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Abstract

Poorly crystalline solids play an important role in many low-temperature geochemical processes, 
such as trace element speciation and biomineralization. Yet, the structures of many such naturally oc-
curring phases are poorly understood. X-ray absorption spectroscopy is a powerful tool that permits 
chemically and spatially resolved investigations of poorly crystalline materials. In this study, we 
compare structural and electronic information derived from different regions of chromium K-edge 
X-ray absorption spectra for a series of poorly ordered iron(III)-chromium(III)-oxyhydroxides. These 
phases regularly form after the reduction of Cr(VI) by Fe(II) and often dictate the long-term fate of 
Cr in the environment. The distinct parts of the X-ray absorption spectrum, namely the pre-edge 
region, the near edge (XANES) region, and the extended (EXAFS) region, provide complementary 
information about the local chemical environment of Cr. Analysis of the XANES and EXAFS spectra 
showed that the structure around Cr in the Cr-poor sample is primarily composed of edge-sharing 
octahedra, whereas the octahedra in the Cr-rich samples are connected by edge-sharing and corner-
sharing linkages. The analysis of non-local transitions in the pre-edge spectra indicated the absence 
of Cr clustering at low Cr substitution. This study demonstrates the advantage of complementary 
pre-edge, XANES, and EXAFS analysis to deduce information on the medium-range environment 
around Cr in poorly ordered solids.
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Introduction

Chromium (Cr) is a trace metal of tremendous economic 
significance used in a plethora of industrial processes, like met-
allurgy, wood preservation, and tanning (Johnson et al. 2006; 
Katz and Salem 1994). The wide use of Cr has led to severe 
pollution of aquifers and soils and has made Cr one of the most 
common metal contaminants in U.S. Superfund sites (IETEG 
2005). In situ remediation actions aim to transform the highly 
toxic hexavalent Cr to its trivalent state (Palmer and Wittbrodt 
1991), which is much less toxic and mobile than the oxidized Cr 
form. Due to the common co-occurrence of Cr and iron (Fe) in 
natural and engineered environments, the reduction of hexavalent 
Cr often results in the formation of X-ray amorphous Fe(III)-
Cr(III)-oxyhydroxide precipitates (Manning et al. 2007), herein 
referred to as Fe-Cr-oxyhydroxides. Co-precipitated Cr(OH)3 
and Fe(OH)3 have been shown to behave thermodynamically 
like a solid solution over a wide substitution range (Sass and 
Rai 1987), resulting in a reduced metal solubility compared to 
its pure end-members. Fe-Cr-oxyhydroxides thus often dictate 
the long-term fate of Cr (Fendorf et al. 2000; Hansel et al. 2003). 
Studying their structure and properties is essential for understand-
ing the biogeochemical cycling of Cr and to design appropriate 
remediation strategies.

Deciphering the structure of such highly disordered phases 
requires a combination of different complementary techniques. 

One key component in this respect is the study of the local 
molecular environment around the metal. This element-specific 
molecular-scale information is provided by X-ray absorption 
spectroscopy (XAS). The currently accepted structural model 
for Fe-Cr-oxyhydroxides has been formulated by Manceau and 
Charlet (Charlet and Manceau 1992; Manceau and Charlet 1992) 
in a seminal work based on the analysis of the extended X-ray ab-
sorption fine structure (EXAFS) above the Cr K-edge. This model 
proposes different anion packing for the two pure end-members 
of the solid-solution series, namely hydrous chromic oxide 
(gamma-phase) and hydrous ferric oxide (alpha-phase). Con-
sequently, the model predicts changes in the octahedral linkage 
upon increasing the mole fraction of Cr in Fe-Cr-oxyhydroxides. 
Based on this structural model, Hansel et al. (2003) found system-
atic changes in the EXAFS spectra of intermediate samples (Cr 
mole fraction <75%), but did not observe a single-corner-sharing 
Cr-Cr bond distance of about 4 Å, which would be indicative 
of the presence of a hydrous chromic oxide gamma-phase. Dif-
ferent reactions in the biogeochemical cycle of Cr result in the 
formation of solids with a distinctive Cr/Fe ratio. For example, 
different Cr/Fe ratios have been found in precipitates formed after 
the reduction of hexavalent Cr by carbonate green-rust (Bond 
and Fendorf 2003) and by microbially reduced Fe2+ (Hansel et 
al. 2003), respectively. Combined with the possibility to perform 
XAS analysis with a high spatial resolution (Manceau et al. 
2002), the relation between structural parameters (assessable by 
EXAFS spectroscopy) and the molecular Cr/Fe ratio can be used * E-mail: maarten.nachtegaal@psi.ch


