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properties of iron sulphides, and it emphasizes the impor-
tant role played by temperature/time in phase transitions.
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Introduction

Iron sulphide minerals are present in the Earth’s crust in 
various Fe–S phases, and mackinawite (FeS), greigite 
(Fe3S4), smythite (Fe9S11), pyrrhotite (Fe1−xS), and pyrite 
(FeS2) can be commonly found in nature. These minerals 
tend to be found in anoxic marine and lake sedimentary 
systems, hydrothermal systems, and near mid-ocean ridges 
(Morimoto et al. 1975; Chang et al. 2008; Devey 2009).

Mackinawite was first described by Evans et al. (1962, 
1964) and Devey (2009) from samples found in the Sno-
homish County (USA). Mackinawite is metastable and 
shows an anti-PbO-type crystal structure with layers of 
iron–sulphur tetrahedra bonding together via Van der Waals 
interactions (Lennie et al. 1995; Rickard and Luther 2007; 
Sines et  al. 2012). Mackinawite is commonly regarded 
as the first iron sulphide phase, which is formed from the 
reaction of Fe2+ with S2− solutions (Rickard and Luther 
2007; Sines et  al. 2012). Several studies on mackinawite 
syntheses mimic natural processes, e.g. biological precipi-
tations or co-precipitations of Fe2+ and S2− at ambient con-
ditions (Frankel and Bazylinski 2003; Jeong et  al. 2008; 
Sines et al. 2012).

Greigite was first discovered in Californian lacustrine 
sediments by Skinner et al. (1964), Chang et al. (2008) and 
Devey (2009). Greigite has an inverse spinel structure and 
is the sulphide analogue of the iron oxide mineral magnet-
ite (Fe3O4) (Roberts and Weaver 2005; Chang et al. 2008; 
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pyrrhotite were obtained during the synthesis processes, 
after 1 h at 120 and 160 °C, respectively. Greigite showed 
a granular morphology with particle diameters around 
30 nm, and pyrrhotite comprised stacked hexagonal sheets 
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Devey 2009); Fe3S4 and Fe3O4 have the same cubic crys-
tal structures with octahedral and tetrahedral sites (Letard 
et al. 2005; Devey 2009). The unit cell of greigite includes 
56 atoms, of which 24 are iron and 32 are sulphur. Eight 
Fe3+ atoms are in tetrahedral sites and the other Fe atoms 
(half Fe2+ and half Fe3+) in octahedral sites. Correspond-
ingly, sulphur atoms are formed in a closely packed cubic 
lattice (Devey 2009).

Smythite was first defined as an iron sulphide by Erd 
et al. from samples present in calcite crystals from Bloom-
ington (USA) (Erd et  al. 1957; Taylor 1970). The chemi-
cal composition of smythite was determined to be Fe3S4 
by Erd et al. (1957), and the composition was revised and 
later reconfirmed to be (Fe,Ni)9S11 by Taylor and Williams 
(1972). The crystal structure of smythite has a, NiAs-
derivative structure, and rhombohedral stacking of sulphur 
atoms is evident along the c axis. Moreover, smythite is 
strongly ferromagnetic (Erd et al. 1957). Synthesis of smy-
thite was originally accomplished by Rickard (1968) at 
25 °C and 1 atm. In nature, smythite is usually found asso-
ciated with rhombohedral carbonates (Rickard and Luther 
2007).

Pyrrhotite (Fe1−xS, with x  =  0–0.13) can be widely 
found in nature and has a crystal structure with alternat-
ing iron and sulphur layers, similar to the NiAs crystal 
structure. Morimoto et  al. (1975) studied pyrrhotite from 
different geological conditions and their results revealed 
abundant and widespread occurrences of three different 
pyrrhotites, namely, 4C (Fe7S8), nC (intermediate pyrrho-
tite, ranging from Fe9S10 to Fe11S12, and usually with non-
integral types of superstructure), and 2C (troilite). The 4C 
form is ferrimagnetic monoclinic, and the 5C, 11C, and 6C 
forms are anti-ferromagnetic hexagonal forms (Morimoto 
et al. 1975; Dekkers 1988). All of the iron atoms in pyrrho-
tite are present as Fe2+, and sulphur atoms have a chemi-
cal state of <2. Pyrrhotite often contains some vacancies, 
which are dependent on its chemical composition, and the 
vacancy distribution has been shown to be in relation to its 
magnetic properties (Dekkers 1988).

There is increasing interest in iron sulphide nanomate-
rials owing to their low cost and low toxicity, which make 
them competitive materials for electronic, magnetic, and 
photoelectric applications (He et al. 2006; Gong et al. 2013; 
Li et al. 2015). For example, mackinawite has been used in 
environmental remediation work, where it has been shown 
to effectively immobilize heavy metals and toxic ions 
through sorption mechanisms (Watson et al. 1995; Holmes 
1999; Mullet et al. 2004; Wolthers et al. 2005; Csákberényi-
Malasics et al. 2012). Greigite is important for palaeomag-
netic and environmental magnetic studies (Krupp 1994; 
Roberts and Weaver 2005; Chang et  al. 2008; Gao et  al. 
2015) and it has also attracted attention as an anode mate-
rial for lithium ion batteries (Apostolova et  al. 2009; Li 

et al. 2015); moreover, it has been investigated and utilized 
for hyperthermia treatments in biomedicine (Johannsen 
et  al. 2005; Chang et  al. 2011; Paolella et  al. 2011; Feng 
et  al. 2013 Vallejo-Fernandez et  al. 2013). Pyrrhotite geo-
thermometry has been applied to determine the temperature 
of ore bodies (Gupta 1965; Nekrasov and Besmen 1979). 
Finally, iron sulphides have been studied for nuclear waste 
storage applications in France (Bourdoiseau et al. 2011).

Because of the geological significance and numerous 
industrial applications of iron sulphide minerals, detailed 
understanding of their phase transformations and mag-
netic properties would be valuable. However, the formation 
pathways of iron sulphides are still not fully understood 
(Schoonen and Barnes 1991; Krupp 1994; Cahill et  al. 
2000). Previous work has mostly focused on the synthesis of 
iron sulphide minerals rather than on investigations of their 
physical properties (Taylor et al. 1979; Schoonen and Barnes 
1991; Cahill et al. 2000; Chen et al. 2005; White et al. 2015). 
Several studies have investigated high-temperature phase 
transitions beyond 200  °C, but few have looked at transi-
tions below 200 °C, and the mechanism of phase transition 
and related reaction formulas has not been examined (Len-
nie et al. 1997; Beal et al. 2012; Yuan et al. 2012; Gao et al. 
2015). In this study, iron sulphide minerals were synthesized 
by hydrothermal methods under anoxic conditions. Compari-
sons of ex situ and in situ experimental results allowed phase 
transition mechanisms to be identified, and magnetic proper-
ties at the micro- and macro-scale were also examined.

Experimental

Ex situ experiments

For ex situ experiments, thioacetamide (15  mmol) and 
FeSO4·7H2O (10 mmol) were dissolved in 50 mL oxygen-
free deionized water in a plastic glove box (Chen et  al. 
2005), and the solution was transferred to a 300 mL Teflon-
lined stainless steel autoclave. The autoclave was sealed 
and maintained at different temperatures (120, 130, 140, 
150, 160 and 170 °C) for 1 h for the different experiments, 
and then samples were allowed to cool down to room tem-
perature. The precipitates were then filtered and washed 
with oxygen-free distilled water and pure ethanol several 
times. Lastly, the samples were freeze-dried for 6 h.

An X-ray powder diffractometer (XRD, Bruker D8 
Advanced, Cu-kα) was used to identify the crystal structure 
of iron sulphides subjected to different experimental treat-
ments. The analysis was carried out at ambient conditions, 
and the scan range was 2θ = 15°–60° (a scanning speed of 
1°/min, step size 0.02°). The morphology of specimens 
was observed by transmission electron microscopy (TEM, 
Hitachi H-7500) with a tungsten filament and an accelerating 
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voltage of 40–120 kV; the selected area electron diffraction 
(SAED) was also performed to examine the mineral phase. 
The sample preparation for TEM (SAED) measurements was 
described as follows. The sample powders were dispersed 
in 100% deoxygenated ethanol and one drop was deposited 
onto a standard TEM support film (lacey carbon film on 
gold 200 mesh) and then dried at room temperature. These 
processes were all performed inside the glove box. Magnetic 
measurements were carried out via a superconducting quan-
tum interference device (SQUID, MPMS-XL7, Joint Center 
for high valued Instruments of Taiwan) and magnetic force 
microscopy (MFM, Bruker, Innova).

In situ experiments

For in  situ analyses, precursor solutions were prepared fol-
lowing the same procedures as for the ex situ experiments 
described above. Solutions were then put into individual 
35-mm-long quartz capillaries with 1.0 mm outer diameters, 
which were sealed by using two parts filled black epoxy 
with high-viscosity catalysts. The whole procedure was con-
ducted in a plastic glove box to avoid sample oxidation. The 
in situ XRD experiment was carried out on the BL17A1 and 
BL01C2 beamlines at the National Synchrotron Radiation 
Research Center (NSRRC) TLS light source in Taiwan. The 
ring energy of TLS was operated at 1.5 GeV with a typical 
current of 360  mA in the TOP-UP mode. The wavelengths 
of the incident X-rays were 1.32  Å (BL17A1) and 1.03  Å 
(BL01C2) delivered from the superconducting wavelength-
shifting magnet and an Si(111) triangular crystal monochro-
mator (TCM). The diffraction patterns were recorded using 
a Mar345 imaging plate detector approximately 180  mm 
away from sample positions and with typical exposure dura-
tion of 6 min (BL17A1) or 3 min (BL01C2). The pixel size 
of Mar345 was 100 μm. The two-dimensional diffraction pat-
tern was converted to one-dimensional powder diffraction pro-
file by program GSAS-II and cake-type integration. The dif-
fraction angles were calibrated according to Bragg positions 
of LaB6 standards. All the data presented in our figures were 
transformed to Cu-wavelength data. Samples were heated to 
the required temperature (120, 130, 140, 150, and 160  °C), 
and the temperature was maintained for 1 or 2 h. Real-time 
XRD measurements were performed after the required tem-
perature was reached and at every adjustment interval.

Results

Ex situ results

The XRD patterns of iron sulphides synthesized under 
hydrothermal conditions at different reaction tempera-
tures for 1 h are shown in Fig. 1. Cubic greigite (Fe3S4) 

with a lattice parameter of 9.88  Å was obtained at a 
temperature of 120  °C, which corresponds to the infor-
mation on the International Center for Diffraction Data 
(ICDD) card (No. 01-089-1998). When the temperature 
was increased to 130  °C, smythite (Fe9S11, ICDD Card 
No. 00-010-0437) was observed together with minor 
greigite, and this was maintained up to 140 °C. Greigite 
gradually disappeared and the peak intensity of smy-
thite decreased; then, pyrrhotite (Fe9S10, ICDD Card No. 
00-029-0724) was obtained at a temperature of 150  °C. 
Finally, pure pyrrhotite was obtained when the tempera-
ture was increased to 160 and 170  °C. The above-men-
tioned results are summarized in Table 1.

The XRD patterns of iron sulphides synthesized after a 
temperature of 120 °C and maintained for different time 
periods are presented in Fig. 2. Greigite appeared at the 
reaction time of 1  h, while smythite along with minor 
greigite was observed at 2 h. When the heating time was 
increased to 3 h, greigite disappeared (or the peak inten-
sity of greigite decreased) and then pyrrhotite occurred. 
Pure pyrrhotite was obtained with a heating time of up 
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Fig. 1   XRD patterns of iron sulphides synthesized under hydrother-
mal conditions at different reaction temperatures for 1 h
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to 6 h. These results for different heating times at 120 °C 
are summarized in Table 2.

In situ results

The in  situ synchrotron radiation XRD patterns of sam-
ples after 1  h at different reaction temperatures are 

presented in Fig.  3. At 120  °C, the peak intensity of 
mackinawite (ICDD Card No. 00-015-0037) was weak 
(Fig.  3a) and it clearly increased when the temperature 
was raised to 130 °C (Fig. 3b). The (220), (311), (400), 
and (440) peaks of greigite appeared when the tempera-
ture was maintained at 140 °C (Fig. 3c), and mackinawite 
was completely transformed into pure greigite at a tem-
perature of 150 °C (Fig. 3d). Greigite persisted at 160 °C; 
however, its intensity was very weak because of its low 
concentration of crystallites, the high absorption of water 
in the sealed quartz capillary, and movement of the sam-
ple owing to the high vapour pressure (Fig.  3e). The 
in  situ results for the different temperatures maintained 
for 1 h are summarized in Table 3.

The in situ XRD patterns of samples at different tem-
peratures maintained for 2  h are shown in Fig.  4. At 
120  °C, complete mackinawite peaks were observed 
along with the (311) and (440) greigite peaks (Fig.  4a). 
When the temperature was increased to 130 °C, the peak 
intensity of mackinawite reduced or disappeared and the 
peak intensity of greigite increased (Fig. 4b). Pyrrhotite, 
along with minor greigite, was observed at a temperature 
of 140  °C (Fig.  4c). The in  situ results for the different 
reaction temperatures maintained for 2  h are also sum-
marized in Table 3.

The morphology of pyrrhotite consisted of stacked 
hexagonal sheets, with individual sheets that were thou-
sands of nanometers in width (Fig.  5a), and its SAED 
pattern suggested that the structure belonged to pyrrho-
tite (Fig. 5b). Figure 5c shows a TEM bright filed image 
of greigite and the corresponding SAED pattern (Fig. 5d) 
indicates that greigite is a pure phase. This is because 
the SAED pattern shows clear and orientated diffrac-
tion spots and their d-spacings agreed with those in the 
XRD pattern, which corresponds to the greigite phase 
(each mineral phase has its characteristic SAED pat-
tern). This mineral demonstrated an irregular to granular 
morphology, with a grain size ranging from 30 to 300 nm 
(Fig. 5e).

Table 1   Results of mineral phases for iron sulphides synthesized at 
different reaction temperatures for the duration time of 1 h

a  Dominant phase
b  Minor amount in the product

Reaction temperature (°C) Phase

120 Greigite (Fe3S4)

130 Greigiteb (Fe3S4), smythitea (Fe9S11)

140 Greigiteb (Fe3S4), smythitea (Fe9S11)

150 Smythiteb (Fe9S11), pyrrhotitea (Fe9S10)

160 Pyrrhotite (Fe9S10)

170 Pyrrhotite (Fe9S10)
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Fig. 2   XRD patterns of iron sulphides under crystal growth at 
120 °C for various heating times

Table 2   Summary of products for iron sulphide minerals at 120 °C 
for different heating times

a  Dominant phase
b  Minor amount in the product

Heating time (h) Products

1 Greigite (Fe3S4)

2 Greigiteb (Fe3S4), smythitea (Fe9S11)

3 Greigiteb (Fe3S4), smythiteb (Fe9S11), Pyrrhotitea 
(Fe9S10)

6 Pyrrhotite (Fe9S10)
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Fig. 3   In situ synchrotron 
XRD patterns of iron sulphide 
minerals with crystal growth 
maintained for 1 h with reaction 
temperatures of a 120, b 130, c 
140, d 150, and e 160 °C

(a) (b)

(c) (d)

(e)

Table 3   List of mineral-
phases for in situ synchrotron 
experiments with different 
crystal growth conditions

a  Dominant phase
b  Minor amount in the product

Reaction temperature (°C) Heating time (h) Phase

120 1 Mackinawite (FeS)

130 1 Mackinawite (FeS)

140 1 Mackinawite (FeS), greigite (Fe3S4)

150 1 Greigite (Fe3S4)

160 1 Greigite (Fe3S4)

120 2 Mackinawitea (FeS), Greigiteb (Fe3S4)

130 2 Mackinawite (FeS), greigite (Fe3S4)

140 2 Greigiteb (Fe3S4), pyrrhotitea (Fe9S10)
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Magnetic properties

The magnetic properties of pyrrhotite (synthesized at 
160 °C for 1 h), as measured by a SQUID at 300 K with 
a magnetic field up to ±7 T, are shown in Fig. 6. The pyr-
rhotite was not yet saturated in this state and its coercive 
field (Bc) was 84.9  mT. The pyrrhotite belonged to the 
ferromagnetic type, which is in agreement with earlier 
studies (Schwarz and Vaughan 1972; Dekkers 1989; Dek-
kers and Schoonen 1994; Li 1996; Kontny et  al. 2000; 
O’Reilly et  al. 2000). The magnetic property of greigite 
(synthesized at 120  °C for 1  h) was measured at 300 K 
with ±1 T (Fig. 7). The hysteresis loop demonstrated fer-
rimagnetic behaviour of greigite with a saturation mag-
netization (Ms) of 62.7 Am2  kg−1, remanent magnetiza-
tion (Mrs) of 18.1 Am2 kg−1, coercive magnetic field (Bc) 
of 27.6 mT, and coercive magnetic field remanence (Bcr) 
of 52.5  mT. The Ms, Mrs, and Bc were determined from 
the hysteresis loops, following a paramagnetic slope cor-
rection; the Bcr was determined from the back-field rema-
nence curves. The Mrs/Ms and Bcr/Bc ratios were 0.29 and 
1.90, respectively. The Day plot is a way of classifying 
the domain states and grain sizes of magnetic minerals 
(Day et al. 1977; Parry 1982; Dunlop 2002; Rowan et al. 
2009; Fu et al. 2015). Based on the Day plot (Fig. 8), the 

greigite synthesized in this study was classified as a sin-
gle domain (SD) to a pseudo single domain (PSD).

Figure 9a–c shows the MFM topography, phase image, 
and the magnetic signal of greigite particles, respectively. 
These showed irregular to granular morphology with a par-
ticle size of around 100 nm (Fig. 9a), which corresponds 
with the TEM image. In the phase image (Fig. 9b), indi-
vidual nanoparticles presented a white area or a black 
region or a black and a bright area. In their correspond-
ing magnetic signals (Fig. 9c), the nanoparticles exhibited 
a positive or a negative signal, or a negative and positive 
MFM signals, which are characteristic of a single domain 
(SD) or a pseudo single domain (PSD). However, the mag-
netic critical size of SD for greigite was around 50–115 or 
23–204 or 12–198  nm, which was investigated by Mux-
worthy and Williams (2009), Roberts et  al. (2011), and 
Muxworthy et al. (2013). Therefore, the magnetic structure 
of greigite in this study was deemed to be a single domain 
to a pseudo single domain. In Fig. 9d, a possible magnetic 
structure for greigite is presented and the data indicated 
that greigite nanoparticles were magnetic carriers.

Table  4 gives an overview of the main magnetic prop-
erties of greigite from the literatures (Uda 1965; Spender 
et al. 1972; Hoffmann 1992; Dekkers and Schoonen 1996; 
Chen et  al. 2005; Chang et  al. 2008; Zhang and Chen 

Fig. 4   In situ synchrotron 
XRD results of iron sulphides 
with crystal growth maintained 
for 2 h at different reaction 
temperatures of a 120, b 130, 
and c 140 °C

(a) (b)

(c)
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2009), which are compared with the results of this study. 
Previous studies mostly defined domain states as PSD and 
SD, and Ms ranges from 3 to 59 Am2 kg−1 were observed. 
The greigite synthesized in this study had a high satura-
tion magnetization (62.7 Am2 kg−1), and therefore it may 
be useful for potential applications in the cancer hyperther-
mia work (greigite could be a fine candidate for applica-
tion in cancer hyperthermia because of its high self-heat-
ing capacity and low toxicity characteristics. The heating 

mechanisms of magnetic nanoparticles for hyperthermia 
applications are feasible and associated with susceptibility 
loss and hysteresis loss. A magnetic hyperthermia applica-
tion with magnetic nanoparticles has been discovered that 
can reduce tumour size in humans. Therefore, greigite in 
this study, with a high saturation magnetization, may be 
suitable for such application in this field) (Johannsen et al. 
2005; Chang et  al. 2011; Paolella et  al. 2011; Feng et  al. 
2013 Vallejo-Fernandez et al. 2013).

Fig. 5   a The low-magnification 
TEM image of pyrrhotite 
synthesized at 160 °C for 1 h, b 
SAED pattern corresponding to 
the [001] of pyrrhotite, c TEM 
image of greigite prepared at 
120 °C for 1 h, d SAED pattern 
corresponding to the [01−1] 
of greigite and e histogram of 
the grain size distribution for 
greigite sample as determined 
from ~100 grain counts from 
TEM observations
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Discussion

Mechanism of mackinawite formation

The starting materials used in this study were FeSO4·7H2O 
and thioacetamide (C2H5NS). In an acid solution, hydrol-
ysis of thioacetamide yielded acetamide and hydrogen 
sulphide at 90  °C (Butler et  al. 1958; Bourdoiseau et  al. 
2011), and then hydrogen sulphide dissociated into S2−. 
FeSO4·7H2O acted as the source of Fe2+, thioacetamide 
generated the S2− source, and then Fe2+ reacted with S2− 
to produce FeS (Sines et al. 2012). The possible reactions 
were:

Mackinawite–greigite transition

During the transformation from mackinawite to greigite, 
FeIII-containing mackinawite constitutes the intermediate 
between mackinawite FeIIS and greigite FeIIFe2

IIIS4. There-
fore, greigite formation first occurs through oxidation of Fe2+ 
to Fe3+ in the mackinawite lattice. However, our experiments 
were carried out under anoxic solution conditions, which sug-
gest that the reaction may be autocatalytic and anoxic H2O is 
the oxidant (Rickard and Luther 2007; White et al. 2015):

or

In this study, no Fe(OH)2 or FeOOH was found in the 
XRD pattern [no orange-brown or green precipitates 
(FeOOH or Fe(OH)2) appeared during the whole experi-
mental procedure]. Moreover, FeOOH and Fe(OH)2 would 
have been stable at pH = 7–9.3 and above pH 11, respec-
tively (Harrison 2008; Sharma 2012). Therefore, H2O is not 
the oxidant in the solution. We speculate that the oxidant 
may be H2S (Bourdoiseau et al. 2011), which was produced 
from CH3CSNH2. The possible reaction was as follows:

(1)CH3CSNH2 + H2O → CH3CONH2 + H2S,

(2)H2S → HS
−
+ H

+
,

(3)HS
−
→ H

+
+ S

2−
,

(4)Fe
2+

+ S
2−

→ FeS.

(5)4FeS + 2H2O → Fe3S4 + Fe(OH)2 + H2,

(6)4FeS + 2H2O = Fe3S4 + FeOOH + 1.5H2.

(7)3FeS + H2S → Fe3S4 + H2.
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at room temperature with a magnetic field up to ±1 T
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Fig. 9   MFM results of a 
topography, b phase image, c 
magnetic signals of greigite par-
ticles of A, B, and C, and d the 
corresponding magnetic stray 
fields of A, B, and C greigite 
particles (arrow is the magnetic 
direction of the N pole)



36	 Phys Chem Minerals (2018) 45:27–38

1 3

Greigite–smythite transition

Smythite is known to be obtained from different reac-
tion pathways. For example, smythite can be formed by 
oriented replacement of mackinawite or greigite (Krupp 
1994); it can also be synthesized by a quenching product 
from pyrrhotite (Fleet 1982) and at 25 °C via siderite react-
ing with H2S (aq) (Rickard 1968). Therefore, smythite can 
appear via controlling the reaction temperature, pH values, 
starting raw-materials, and so on.

From the observations in this study, we suggest that smy-
thite may be formed via oriented replacement of greigite. 
This means that the transformation from greigite to smy-
thite may have involved all of the tetrahedrally coordinated 
iron atoms moving to octahedral sites and some octahedral 
iron atoms moving into other octahedral sites. There must 
have been a translation in the sub-lattice (greigite exists in 
the slightly more iron-rich environment, Krupp 1994). The 
possible reaction was as follows:

Greigite–pyrrhotite transition

Skinner et  al. (1964) heated greigite in sealed, evacuated 
silica glass tubes. No change occurred after 165 h at 238 °C, 
and the first evidence of a breakdown occurred after 148 h 
at 282 °C when approximately 5% of the greigite had bro-
ken down to pyrrhotite plus S vapour. It was assumed that 
the excess sulphur generated from the breakdown was pre-
sent as a vapour phase in the free space of the silica glass 
tube. These results indicate that there is a kinetic problem 
involved, and runs of longer duration transformed greigite 
into pyrrhotite as follows: 3Fe3S4 → Fe9S10 + 2S(g).

The ex situ XRD pattern (Fig.  1) showed that pure 
greigite was synthesized after 1 h at 120 °C, and then other 

(8)FeS → Fe
2+

+ S
2−

,

(9)2Fe3S4 + 3FeS → Fe9S11.

phases appeared at different reaction temperatures. The ex 
situ results allowed the following reaction sequence to be 
established: greigite →  smythite → pyrrhotite. Moreover, 
the in  situ XRD data were able to detect the transforma-
tion from mackinawite into greigite because of the higher 
energy of the synchrotron radiation compared with the 
laboratory equipment used in the ex situ analysis. This 
demonstrated that mackinawite is the first mineral phase 
in the formation pathway of iron sulphides. Fe9S11 was not 
observed in the in situ XRD patterns; this may have been 
due to the Fe9S11 being metastable, and thus the process of 
transformation was too fast for detection.

In this study, similar results were observed in ex situ and 
in  situ experiments, and the same reaction pathway was 
suggested (Tables  1, 3). The findings indicate that longer 
reaction times or higher temperatures enable faster phase 
transformation. Therefore, temperature and time play an 
important role in phase transformations of the iron sulphide 
system. Integrating the ex situ and in  situ results allowed 
the following reaction sequence to be established: mack-
inawite  →  greigite  →  smythite  →  pyrrhotite. Smythite 
occurred in the ex situ result (not appeared in the in  situ 
result), which is because of the inhomogeneity of the solu-
tion concentrations caused by the temperature gradient via 
the heating apparatus in ex situ experiments. The smythite 
phase cannot appear when the solution concentration is 
uniform (like our in situ experiment). It is observed that the 
mackinawite phase is present at the beginning in the in situ 
experiment process, which is because the powerful syn-
chrotron source is used for the in situ experiments. In this 
case, we can confirm the mackinawite is the first phase to 
appear in the formation pathways of iron sulphides and this 
phenomenon cannot be observed from the ex situ experi-
ments. Compared with the ex situ experiments, the in situ 
experiments can be performed under an anaerobic envi-
ronment. This kind of in  situ XRD experiment can avoid 
sample oxidation because the sample was sealed in the 

Table 4   Grain size and magnetic properties of greigite synthesized in this study compared to the literature data

Greigite Grain size (nm) Domain Bc Ms (Am2 kg−1) Mrs/Ms References

Synthetic <1000–44,000 PSD/MD ~7 to 8 mT 59 ~0.12 Chang et al. (2008)

Synthetic 10 wide acicular SD – 38.5 – Chen et al. (2005)

Synthetic 100 SD – 19.7 – Chen et al. (2005)

Synthetic 30–50 SP – 24 – Uda (1965)

Sediment <4000–8000 PSD/MD 15–30 mT 20 0.35 Hoffmann (1992)

Synthetic 23.1 Zhang and Chen (2009)

34.0

Synthetic <150–400 SP/SD – 3–29 – Dekkers and Schoonen (1996)

Synthetic 9–13 – 0.5–3 mT ~34 0.20–0.30 Spender et al. (1972)

Synthetic 30–300 SD/PSD 27.6 mT 62.7 0.29 This study
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quartz capillary, and it can provide a high X-ray energy to 
obtain the strong intensity of diffraction peaks; therefore, 
these data from in  situ XRD experiments can clarify the 
crystal growth of iron sulphide minerals. This can provide 
evidence for biogeochemical researchers and a clue for tec-
tonic judgment.

Conclusions

In this study, we synthesized iron sulphide minerals under 
hydrothermal conditions at different reaction temperatures 
and heating times, and investigated their phase transfor-
mations and magnetic properties. Ex situ and in situ XRD 
results both suggested that the transformation sequence 
followed the order: mackinawite  →  greigite  →  smy-
thite  →  pyrrhotite. Pure greigite and pyrrhotite were 
obtained after 1 h at 120 and 160 °C, respectively. Greigite 
morphology comprised irregular to granular aggregates 
with a particle size of ~30 nm, and pyrrhotite morphology 
was of stacked hexagonal sheets thousands of nanometers 
in width. Greigite was shown to be ferrimagnetic and pyr-
rhotite was anti-ferromagnetic. Based on Day’s plot and 
MFM data, the magnetic domain of greigite was interpreted 
as magnetic single domain. In terms of wider implications, 
the greigite synthesized in this study had a competitive sat-
uration magnetization (compared with the previous litera-
ture) and, thus, it may be useful for potential applications 
in biomedicine and cancer hyperthermia work.
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