity of pyrite with arsenic can be used
for the removal of the metal As in solution at controlled
pH*'. The adsorption of As on the pyrite surfaces is thus an
important property for removing the toxic concentrations
of the metal in the water.

A high sulfur content also stabilizes the (111) surface.
The ab initio calculations with inclusion of the chemical
potential in sulfur allow predicting the evolution of the surface
energies as a function of temperature and sulfur content®.
Similarly, ab initio calculations considering the chemical
potential show that water favors octahedron formation at low
temperature and that the cubic morphology is stabilized at high
temperature (above 450K)*!. This observation is consistent
with the thermodynamic (cubic) growth favored in vacuum
and, conversely, with the transformation of the cubic form
in the presence of water, leading to the exposition of the
(111) surfaces. Figure 6 shows two crystal shapes identical
to those synthesized by Yuan et al.**. We can even assert
that the crystallites have the same morphology but with a
different orientation: it is a truncated cube (six {100} facets
with eight {111} facets appearing with a triangular shape at

Figure 6. Simulated morphology using the Gibbs-Curie-Wulff
construction and surface energies ratio (111) / (100) = 1.2 with
orientations similar to Yuan et al.’®.

each corner of the cube). The ratio between the (100) and (111)
surfaces thus depends on the kinetics and temperature*, and
the results are consistent with the experimentally observed
morphologies. At the geological scale, the phenomena are
similar, the growth of pyrite in sulfur-saturated medium
favors the non-cubic (i.e., octahedral and pyritohedral)
morphologies®. Pyrite from the Peruvian mines represents
the two cases: with low sulfur content, the pyrite shape is
cubic (Fig. 4a), while in the supersaturated solution pyrite
is pyritohedral (Fig. 4c).

On the surface of the crystals there are well-defined
striations indicating a lateral dimensional growth*. Growth
directions belong to the <100> family and are visible on {100}
and {210} surfaces. Scanning Electron Microscopy (SEM)
enables to magnify the striations made of {100} blocks. Fig. 7
represents the pyritohedral morphology with the striations
observed by SEM from Fig. 3c. Our observations correspond
to the so-called positive pyrite, the usual orientation of the
striations in natural pyritohedral pyrite. So far our attempts to
encounter the so-called negative pyrite were unsuccessful; the
only report of natural pyritohedral negative pyrite is the work
published by Endo and Sunagawa®. The twin surfaces based
on (2+10) planes have striations along the [001] direction. In
order to observe the striations, (hkl) must have at least one
index equal to 0. If h =k =1, the facets are triangular in the
octahedral mineral with no observed striations.

5. Conclusion

The geological pyrite presents different morphologies
depending on the growth conditions, i.e. the temperature,
the Fe and S contents of the solution, adsorbed species. The
most common forms of pyrite are cubic (with 6 {100} facets),
octahedral (with 8 {100} facets), and pyritohedral with 12
distorted pentagonal facets. High sulfur content stabilizes
the pyritohedral and octahedral morphologies. Natural pyrite
crystals display anisotropies and in particular a striation
on some specific facets along the <001> directions. The
striations can be attributed to planes with at least one Miller
index different from zero. Electron microscopy analysis of
natural pyritohedral pyrite enables to point out that exposed
surfaces are not (210) surfaces but steps of (001) surfaces,
which is the thermodynamic stable surface. No striation is
associated to the (111) surface.

The production of synthetic FeS, is becoming important
for industrial applications such as catalysis, gas (photo)
detector, removal of pollutants and electronic devices, in
which the control of morphologies and particle sizes are
determinant factors. Further studies will focus on electronic
and magnetic properties of macro- and nano-pyrite using
ab initio simulations to better optimize its chemical and
physical properties.
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Figure 7. a) Orientation in the pyritohedral pyrite in the unit cell and b) SEM image (FEI Magellan 400) of the (210) surface with

striations along the [001] direction.
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