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Quantitative characterization of biotic iron oxides by analytical electron microscopy
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ABSTRACT
Hydrous ferric oxides (HFO) play a tremendous role in the environment, and as a result, they
have often been analyzed for their bulk chemical and mineralogical composition, but rarely at the
particle level. This study used a combination of transmission electron microscopy (TEM), parallel
electron energy loss spectroscopy (TEM-PEELS), and selected area electron diffraction (TEMSAED), to determine the morphology, stoichiometry, and mineralogy of synthetic biotic HFO and
assess the effect of specimen preparation (i.e., dehydration) on their overall chemical composition.
A mixture of synthetic lepidocrocite (g-FeOOH) and goethite (a-FeOOH) was used as reference
material for all TEM analyses. HFO were formed by the oxidation of Fe2+ (pH = 8) in the presence
of Bacillus subtilis (bacteria without extracellular polymers) and Bacillus licheniformis cells (with
extracellular polymers). Biotic Fe-oxides occurred as small particles (5–10 nm diameter) on the
bacterial cell walls and associated exopolymers and were identified as 2-line ferrihydrite by TEMSAED. Quantitative TEM-PEELS results showed that (1) freeze-dried abiotic samples had an Fe/O
atomic ratio of 0.54 ± 0.03, whereas the Fe/O ratio of the biotic ferrihydrite formed in the presence
of B. licheniformis and B. subtilis was 0.48 ± 0.06 and 0.54 ± 0.08, respectively; (2) air-dried biotic
ferrihydrite possessed an Fe/O ratio close to 0.30, whereas the ratio of the abiotic air-dried HFO
samples remained unchanged (i.e., 0.51 ± 0.04). These results indicate that quantitative TEM-PEELS
can be used for the chemical characterization of Fe-oxides, since the measured Fe/O atomic ratios of
the reference HFO are in agreement with their known stoichiometry (i.e., 0.50 for FeOOH). Our
results also suggest that ferrihydrite dehydrates during freeze-drying and that specimen preparation
is very important when assessing chemical composition.

INTRODUCTION
Hydrous ferric oxides (HFO) have been identified in various freshwater reservoirs. Due to their large specific surface
and their abundance, HFO play an important role in the transport of micropollutants in the environment (Buffle 1988;
Nomizu et al. 1988; Buffle and Van Leeuwen 1992; Ledin 1993;
Fortin et al. 1993; Tessier et al. 1996). Natural HFO are usually composed of a mixture of amorphous iron oxides,
ferrihydrite, and some more crystalline phases, such as
lepidocrocite, goethite, and hematite (Fortin et al. 1993; Perret
et al. 2000), and they all tend to occur as very small particles
(1–100 nm in diameter). Most natural HFO particles are unstable and tend to transform with time toward more crystalline
forms, either by aging or possibly by dissolution and re-crystallization (Cornell and Giovanoli 1988). Such HFO transformations affect the fate of sorbed micropollutants, especially in
the case of ferrihydrite, as shown by the recent study of
Scheinost et al. (2001), which indicated that the scavenging
properties of poorly ordered HFO were changed after dehydration.
Ferrihydrite is a very abundant HFO and is thought to play
an important role in trace-element cycling, because of its poorly
ordered structure and surface properties (see review by Jambor
and Dutrizac 1998). The structure and chemical formula of
ferrihydrite (both 2-line and 6-line) is however still under investigation despite numerous studies (Towe and Bradley 1967;
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Chukhrov et al. 1973; Russell 1979; Eggleton and Fitzpatrick
1988; Combes et al. 1989; Manceau and Gates 1997; Janney et
al. 2000a, 2000b). It has been proposed that most of the Fe is
in octahedral coordination (Combes et al. 1989), but the exact
water content remains unclear, because of variable laboratory
results (Jambor and Dutrizac 1998). As a result, several chemical formulae have been proposed. According to Table 1, the
Fe/O atomic ratio of 2-line and 6-line ferrihydrite can vary
between 0.125 and 0.417 depending on the proposed chemical
formula. The lowest value is however unlikely, because synchrotron techniques (Combes et al. 1989; 1990) have shown
that all of the Fe atoms in the structure of 6-line ferrihydrite
are octahedrally coordinated and not in tetrahedral coordination, as proposed by Eggleton and Fitzpatrick (1988). In addition, up to 35% of the Fe may be located at the surface of
ferrihydrite and can coordinate H 2O, OH, and O ligands
(Manceau and Gates 1997). The structural difference between
2-line and 6-line ferrihydrite is still under investigation, but it
is believed that the main difference is that the crystal structure
of 2-line ferrihydrite is less developed than that of 6-line
ferrihydrite (Janney et al. 2000a). The difference in water content between the two types of ferrihydrite is however not known.
Transmission electron microscopy (TEM) observations have
shown that natural HFO, including ferrihydrite, are often found
in close association with bacterial cells and their exopolymers
(Sogaard et al. 2000). Such HFO are referred to as biotic minerals and often present a granular morphology (2–10 nm diameter), which appears to form independently of the physico-chemical
conditions of the aqueous milieu (Fortin et al. 1993; Fortin et al.

