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Iron monosulfides, Fe; xS (0 < x < 0.125), are extremely complex in their chemical and physical
behaviours, which are largely attributed to their nonstoichiometric nature and myriad superstructures.
The chemical composition of Fe;_«S affects the polymorph formation for iron monosulfides, their
mineral reactivity, surface sulfur fugacity, and thermal expansion. In this paper, the effects of cation
vacancy and crystal superstructure on the thermodynamics of iron monosulfides are reviewed and
discussed.
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1. Introduction

Iron monosulfides is also known as pyrrhotite group minerals that possess the NiAs-type
substructure. [1,2]. This term includes troilite, monoclinic and hexagonal pyrrhotites. They
crystallize in the hexagonal or monoclinic system; troilite (FeS) is hexagonal, whereas
pyrrhotite (Fe;_xS) may be either monoclinic or hexagonal. These minerals appear usually in
massive form, and occur chiefly in basic igneous rocks. Interest in the pyrrhotite group arises
from their occurrence in metallurgical process, their properties, and their common occurrence
in ore deposits of many types. They are all derivatives of the NiAs structure [3, 4]. Pyrrhotite
minerals are abundant in nature, dark, brownish rusty colour on the surface, commonly found
in ultrabasic rocks, hydrothermal mineral deposits, and contact-metasomatiic sediments. They
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are often in paragenesis with pyrite, chalcopyrite, pentlandite, and magnetite. Better under-
standing of the effects of cation vacancy and crystal superstructure on the thermodynamics of
iron monosulfides is of commercial interest for mineral processing industry. For the clarity of
discussion, the results being presented were thermodynamic data of synthetic materials.

2. Polymorphs

2.1 Troilite

Troilite is a stoichiometric or near stoichiometric iron sulfide (Fe;_S, x = 0 ~ 0.05), having
2C superstructure of NiAs-type (a = +/3A, ¢ = 2C where A and C are the axes of the NiAs
subcell common to troilite and pyrrhotites), and P62c symmetry below 140 °C [5-10]. It has
a hexagonal close packed structure with [FeSg] and [SFeg] units. Troilite shows distortions
from ideal NiAs lattice positions (figure 1a); triangular groupings of iron atoms are displaced
in the ab-plane forming contracted and dilated triangular units. The sulfur network is much
less distorted with only a slight displacement of one-third of the sulfur atoms along the c axis,
away from the centre of Fe cluster [11]. The Fe cluster formed by three Fe atoms on ab-plane
is shown in figure 1b. Neighboring Fe triangular clusters are positioned in two ways: stack
directly above one another along c axis, and situated obliquely above one another (figure 1).
Thus, a line connecting Fe atoms along c axis is alternately parallel and inclined to c. The
position of a iron cluster in the troilite cell is shown in figure 1c. The formation of Fe-Fe
cluster is caused by Fe-Fe bonds formed by 3d electron overlapping when Fe-Fe distances
below the critical value, 3.0 A [12].

In nature, troilite is not as abundant as other metal deficient pyrrhotite ores, and forms
under strong reducing conditions [7]. One such reducing environment is in swamps, where
anaerobic bacteria can reduce sulfate to sulfide. Studies of swamp sediments show only low
concentrations of troilite, but an abundance of fine crystalline pyrite [11].

(a) (b)

Figure 1. (a)Partial configuration of S and Fe atoms long c axis in the NiAs structure. (b) Partial atom configuration
in troilite along c axis. Triangular Fe clusters are surrounded by distorted sulfur octahedrons. (c) Fe clusters in the
troilite cell, which is derived from the NiAs cell by doubling the ¢ axis, with a axis deviating by 30° in ab-plane
[12,53].
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2.2 Monoclinic pyrrhotite

Monoclinic pyrrhotite can be perceived as a derivative from FeS by substraction of one iron
atom per eight (FeS) units. The resultant structure contains layers of Fe sites separated from
layers of iron sites with vacancies by sulfur atoms, thereby lowering the symmetry of the
system from hexagonal (FeS) to monoclinic (Fe;Sg) [13, 14]. The 4C monoclinic structure
may be regarded as the result of a slight distortion of the hexagonal structure [15], in which
the c axis tilts with respect to the basal ab-plane [16]. The phase Fe;Sg adopts a monoclinic
structure in which vacancies are confined to every other site in alternate rows of sites within
the vacancy layer. The vacancy layers are stacked in an ABCD sequence, quadrupling the unit
cell along the stacking direction and leading to a superstructure of 4C. The various vacancy
arrangements, A D, are shown in figure 2a.

The 4C (quartet along c axis) superstructure of pyrrhotite can be expressed as
(... FAFBFCFDF...), where F represents a layer free of cation vacancies (figure 2b).
Monoclinic pyrrhotite is not stable at high temperatures. Synthetic pyrrhotites through quench-
ing technique are normally hexagonal even if the bulk composition were prepared with iron
and sulfur in proportions appropriate to Fe;Sg. Subsequent prolonged annealing at around
200°C is required to convert hexagonal Fe;Sg to monoclinic Fe;Sg [17].
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Figure 2. 4C monoclinic superstructure of pyrrhotite. (a) four different vacancy arrangements in cation layer, A,
B, C, and D. (b) Stacking sequence of vacancy layers and vacancy free layers [13, 14].
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2.3 Hexagonal pyrrhotites

Same as in monoclinic pyrrhotite, vacancy layers in hexagonal pyrrhotites determine the struc-
tural and magnetic properties of the various phases in pyrrhotite group (from monoclinic to
hexagonal NC structures). The phase relations between different superstructures are shown in
figure 3. A repulsion effect among vacancies in pyrrhotite was observed. This observation was
further developed by Powell (1983) into the Vacancy Avoidance theory, which has been used to
study the superstructures of pyrrhotite caused by vacancy ordering [18]. At high temperatures,
the vacancy distribution is random and the unit cell of pyrrhotite is equivalent to the NiAs
subcell, as called 1C structure [19]. When the temperature decreases, the vacancies start to
order and form superstructures of NiAs subcell [20]. At very low temperatures (<300 °C),
the diffusion of vacancies is extremely inhibited that the preservation of high-temperature
structure becomes possible [21-24]. Many natural hexagonal pyrrhotites were formed during
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Figure 3. FeS-FeS, phase diagram [5, 30,43, 58,61, 63].
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a quenching process. The superstructures of NiAs subcell, except for 4C and 2C (see figure 3),
contain nonintegral x-ray reflections attributed to the statistical contribution to diffraction
maxima determined by domain structures involving filled and partially filled iron sublattices
[25]. Formation of superstructures does not affect the short-range atom configurations. Many
of these hexagonal superstructures have very close composition but they appear to behave
as separate phases and were normally treated as such when delineating phase diagrams. The
hexagonal structures of MC (2A/MC, M = 3.0 ~ 4.0), NA (NA/3C, N varies continuously
between 40 and 90), and NC-types (2A/NC, N varies continuously between 3.0 and 6.0 [26])
were described by Nakazawa and Morimoto (1970, 1971) [27,28]. The trigonal structure
of pyrrhotite is considered a special case of hexagonal pyrrhotite when M =~ 3. The most
commonly found superstructures in nature, SC (FegSg), 6C (Fe;;S12), and 11C (Fe0Sy)),
characterized by their c-axis periodicity, can all be related to one or more of Nakazawa and
Morimoto’s classifications [26, 29]. These superstructures are also described in terms of stack-
ing of fully occupied and ordered defective iron layers normal to the c-axis. Each structure
is characterized by a regular succession of such layers, corresponding to an integral supercell
multiplicity N, where ¢ = NC (C is the ¢ parameter of NiAs subcell). The multiplicity N
is related to the general chemical formula Fey,_ Sy, (m > 8) by N = 0.5m (when m has a
even value), or N = m (when m has an odd value) [29]. This formulism only serves for the
convenience of describing the superstructures in pyrrhotite. In fact, pyrrhotites with noninte-
gral multiplicity superstructure are more common, as the m (as in Fe,,_;Sy;) is not necessary
integer and changes continuously with composition and temperature [29]. Deviations from the
ordered succession give rise to non-integral N values, and thus to an incommensurate c-axis
[30-32]. These pyrrhotites are often referred to as hexagonal pyrrhotite, which have composi-
tions in the region of at.% Fe between troilite and monoclinic pyrrhotite. These superstructures
can either expressed as FegS1o, Fe190S11, Fe11S1, or a mixture of the stoichiometric phases with
troilite or with monoclinic pyrrhotite [13,26, 33, 34].

3. Enthalpy, entropy, and Gibbs free energy

When reactions involve pyrrhotite group minerals, it is practical to use thermodynamic param-
eters (G, S, H) to evaluate the nature of a reaction such as: equilibrium conditions, and
activation energies of a reaction. These parameters vary with temperature, pressure, activ-
ity, etc., but they all can be deduced from the values of these parameters under standard
conditions (1 atm., activity of pure chemical = 1). A large number of experimental studies
and evaluation of the equilibrium thermodynamic properties of pyrrhotite group are avail-
able [35—41]. Their results are comparable. The standard molar enthalpies and entropies of
pyrrhotite formation have been systematically measured for non-stoichiometric compositions
(Fe;—xS, 0 < x < 0.125) using calorimeter [30]. The standard molar Gibbs free energy of
formation of these non-stoichiometric compounds can be deduced in a statistical model pro-
posed by Sglen and Grgnvold (1987) [39]. In order to compare the thermodynamic properties
of different pyrrhotite compositions, the molar thermodynamic parameters are normalized
to per mole atoms rather than per molecular formula (e.g. FeS and Fe( ¢3S are normalized
to (1/2)FeS and (1/1.98)Fe ¢3S, respectively). The enthalpy and entropy of formation for
pyrrhotite group within composition range FeS to Fe gsgS are illustrated in figures 4a and b.

These properties vary with composition and temperature, therefore only curves for
the boundary compositions FeS to Feg gsgS are shown in figure 4 for clearer representation.
The standard molar Gibbs free energy of formation (A¢Gy,) is most useful in determination
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Figure 4. Variation of (a) standard molar formation enthalpy, (b) standard molar formation entropy, and (c) standard
molar formation Geeb’s free energy of pyrrhotite with temperature. (d) Variation of standard Geeb’s free energy with
x (as in Fe;_«S) [30].

of the direction and tendency of a reaction. Figures 4c and d show the A;Gp;, dependence on
pyrrhotite composition and temperature.

4. Dependence of sulfur fugacity on stoichiometry

There are many published data on the dependence of sulfur fugacity on the non-stoichiometry
of pyrrhotite [18, 38,42]. The equilibrium between S in pyrrhotite and S vapor can be written
as:

1
Spo <—> ESQ 0 (1)

where S, is the sulfur in pyrrhotite; S;, the sulfur vapor.
The chemical potential of sulfur in both states follows the equation:

1

Ws.po = SHs;1 2

where s p, and us, 4 are chemical potential of sulfurin pyrrhotite and sulfur vapor respectively.

The equilibrium sulfur fugacity of non-stoichiometric pyrrhotite Fe;_S depends on both x
and temperature. The upper limit of x is 0.125, the Fe;Sg composition. The defects in pyrrhotite
are mainly Fe vacancies, which are depicted by x. The interactions between Fe atoms and the
vacancies are likely to be very strong, vacancies preferring Fe rather than vacancy nearest
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neighbors. Therefore, the chemical potentials in equilibrium are related as:
Ms,po = Mas = Mg + RTInx + 26y — epere — &a1) (1 — x)? 3

where epe;, and epere, and ¢, are paring energy between Fe-vacancy, Fe-Fe, and vacancy-
vacancy, respectively. R is gas constant. T is temperature. Thus, the Darken’s quadratic
formalism is derived by substituting equation (2) to (3). It provides the justification for plotting
sulfur fugacity data against x. The formula is shown as follows [43]:

2
Infy, = ﬁ[A +B(1 — x)?] + Inx 4)

where fs; is the sulfur fugacity in equilibrium. A = u3g -us» 1. B = 2&p), — &pere — €12 Rau
(1976) and Powell (1983) have studied extensively on the relation between fs, and x and
concluded that within the x range 0 < x < 0.125 the B is a constant of —206 kJ [18,41]. The
parameter A can be determined as a function of temperature using the least square method fit-
ting the data of Rau (1976) as: A/kJ = 0.09T/K + 68 [41]. Therefore, the empirical equation
of In fsp vs x is:

2
In fs, = ﬁ[0.09T —206(1 — x)> + 68] + Inx (5)

As shown in equation (5), sulfur fugacity is a function of pyrrhotite composition and tem-
perature. Extra care should be taken when using equation (5) to relate fs,, T, and X, as this
equation was deduced on the assumption that no new phase exsolved in the temperature range.
In another word, this equation only valid for a two phases system, sulfur gas-homogeneous
pyrrhotite.

5. Dependence of FeS activity on stoichiometry

It has been proven that point defects in pyrrhotite are mainly iron vacancies [18,41,44-48].
The vacancies on iron sites can be expressed as a solid solution between the stoichiometric
FeS and AS, a fictive solid with pyrrhotite structure but all the cation sites are empty. The
activities for stoichiometric FeS and pure AS under standard state are defined as 1. Pyrrhotite
group Fe|_,S has activity state that deviates from its stoichiometric composition, therefore its
activity (ages 7 1). The solid solution is described as:

(1 — x)FeS + xS —> Fe;_xS (6)

In this nonideal solid solution, the activity coefficient (y) is related to the mole fraction (N)
as follows:
RTIny = G2(1 — N)? (7)
Where G is the excess partial molar free energy at infinite dilution [41, 45].
Activity (o) is related to the activity coefficient and mole fraction by « = yN. Then, gives:

RTIndges = RTINNEes + G2 (1 — Npes)? (8)

where Ng.s = 1 — x according to equation (6). The Dependence of FeS activity on x, then,
can be written as:

RTInages = RTIn(1 — x) + GPx? ©)

The value of GZ; has been experimentally determined by Froese (2003) and Rau (1970) to be
—218.18kJ.mol~! [41,45].
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6. Thermal Expansion

The thermal expansivity of solid-state minerals is well represented by the following equation:
y(T) = Al/ly (10)

where Al = Ip — Iy, It and [j are linear length of sample at arbitrary temperature T and room
temperature 25 °C, respectively [51, 52].

Due to the overlapping of adjacent Fe outmost f,, orbitals parallel to c-axis, the Fe-Fe
distance along c-axis is shorter than that in ab-plane [53]. Thus, pyrrhotite is more rigid //c
than _Lc, indicating possible anisotropic thermal expansivity. This was proved by Tsatis (1988)
who measured the y ~ y (T) curve of monoclinic pyrrhotite (Fe;Sg) (figure 5) [51].

The thermal expansivity is positive in the temperature range 25 to 300 °C for the basal ab-
plane. In the direction //c, however, the thermal expansion curve shows a projectile nature,
becoming negative after T > 120 °C.

The anisotropism of pyrrhotite thermal expansivity determines different thermal expansive
behavior along different crystal axis. It may arise from the anisotropic internal stress field
[52]. The resulting anisotropic thermal expansion is in good agreement with the fact that the
average Fe-Fe distance along c-axis in pyrrhotite is smaller than that in ab-plane [54]. It is
convenient to integrate these direction dependent variables into one parameter, which includes
all the contributions from these variables. Thus, this parameter does not vary with direction.
It is more convenient to be used to describe the physical property of pyrrhotite. A widely used

14

12

1C

Ao x10°
i

100 200 300

24

T(°C)

Figure 5. The fractional change in length of pyrrhotite crystal perpendicular and parallel to c axis as a function of
temperature [51,52].
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parameter of this kind is thermal expansion coefficient («), is generally defined by:

1 dv
O=—— (11)
Vo dT

where V| is the cell volume at a reference temperature (usually the lowest temperature in the
considered thermal range). dV/dt is the change rate in cell volume with temperature.

Taylor (1970) and Tenailleaul (2005) investigated the thermal expansivity of a series of
pyrrhotite sample with various compositions. The results showed that the pyrrhotite composi-
tion does not significantly affect its thermal expansivity a slight decrease in thermal expansivity
occurs when pyrrhotite samples become more metal deficient, indicating that the thermal
expansion is damped by vacancy ordering or clustering [55, 56].

With increasing temperature pyrrhotite undergoes a magnetic transition at 315°C
(B-transition), transforming from ferrimagnetic to paramagnetic structure, accompanied by
abrupt cell parameter variations [57]. Wang and Salveson [63] explained the mechanism
of the magnetic structural transition in details. Tenailleaul ef al. [56] stated that pyrrhotite
will undergo a significant increase in thermal expansivity when T < Ty (B-transition tem-
perature, 315°C). It has been reported that the mean thermal expansion coefficients in the
temperature range 315 ~ 500 °C (T > Tjy) for pyrrhotite compositions FeS, Feg g4Nig 11S are
7.4 and 8.0 x 107> K~!, respectively. These values increase to 14.1 x 107> K~! (FeS) and
9.3 x 107 K~! (Fey.84Nig 11S) for temperature range 100 ~ 315°C (T < Tp) [56].

(102)
FeS

(102)| §(102)
Hexagonal FeixS + FeS

(102)

Hexagonal
FeixS

(102) )

Hexagonal FeixS

Intensisity (arbitary unit)

(102)
(202)\f1 (202)
Monoclinic + hexagonal Fe1xS

(202)M (202)

Monoclinic Fe1xS

2.05 2.06 2.07 2.08
d space (A)

Figure 6. djp2 Reflection position of NiAs subcell for different pyrrhotite phases [61].
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7. Dependence of dj(; reflection on superstructures

X-ray diffraction pattern has been successfully used for phase identification within pyrrhotite
group. The crystal structure of pyrrhotite group minerals can be more or less described as
superstructures of NiAs-type. The differences among the x-ray diffraction patterns for these
minerals, sometimes, are almost imperceptible due to poor crystallinity. However, the diffrac-
tion peak of (102) plane (a subcell plane of NiAs-type) is quite sensitive to composition and
superstructure type. Generally peaking, the d-space of (102) peak decreases in the sequence
of monoclinic pyrrhotite < hexagonal pyrrhotite < troilite. The decreasing d-space is related
to the increase in iron vacancy from FeS to Fe;Sg (shown in figure 6).

The shape and location of the d space of (102) in an x-ray diffraction pattern are commonly
used to qualitatively identify different pyrrhotite phases (e.g. monoclinic, hexagonal pyrrhotite,
and troilite). A single sharp peak (located at the right end in figure 6) having the largest d;q; is
from for FeS (troilite). The clearly separated double peaks, second pattern to the right end in
figure 6, represents FeS + hexagonal phases. The d;; of hexagonal pyrrhotite varies in a wide
range (from the third peak from left to the fourth one from left) due to its wide composition
range [58—60]. When pyrrhotite structure becomes monoclinic the former (102) peak splits
into two reflections (202) and (202) (pattern at the left end in figure 6) [61,62]. These two
peaks of monoclinic pyrrhotite ((202) and (202)) have approximately equal intensity and
0.006 A apart [62]. The second pattern from left is a split reflection with the intensity of the
higher angle (202) reflection less than the other reflection (202) 4 (102), indicating a mixture
of hexagonal pyrrhotite and monoclinic pyrrhotite.

8. Dependence of dy; reflection on composition

The composition vs djg, relation of Yund and Hall (1969) is widely used to quantitatively
determine the pyrrhotite compositions [63]. djo; in x-ray diffraction pattern varies with the
composition of pyrrhotite. The empirical is:

Y =45.212 4 72.86(d g2 — 2.0400) + 311.5(d gy — 2.0400)> (12)

WhereY is the composition of hexagonal pyrrhotite in atomic percent iron. The standard error
for this relation is 0.06 atomic percent iron.

As this method only applies to hexagonal pyrrhotites, the bulk compositions of monoclinic
pyrrhotite or mixtures of monoclinic+hexagonal pyrrhotites should be determined by convert-
ing the monoclinic pyrrhotite to a metastable hexagonal pyrrhotite through a heating process.
An example is shown as follows for the compositional determination for each phase in a
mixture consists of monoclinic (M) + hexagonal (H) pyrrhotites.

Step I H is calculated to have composition Fe,S; composition of M unknown; Weight
percentage of H equals to p.

Step 2 Heat the mixture (M + H) to temperature > 610°C, then quench in cold water. The
monoclinic pyrrhotite (M) has been converted to hexagonal pyrrhotite (H). Charge
shows a homogenous hexagonal structure.

Step 3 Bulk composition of the quenched charge is calculated to be FexS.
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Step 4 The former monoclinic pyrrhotite (M) has composition Fe,, S. m can be expressed as:

_ XhNpe(1 — p) + Ns(X — hp)
Nge(h — X) + Ns(1 —p)
where m, h, and X correspond to the iron contents shown as in Fe, S, Fey, S, and FexS.

Nre and Ng are the mole weights for Fe and S. p is the weight percentage of the original
hexagonal pyrrhotite in the charge.

13)

9. Concluding remarks

Iron monosulfide minerals are abundant in nature, involved in myriad mineralogical and met-
allurgical fields. However, they are extremely complicated from both a crystallographic and
chemical standpoint due to their nonstoichiometric nature, various polymorphs, and variable
magnetic and electronic properties a better understanding of the mineral chemistry and physics
of these minerals benefits many industrial and scientific areas. There are many compositional
and crystallographic variations of pyrrhotite minerals merit considerations from researchers
with different backgrounds.
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