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Thermodynamic behavior and properties of katoite (hydrogrossular): A calorimetric study
Charles A. Geiger,* Edgar Dachs, and Artur Benisek
Fachbereich Materialforschung und Physik, Abteilung Mineralogie, Universität Salzburg, Hellbrunnerstrasse 34, A-5020 Salzburg, Austria

Abstract
The low-temperature heat capacity behavior of synthetic katoite, Ca3Al2H12O12, was investigated
for the first time using microcalorimetry. The sample was synthesized hydrothermally in Au capsules
at 250 °C and 3 kb water pressure. X‑ray powder measurements show that about 98–99% katoite
was obtained. Heat capacities were measured with a commercially designed relaxation calorimeter
between 5 and 300 K on a milligram-sized sample and around ambient temperatures with a differential
scanning calorimeter. The heat capacity data are well behaved at T < 300 K and show a monotonic
decrease in magnitude with decreasing temperature. There is no evidence for any phase transition. A
standard third-law entropy value of S° = 421.7 ± 1.6 J/(mol⋅K) was calculated. Published experimentally
based S° values for katoite are slightly lower than this value. Estimations of S° based on empirical
corresponding state schemes give S° values that are much too low. This is ultimately attributed to an
inability to account for the vibration behavior of the OH groups in katoite that have very weak or no
H-bonding. Using this new calorimetric-based S° value and published standard enthalpy of formation
data for katoite, a calorimetric-based Gibbs free energy of formation at 298 K can be obtained as ∆G°f
= –5021.2 ± 16.5 kJ/mol.
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Introduction
The garnet class of phases is extremely broad in terms of
composition and structural properties. Garnet is found in nature
and various synthetic garnet phases have several important
technical applications. There exist the rock-forming silicate
garnets (Menzer 1928; Geiger 2008) that are so widespread geologically. The YIG/YAG (Winkler 1981; Cockayne et al. 1968)
and the Li-oxide garnets (Cussen 2010), on the other hand, are
important technologically. An additional class is given by the
“hydrogarnets” (Ito and Frondel 1967) in which the tetrahedral
site (Wyckoff position 24d) is empty. Their general formula is
given by E3G2H12O12. At relatively low temperatures there is
complete solid solution between the silicate garnet grossular,
Ca3Al2Si3O12, and Ca3Al2H12O12 (Flint et al. 1941). The latter,
pure OH-containing end-member, which has not been found in
nature, is termed katoite. Its structure has been investigated by
X‑ray and neutron diffraction (Cohen-Addad et al. 1967; Lager
et al. 1987) and by proton NMR, IR, and Raman spectroscopic
methods (Cho and Rossman 1999; Kolesov and Geiger 2005). At
ambient conditions the structure has the “standard” garnet cubic
symmetry of Ia3d. At high pressures (Lager et al. 2002), and
possibly at low temperatures (Kolesov and Geiger 2005), a different structure may occur. Katoite/hydrogrossular has geologic
and mineralogical relevance (e.g., Frost, and Beard 2007) and,
moreover, it is a key phase in the cement industry (Matschei et
al. 2007; Blanc et al. 2010; Damidot et al. 2011).
The thermodynamic properties of katoite [as well as some
other calcium (hydrous) aluminates] are a matter of some
disagreement and are not precisely determined. This limits an
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understanding of katoite’s stability relations in both natural and
simpler model systems. There are no data on the low-temperature
heat capacity, CP, properties of katoite and so its standard thirdlaw entropy, S°, has not been determined directly. S° has been
calculated from solubility data and/or can be estimated using
empirically based thermodynamic schemes (e.g. Abramov and
Alekseev 1981; Matschei et al. 2007; Blanc et al. 2010; Holland
1989; Glasser and Jenkins 2009). However, the uncertainty in
these values and differences among these studies complicates
a quantitative assessment of katoite’s thermodynamic stability
especially at low temperatures via the Gibbs free energy function.
To rectify this deficit, we measured the heat capacity of synthetic
katoite for the first time using relaxation microcalorimetry and
we calculated a value for its Gibbs free energy of formation.

Experimental methods
Katoite was synthesized hydrothermally in Tuttle-type rod vessels. To begin,
high-purity CaCO3 and Al2O3 powders in the molar proportions 3:1 were intimately
ground and mixed, pressed into pellets and then sintered at high temperature for
several days to produce Ca3Al2O6. About 100 mg of this compound was welded,
together with abundant distilled H2O, into an Au capsule of 5 mm diameter and
placed into a rod vessel. Synthesis experiments were done at 250 °C and 3 kb water
pressure for a period of two weeks time. The resulting product was a fine white
powder consisting mostly of tiny crystals less than 10 µm in diameter.
The experimental product was characterized using an X’Pert MPD powder
diffractometer operating in continuous mode. The measuring conditions for the
diffractometer were CuKα radiation (40 kV, 40 mA) with a divergence slit of 0.5°,
an anti-scatter slit of 0.5°, a receiving slit of 0.30 mm and from 5 to 80 °2Θ with
a step size 0.020° and 18 s/step.
Low-temperature heat capacities were measured with a commercially designed relaxation calorimeter [i.e., heat capacity option of the Physical Properties
Measurement System (PPMS), produced by Quantum Design]. The measurements
were performed at temperatures between 5 and 300 K on a small milligram-sized
sample wrapped in a 0.025 mm thick Al foil and pressed at 1 GPa to a pellet of 5
mm diameter and 0.5 mm thickness. The CP data were collected at 60 temperatures
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