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The structure of disordered mackinawite
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ABSTRACT
2+

Synthetic Fe monosulfide, FeSam, displays a disordered tetragonal mackinawite structure. It is
nanocrystalline, with an average primary particle size equivalent to a crystallite size of 4 nm and a
corresponding specific surface area of 350 m2/g. It can be described in terms of a mixture of two
end-member phases with different long-range ordering, which we refer to as MkA and MkB. MkA
has an average primary particle size of 2.2 ¥ 1.7 nm and lattice parameters a = b = 4.0 Å, c = 6.6 ±
0.1 Å. MkB has an average primary particle size of 7.4 ¥ 2.9 nm and lattice parameters a = b = 3.7
Å, c = 5.5 ± 0.2 Å. A typical disordered mackinawite precipitate consist of 30% MkA and 70% MkB
and the proportion of MkA decreases with age. Lattice expansions relative to crystalline mackinawite
(a = b = 3.7 Å, c = 5.0 Å) may be explained by intercalation of water molecules between the tetrahedral sheets and by lattice relaxation due to small crystallite size.
The formation of two phases of FeSam is consistent with competing pathways involved in its
formation from aqueous solution. MkA may be equivalent to sheet-like precipitated aqueous FeS
clusters. The reactivity of FeSam is dependent on the proportion of the two end-member phases.
These in turn are dependent on the conditions of formation, especially pH, and the age of the precipitate. These observations partly explain the reported differences in FeSam reactivity in experimentation and in the environment. The structural model has implications for the behavior of natural acid
volatile sulfides in scavenging elements from solution in natural environments.

INTRODUCTION
Disordered mackinawite is a highly reactive phase with a
high adsorptive capacity for divalent metals (e.g., Kornicker
1988; Morse and Arakaki 1993; Arakaki and Morse 1993;
Wharton et al. 2000). It is typically the first iron sulfide to form
in aqueous environments and with time it may react to form
more stable iron sulfide phases such as ordered mackinawite,
greigite, and ultimately pyrite or pyrrhotite (e.g., Rickard et al.
1995; Hurtgen et al. 1999). Mackinawite possesses a tetragonal layer structure (Fig. 1), where the Fe atoms are linked in a
tetrahedral coordination to four equidistant sulfur atoms. The
Fe atoms form sheets with Fe in perfect square planar coordination and with an Fe-Fe distance of 2.5967 Å (Lennie et al.
1995), which is similar to the Fe-Fe distance in a-iron and underlines the importance of Fe-Fe bonding in the material. These
Fe sheets are stacked along the c axis, with Van der Waals forces
between S atoms holding the sheets together (Vaughan and
Craig 1978). Non-stoichiometry is observed in natural
mackinawite and appears to result from sulfur deficiency (Taylor and Finger 1970). In synthetic mackinawite, sulfur excess
is commonly observed (e.g., Rickard 1968; Berner 1974). However, in a Rietveld analysis of the structure of synthetic
mackinawite, Lennie et al. (1995) were unable to detect any
crystallographic evidence for vacancy occupancy or surplus
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Fe occupancy. They found that the FeS4 tetrahedra are almost
perfectly regular, with a much smaller degree of distortion than
had been previously reported, and concluded that a satisfactory structural refinement may be achieved by assuming
stoichiometric tetragonal FeS.
The bulk properties of synthetic disordered mackinawite
have been described by several authors. There are broadly three
ways of synthesizing mackinawite at low temperature: by the
reaction of aqueous sulfide solutions with either (1) metallic
iron or (2) ferrous iron (Berner 1964; Rickard 1969; Lennie
and Vaughan 1996), or (3) via sulfate-reducing bacteria (Rickard
1968; Watson et al. 2000). The reaction of metallic iron with
aqueous sulfide results in a more crystalline mackinawite than
reactions (2) and (3) (Lennie and Vaughan 1996; Mullet et al.
2002). With the notable exception of Watson et al. (2000), all
recent studies aiming to describe the properties of bulk disordered mackinawite studied the more crystalline solid (Lennie
and Vaughan 1996; Mullet et al. 2002). However, the reaction
of Fe2+ with inorganic and bacterial aqueous sulfide produces
disordered mackinawite, which is very similar to natural disordered mackinawite (Berner 1967; Spadini et al. 2003).
In this paper, disordered mackinawite is defined as the first
precipitated Fe2+ monosulfide phase formed through the reaction between aqueous Fe2+ or metallic iron and S–2 under ambient conditions. Lennie and Vaughan (1996) showed that this
phase, which is sometimes referred to as “amorphous FeS,”
displays long-range mackinawite ordering. This phase is re-
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