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INTRODUCTION

Hematite (a-Fe2O3), goethite (a-FeOOH), maghemite (g-
Fe2O3), and lepidocrocite (g-FeOOH) represent the vast major-
ity of terrestrial occurrences of crystalline ferric oxides and
oxyhydroxides, collectively termed oxides in the following text.
They are abundant in soils, loess, banded iron formation, oolitic
iron ores, bauxites, hydrothermal deposits, aeolian dust, and
elsewhere (Trendall and Morris 1983; Bardossy and Aleva 1990;
Cornell and Schwertmann 1996; Chiang et al. 1999; Liu et al.
1999). Fine-grained Fe oxides act as heavy metal scavengers
and transport media at sites with metal tailings (Benvenuti et
al. 2000; Roussel et al. 2000). Undesirable production of Fe
oxides occurs in rusting of steel and of iron meteorites (Cook
et al. 1999; Dunn et al. 2000; Noguchi and Nakamura 2000).
Living organisms store Fe in the form of Fe oxides and use
them for navigation in the Earth’s magnetic field (McClean et
al. 2001, Winklhofer et al. 2001). Iron oxides have been iden-
tified on the surface of the red planet Mars (Morris et al. 2000).
Cornell and Schwertmann (1996) reviewed the extensive lit-
erature on various aspects of Fe oxide crystallography, chem-
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ABSTRACT

The heat capacities (CP) of goethite (goe, a-FeOOH), lepidocrocite (lep, g-FeOOH), and maghemite
(mag, g-Fe2O3) were measured from below liquid helium temperature up to their decomposition
temperatures by a combination of adiabatic, semi-adiabatic, and differential scanning calorimetry.
All three phases were synthetic, with <160 ppm of Al. Chlorine content in goe (32 ppm) and lep (202
ppm) is too low to affect the calorimetric results of this study. Phase purity was verified by Rietveld
refinement of the powder X-ray diffraction (XRD) patterns; we determined lattice parameters, atomic
positions, crystallite size, and microstrain for all three samples. The Brunauer-Emmet-Teller (BET)
surface area is 21 (goe), 23 (lep), and 18 (mag) m2/g. No amorphous impurity was found in the
goethite sample by extraction of the oxalate soluble fraction. The excess water, determined from
weight loss after firing at 1200 K overnight, is 0.083 ± 0.010 (goe), 0.087 ± 0.005 (lep), 0.042 ±
0.003 (mag) moles of water per mole of FeOOH or Fe2O3.

The entropy at standard temperature and pressure (STP) was calculated from subambient CP data
and corrected for the excess water content using a Debye-Einstein representation of the CP of hex-
agonal ice. The entropy at STP is 59.7 ± 0.2 (goe), 65.1 ± 0.2 (lep), and 93.0 ± 0.2 (mag) J/(K·mol).
The XRD pattern of maghemite lacks superstructure peaks, and complete disorder of the vacancies
leads to configurational entropy Sconf = 2.0 J/K·mol. Because very weak superstructure peaks can be
overlooked, or the vacancies may be short-range ordered, this calculated Sconf represents only an
upper limit. The heat capacity above 273 K was fitted to a Maier-Kelley polynomial CP  [J/(K·mol),
T in K] = a + bT + cT–2. The CP polynomial coefficients are a = 1.246, b = 0.2332, c = 313900 (goe,
valid in temperature range 273–375 K), a = 59.76, b = 0.06052, c = –772900 (lep, 273–390 K), and
a = 106.8, b = 0.06509, c = –1886000 (mag, 273–760 K).

istry, mineralogy, and technological applications.
In this paper, we report the thermophysical properties—heat

capacity and entropy at standard temperature and pressure—of
goethite, lepidocrocite, and maghemite. Except for the work of
King and Weller (1970), we are not aware of any reliable heat
capacity or entropy values for these phases. Hence, this study
aims at filling gaps in the thermodynamic database of these
solids relevant to geochemistry, environmental, soil, and ma-
terials science. In the companion paper (Majzlan et al. 2003),
the thermochemistry (enthalpies of formation) of these phases
is measured and evaluated. Combination of the heat capacity,
entropy, and enthalpy of formation data gives complete infor-
mation about the stability or metastability of the studied phases
(Majzlan et al. 2003), and will serve as a basis for evaluation
of the thermodynamic properties of other phases in the system
Fe2O3-H2O.

METHODS AND MATERIALS

Sample synthesis

Goethite was prepared by aging a ferrihydrite suspension
in an alkaline solution at 343 K for 5 days (Schwertmann and
Cornell 2000). Ferrihydrite was precipitated by neutralizing 1
M Fe(NO3)3 solution by 5 M KOH. The hydroxide solution was




