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ABSTRACT
The hydrothermal transformation of 2-line ferrihydrite into hematite proceeds slowly if a sufficient quantity of some strongly adsorbing ligand, such as phosphate or citrate, is sorbed on the
starting product. In this work, we studied such transformation at temperatures ranging from 125 to
200 ∞C, a molar P/Fe ratio of 0–6%, and a molar citrate/Fe ratio of 3%. The products were characterized by X-ray diffraction (XRD), infrared spectroscopy, Mössbauer spectroscopy (MS) at various
temperatures and in an applied field of 60 kOe, magnetic and thermal analysis, and transmission
electron microscopy (TEM). At 150 ∞C, pure 2-line ferrihydrite transformed rapidly into hematite.
The products of transformation of 2-line ferrihydrite with P/Fe = 2.75% or citrate/Fe = 3% had a
magnetic susceptibility of >240 ¥ 10–6 m3/kg and were, according to XRD and MS data, mixtures of
hematite with structural P, 6-line ferrihydrite, and a magnetic phase. This phase exhibited most of
the characteristic reflections and MS features of maghemite, and occurred as 7–30 nm subrounded
particles with lattice fringes corresponding to the maghemite (310) and (220) planes. It was designated “hydromaghemite” because it lost >3% water between 110 and ~350 ∞C. At 150 ∞C, complete
transformation into hematite occurred in <120 days.

INTRODUCTION
Maghemite (g-Fe2O3), a red-brown ferrimagnetic Fe oxide,
has been extensively studied because of its technological importance as a recording material and a catalyst. It is also a common mineral in subtropical and tropical soils (Cornell and
Schwertmann 1996) and, together with magnetite (Fe3O4), is
responsible for the magnetic enhancement of many paleosols
(Liu et al. 1992; Heller and Evans 1995; Maher 1998; Virina et
al. 2000). The presence of maghemite in soils has been usually
attributed to: (1) oxidation of magnetite; (2) dehydroxylation
of lepidocrocite (g-FeOOH); and (3) heating of goethite (aFeOOH) in the presence of organic matter.
Recently, Barrón and Torrent (2002) have shown that a ferrimagnetic phase, considered to be an unusual form of
maghemite, can form from 2-line ferrihydrite (a common precursor of goethite and hematite in soils) at temperatures <150
∞C under oxidizing conditions. These authors have also suggested that the enhancement of magnetic properties of both
Earth and Mars soils can be explained by the presence of a
maghemite phase formed in this pathway. Maghemite is indeed considered to be the most likely candidate to explain the
magnetism on the Martian surface (Madsen et al. 1999). The
next Mars missions scheduled by the NASA and ESA will try
to land rovers carrying a panoramic camera, thermal infrared
and alpha-proton-X-ray equipment, and a miniaturized
Mössbauer spectrometer (Klingelhöfer 1998) to identify the
Fe phases constituting the Martian soils. These missions there* E-mail: cr1balov@uco.es
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fore justify the need to investigate in the laboratory the possible formation mechanisms of magnetic phases, in particular
maghemite, as a guide to interpret the observations made on
the surface of our neighbor planet.
The main objective of this work was to characterize in detail the properties of the unusual maghemite derived from the
thermal transformation of 2-line ferrihydrite in the presence of
some additives that retard transformation to hematite. We discuss the hypothesis that this intermediate phase can be considered as “hydromaghemite,” in analogy to hydrohematite
(Wolska 1981). The precursor 2-line ferrihydrite possesses a
structure based on hexagonal (ABAB) and cubic (ABC) stacking of close-packed layers of O2– and OH– (Janney et al. 2000),
a feature that might favor maghemite formation.

MATERIALS AND METHODS
Synthesis
Suspensions of 2-line ferrihydrite were prepared by precipitating 0.01 M
Fe(NO3)3 with 1 M KOH to a final pH of 7. The initial solution contained phosphate (values of P/Fe atomic ratio in the 0–6% range) or citrate (citrate/Fe molar ratio = 3%), and are hereafter referred to as P/FeX or Cit/FeX (with X being
atomic or molar ratio expressed as a per cent value). The suspensions were aged
at 125 ∞C or higher temperatures in Polytetrafluoroethylene (PTFE)-lined vessels over periods of 0.2 to >180 days. Suspensions of 6-line ferrihydrite were
prepared according to Schwertmann and Cornell (2000). After precipitation,
phosphate was added to obtain values of the P/Fe atomic ratio in the 0–5%
range. The suspensions of 6-line ferrihydrite with sorbed P were aged at 175 ∞C
in PTFE-lined vessels. The synthesized products were washed free of salts by
centrifuging the suspension at an acceleration of 1.5 ¥ 104 m/s2, discarding the
supernatant, and resuspending and dialyzing the sediment in deionized water
until the electrical conductivity of the equilibrium solution was <0.01 dS/m.
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