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Abstract—Coquimbite AlFeg+ [SO4]6(H,0),-6H,0 (sample from the Javier Mine, Peru) has been studied
by thermal and electron microprobe analysis, X-ray powder diffraction, Raman spectroscopy, and Moss-
bauer spectroscopy. The enthalpy of formation of the coquimbite from elements A H°(298.15 K) = —11118 +
40 kJ/mol was determined by the method of solution calorimetry in melt of lead borate 2PbO-B,05 on a
Setaram (France) Calvet microcalorimeter. The value of its absolute entropy S°(298.15 K) = 1248.3 +
3.0 J/(mol x K) was estimated, the entropy of formation APSO(298.15 K) =—5714.0 £3.0 J/mol x K), and
the Gibbs energy of formation from elements A(G°(298.15 K) = —9411 + 40 kJ/mol were calculated. The
values of the enthalpy and Gibbs energy of formation of aluminocoquimbite Alengr [SO,4]6(H,0),,-6H,0
from elements were estimated at —11540 £ 29 and —9830 * 29 kJ/mol, respectively.

Keywords: coquimbite, X-ray powder diffraction, Raman spectroscopy, Mdssbauer spectroscopy, thermal
analysis, Calvet microcalorimetry, enthalpy, entropy, Gibbs energy
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INTRODUCTION

Aluminocoquimbite, paracoquimbite, and alumi-
nocoquimbite are secondary minerals found in arid
regions in the oxidation zones of sulfide deposits con-
taining pyrite, marcasite, or pyrrhotite (in Peru, Chile,
California and Utah in the United States, Argentine,
Australia, Bolivia, China, Mongolia, Greece, Iran,
Morocco, Portugal, South Africa, and Spain) and,
more rarely, in areas with fumarole volcanic activity
(for example, on Shiveluch volcano in Kamchatka,
Russia, and Vulcano Island in Italy). Aluminocoqui-
mbite has also been identified by high-sensitivity
remote sensing techniques among iron hydrous sul-
fates on the surface of Mars (Poitras et al., 2018;
Turenne et al., 2022).

Coquimbite AlFe; [SO,]¢(H,0),, 6H,0 (IMA list of
minerals) and paracoquimbite Fei+ [SO,]¢(H,0),, 6H,0O
(IMA list of minerals) crystallize in the trigonal sys-
tem, space groups P3lc and R3, respectively and are
described as polytypes in (Robinson and Fang, 1971).
The coquimbite and paracoquimbite structures con-
tain isolated [Fe(H,0)4]** and/or [AI(H,0)¢]** octa-
hedrons and [Fe;(SO,)s(H,0)¢]*~ clusters, in which
Fe atoms in one of the sites are coordinated by six oxy-
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gens, all of which belong to sulfate ions, and each of
the two Fe atoms in the other sites are coordinated by
three oxygens of sulfate ions and three oxygens of
H,O molecules. The structures of the minerals
involve a complicated system of hydrogen bonds
between water molecules of the clusters, isolated
octahedrons, and molecules in the interstices (Yang
and Giester, 2018). The structure of aluminocoqui-

mbite Aleng' [SO,4]¢(H,0),,"6H,0 (IMA list of min-
erals), which belongs to the trigonal system, space
group P3¢, differs from the coquimbite structure in

containing isolated Al(HZO)zJr octahedrons and
infinite [Fe(SO,);]., columns on [001], which are
made up of octahedrally coordinated Fe atoms and
sulfate  ions, similar to the ferrinatrite
Na;(H,0);[Fe(SO,);] structure. The interstitial H,O
molecules are fixed by hydrogen bonds, similar to
what occurs in the coquimbite structure (Demartin
et al., 2010a, 2010b).

Earlier coquimbite, paracoquimbite, and alumino-
coquimbite studies were centered first of all on their
structure and on evaluating their unit-cell parameters
(Fang and Robinson, 1970; Robinson and Fang, 1971;
Majzlan et al., 2010; Yang and Giester, 2018; Mauro
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et al., 2020). The IR and Raman spectra of the phases
were studied in (Majzlan et al., 2011; Frost et al., 2014;
Mauro et al., 2020), and their thermal stability was
explored in (Ackermann et al., 2009; Frost et al.,
2014).

Applied and academic studies of hydrous iron sul-
fates, coquimbite among others, were launched in
view of the role played by this mineral in the process of
weathering of rocks containing relatively much sulfide
minerals (which are most commonly, pyrite, marca-
site, and/or pyrrhotite), when interactions of water
and air with the sulfides result in water-soluble sulfates
and sulfuric acid. The latter affects the rocks and
enables the leaching of metals (including toxic ones)
from these rocks by acidic drainage waters into soil
horizons and thus ecologically endangers the agricul-
tural and various other uses of these territories.

The solutions of problems related to environmen-
tal pollutions can be facilitated by the theoretical
modeling of physicochemical processes in the
water—rock systems. This modeling is carried out
using thermodynamic data on minerals, with such
data sometimes being critically insufficient. For
example, we are aware only of a single paper (Majzlan
et al., 2006) published so far in which data of acid cal-
orimetry were utilized to determine the enthalpy of
formation from elements, evaluate the standard
entropy, and calculate the Gibbs energy of coquim-

bite of the composition (Fef_twAlO_%)[SO4]3(H20)9.65.
Hemingway et al. (2002) present only rough estimates
of the main thermodynamic parameters of paracoqui-

mbite of the composition Fe; [SO,];'9H,0, which is
regarded in this publication as coquimbite. Acker-
mann et al. (2009) applied acid calorimetry to deter-
mine the enthalpy of formation of synthetic analogue
of paracoquimbite.

Our study was aimed at the experimental determi-
nation of the enthalpy of formation of coquimbite
from elements by the method of melt solution calo-
rimetry.

EXPERIMENTAL
Materials and Methods

Our study was carried out with a coquimbite sam-
ple (no. 98041) provided for this study by Fersman
Mineralogical Museum, Russian Academy of Sci-
ences. The sample originates from the Javier Mine in
Peru and is a subparallel aggregate (so-called brush) of
transparent deep lavender-colored crystals up to 3 mm
tall on a fine-grained carbonate rock.

The X-ray powder diffraction (XRD) study was car-
ried out on a STOE-STADI MP (Germany) diffrac-
tometer with a curved Ge (III) monochromator,
which yields strictly monochromatic CoKa,, radiation
(A= 1.78897A). The data are acquired by successively
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covering scan regions using a position-sensitive linear
detector (capture 20 angle 5° and 0.02° channel).

The spectrum (Fig. 1) corresponds to that of
coquimbite (from Peru) according to ICDD (Interna-
tional Centre for Diffraction Data, 2013; card no. 01-
071-2380) data.

The thermal behavior of the mineral from room
temperature to 7= 673 K was studied on a NETZSCH
TG 209 F1 (Germany) thermogravimetric analyzer in
nitrogen flow (40 mL X min~!) at a heating rate of
10 K x min~!. The tool was calibrated on the melting
points of standards provided by the manufacturer
(these were Ag, Al, Bi, In, and Sn 99.999% pure). The
measurements were conducted in conventionally used
aluminum containers with punctured lids. The mass of
the sample was 14.70 mg.

The thermogravimetric curve (Fig. 2) shows evi-
dence of mass loss because of the dehydration of the
mineral in two stages: first, at 348 to 424 K, with a
maximum of ~448 K, the mass losses were 9.4%,
which corresponds to the release of six H,O mole-
cules; and, second, the remaining water is released
(19.6% mass loss, which corresponds to 12 water mol-
ecules) at a maximum of ~453 K and terminating at
T=648 K.

The chemical analysis was carried out on a JSM-
6480LV (Jeol Ltd., Japan) scanning electron micro-
scope (SEM) equipped with an X-Max-50 (Oxford
Instruments Ltd., Great Britain), energy-dispersive
spectrometer (EDS) at an accelerating voltage of 20 kV
and current of 10.05 = 0.05 nA. The raw data were pro-
cessed with the INCA (Oxford Instruments, v. 22)
software.

According to microprobe and thermogravimetric
data, the composition (wt %) of the mineral is as fol-
lows: Na,O 0.08, K,0 0.7, Al,O5 4.36, Fe,O; 21.58,
S0;43.19, and H,0 29.00. The formula of the mineral
was calculated by normalizing to twelve charges and is

A10.97FC§B4N30.03K0.02[SO4]6404(H20)12'6H20, which is
close to the IMA-recommended theoretical formula
AlFe} [SO,]4(H,0),,-6H,0.

The gamma-resonance study of the coquimbite
was carried out on a YaGRS-6 (Persei, Russia)
Mossbauer spectrometer at room temperature, with
the use of a 8 mCi *’Co source in a Rh matrix. The
spectrometer was calibrated using a conventional a-Fe

reference target. The spectra were modeled with the
HappySloth software (www.happysloth.ru).

The acquired spectrum (Fig. 3) is consistent with
the coquimbite spectrum presented in (Dyar et al.,
2013) and is reasonably well described by a single wid-
ened Lorentz line with RTIS, . =0.46 + 0.01 mm X s~
FWHM = 0.85 + 0.05 mm X s~!, and 2 = 1.2. The
measured isomer shift corresponds to the range of val-
ues commonly yielded by octahedral oxygen polyhe-
drons of trivalent iron [Fe3*Og] and is slightly higher
Vol. 61
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Fig. 1. X-ray powder diffraction pattern of the coquimbite. Interplanar spacing values are in A. The line below the diffractin pat-
tern presents data on coquimbite from ICDD (card no. 01-071-2380).
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Fig. 3. Room-temperature Mdssbauer spectrum of the coquimbite.

than the calculated value (Dedushenko and Perfiliev,
2022). This may likely be explained by the polarizing
effect of S°*. More detailed interpretations of the spec-
trum require additional studies at low temperatures.

The Raman spectroscopic study was conducted on
an EnSpectr R532 (Russia) Raman microscope. The
laser wavelength was 532 nm, the output power was
20 mW, the holographic dispersion grating had
1800 grooves per mm, the spectral resolution was
approximately 6 cm™!, and the focal spot at a 40%
magnification was 7 um. The spectrum was recorded
within the range of 100 to 4000 cm~! from a disori-
ented sample, in a mode of signal accumulation for 1 s
at averaging over 50 exposures.

The Raman spectrum obtained from the coquim-
bite (Fig. 4) is consistent with the spectra of this min-
eral published in (Frost et al., 2014; Mauro et al.,
2020). The spectral region of 2800 to 3600 cm™! corre-
sponds to valence vibrations of the hydroxyl groups of
water molecules; the range of 1000—1250 cm™!
includes lines pertaining to symmetric (the strongest
line at 1024 cm~') and antisymmetric valence vibrations
of [SO,]*tetrahedrons; the deformation vibrations of
SO, tetrahedrons yield lines within the region of 440—
630 cm™'; and the spectral region below 300 cm™!
includes lines of the scattering of so-called lattice
modes (Fe—O and Al—O valence vibrations).

The thermochemical study was carried out using a
Setaram (France) Tian—Calvet heat-flux microcalo-
rimeter. The enthalpy of formation of the coquimbite
was determined by solution calorimetry in 2PbOe«B,0;
melt. The solution experiments were carried out as fol-
lows: the samples 4—9 (£2 x 10~%) mg were dropped
from room temperature to the calorimeter with melt at
T=973 K. The thermal effect involved an increment in
the enthalpy of the sample [(H°(973 K) — H°(298.15 K)]
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and its dissolution enthalpy Ay, /7°(973 K). The ratio
of the solute to solvent at six to eight experiments with
the same melt portion (30—35 g) is reasonably accu-
rately approximated by infinitely diluted solution with
negligibly small mixing enthalpy. The microcalorimeter
was calibrated by dropping a standard reference sample
(it was platinum) into the melt at the conditions of the
dissolution experiments, and therewith only the
enthalpy increment [(H°(973 K) — H°(298.15 K)] was
measured. The required tabulated thermodynamic
data were compiled from (Robie and Hemingway,
1995).

The average [H°(973 K) — H°(298.15 K) +

Agissot H'(973 K)] of seven experiments in the Calvet

microcalorometer, with the natural coquimbite sam-

ple was 1312.2 £ 7.3 J/g = 1437.1 £ 8.0 kJ/mol (M =
1095.18 g/mol), the errors were determined at 95%
probability.

RESULTS OF THE CHEMICAL STUDY
Enthalpy of Formation from Elements

Using the calorimetric data and thermochemical
cycle, which involved the dissolution of the mineral and
its components, the enthalpy of formation of the coqui-
mbite from elements was calculated by reaction (1) and
Egs. (2) and (3)

3/2Fe,0;+ 6CaSO, + 12 Al(OH),

1
= 6Ca0 + 11/2A1,0, +|§Fo4]6 (H,0),, -6H20,( )

Ao H"(298.15 K) = 1.5 AHFe,0; + 6AHCaSO,
+12AHAI(OH), — 6AHCaO - 5.5AHALO;  (2)

— AHAIFe}"[SO,], (H,0),, - 6H,0,

Vol. 61 No.6 2023


ogorodova
Sticky Note
вставить в формулу 
 Fe3+3
аналогично тому, как и в формуле в уравнении ниже (2) 


THERMODYNAMIC PROPERTIES OF COQUIMBITE AND ALUMINOCOQUIMBITE

647

<t
o
S
E
=
e
=
2
8 vy
Sl =& -
o\ l:_
o
- S ol
— Lno 2 o
N M <
<t on
_.._._'—"%W
1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

Raman shift, cm™

1

Fig. 4. Raman spectrum of the coquimbite.

AH'(298.15K)AlFe}" [SO,], (H,0),, - 6H,0
= AyH (298.15 K) + 1.5A:H°(298.15 K)Fe, 04
+ 6A.H"(298.15K)CaSO,
+ 12A:H°(298.15K)Al (OH),
— 6AH"(298.15K)Ca0 — 5.5A,H"(298.15K)AL0;,

(3)

where AH = [H°(973 K) — H°298.15 K) +
Agisso°(973 K)] is thermochemical data for all com-
ponents involved in reaction (1) (Table 1);
AH(298.15 K) is the enthalpy of formation of the
oxides, Al hydroxide, and Ca sulfate (Table 1). The
value obtained for the enthalpy of formation of coqui-

mbite AlFe§+[SO4]6(H20)12’6H20 from elements is
presented in Table 2.

Calorimetric data on the dissolution of natural
coquimbite sample allowed us to calculate the
enthalpy of formation of aluminocoquimbite

ALFe; [SO,]4(H,0),,6H,0 from elements. The
experimental values of [H°(973 K) — H°(298.15 K) +
Agisso H°(973 K)| were recalculated to the composition
of aluminocoquimbite by introducing corrections for
the difference between its composition and that of
coquimbite, and with regard to the molecular weight.
The results of these calculations, which were con-
ducted by equations analogous to (1), (2), and (3), are
presented in Table 2.

Gibbs Energy of Formation from Elements

The absolute entropy values needed to calculate the
Gibbs energy were calculated as average values for

Table 1. Thermochemical data used to calculate the enthalpy (kJ/mol) of coquimbite and aluminocoquimbite formation

Component H°(973 K) — H°(298.15 K) + Aot H(973 K) —AH(298.15 K)?
Fe,O;(hematite) 171.6 + 1.9 8262+ 1.3
Al,Os(corundum) 107.38 + 0.59¢ 1675.7 £ 1.3
CaO(c) —21.78 + 0.29¢ 635.1 £0.9
CaSO4(anhydrite) 131.3 + 1.6" 1434.4+ 4.2
Al(OH);(gibbsite) 172.6 + 1.9¢ 12931 £ 1.2

2 Published tabulated data from (Robie and Hemingway, 1995).

b—¢ Calculated using tabulated data on [HO(973 K) — HO(298.1521]
AgissotH'(973 K): ® (Kiseleva, 1976), © (Ogorodova et al., 2003),

fAccording to (Ogorodova et al., 2011).

GEOCHEMISTRY INTERNATIONAL Vol. 61 No.6

(Robie and Hemingway, 1995) and experimental data on dissolution
(Kiseleva et al., 1979), ¢ (Kotel’nikov et al., 2000).
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Table 2. Thermodynamic properties of coquimbite and aluminocoquimbite obtained in this work

Composition and molecular —AH(298.15 K)? 59(298.15 K)®, —AS°(298.15K) ©, —AG°(298.15 K)4,
weight, g/mol kJ/mol J/(mol K) J/(mol K) kJ/mol
Coquimbite
AlFe3" [8O,]¢(H,0) ,-6H,0 11118 £40°¢ 1248.3+ 3.0 5714.0 £ 3.0 9411 + 40
M=1095.18
Aluminocoquimbite
A12Feg+ [SO,]¢(H,0) ,-6H,0 11537 +41F 1226.6 2.9 57369+ 2.9 9830 %+ 29
M=1066.31 11543 £41#
Average: 11540 £ 29

2 According to data of melt solution calorimetry.

b Calculated according to the additivity principle (reactions 4, 5, and 6).
¢ Calculated using data on S0 (298.15 K) of elements composing the minerals (Robie and Hemingway, 1995).

d Calculated by the formula AfGO = AfHO — T Af.SO .

¢ The errors of all thermodynamic values were calculated by the error propagation technique.

[ Calculated with regard to M.
& Calculated with regard to the differences in composition.

reactions (4), (5), and (6) for the studied coquimbite
and analogous reactions for aluminocoquimbite,
using published tabulated data on $°(298.15 K) for
components of reactions from (Robie and Heming-
way, 1995); the contribution of H,O was assumed to be
39.3 J/(mol K) according to (Naumov et al., 1971).

3/2Fe, (SO,), +1/2Al,(SO,), + 18H,0

4
= AlFe;" [SO,], (H,0),, - 6H,0, @

3/2Fe, (SO,), + 1/2Al,(SO,), + 3NiSO, - 6H,0
= AlFe"[SO,], (H,0),, - 6H,0 + 3NiSO,,
3/2Fe, (SO,), +1/2Al,(SO,), + 2MgSO, - 7TH,0
+ 4Mg(OH), = AlFe}" [SO,], (H,0),, - 6H,0 (6)
+ 2MgSO, + 4MgO.

The values of Ax5°(298.15 K) of the minerals (Table
2) were calculated using data on 5°(298.15 K) of ele-
ments of which these minerals consist (Robie and
Hemingway, 1995). The values of A;G°(298.15 K) cal-
culated with the use of the data on the entropy and
enthalpy of formation are presented in Table 2.

CONCLUSIONS

The thermodynamic data obtained for coquimbite
and aluminocoquimbite can be utilized in modeling
the weathering of rocks that gives rise to acidic drain-
age waters at sulfide-bearing ore deposits. The model-
ing results can also be useful when process flow sce-
narios are developed for the recovery of valuable com-
ponents from acidic drainage solutions and for the
evaluation of ecological consequences of acidic drain-
age, designing measures for minimizing adverse envi-

GEOCHEMISTRY INTERNATIONAL

ronmental effects of acidic waters and means for neu-
tralizing and purifying waters of toxic ions of metals.
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