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Abstract
The thermodynamics of mixing and its dependence on cation distribution in the Fe3O4–Fe2TiO4
(magnetite-ulvöspinel) spinel solid solution were studied using high-temperature oxide melt solution calorimetry and a range of structural and spectroscopic probes. The enthalpies of formation of
ilmenite and ulvöspinel from the oxides and from the elements were obtained using oxidative drop
solution calorimetry at 973 K in molten sodium molybdate. The enthalpy of mixing, determined from
the fit to the measured enthalpies of drop solution calorimetry, is endothermic and represented by a
quadratic formalism, ∆Hmix = (22.60 ± 8.46)x(1 – x) kJ/mol, where x is the mole fraction of ulvöspinel.
The entropies of mixing are more complex than those for a regular solution and have been calculated
based on average measured and theoretical cation distributions. Calculated free energies of mixing
show evidence for a solvus at low temperature in good agreement with that observed experimentally.
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Introduction
Because of their prospectively accessible reactive Fe content, spinel-type iron oxides such as magnetite (Fe3O4) are key
phases that can participate in heterogeneous electron transfer
reactions at the mineral-water interface in sediments. These
include direct transfer of electron equivalents to the oxide-water
interface through contact with dissolved oxygen or redox-active
contaminants, or indirectly to aqueous solution species through
acidic dissolution of Fe2+. In sediments derived from weathered basalt, magnetites typically contain titanium impurities
(Zachara et al. 2007a). Lattice Fe3+ replacement by Ti4+ yields
a proportional increase in the molar Fe2+ content to maintain
charge neutrality, resulting in the preponderance of so-called
titanomagnetites (Fe3–xTixO4). This increase in Fe2+ relative to
Fe3+ is complicated by partitioning into either tetrahedral (A
site) or octahedral (B site) cationic sublattices, resulting in a
range of magnetic, electronic, and structural properties that
have inspired extensive investigation. For example, increased
tetrahedral Fe2+ content leads to enhanced magnetostriction and
therefore a high coercive force, thus titanomagnetites play a
major role in paleomagnetic properties of the Earth’s crust and
are of related interest for technological applications (Kąkol et
al. 1991; Banerjee 1991; O’Reilly 1984).
Stoichiometric magnetite Fe3O4 has an inverse spinel structure with one Fe3+ per formula unit on tetrahedral sites, and Fe2+
and the remaining Fe3+ in a 50:50 ratio on the octahedral sites:
Fe3+[Fe2+Fe3+]O4 (Bragg 1915; Nishikawa 1915; Verwey and de
Boer 1936) with fast electron hopping between Fe2+ and Fe3+
on the octahedral sites at room temperature (Bauminger et al.
1961; Mackay 1961; Della Giusta et al. 1987; Vandenberghe
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and De Grave 1989; Okudera et al. 1996). A complete solid
solution exists along the binary join from magnetite (x = 0) to
ulvöspinel (x = 1) as replacement of Fe3+ by Ti4+ yields titanomagnetites (Fe3–xTixO4). Ulvöspinel also has the inverse spinel
structure (Barth and Posnjak 1932; Gorter 1957; Basta 1959;
MacChesney and Muan 1959; Rossiter and Clarke 1965; Forster
and Hall 1965). The magnetite-ulvöspinel solid solution has been
reviewed recently by Pearce et al. (2010), including a range of
analytical measurements that elucidate the series in terms of
atomic structure, magnetic properties, and cation distribution.
The thermodynamics of the magnetite-ulvöspinel solid solution are of interest for understanding the temperature-dependent
extent of mixing, and also for providing a basis to define effective
half-cell reduction potentials for heterogeneous electron transfer
reactions with environmentally relevant species. The “tunable”
solid-state Fe2+/Fe3+ ratio provides an ideal parameter to systematically examine the relationship between the thermodynamic
reduction potential of the solid and the reduction rate and extent
of key environmentally relevant contaminants such as synthetic
organic dyes, e.g., methylene blue (Yang et al. 2009), nitrobenzene (Gorski and Scherer 2010), and the polyvalent radionuclides
99
Tc7+ and 238U6+ (Zachara et al. 2007b; Peretyazhko et al. 2008;
Ilton et al. 2010; Liu et al. 2012). Despite exhaustive previous
research on the thermodynamic properties of magnetite, ulvöspinel, and compositionally relevant ilmenite (FeTiO3) (Shomate
et al. 1946; Schmahl et al. 1960; MacChesney and Muan 1961;
Verhoogen 1962; Westrum and Groenvold 1969; Groenvold and
Sveen 1974; Levitskii et al. 1976; Carel and Vallet 1981; Anovitz
et al. 1985; Holland and Powell 1998; Berman 1988; O’Neill
et al. 1988; Hemingway 1990; Sundman 1991; Kale and Jacob
1992; Senderov et al. 1993; Brown and Navrotsky 1994; Takai
et al. 1994; Mehta et al. 1994; Stølen et al. 1996; Eriksson et al.
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