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Abstract

Experimental distribution coefficients of rare earth elements (REEs) between Fe oxyhydroxides 
(FeOOH) and Mn dioxide (δ-MnO2) and solutions [KD(REE)] exhibit anomalous variations: preferential 
uptake of light REEs by Mn dioxide, a step-like trend in KD(REE) in the Er-Tm-Yb-Lu region, and 
fractionation of KD(Y) from KD(Ho). Extended X-ray absorption fine structure (EXAFS) spectroscopy 
was applied to determine coordination states of Er, Tm, Yb, Lu, and Y adsorbed onto FeOOH and 
δ-MnO2 to assess structural changes around the REE site. The structures obtained, combined with 
previously determined structures of light REEs-sorbed Fe and Mn samples, corresponded to varia-
tions found in KD(REE). The structural parameters in the first coordination sphere suggest that La, Pr, 
and Nd adsorbed onto δ-MnO2 have a distorted tenfold-coordination sphere and differ greatly from 
La-, Pr-, Nd-, and Sm-sorbed FeOOH, which have a mixture of eightfold- and ninefold-coordination 
spheres. In contrast, heavy REEs including Y adsorbed onto Fe and Mn samples’ local structures have 
an eightfold-coordination sphere. The preferential uptakes of light REEs by δ-MnO2 are explained by 
the structural change. The irregular variations of heavy REEs and Y fractionation from Ho in KD(REE) 
do not, however, correspond to any change found in the coordination sphere. During characterization 
of the first coordination sphere, the W-type tetrad effect appears in the series variation of interatomic 
distances of REE3+

aq and REE-sorbed FeOOH and δ-MnO2. The occurrence of a tetrad effect indicates 
that the interatomic distances relate not only to the electrostatic field but also to a quantum field.
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Introduction

Rare earth element (REE) complexes have no isostructure 
through the series, mostly because of the lanthanide effect. 
Consequently, structural changes in REE complexes are reflected 
in the systematic variation in thermodynamic quantity (e.g., 
Kawabe 1999). Kawabe et al. (1999) and Ohta and Kawabe 
(2001) pointed out that the irregular variations found in REE 
distribution coefficients [KD(REE)] between Fe oxyhydroxides 
or Mn dioxides and NaCl solutions result from some structural 
differences. Ohta et al. (2008, 2009) determined the local struc-
tures of REE3+

aq and light REEs adsorbed onto Fe oxyhydroxides 
and Mn dioxides using extended X-ray absorption fine structure 
(EXAFS) spectroscopy to confirm that inference. Particularly, 
EXAFS spectroscopy has been effective to characterize local 
structures of aqueous REE3+ ions without long-range order co-
ordination (Allen et al. 2000; Anderson et al. 2002; Mayanovic 
et al. 2002; Solera et al. 1995; Yamaguchi et al. 1988) and to 
characterize trace amounts of REEs doped in calcite, Fe (hydro-)
oxide, and Mn oxide (Dardenne et al. 2001, 2002; Elzinga et 
al. 2002; Takahashi et al. 2007; Tanaka et al. 2008; Tsuno et 

al. 2003). Because REEs that are adsorbed onto these poorly 
crystallized materials lack long-range order, elucidation of their 
disordered structures is a challenge. Moreover, multi-electron 
excitation superimposed on EXAFS spectra of light REEs 
engenders considerable error in the determination of their local 
coordination structures (Chaboy et al. 1994; Chaboy and Tyson 
1994; Solera et al. 1995).

To obtain accurate and reliable structural parameters in 
EXAFS analysis, as a first step, Ohta et al. (2008) established an 
isolation process for a multi-electron excitation and elucidated 
the precision and accuracy of parameters for REE3+

aq obtained in 
EXAFS analysis. Ohta et al. (2009) further applied the removal 
procedure of a multi-electron excitation to EXAFS data of light 
REEs on poorly crystallized FeOOH and δ-MnO2 and determined 
the structural parameters of those materials. They concluded 
that a multi-electron excitation demands large correction for La 
adsorbed onto Fe oxyhydroxide and Mn dioxides, but that it does 
not seriously affect EXAFS analyses of REE3+

aq and Pr-, Nd-, and 
Sm-sorbed samples. Ohta et al. (2008) confirmed that EXAFS 
measurement has high reliability, even for the short-range order 
structure of REE3+

aq. For the present study, we carried out EXAFS 
measurements of heavy REEs including Y adsorbed onto FeOOH * E-mail: a.ohta@aist.go.jp


