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Abstract
A solid solution can exist of magnetite (Fe3O4) and maghemite (γ-Fe2O3), which is commonly
referred to as nonstoichiometric or partially oxidized magnetite. The degree of stoichiometry in magnetite is quantitatively measured by determining the ratio of Fe2+ to Fe3+. Magnetite stoichiometry (x =
Fe2+/Fe3+) strongly influences several physical properties, including the coercitivity, sorption capacity,
reduction potential, and crystalline structure. Magnetite stoichiometry has been extensively studied,
although very little work exists examining the stoichiometry of nanoparticulate samples (<<100
nm); when the stoichiometry was measured for nanoparticulate samples, it was not validated with
a secondary technique. Here, we review the three most common techniques to determine magnetite
stoichiometry: (1) acidic dissolution; (2) Mössbauer spectroscopy; and (3) powder X-ray diffraction
(pXRD), specifically with nanoparticulate samples in mind. Eight samples of nonstoichiometric
magnetite were synthesized with x ranging from 0 to 0.50 and with the particle size kept as similar as
possible (BET specific surface area = 63 ± 7 m2/g; particle size ≈ 20 nm). Our measurements indicate
excellent agreement between stoichiometries determined from Mössbauer spectra and by acidic dissolution, suggesting that Mössbauer spectroscopy may be a useful means for estimating magnetite
stoichiometry in nanoparticulate, multi-phases samples, such as those found in the environment. A
significant linear correlation was also observed between the unit-cell length (a) of magnetite measured
by pXRD and magnetite stoichiometry, indicating that pXRD may also be useful for determining
particle stoichiometry, especially for mixed phased samples.
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Introduction
Magnetite (Fe3O4) is an important mineral to several fields
of study. It has widespread uses in industrial processes as a
ferrofluid, including digital media recording and drug delivery
(Pankhurst et al. 2003; Raj and Moskowitz 1990). Magnetite is of
great interest to physicists, as it has unique magnetic properties,
undergoes the Verwey transition, and is a conductor (Garcia and
Subias 2004; Goss 1988; Sherman 1987; Walz 2002). Magnetite
is also widely used in water treatment as an effective sorbent
for many contaminants that can be easily separated from water
using an applied magnet field (Yavuz et al. 2006). In corrosive
environments, magnetite is a frequently observed product of
steel oxidation (Stratmann et al. 1983). In natural environments,
magnetite is a common end product of biological and abiotic reduction of ferric (Fe3+) oxides (Hansel et al. 2005; McCormick et
al. 2002; Tamaura et al. 1983), and a facile reductant for several
environmental contaminants found in groundwater (Gorski and
Scherer 2009; Lee and Batchelor 2002; McCormick et al. 2002;
Scott et al. 2005; White and Peterson 1996).
Magnetite has an inverse spinel structure (space group Fd3m),
which has an oxygen cubic closed-packed structure, and a 2:1
octahedral (Oct) to tetrahedral (Tet) site occupancy with Fe
atoms. As a result, the magnetite formula can be written more
precisely as TetFe3+[OctFe2+Fe3+]O4. In the literature, the TetFe is
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often referred to as the “A” site, and the OctFe is denoted as the
“B” site. For clarity of discussion, we will refer to these sites as
Oct and Tet throughout this paper. Within the unit cell, there are
eight TetFe3+, eight OctFe2+, eight OctFe3+, and 32 O atoms.
Magnetite can have a range of oxidation states dependent
upon the amount of structural Fe2+, which can be discussed
quantitatively as the magnetite stoichiometry (x = Fe2+/Fe3+).
For magnetite with an ideal Fe2+ content (assuming the Fe3O4
formula), the mineral phase is known as stoichiometric magnetite
(x = 0.50). As magnetite becomes oxidized, the Fe2+/Fe3+ ratio decreases (x < 0.50), with this form denoted as nonstoichiometric or
partially oxidized magnetite. When the magnetite is completely
oxidized (x = 0), the mineral is known as maghemite (γ-Fe2O3).
For nonstoichiometric magnetite, the structure is often written as
Fe3–δO4, where δ can range from zero (stoichiometric magnetite)
to 1/3 (completely oxidized). This formula can be expressed as
Tet
3+
Fe3+[OctFe2+
1–3δFe 1+2δδ]O4, where  are vacancies formed in
the crystal structure to account for charge balance. Note that this
model assumes that all vacancies occur in Oct sites, which is a
topic of debate in the literature (da Costa et al. 1996; Goss 1988;
Tronc et al. 1982). The stoichiometry can easily be converted to
and from this form by the following relationship:
Fe 2+
1 − 3δ .
(1)
=
Fe3+ 2 + 2δ
The magnetite stoichiometry can dramatically influence the
particles’ physical and chemical properties, including the reduc-
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