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Abstract: The thermal behavior of melanterite from the Fornovolasco mine (Tuscany, Italy) has been
investigated via differential thermal analysis (DTA), thermogravimetry (TG), in situ high-temperature
X-ray powder diffraction (XRPD) and Fourier-transform infrared spectroscopy (FTIR). The DTA curve

check for showed endothermic peaks at 70, 100, 260, 500-560 and 660 °C whereas the TG curve evidenced
updates a total mass decrease of ~68%, in keeping with the loss of all H,O and SO, groups. Rietveld
Citation: Lacalamita, M.; Ventruti, refinements were performed for all the collected patterns in the 25-775 °C range and converged at
G.; Della Ventura, G.; Radica, F; 1.57 < R (%) <2.75and 1.98 < Ry (%) < 3.74. The decomposition steps FeSO4-7H,O — FeSO4-4H,0
Mauro, D.; Schingaro, E. In Situ (25 < T <50 °C) — FeSO4-H,0 (50 < T < 100 °C) — FeOHSOy (75 < T < 200 °C) — Fey(SO4)3
High-Temperature X-ray Powder (400 < T < 500 °C) — FepO3 (500 < T < 775 °C) were obtained. The high-temperature infrared

Diffraction and Infrared analysis confirmed that melanterite undergoes a three-step dehydration in the 25-300 °C temperature
Spectroscopic Study of Melanterite,
FeSO,-7H, 0. Minerals 2021, 11, 392.
https://doi.org/10.3390/

min11040392

range. The FeOHSO, phase is stable over a wide range of temperature and transforms partially to
Fe,(SO4)3 without the formation of Fe;O(SOy),. The findings highlight a different behavior of the
studied sample with respect to the synthetic salt.

Academic Editors: Olga Yakubovich Keywords: melanterite; Fornovolasco; Apuan Alps; thermal analysis; in situ HT-XRPD; in situ HT-FTIR

and Stefan Peiffer

Received: 26 February 2021
Accepted: 7 April 2021 1. Introduction
Published: 9 April 2021 Melanterite, ideally Fe(H,0)sSO4-H;0, is a typical product of weathering of sul-
fide ore minerals, mine waste, or undisturbed low temperature geological settings. To-
Publisher’s Note: MDPlstays neutral  gether with other secondary sulfate minerals, it is often associated with acid mining
with regard to jurisdictional claims in - drainage (AMD). Indeed, dissolution of soluble secondary sulfate minerals during spring
published maps and institutional affil- - g Gywmelt runoff or rainstorms causes acidification of soils, streams, and underground
water with short-term, catastrophic effects on ecosystem [1]. Generally, ferrous iron-sulfate
minerals may contain significant concentrations of other divalent metals in solid solution.
In particular, melanterite has been reported to contain a number of additional metals
B (e.g., Cu, Mg or Zn) in solid solution beyond ferrous iron [2] and the degree of substitution
Copyright: © 2021 by the authors.  affects the dehydration pathway of the mineral [3]. For these reasons, ferrous iron-sulfate
Licensee MDPI, Basel, Switzerland.  minerals are important markers of environmental conditions such as pH, relative humidity,
This article is an open access article  gy]fate activity, metal sequestration [4]. In addition, synthetic FeSO4-7H,0O is known as
distributed under the terms and 3 ywagte or by-product which derives from industrial processes such as titanium dioxide
conditions of the Creative Commons 15 dyction and steel pickling ([5] and references therein).
Attribution (CC BY) license (https:// The increasing scientific attention to the study of the iron sulfates stems also from their
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40)) & Y identification, by orbital remote sensing or more recent landed missions, as an important
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constituent of the Martian soil having implications in the hydrologic cycle of the planet
surface; its presence finally provides clues in the search for evidence of life on the planet [6].

The crystal structure of melanterite was firstly described based on synthetic analogues [7-10].
The only comprehensive structural study on a natural melanterite was reported recently by Mauro
et al. [11] who analyzed well-crystallized samples from the pyrite + iron oxides ore deposits
formerly exploited at the Fornovolasco mine (Apuan Alps, Tuscany, Italy). Melanterite from this
locality has a chemical formula (Fep 95Mg 06)5:1.0151.0004-7H20 and lattice constants a = 14.0751(8),
b =6.5014(4), c = 11.0426(6) A, p = 105.632(3)°, V = 973.11(10) A3 (space group P2, /c). The authors
accurately defined the hydrogen bond system which plays a fundamental role in the crystal
chemistry of this mineral. Indeed, six out of the seven H,O groups coordinate two independent
Fe-centered octahedra which alternate, along a, with SO, tetrahedra to form undulating layers.
The seventh H,O group occurs in the interstitial sites of the crystal structure.

The FeSOy4-7H, O phase may dehydrate to several compounds, including FeSO,4-6H;0,
FeSO,4-5H,0, FeSO4-4H,0 (rozenite) and to FeSO4-H,O (szomolnokite), as a function of
temperature and humidity conditions [12]. The thermal evolution of melanterite has not
been yet well assessed as a consequence of its low stability and the presence of intermediate
decomposition products. In particular, several studies were carried out on synthetic
samples through thermogravimetry and kinetic analysis [5,12-20]. Different temperatures
for the phase transformations and several reaction paths were observed depending on the
operating conditions (N3 or O, or Cl; + O, atmosphere; heating rate; etc.). For instance,
Kanari et al. [5] found that, under N, atmosphere, the decomposition of the FeSO,4-7H,O
occurs through the following steps: FeSO,-7H,O — FeSO4-4H,0 (at 70 < T < 98 °C)
— FeSO4-HyO (at 86 < T < 159 °C) — FeSOy (at 227 < T < 283 °C) — FepO3 (at 653
< T <716 °C). On the contrary, under oxidizing atmosphere, it decomposes trough the
FeSO4-7Hp,O — FeSO4-4H,0 — FeSO4-HpyO — FeOHSOy steps, where the latter phase
appears as a stable product at 300 °C but starts to transform into hematite at T > 500 °C.

A few and not up to date studies run at not ambient conditions on synthetic FeSO4-7H,O
samples occur in the literature. Kamel et al. [21] collected ex situ X-ray diffraction data on
heated samples and reported that FeSO4-7H,O dehydrates into a mixture of FeSO, and
FeOHSOy, thus suggesting combined hydrolysis and oxidation reactions (FeSO, + FeSO,4-H,O
+ %Oz — 2FeOHSOy). These authors also observed that FeSO, underwent oxidation with
the consequent formation of Fe;O(SOy);. The latter phase, then, decomposed to Fey(SOy)3,
and Fe1503(504)15 before the formation of Fe;O3. The same reaction path, with the exception
for the formation of Fe;03(504)15, was also found by Swamy et al. [18]. Similar results were
obtained by combining X-ray diffraction and infrared analyses in Safiullin et al. [22]. FeOHSO4
was also observed after X-ray refinement of a synthetic FeSO4-7H,O sample heated at 300 °C
for 24 h [23] and at 280 °C for 7 days [24].

More recently, an in situ HT-XRPD study has been carried out by Jani et al. [25] who
operated at low temperature (from 20 to 80 °C) and at relative humidity (RH) ranging from
30 to 65% to evaluate the effects of these parameters on the dehydration process. They car-
ried out a qualitative phase analysis and found that the FeSO,-7H;O to FeSO4-4H;0 trans-
formation quickly occurs at most of the temperature and humidity conditions (T =70 °C,
RH = 65%; T =60 °C, RH = 65%; T =40 °C, RH = 55%; T = 60 °C, RH = 50%; T = 60 °C,
RH = 35%) explored. In addition, at a fixed RH, the increase of the temperature causes
the FeSO4-7Hy,O — FeSO4-4Hp;O — FeSO4-H,O transformation to speed up. At a fixed
temperature (i.e., T = 60 °C), instead, low RH values (35%) accelerate the FeSO4-7H,O
dehydration.

In the present work, we investigate the thermal behavior of melanterite (the same
sample studied by Mauro et al. [11]) by combining in situ high temperature X-ray powder
diffraction, differential thermal analysis, thermogravimetry and in situ high temperature
Fourier-transform infrared spectroscopy, in order to get insights on all the steps of the
thermal evolution of this compound from room temperature (RT) up to the formation of
hematite (600 °C). In particular, we provide quantitative phase analysis based on Rietveld
refinements, thus contributing to detail the full decomposition process. This work is part
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of an ongoing research activity focused to the advance in the knowledge on the thermal
stability of natural iron-bearing hydrous sulfates of our group [24,26].

2. Materials and Methods

The studied specimen was collected in the Fornovolasco mine, Fabbriche di Verge-
moli, Lucca (Tuscany, Italy) where melanterite occurs in sulfate piles as efflorescence and
represents the first oxidation and hydration product of pyrite in the old tunnels of the
mine [11,27,28].

Differential thermal analysis, thermogravimetric and derivative thermogravimetric
(DTA /TG/DTG) measurements were performed by means of a Toshiba STA7200RV ana-
lyzer, at the Earth and Geoenvironmental Sciences Department of the University of Bari
(Bari, Italy). About 13 mg of melanterite were placed in an alumina crucible and heated
from room temperature up to 800 °C at a rate of 10 °C/min in nitrogen flow.

In situ high-temperature X-ray powder diffraction experiments were carried out in
air using a Panalytical Empyrean X-ray diffractometer with Bragg-Brentano geometry, at
the Earth and Geoenvironmental Sciences Department of the University of Bari. The in-
strument, operating at 40 kV /40 mA, is equipped with a large Nickel-beta filter, CuKoa
radiation, PIXcel3D detector (Malvern PANalytical, Almelo, The Netherlands) and an
Anton Paar HTK 1200N high-temperature chamber (Anton Paar GmbH, Graz, Austria).
The sample was ground in an agate mortar and the powder was then deposited on a
corundum sample holder. The powder patterns of melanterite from Fornovolasco were
collected in the 20 range 10-82° (step size 0.0263°, counting time 257 s/step) in the temper-
ature range 25-775 °C with equilibration time of 5 min at every 25 °C in order to monitor
quick phase transformations. The PANalytical B.V. software HIGHScore Plus version
4.6a (Malvern PANalytical, Almelo, the Netherlands) was used for the phase identifica-
tion whereas the GSAS [29] software was employed for the Rietveld refinement and the
quantitative phase determination.

In situ transmission HT-FTIR spectra were collected in transmission mode on a KBr pel-
let prepared by mixing 0.5 mg of powdered melanterite with 150 mg of spectroscopic-grade
KBr. A fragment of the pellet was heated in a Linkam T600 HT stage (Linkam Scientific In-
struments, Tadworth, Surrey, UK), fitted on a Bruker Hyperion3000 IR microscope (Bruker
Scientific, Billerica, MA, USA) attached to a Vertex V70 optical bench at INFN (Istituto
Nazionale di Fisica Nucleare, Frascati, Italy). Spectra were collected every 10 °C from RT
to 200 °C, and every 20 °C above up to 500 °C, by co-adding 128 scans, with a 4 cm ™!
nominal resolution. Temperature was increased with a 20 °C/min rate, and the spectra
were collected just after reaching any target T. Two additional experiments were done
by using the same conditions and experimental set-up on (1) pure melanterite powders
pressed with a metallic die, and (2) by using a very small single crystal. For both latter
samples the absorbance in the principal O-H stretching region was strongly out of scale
due to detector saturation. The signal in the NIR or in the water bending ranges was
however in scale, thus the information from these two spectral ranges will be added in the
discussion below.

3. Results
3.1. Thermal Analysis

Figure 1 shows the curves from the TG-DTA-DTG experiments on the studied sample.
The DTA pattern exhibits well-defined endothermic peaks centered at about 70, 100 and
260 °C that correspond to the three steps of dehydration as also reported in previous works
(see details in Table 1).



Minerals 2021, 11, 392 4 0f 15

] ——DTA (uV) 1 - 100
30 4 . - - 95
| —— DTG (ug/min) 1000 %0
] —_—TG (% -
20 _ (%) -85
104 -800 [ gg
] - F75
01 L 600 [70
A - 65
| -400 [55
-20 4 C
_ - 50
-30 i _ 45
| 200 s 40
-40 ] —35
| -0 - 30
-50 — T T T T T T T T T ]
0 100 200 300 400 500 600 700 800 900
T(°C)

Figure 1. Thermogravimetry (TG) (blue), differential thermal analysis (DTA) (black) and derivative thermogravimetric
(DTG) (red) curves of melanterite from Fornovolasco. Endothermic peaks in the DTA curve are centered at 70, 100, 260,
500-560 and 660 °C.

Table 1. Data (°C) from the DTA curve of the literature and studied FeSO4-7H,O compound.

Swamy
Process Swamy et al. [18] and Prasad
[17]

(a) (b) (c) (d) (e)

Cardoso
Kanari et al. [5] Maia et al.
[13]

Mitchell Foldvari
[12] [30]

This
Study

Formation of
FeSO4-6H,0 or 52-65
FeSO4-5H,0
Formation of
FeSO4 -4H20
Formation of
FeSO4-H20
Decomposition of
FeSO,4-H,0 to FeSO4
Oxidation of
FeSO4-H,O to 370 260
FeOHSO,
Decomposition of .
FeOHSO; to 550; 590
Fe;0(S04) 0
Formation of Fe;(SOy);3 400-600 (f) 560
Decomposition of
FerO(SO4)s to FesOs 810 700 680-800 617
Decomposition of
FeSO, to Fe; O3
Decomposition of
FeOHSO,4 and 660
Fez(SO4)3 to Fe, O3

90 53-69 70 80 98 54 70
190 150 130-200 106-120 100-200 86 133 159 94 100

330-370 305-345 300 227 250 283 253

580

680-830 653 687 716

Note: (a) Crucible and multiplate (b) sample holders. Measurements in air; (c), (d), (e) heating rate of 2.5, 5 and 10 °C/min, respectively,
under flow of nitrogen; (f) the compound is the product of oxidation and dehydration of the remaining FeSO4-H,O (i.e., 12FeSO4-H,0O +
30, — 12FeOHSOy + 6H,0; 12FeOHSO4 — 4 Fe;(SO4)3 + 2Fe; O3 + 6H,0). These reactions are associated to 12FeSOy4 + 30, — 4Fe;(SOy)3
+ 2Fe, O3 reaction.

These steps are evident in the DTA curve where additional weak and broad peaks at
500-560 °C are present; these account for the formation of ferric sulfates [5,14,30]. The en-
dothermic peak at 660 °C is associated to the complete sulfate decomposition (Figure 1,
Table 1). The TG curve indicates a total mass decrease of ~68% which is compatible with
the loss of all the H,O groups and of the SO, group from the starting material. In detail,
the weight mass decreases of about 15% (70-90 °C T range), 20% (110-150 °C T range) and
4% (260-300 °C T range); these values are close to the theoretical ones associated to the loss
of H,O groups respectively in the 3-3-1/2 molar sequence (see the reaction scheme below).
Finally, a continuous weight loss (~29%) is observed in the thermal range 500-700 °C.
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3.2. Quantitative Phase Analysis

Figure 2a,b show the thermal evolution of the XRPD patterns of the studied melanterite
from RT to 200 °C and from 200 to 775 °C, respectively.
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Figure 2. Selected XRPD patterns of the melanterite under study, showing the evolution of the
diffraction data in the temperature range 25-200 °C (a) and 200-775 °C (b), in the 10-50° 26. La-
bels: M = melanterite, FeSO,4-7H,0; R = rozenite, FeSO4-4H,0; S = szomolnokite, FeSO4-H,O;
Fe = FeOHSOy; Mi = mikasaite, Fe;(SO4)3; H = hematite, Fe,O5.

The room temperature pattern matches that given for melanterite in the ICSD database
(no. 98-001-6589), although also peaks from rozenite (no. 98-001-5914) can be identified.
Rozenite does not occur in the Fornovolasco mine [11,27,28]. Therefore, the partial re-
placement of melanterite by rozenite resulted from the room temperature pattern may be
ascribed to grinding of the sample. The characteristic peaks of rozenite increase in intensity
on heating and remain clearly visible until 75 °C. Starting from 100 °C, the patterns change
as a consequence of the appearance of additional phases, specifically szomolnokite and
FeOHSOy, (Figure 2a). The latter is the only phase identified in the pattern collected at
200 °C. A slight increase in the peak intensity is observed in the diffraction patterns from
200 to 375 °C (Figure 2b). For T > 400 °C, instead, the characteristic peaks of mikasaite,
Fe;(504)3, became visible and enhanced their intensity by increasing the temperature
until 500 °C. Finally, from 575 °C until the highest experimental temperature (775 °C),
the diffraction peaks of hematite, x-Fe,O3, are clearly visible (Figure 2b).

Rietveld analysis of the RT pattern of melanterite from Fornovolasco is shown in
Figure 3. It was performed using the structure models obtained by Mauro et al. [11] and by
Baur [31] for melanterite and rozenite respectively. Quantitative phase analysis provided
78% of melanterite and 22% of rozenite in the starting material which is coherent with
the data from the TG analysis (see above). The Rietveld refinement at room temperature
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converged to R = 1.83%, Ry = 2.52%. Rietveld refinements were carried out for all collected
patterns, providing agreement factors in the range 1.57 < R (%) < 2.75 and 1.98 < Ry
(%) < 3.74. The crystal structure data for the phases present in the high temperature
patterns were taken from: Wildner and Giester [32] for szomolnokite; Ventruti et al. [24] for
FeOHSOy4; Miura et al. [33] for the mikasaite and Blake et al. [34] for hematite.

Intensity (a.u.)

LR, et L i
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Figure 3. Rietveld refinement of the room temperature (RT) pattern of the studied melanterite sample
in the 10-80° 26 range. Cross symbols indicate the observed data; solid line indicates the calculated
pattern; the solid line at the bottom indicates the residuals; melanterite (red) and rozenite (black)
peak positions.

3.3. HT-FTIR Spectroscopy

Figure 4 displays the RT spectrum of the melanterite under study, collected on a
KBr pellet. Although there is a strong interest for melanterite in both environmental [9]
and remote sensing [35] studies, there is surprisingly a limited number of spectroscopic,
in particular infrared, data in the literature for this mineral.

In the main H,O stretching region (4000-2800 cm '), the FTIR pattern of the stud-
ied sample (Figure 4a) shows a very broad and convolute absorption extending from
3700 to 2800 cm~! that clearly consists of several overlapping components, in agree-
ment with the presence of seven different H,O groups in the structure. Peaks at 3535,
3457, 3385 and 3257 cm ! can be resolved; according to Mauro et al. [11], donor-acceptor
distances in the range 2.723 A to 3.252 A are refined for the hydrogen bond system of
melanterite. Considering the empirical Oy ... Op distance—frequency correlation of Libow-
itzky [36], bands covering a range between 3252 and 3574 cm ! are expected, in excellent
agreement with the spectrum of Figure 4a. The relatively intense 3257 cm~! component is
partially due to an overlapping with the first overtone of the bending mode [26] which is
also expected at these wavenumbers. Scatterings at similar wavenumber values, although
less resolved, are also present in the OH-stretching Raman spectrum [11]. The spectrum of
melanterite presented by Reddy et al. [37] that, to the best of our knowledge is the only
precedent published IR spectrum, shows only a very broad and unresolved absorption
in this range, with a rounded profile. The H,O bending mode consists of at least two
overlapping components at 1650 and 1612 cm ! (Figure 4a). The non-polarized NIR spec-
trum collected on a crystal fragment shows a doublet at 5000 and 5100 cm ™!, due to the
combination mode (v3 + v1) of HyO. The same pattern has been observed by Frost et al. [38].
The sulfate mode region (1300-400 cm~!) is displayed in Figure 4b. It is dominated by
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bands from the SO4%~ group vibrations. Following existing literature on sulfates [37,39-42]
the most intense peaks at 1146, 1108 and 1087 cm ! (Figure 4b) can be assigned to the v3
antisymmetric stretching modes, the medium intense peaks around 1019 cm ™! to the v4
symmetric stretching, the medium intense peaks at 627-614 cm ! to the v4 antisymmetric
bending and the group of peaks in the 400-518 cm ™! to the v, symmetric bending.

(a)

3457 3385

oD | 1 1 1 1 1
4000 3600 3200 2800 2400 2000 1600

Absorbance (a.u.)

00 ] | 1 1 | I 1 1
1300 1200 1100 1000 900 800 700 600 500 400

Wavenumber (cm™)

Figure 4. Room temperature FTIR spectra for the studied melanterite, (a) in the H,O stretching and
bending region and (b) at the low-frequency mode region.

Selected HT-FTIR spectra collected in situ on the KBr pellet in the principal H,O-
stretching region (3800-2800 cm~!) and in the bending mode range (1850-1550 cm~1) are
displayed in Figure 5a,b, respectively.
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Figure 5. In situ HT-FTIR spectra collected on (a,b) KBr pellet and (c) pressed melanterite powders.
(a) OH/H,O stretching region, (b) OH/H,O bending region, (c) H,O (v3 + v1) combination mode.
Temperature, °C, is indicated on each pattern.
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At increasing temperatures, a general and quickly decrease in intensity of the H,O-
stretching band is observed; at 300 °C a weak absorption is still present in the spectrum,
while at 400 °C the H,O signal is lost (Figure 5a). The same kind of trend is observed in
the H,O bending and for the combination mode (Figure 5b,c). A plot of the integrated
intensities for the different bands (Figure 6) correlates well with the TG and XRPD data.
In particular, the combination band at 5200-4800 cm 1, which is solely due to the H,O
absorption, disappears for T > 200 °C. Instead, the broad absorption in the principal O-H
stretching region (Figure 5a), that combines the contribution of both H,O and OH groups,
is resolved up to 300-350° (Figure 6), in agreement with the persistence of the FeOHSOy,
compound at higher temperatures.

—a— Combination 5100 cm™

1007 —a— Principal 3400 cm’

80 - |
60 -

] \ T

20 “\ b

Relative absorbance (%)
A

o 50 100 150 200 250 300 380 400 450
Temperature {(*C)

Figure 6. Evolution of relative absorbance (%) as a function of T of the principal H,O stretching peak
(in red) and the H,O (v3 + v1) combination mode in the HT-FTIR spectra (in black).

4. Discussion

Figure 7 illustrates the thermal evolution of the sample under study in terms of
variation of the Rietveld refined weight fractions of the occurring phases as a function of
temperature.
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Figure 7. Evolution of the phase amounts refined from the Rietveld method based on the powder
X-ray diffraction patterns in the temperature range RT-600 °C.

Figure 7 shows that melanterite readily transforms into rozenite in a narrow temper-
ature range of RT-50 °C, at about 50% relative humidity (RH). The melanterite-rozenite
transition is facilitated by the structural similarity between these two phases: both consist
of SO tetrahedra and Fe(O, H,O)g octahedra and differ just by their HyO content (Table 1)
and their tetrahedral-octahedral linking. In particular, the structure of melanterite consists
of two independent Fe(H,O)4 octahedra, M1 and M2, one isolated SO, tetrahedron and
a seventh “interstitial’ HyO group which is not coordinated to any Fe ions [11]. Hydro-
gen bonds connect the M1 and M2 Fe-octahedra with the SO, tetrahedra creating a flexible
undulating layer of repeating SO4—M1-504-M2 polyhedra, while the interstitial H,O group
is H-bonded between the M2 octahedra and the SO, tetrahedra within the layer. In rozenite
the iron ions are coordinated to four H,O groups and two oxygen atoms from different
adjacent SOy ions in order to form ring-shaped structural units linked to each other by
a three-dimensional network of H-bonds. During the melanterite-rozenite dehydration
process, three H,O groups must be released from the heptahydrate melanterite: the extra-
polyhedral H,O (i.e., the H,O that does not participate to the octahedral coordination with
Fe) and two additional H,O groups coordinated to each independent Fe ions. During heat-
ing, these H,O groups are replaced by oxygen atoms belonging to two different SO4 groups,
thus resulting into the rupture of the corresponding hydrogen bonds of melanterite and
the formation of the new hydrogen bonding network of rozenite (Figure 8).
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i
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Figure 8. The crystal structure of (a) melanterite, and (b) rozenite. H-bonds to sulfate tetrahedra are
indicated by dashed black lines. Symbols: green polyhedra = M1-Fe site, blue polyhedra = M2-Fe
site, dark green = Fe site, yellow polyhedra = S site. Red, and black circles represent O, and H sites,
respectively. The transition from melanterite to rozenite with the temperature is accomplished by
replacing the H,O groups with oxygens belonging to different SO groups (see text).

Rozenite is stable up to 75 °C (Figure 7) and its peaks disappear in the powder pattern
collected at 100 °C. The most intense peak of szomolnokite at about d = 3.44 A appears in
the powder pattern collected at 75 °C; on heating, the szomolnokite content in the sample
gradually increases from 50 up to 100 °C while, at the same temperature the decomposition
of rozenite is complete. At T = 100 °C, the diffraction pattern of szomolnokite consists
of broadened and very weak diffraction peaks, characteristic of poorly crystalline phases
(Figure 2a). The structural differences between rozenite and szomolnokite explains the
nucleation of a low crystalline compound, szomolnokite, starting from the disruption of
the rozenite framework. In the 100 to 200 °C T range the amount of szomolnokite in the
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sample decreases rapidly and, simultaneously, the most intense peak of basic ferric sulfate,
FeOHSO,, starts to increase its intensity at d ~ 3.28 A (see Figures 2a and 7).

Both structures of szomolnokite and FeOHSOj, are based on the same heteropolyhe-
dral framework topology consisting of Fe octahedral chains interlinked by sulfate tetra-
hedra (Figure 9). The only differences between these two minerals are the oxidation
state of constituent iron and the bridging anion in the octahedral chain: Fe?* plus HO
for szomolnokite and Fe** plus OH for FeOHSOy. On the basis of this strict structural
relationship, it is reasonable to expect a szomolnokite to FeOHSO, high-temperature
solid-state reaction. Nevertheless, the intermediate reaction path of szomolnokite during
melanterite decomposition is a controversial matter in the literature. Indeed, most of
the authors report the decomposition of this phase into anhydrous FeSO, based only on
thermogravimetric data [5,12,13,17,30], while others infer the formation of both FeSO, and
FeOHSOy on the basis of ex situ HT-XRPD [21] data only. Kanari et al. [14] and Pannetier
et al. [43], instead, proposed the following reaction mechanism: FeSO4-H,O + 1/40, —
FeOHSO4 +1/ 2H20.

Figure 9. (a) The crystal structure of szomolnokite. (b) Unit cell representation of structure of
Figure 4. Cell edges are indicated by light black lines. Symbols: green polyhedra = Fe site, yellow
polyhedra = S site. Red, and black circles represent O, and H sites, respectively.

In order to check the decomposition products under different atmospheres, additional
XRPD measurements were conducted on melanterite previously tempered at 300 °C also
under Np. We identified that the reacted product contains a mixture of szomolnokite
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and FeOHSO;,. This result suggests that in our experiment, the FefOHSO4 compound
forms through the reaction proposed by Kanari et al. [14] and Pannetier et al. [43] and
that the thermal treatment of melanterite in air accelerates the intermediate reaction of
szomolnokite into FeOHSO,. The FeOHSO, intermediate product was also observed in
previous studies as a stable phase up to about 500 °C [44—46]. In our experiment, from
200 to 400 °C only FeOHSO4 occurs, whereas at 425 °C it coexists with mikasaite, Fe;(SO4)s.
The amount of ferric sulphate quickly increases up to 500 °C and then decreases up to 600
°C, when it disappears (Figure 7). Note that 500 °C corresponds to the temperature of
dehydroxylation of the FeOHSO, phase. Finally, at T > 500 °C hematite forms and results
the only component at T > 600 °C.

The observed trends indicate that, under the used experimental conditions, the de-
composition process occurs according to the following reaction scheme:

FeSOy4-7H,0 — FeSO,-4H,0 + 3H,0 (25 < T < 50 °C), 1)
FeSO,-4H,0 — FeSO,-H,O + 3H,0 (50 < T < 100 °C), @)
FeSO,-H,0 + 1/40, — FeOHSO, + 1/2H,0 (75 < T < 200 °C), 3)
3FeOHSO, — Fey(SO4); + 1/2Fey05 + 3/2H,0 (400 < T < 500 °C), @)
Fe2(804)3 — Fe203 + 3502 +3/2 Oz (500 <T <775 OC), (5)

The reactions (1)—(3) involve a total mass loss of ~39.5%, which is consistent with the
mass loss from the TG curve in the 25-300 °C range (~39%, Figure 1). Note that the in situ
structural analysis provides slightly lower temperature for the complete melanterite to rozenite
dehydration (50 vs. 70 °C) as well as for the szomolnokite to FeOHSO4 decomposition (200 vs.
260 °C) with respect to those determined by DTA (Figures 1 and 7).

Previous HT studies done by monitoring the H,O signal via IR spectroscopy have
shown that the use of powdered sample embedded into pellets may lead to ambiguous
results [46—48]. However, plots of the absorbance decrease of HyO infrared bands as
a function of T may still provide additional information when coupled to XRPD data.
Diffraction results in fact show a continuous loss of H,O groups along the sequence
melanterite-rozenite-szomolnokite, and in agreement with this transformation sequence
the plot of Figure 6 shows an almost linear and continuous decrease up to 300 °C. For higher
T there is a steeper and definitive loss of H,O corresponding to the final disruption of the
basic ferric sulfate compound, which is complete in the 400-500 °C range. The intensity
decrease of H,O infrared bands during this step is around 30%, in close agreement with
the OH loss expected during the disruption of the basic ferric sulfate. Analysis of the
combination mode collected on pure powders shows a linear decrease of the signal up to
100 °C and an abrupt loss of H,O in the 100-150 °C range; this is in agreement with the
abrupt disappearance of szomolnokite, the last H,O groups-bearing phase in the sequence,
that occurs in the same T interval.

The three-step dehydration process entails the formation of FeOHSO; as also observed
in synthetic samples [21,23,24]. However, our structural analysis provides further details on
the stability of the FeFOHSO, phase, which in fact resulted to be the predominant product of
the entire decomposition process, as it was refined in the patterns collected from 100 to 475 °C
(Figure 7). The decomposition of FeOHSO, and Fe;(SO4); to Fe; O3 (reactions (4) and (5)) causes
a theoretical mass loss of 27% which is in good agreement with the mass loss (~29%) obtained by
the thermogravimetry in the 500-700 °C temperature range (Figure 1). The mechanism of the
FeOHSO, decomposition is a critical point. In detail, the Rietveld analysis in the present study,
that starts from a natural sample, evidences the appearance of only mikasaite before the hematite
formation. The intermediate Fe;O(SO4), [21,22,24] as well as the Fe1p03(SO4)15 [21,22] phases
were not obtained in our experiment. Ventruti et al. [24], in particular, found that a small amount
of synthetic FFOHSO,4 decomposes to mikasaite whereas most of the compound transforms to
Fe,O(SO4), which is, however, stable in a very narrow temperature range (75 °C, from about
475 to 550 °C).
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In conclusion, our multimethodic study shows a different behavior of melanterite
from Fornovolasco with respect to what observed for synthetic samples. Indeed, the stud-
ied melanterite does not dehydrate into FeSO,4 and the intermediate FeOHSO,4 product
transforms into mikasaite and hematite without the formation of Fe,O(SO,),. The peculiar
dehydration pathway of the studied sample may depend on the adopted experimental con-
ditions (equilibration time at a fixed temperature, counting time, heating rate, etc.) [13,14]
as well as on crystal chemical features, such as the low Mg for Fe?* substitution [3]. Fi-
nally, the investigation of the dehydration reaction of hydrated iron sulfates may help
to develop geochemical models predicting the environmental impact of these secondary
minerals and their decomposition products.
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