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XAFS spectroscopic study of uranyl coordination in solids and aqueous solution
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ABSTRACT

To evaluate the ability of X-ray absorption fine structure (XAFS) spectroscopy to elu-
cidate the coordination environment of U61 at the solid-water interface, we conducted an
in-depth analysis of experimental XAFS data from U61 solid and solution model com-
pounds. Using the ab initio XAFS code FEFF6, we calculated phase-shift and amplitude
functions for fitting experimental data. The code FEFF6 does a good job of reproducing
experimental data and is particularly valuable for providing phase-shift and amplitude
functions for neighboring atoms whose spectral contributions are difficult to isolate from
experimental data because of overlap of Fourier transform features. In solid-phase model
compounds at ambient temperature, we were able to fit spectral contributions from axial
O (1.8 Å), equatorial O (2.2–2.5 Å), N (2.9 Å), C (2.9 Å), Si (3.2 Å), P (3.6 Å), distant
O (4.3 Å), and U (4.0, 4.3, 4.9, and 5.2 Å) atoms. Contributions from N, C, Si, P, distant
O, and distant U (4.9 and 5.2 Å) are weak and therefore might go undetected in a sample
of unknown composition. Lowering the temperature to 10 K extends detection of U neigh-
bors to 7.0 Å. The ability to detect these atoms suggests that XAFS might be capable of
discerning inner-sphere U sorption at solid aluminosilicate-water interfaces. XAFS should
definitely detect multinuclear U complexes and precipitates. Multiple-scattering paths are
minor contributors to uranyl XAFS beyond k 5 3 Å21. Allowing shell-dependent disorder
parameters (s2) to vary, we observed narrow ranges of s2 values for similar shells of
neighboring atoms. Knowledge of these ranges is necessary to constrain the fit of XAFS
spectra for unknowns. Finally, we found that structures reported in the literature for uranyl
diacetate and rutherfordine are not completely correct.

INTRODUCTION

Uranium is a significant environmental contaminant,
particularly at several U.S. weapons complex sites, where
it is found in soils and sediments (U.S. Department of
Energy 1995). In such environments, natural waters en-
hance the extent to which U reacts with the surfaces of
soil particles (sorption) and also may provide solution
constituents for U complexation. The structure and com-
position of the resulting sorption and solution complexes
modulate U mobility. To understand and predict U mo-
bility, we need information about the coordination chem-
istry of U in these complexes.

X-ray absorption fine structure (XAFS) spectroscopy
provides interatomic distance (R) and coordination num-
ber (N) information, as well as a measure of local dis-
order (s2, a Debye-Waller–like term) relative to a selected
central atom. Combined with coordination chemistry
principles, XAFS spectroscopy can provide quantitative
information about the coordination environment of the
central atom. The theory and practice of XAFS spectros-
copy have been described extensively elsewhere (Teo
1986; Brown et al. 1988; Stern 1988).

Several XAFS spectroscopic investigations have
probed the coordination environment of U61 (the domi-
nant oxidation state in our applications) in solids, aqueous

solutions, and mixed solid-solution systems of unknown
structure and composition. Using samples of known com-
position and structure, it has been shown repeatedly that
XAFS can detect the first two shells of neighboring atoms
around U61 [axial O (Oax) and equatorial O (Oeq) or equa-
torial F] in solids and aqueous solutions (Karim et al.
1980; Knapp et al. 1984; Dent et al. 1992; Farges et al.
1992; Chisholm-Brause et al. 1994). In addition, Dent et
al. (1992) and Allen et al. (1995) identified several more
distant neighbors in samples of otherwise unknown struc-
ture. In this study we establish the accuracy with which
XAFS can identify and determine the location of atoms
in second and more distant coordination shells on the ba-
sis of well-characterized crystalline (and one aqueous)
compounds with various compositions and structures.

Knowledge of the technique’s limitations beyond the
Oeq shell is critical for several reasons. In solutions, the
nature of uranyl ligands affects U mobility, thus it would
be valuable to distinguish whether third-shell atoms are
C (as in carbonate), N (as in nitrate), or some other ele-
ment or combination of elements. For solid-water inter-
face studies, observing a contribution to the XAFS spec-
trum from an atom unique to the sorbent could determine
the relationship of the adsorbate to the sorbent surface.
Typically, the nearest neighbor to a sorbed U atom that


