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Coordination study of rare earth elements on Fe oxyhydroxide and Mn dioxides: Part I.
Influence of a multi-electron excitation on EXAFS analyses of La, Pr, Nd, and Sm
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Abstract
Coordination states of rare earth elements (REEs) adsorbed by iron oxyhydroxide (FeOOH)
and manganese dioxide (δ-MnO2) (REE = La, Pr, Nd, and Sm) were determined using extended X-ray
absorption fine structure (EXAFS) spectroscopy. Multi-electron excitation, resulting in double-electron
excitation (2p, 4d → 5d, 5d) for REE-LIII edge EXAFS spectra, possibly causes a considerable error
in EXAFS analyses for light REEs. To obtain reliable structural parameters this study elucidates the
effects of double-electron excitation on the local structure determination of light REEs on poorly
crystallized FeOOH and δ-MnO2. For this study, anomalous features attributable to excitation are
superimposed on EXAFS signals of La, Pr, Nd, and Sm samples in the 5.0–7.0 Å–1 k range. The relative intensity of the double-electron excitation to the LIII adsorption edge is <1.1%. Consequently, the
double-electron excitation engenders a smaller error than those estimated in fitting for Pr, Nd, and
Sm samples. However, significant correction is necessary for the determination of local coordination
states of La samples: interatomic distances are 0.007–0.036 Å shorter after correction. The EXAFS
analyses of REE-sorbed Fe samples show that adsorbed La, Pr, Nd, and Sm have a mixture of eightfold and ninefold coordination structures and form inner sphere complexes at the FeOOH surface.
The determined structural parameters of light REE-sorbed δ-MnO2 suggest that adsorbed light REEs
have distorted tenfold-coordination spheres consisting of six short and four long REE–O bonds and
form inner sphere complexes. Their coordination structures are more disordered than those of aquo
ions and FeOOH samples.
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Introduction
Major components of ferromanganese nodules and crusts, Fe
oxyhydroxide and Mn dioxide, are important carriers of REEs in
ocean waters (Aplin and Cronan 1985; Bau et al. 1996; Calvert et
al. 1987; Chester 1999; De Carlo and McMurtry 1992; Dymond
et al. 1984; Elderfield et al. 1981; Piper 1974). Kawabe et al.
(1999) and Ohta and Kawabe (2000) conducted laboratory experiments to reproduce the REE partitioning reaction that occurs
in nature; they pointed out that the change of REE coordination
in the solid phase possibly affects the REE partitioning reaction.
Grasping the coordination states of REEs that are coprecipitated
with or adsorbed onto poorly crystallized Fe oxyhydroxides
and Mn oxides is crucial for interpretation of the processes by
which REEs are removed from seawater. However, elucidation
of their disordered structures is a challenge because REEs on
these poorly crystallized materials lack long-range order. Extended X-ray absorption fine structure (EXAFS) spectroscopy
is suitable to obtain local structures of such materials because
it is highly selective to the central atom and the fluorescent
mode is extremely sensitive to minor elements included in the
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samples. In recent years, EXAFS spectroscopy has been used
to characterize local structures of poorly crystallized materials
(such as Fe hydroxides and Mn oxides) (Combes et al. 1989,
1990; Manceau et al. 1992a, 1992b; Stouff and Boulègue 1988),
trace amounts of Ni, Co, Cu, Zn, Ba, Ce, and Pb in Fe (hydro-)
oxide and Mn oxide (Bargar et al. 1997; Manceau et al. 2002,
2007; Takahashi et al. 2007), aqueous REE3+ ions without longrange order coordination (Allen et al. 2000; Anderson et al.
2002; Mayanovic et al. 2002; Solera et al. 1995; Yamaguchi et
al. 1988), trace amounts of REE-adsorbed in calcite (Elzinga et
al. 2002; Tsuno et al. 2003; Tanaka et al. 2008), and Lu-sorbed
ferrihydrite (Dardenne et al. 2001, 2002).
However, the EXAFS method engenders larger errors for
determination of coordination numbers than those of interatomic
distances. Furthermore, a small irregular feature caused by
multi-electron excitation is superimposed on EXAFS oscillation
of light REEs. Chaboy et al. (1994), Chaboy and Tyson (1994),
and Solera et al. (1995) pointed out that multi-electron excitation
gives rise to a non-negligible deviation in the determination of
coordination number and interatomic distance. Consequently,
this problem cannot be bypassed. Ohta et al. (2008) established
the isolation process of a multi-electron excitation using EXAFS

