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diffraction and in situ high-temperature Fourier transform
infrared spectroscopy. Combination of the data from both
techniques allowed determining the stability fields and
reaction paths for this mineral and its high temperature
products. Five main dehydration/transformation steps for
hohmannite have been identified in the heating range of
25-800 °C. Temperature behavior of the different phases
was analyzed, and the heating-induced structural changes
are discussed.

Keywords Hohmannite - In situ high-temperature
XRPD - In situ high-temperature FTIR

Introduction

Metal-sulfate and hydrous metal-sulfate minerals are
abundant and ubiquitous on the surface of the Earth in
diverse environments including acid mine-drainage wastes
[1], acid sulfate soils [2], saline lakes [3], hypogene systems
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known to be present on the surface of Mars [6-9], where
they are studied as possible carriers of water [e.g., 10-12].

Iron-bearing sulfate minerals may originate from the
weathering of pyrite or pyrrhotite due to bacterial action or
to air-oxidation, and are sensitive indicators of environ-
mental conditions such as pH, relative humidity, oxygen
activity, and sulfate activity. To obtain information on
environmental variables, it is, however, critical to identify
and characterize the different species, in terms of chemistry
and crystal structure. In addition, knowledge of the prop-
erties of sulfates, such as their stability field, transition path
ways, and reaction rates, can enhance our understanding of
both their technological applications and their use as tracers
in geology, and in Mars geology in particular [e.g., 13—15].

Hohmannite, Fe,;[O(SO0,4),]-8H,0, (ICSD card no.
98-003-7328) is a hydrated sulfate of ferric iron typically
occurring in sedimentary deposits located in areas charac-
terized by arid conditions (e.g., Sierra Gorda, Chile, e.g.,
[16]). It has been also identified, associated with other
metal-bearing sulfates, as an intermediate product in hy-
drometallurgic plants [17, 18].

To date, limited data on hohmannite and its thermal
stability are available. This mineral belongs to a complex
series of variably hydrated compounds: hohmannite,
metahohmannite, and amarantite [19, 20], which share
structural similarities and close stoichiometries, except a
variable water content. According to the single-crystal
X-ray diffraction studies [21, 22], the structure of hoh-
mannite is based on centrosymmetric [Fe4(H,0)305(SO4)4]
clusters that polymerize through corner-sharing tetrahedra
to form chains of Fe-O-S linkages along the c-axis
(Fig. 1). Adjacent chains are linked together by hydrogen
bonds involving both water molecules linked to Fe*™ ions
and free interstitial (H,O) groups. The hydrogen bond
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Fig. 1 The crystal structure of hohmannite viewed along the a axis,
showing the position of the water molecules

system has been recently investigated through Fourier
transform infrared (FTIR), hydrogen position determina-
tion by means of difference-Fourier maps, and verified by
detailed bond-valence calculations at all relevant oxygen
sites [22]. The thermogravimetric analysis performed by
Césbron [23] displays four evident weight losses: a first one
of about 15 % starting at ~35 °C up to a well-defined
plateau from 95 to 140 °C, a second one (~ 12 %) occur-
ring in the 140-240 °C range, and a third one (4.5 %)
occurring in the 240-560 °C T range, while the last step,
from around 560 °C up to 700 °C, is associated to a total
weight loss of about 32 %. The differential thermal ana-
lysis (DTA) [23] shows three distinct endothermic peaks at
about 140, 240, and 745 °C, one endothermic shoulder at
about 265 °C and one exothermic peak at 525 °C.

The aim of this work is to investigate the behavior of
hohmannite as a function of increasing temperature by
combining in situ XRPD, HT-FTIR, and reference ther-
mogravimetric data such as to determine its thermal sta-
bility, follow the reaction paths and characterize its high-
temperature decomposition products.

Experimental methods
The crystals investigated in this study were hand picked

under a microscope from the original rock specimen from
Sierra Gorda (Chile) from which the sample studied by

@ Springer

Scordari [21] had been previously extracted; its chemical
composition has been published in [21]. Time-resolved
diffraction data were collected at the beamline BM8 (see
technical details in [24]) at ESFR (Grenoble, France). The
sample was ground in an agate mortar to particle sizes
below 400 mesh and packed into a 0.5 mm silica glass
capillary open at one end. The capillary was mounted on a
standard goniometer head and kept spinning during the
collection to increase particle statistics and eliminate pre-
ferred orientation effects. Powder data were collected at the
fixed wavelength of 0.688808 A calibrated against the
NBS-640b Si standard with a = 5.43094(4) A at 25 °C.
The sample was heated using a heating gun system; the
temperature was varied in the range 22-800 °C at
5°C min~' and monitored with a thermocouple located
about 0.5 mm below the capillary. During the heating
process, powder diffraction patterns were recorded on the
3 mm slit-delimited portion of a translating imaging-plate
detector system (TIPS), mounted perpendicular to the
incoming beam [24]. The heating rate of the experiment
was synchronized with the speed of the translating system
such as to obtain 72 powder patterns with a temperature
step separation of about 11 °C. Powder patterns were
extracted in the range 4-45° 26 with 0.01° 26 counting step
from the stored digitalized file (see [25]) using the original
program SCANTIME, developed in house for this purpose.

Rietveld refinements were performed ssing each powder
pattern using the GSAS package [26]. The diffraction
peaks were modeled using a pseudo-Voigt profile, imple-
mented in GSAS as function number two, with one
Gaussian (Gw) and two Lorentzian (Lx and Ly) line-
broadening coefficients. The background was fitted with a
Chebyshev polynomial function using a relatively high
number of parameters (19 coefficients) due to the inco-
herent contribution of the silica glass capillary. Refinement
of the RT pattern was started using the structural model of
Scordari [21]. Refinement of metahohmannite obtained
from heating hohmannite above 80 °C was carried out
using the structural model of Ventruti et al. [20]. Details of
the Rietveld refinements at 7 = 33 and 154 °C eported
in Table 1. Refinements of the order—disorde e FeO-
HSO, [25, 27] obtained from hohmannite at 7 > 220 °C
were also performed by DiffaX+ software [28] in order to
model stacking faults along the c-axis. Starting parameters
were taken from Ventruti et al. [25]. Details of the Rietveld
refinement at 7 = 285 °C performed with DiffaX+ are
also given in Table 1.

Single-crystal FTIR HT data were collected using a
Bruker Hyperion 3000 microscope at INFN (Frascati) over
the 2,000-7,000 cm ™! range between 26 and 600 °C. The
temperature step was set at 10 °C, for a 10 °C min~'
heating rate; the IR spectra were collected immediately
when reached the target temperature. For this experiment, a
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Table 1 Crystal data and Rietveld refinement parameters of hoh-
mannite at 7 = 33 °C, metahohmannite at 7 = 154 °C, and FeO-
HSO, at 285 °C

T=133°C T=154°C T=285°C
Refinement software GSAS GSAS DiffaX+
Formula Fe,[O(S04),]  Fey[O(SO4),] FeOHSO,4
8H,0 4H,0

Formula weight 462.92 391.87 168.92
Crystal system Triclinic Triclinic Orthorhombic
Space group P1 P1 Pnma
Z 2 2 4
D/g cm™ 2.2446 2.5702 3.3443
Unit cell dimensions

alA 9.1610 7.3379 7.3344

bIA 10.9279 9.7675 6.4224

c/A 7.2153 7.1481 7.1666

7 90.566 91.669 90

pre 90.546 98.446 90

y/° 107.521 86.455 90
Cell volume/A® 688.72 504.52 337.53
26 range/° 4-45 4-45 4-26
Rp/% 7.03 7.30 7.04
Rwp/% 9.46 9.54 7.17

cleavage fragment, about 20 pm thick, was placed on a
CaF, sample holder within a LINKAM FTIR600 heating
stage. Spectra were collected with a Globar source and a
KBr beamsplitter, co-adding 128 scans with a nominal

resolution of 4 cm™!.

Experimental results
X-Ray powder diffraction data (XRPD)

Examination of the XRPD data shows that hohmannite is
stable up to ~90 °C (Fig. 2). The evolution of the refined
cell dimensions reveals a gradual and anisotropic thermal
expansion up to 100 °C (Fig. 3). In particular, the a and
¢ parameters increase, with @ showing a steeper slope,
while the b parameter shows a slightly negative trend. The
interaxial angles (Fig. 4) also have different behaviors: «
and f§ decrease, with f§ showing the largest variation, while
y increases. The cell volume (Fig.5) shows a linear
expansion up to 100 °C. The thermal dependence of lattice
parameters and volume of hohmannite over the range
22-100 °C were determined by least-squares regression
analysis to calculate thermal expansion coefficients [29].
The following values were found: o, = 9.8(2) x
105K, o = —244) x 107 K ! and o, = 1.92) x

107> K1, ay = 8.0(7) x 10~° K~ !. Axial expansion is
strongly anisotropic with o:0,:0, = 1:—0.02:0.19.

165
166

The hohmannite structure collapses in the 7 rangefeg] 67

100-120 °C, while metahohmannite (ICSD card no.
98-009-8821) starts growing in the 80-100 °C temperature
range, and becomes the predominant phase for 7 > 110 °C
[20]. This first phase transition is in agreement with the
thermal analysis data of Césbron [23]: the abrupt weight
loss of 15 %, which occurs in this T range, corresponds
with the release of four water molecules from hohmannite
(theoretical weight loss 16 %). FTIR spectroscopy (see
below) is also in agreement with the water release from the
system, although providing a slightly higher 7 for this
transition (~ 150 °C).

The loss of four water molecules causes the shortening
of the chain separations along the a and b crystallographic
directions (Fig. 3), the rearrangement of the remaining
H,0 molecules into a new hydrogen bonding system, and a
change in the relative orientation of [Fe,(H>0)g0,(S04)4]
clusters to adapt to the new framework [20]. The backbone
of the structure, i.e., the [Fe,(H,0),0(SO4),] chain, is,
however, topologically the same in both hohmannite and
metahohmannite, and this is reflected in the very similar
thermal behavior of their cell with T, see the volume as an
example (Fig. 5). The thermal expansion coefficients of
metahohmannite were determined to be o, = 3.8(2) x
107° K7, o, =524) x 10°K™", and o, = 3.8(4) x
107> K !, oy = 8.5(3) x 107> K~'. The axial expansion
is again strongly anisotropic with o:0,:0. = 1:0.14:1.0.

At about 190 °C, the overall intensity of the metahoh-
mannite diffraction reflections starts decreasing with the
simultaneous increase of the background, indicating early
amorphisation of the sample, while the peaks of the layered
phase FeOHSO,, (ICSD card no. 98-002-4079) start
showing up. The decomposition of metahohmannite
involves the loss of three water molecules directly coor-
dinated by the Fe* " ions determining the breakdown of the
[Fe,(H>0)40(S04),] chain and the consequent formation of
an intermediate amorphous phase from which the FeO-
HSO,4 compound originates, according to a typical nucle-
ation and growth reaction process [25]; notably, the same
process was observed in the case of sideronatrite [30] a
sodium-iron hydrous sulfate with composition Na,
Fe(S04),(OH)-3H,0. This water loss step is again in
accordance with the TG data of Césbron [23], which show
a weight loss of ~12 %, in the 140-240 °C range.

At about 220 °C, the powder consists of only FeOHSOy;
the XRPD data show that this compound is the main phase
up to at least 300 °C, while for higher T the diffraction
peaks of a-FeSO, (ICSD card no. 98-002-3907) appear in
the assemblage. Ventruti et al. [25] refined the structure of
the FeOHSO,4 compound and described its order—disorder
character as revealed by accurate analysis of the X-ray
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Fig. 2 The 3-dimensional plot
(20-intensity-temperature)
extracted by integration of the
recorded IP data in the
temperature range 33-88 °C

Intensity

pattern. Following their method, successful full-profile
refinements of FeOHSO, at various temperatures were
performed here by means of two different methodological
approaches: (1) a Le Bail refinement using the Johansson
model [31], excluding the Bragg peaks due to stacking
disorder; (2) a Rietveld refinement using the DiffaX+
software to model the planar disorder for a finite ensemble
of equivalent layers stacking along the c-axis direction
[25]. Only one layer was sufficient to describe the OD
structure; the layer was built up from the Johansson model
after the interchange of the b and c¢ axes. All ordered and
disordered stacking sequences of equivalent layers were
obtained by ranging the oy, probability of stacking of
equivalent layers by the (£1/2, 0, 1) vector and the o,
(=1 — 1) probability of stacking. The best fit to the
observed powder pattern was obtained with oy = 0.61.
Rietveld refinements were performed for patterns collected
in the 230-350 °C range (Fig. 6), where the FeOHSO,
compound is the unique or the predominant phase in the
powder. Lattice parameters trends determined by both
GSAS and DiffaX+ are in agreement. A linear increase of
b and ¢ and a decrease of the a cell dimension are
observed; the evolution of the cell volume is displayed in
Fig. 7. The thermal expansion coefficients for FeOHSOy,
calculated between 230 and 350 °C, are o, = —8.5(6) x
107 K™, o, =293) x 10°°K™" and o, = 1.43(7) x
1075 K™Y, oy =8.6(6) x 107 K" axial expansion is
strongly anisotropic along the stacking direction. At about
300 °C, the first diffraction peaks of a-FeSO, appear; its
amount increases slightly up to 500 °C, and then decreases
suddenly at 550 °C. Reflection peaks of the rhombohedral
Fe,>(SOy4); compound, (ICSD card no. 98-002-2368), are
evident (Fig. 8a) in the diffraction pattern of the material
heated to ~440 °C and persist in the assemblage up to
~750 °C.

@ Springer

The X-ray powder pattern at 500 °C shows the first
appearance of an unknown phase, as indicated by the dif-
fraction peaks at ~11.93, 7.27, 7.21, and 7.11 A (~7.4°,
12.16°, 12.25°, and 12.45° 20, respectively, in Fig. 8b).
Over the next 50 °C of heating, the intensity of these peaks
increases while the FeOHSO, peaks decrease, and in fact
disappear at ~ 550 °C. This unknown compound is present
only in the range 493-668 °C; according to previous
studies [32-34], it has a composition Fe,O(SOy,),. Its
amount in the assemblage was estimated in a semi-quan-
titative way [35] by using the intensity variation of its main
reflections at 12.16°, 12.25° (20) in the pattern. In partic-
ular, being this compound (x phase) chemically and
structurally close to FeOHSO,, the density of its unit cell
(py) is assumed to be equal t0 ppoyso,, and the mass
absorption coefficient of the mixture (u*), normalized to
the instrumental-geometric-structural constant (k), is cal-
culated using the intensities Ijxrconso, Whose weight
(Wreonso, ) is determined from the Rietveld refinements as

ux k= (Wpeomo4 . Ihkl,FeOHSO4)/ PFeOHSO, (a)

At higher temperature, up to 740 °C, hematite o-Fe,O3
(ICSD card no. 98-004-0142) is the only predominant
phase, together with minor Fe,;(SOy);.

In situ HT-FTIR spectroscopy

fisitm evolution of the H,O absorption in the infrared as a
function of 7 can be monitored using bands in different
regions of the spectrum: (1) the combination region, where
H,0 and OH may be distinguished from each other because
their contributions occur at different wavenumbers (around
5,100 and 4,200 cm ™" for H,0 and OH, respectively, e.g.,
[30, 36] ); (2) the stretching region 3,700-3,000 cm ™!,
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where the modes of H,O and OH overlap, and (3) the H,O
bending region (1,600-1,630 cm_l). Unfortunately, for
hohmannite the absorption in the principal stretching
3,700-3,000 cm ™' region is too intense, due to the high
water content, thus, the signal at room-T7 is out of scale,
even for crystal thickness of 20-30 um. For this reason, in
the present study, it was chosen to combine the results
collected on a single crystal in the H,O/OH combination
and bending regions. The evolution of the HO combina-
tion mode is displayed in Fig. 9. In this range, the spectra

108.0
] A A
107.8 4 A o
1 A
107.6 4 A
A )3
A
107.4 oB
0 N
@
9 0721
= z
c
g ]
90.6 .
| |
9} o] " ; - .
90.4 4 o .
O O o)
90.24
90.0 T T T T T T 1
20 40 60 80 100
Temperature/°C
Fig. 4 . @
| B — — T T T T 1
692 - s
e° ,
././( hohmannite VIA3
688 9
684 )/ /
/ /
/ /]
508 _ _—
metahohmannite /.,(.’
.
504 +°®
N @
—o®
500 T T T T T T T 71
20 40 60 80 100 120 140 160 180 200 220
Temperature/°C

Fig. 5 Evolution of the cell volume of hohmannite (20-100 °C
range) and metahohmannite (80-200 °C range) calculated by Riet-
veld refinement of in situ XRPD patterns. Standard deviation is
smaller than the used symbols; broken lines are a guide for the eye
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Fig. 6 Rietveld refinement results for the FeOHSO, compound. The
crosses represent the observed data points, and the smooth line
through them the calculated pattern using DiffaX+
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Fig. 8 Observed, calculated and difference powder patterns, from
Rietveld refinements of in situ collected data at a T = 471 °C, and
b T = 537 °C. The asterisk symbol indicates peaks of the phase
Fe,O(S0y),. For the explanation, see text

collected up to 40 °C show a relatively broad band, at
5,128 cm ™!, with a shoulder at 5,190 cm ™. The spectrum
at 50 °C is significantly different (Fig. 9a), with a much
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Fig. 9 a In situ FTIR spectra in the 5,500-4,000 cm~! NIR region;
b evolution of the integrated intensity of the H,O combination band at
5,300-4,800 cm ™! as a function of increasing T; broken lines are a
guide for the eye

broader band, peaked at 5,046 cm~! and a shoulder at
4,980 cm™'. This pattern remains constant for higher 7,
and the band gradually reduces its intensity, until complete
dehydration. Figure 9b shows a continuous decrease of the
band area as a function of 7. At ~150 °C, the intensity is
halved with respect to its original value. For 150 < T <
210 °C, the dehydration proceeds with a steeper slope; at
210 °C, ~20 % of the initial H,O content is retained in
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Fig. 12 Rietveld-refined relative amounts of phases due to the
thermal treatment of hohmannite over the entire 22—-800 °C temper-
ature range. Standard deviation is smaller than the used symbols

the sample; at 350 °C, the combination band is no more
visible. For T < 250 °C, the H,O bending mode is out of
scale; for higher 7, it shows two well-evident components
at 1,616 and 1,562 cm™', respectively (Fig. 10a). For
T > 350 °C, the higher frequency component disappears,
and the 1,616 cm ™' band keeps decreasing in intensity; at
420 °C it disappears, indicating that at this temperature all
H,O has been released. The evolution of the bending peak
is displayed in Fig. 10b, where the change in the slope at
350 °C is due to the disappearance of the 1,562 cm™'
component. For T > 420 °C, a relatively sharp band at
3,461 cm™! is still present in the OH stretching region of
the spectrum (Fig. 11). On the basis of the XRD data, this
band can be assigned to the OH groups in the FeOHSO,
compound and it disappears above 530 °C.

In summary, analysis of the different H,O/OH bands in
the HT-FTIR spectra allows us to conclude that during the
heating experiment, under the used conditions, H,O is
continuously released from the sample and disappears at
420 °C. At ~210 °C, OH hydroxyl groups appear in the
spectra (Fig. 10a), together with the appearance of the
FeOHSO, compound in the system. The OH groups dis-
appear for T > 530 °C, in agreement with the diffraction
data showing the breakdown of the FeEOHSO, compound at
these T conditions.
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Discussion and conclusions

In situ synchrotron X-ray diffraction data combined with IR
spectroscopy analysis and with the aid of available TG and
DTA data [23] provide insight into the dehydration mech-
anisms produced during heating of hohmannite, and allows
following step-by-step the temperature-induced solid-state
transformations as well as the structural changes occurring
in this system as a function of increasing temperature.

Rietveld refinement of in situ powder diffraction pat-
terns permitted to identify and quantify (weight fractions)
the various phases occurring in the decomposition of
hohmannite as a function of temperature. The data are
presented in Fig. 12, which displays the complex sequence
of structural/chemical transformations occurring in the
studied system from RT up to 800 °C.

Examination of Fig. 12 shows that the complete thermal
decomposition of hohmannite occurs in five steps. These
steps are schematically summarized as follows:

1. first step at 80—120 °C: hohmannite—metahohmannite
transition transformation, according to

Fe,[0(S04),] -8H,0 — Fey [0(SOy),] - 4H,0 + 4H,0.
(1)

This step involves the release of ~ 15 wt% water, as it is
shown by both TG and FTIR data;

2. Second step at 150-220 °C: decomposition of meta-
hohmannite followed by nucleation and growth of FeO-
HSO, according to

@ Springer

Fe;[(S04),0] - 4H,0 — 2FeOHSO4 + 3H,0. (2)

This step involves the release of ~ 12 wt% water, in
accordance with the TG data of Césbron [23]. FTIR
spectroscopy shows the appearance of the OH-combination
band, and thus of the hydroxyl-bearing Fe-sulfate at
220 °C. The FTIR data in the water bending region
(1,600-1,650 cm_l) show that weak amounts of H,O,
connected with both metahohmannite and the amorphous
phase, probably persist up to 420 °C.

3. Third step, occurring in the 330-550 °C T interval:
decomposition of FeOHSO, into several Fe—-S—-O com-
pounds, according to different possible reactions. FTIR
spectra show the presence of OH groups, and thus of Fe-
OHSOy in the solid products, up to 550 °C. The reaction
pathway of the thermal decomposition of FeOHSO,4 has
been studied by several authors (e.g., [32-34, 37, 38]),
although subjected to some controversy. Most of these
authors observed that the thermal decomposition of FeO-
HSO, is characterized by the formation, at 7 > 490 °C, of
an intermediate oxo-sulfate, Fe,O(SO4),, which is
decomposed to Fe,03 above 540 °C. Based on our data, we
think that much of the controversy is mainly due to a
misinterpretation of reflection peaks of FeOHSO, and
Fe,O(S0y4),. Our results (Fig. 12) clearly indicate that the
decomposition of FeEOHSO,4 occurs in two main steps:

a) FeOHSO4 — Fe(SO04), in the 440 — 550°C (3a)
a

temperature range;
b) FeOHSO4 — Fe;0(S04), in the 496 — 550 °C

(3b)
temperature range.
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The-o-FeSO. phasereaches-itsmaximum at T = 500 °C JXE$84

and then quickly decomposes to rhombohedral Fe,(SO,4);
up to 550 °C (Fig. 12). This rapid transformation is con-
sistent with the TG data of Césbron [23], which show a
sharp and intense DTA exothermic peak at 525 °C. More-
over, our results agree with the data from a combined TG/
DSC mass spectroscopy study [39] on the decomposition of
FeOHSO, according to which the mass loss starts at about
400 °C, and two endothermic peaks at 563 and 750 °C are
associated with the loss of water and sulfur dioxide,
respectively. In particular, it can be noticed from the mass-
spectrometry analysis that the water loss increases for
T > 500 °C and reaches a maximum at 568 °C followed by
a sudden drop at T < 600 °C, in perfect agreement with the
two reactions described above.

4. In the 550-670 °C T range, the Fe,O(SO0,4), com-
pound decomposes, according to the reaction:

3Fe,0(S04), — 2Fe;(SO4);+ Fe,0; (4)

the TG data of Césbron [23] show a total weight loss of
about 32 % in this T range which corresponds to the
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disruption of SO, groups with the subsequent release of

SO, from the system. Finally,

5. For T > 670 °C, there is the disappearance of Fe,(-

S04);3 to give hematite, according to

F62(504)3—> Fe,O3 + 3S0O; + 1.50,.

(5)

For T > 750 °C, only Fe,O5 is present in the powder.
The Rietveld-refined weight fractions (Fig. 12) were

finally used to simulate the weight loss curve which is
displayed in Fig. 13. This curve is in excellent agreement
with the experimental thermogravimetric curve reported by
Césbron [23], thus supporting both the models used to
quantify by XRPD the relative phase fractions in the
sample and the described transformation reactions.
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