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XAFS analysis of molten rare-earth-alkali metal fluoride systems
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bstract

X-ray absorption fine structure (XAFS) measurements on rare-earth-alkali metal fluoride systems (0.2 LnF3–0.8 MF: Ln = La, Ce, Nd
m; M = Li, Na, K) have been carried out at 300 and 1173 K. The local structures around rare-earth-ions in both the solid and liq
ere evaluated by the curve-fitting analysis, involving anharmonic oscillation effects at the higher temperature. This study reveal
earest-neighbour Ln3+–F− distance and the corresponding coordination number of F− around Ln3+ in the molten state mainly depend on

anthanide species rather than the size of the alkali metal ion.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Molten rare-earth fluorides play important roles for vari-
us engineering applications, such as the synthesis of metal
lloys, the recycling of metals, etc. We have proposed molten
lkali metal fluorides as melt baths for the pyrochemical
eprocessing of nuclear fuels, and investigated the structural
haracteristics of some molten fluorides[1]. Although, the

ocal structures of molten chlorides have been systematically
nvestigated in the past by using many different experimental
2] and numerical[3] approaches, the structural characteris-
ics of molten fluorides remain experimentally unexplored so
ar. This is probably due to the high corrosiveness of these

aterials. In order to develop the pyrochemical process by
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using molten fluoride baths, structural information of th
molten salts must first be elucidated systematically.

In this study, the local structures of molten lanthan
alkali metal fluoride systems (0.2 LnF3–0.8 MF: Ln = La,
Ce, Nd, Sm; M = Li, Na, K) around lanthanide ions h
been investigated at the room temperature and at a h
temperature above their melting points, by X-ray abs
tion fine structure (XAFS) spectroscopy. The resulting st
tural parameters between the Ln3+ ion and the neares
neighbouring F− ions are reported.

2. Experimental

Both the rare-earth fluorides, LnF3, and the alkali meta
fluorides, MF (Soekawa Co. 4N,xLnF3 = 0.2), were melte
in a glassy carbon crucible at 1173 K and known amo
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Table 1
Experimental conditions

Facility Beamline Monochromator Sample X-ray absorption edge

SPring-8 8 GeV, 100 mA BL16B2 Si (3 1 1) double crystal LaF3, LaF3–MF La–K (38.925 keV)
SmF3, SmF3–LiF Sm–K (46.834 keV)

BL38B1 Si (3 1 1) double crystal CeF3, CeF3–MF Ce–K (40.443 keV)
SmF3–NaF, SmF3–KF Sm–K (46.814 keV)

PF, KEK 2.5 GeV, 400–250 mA BL7C Si (1 1 1) double crystal NdF3, NdF3–MF Nd–Lm (6.208 keV)
SmF3, SmF3–MF Sm–Lm (6.716 keV)

of these salts were homogeneously dispersed in dried boron
nitride (BN) powder in order to obtain the best X-ray absorp-
tion spectra. The chemical reactions of the reagents with
the glassy carbon crucible have not been confirmed in sev-
eral heating–cooling tests. These powders were pressed into
pellets of ca. 13 mm diameter and 1 mm width. Above the
melting points of these salts, the BN matrix could finely keep
the droplets of liquid salts dispersed inside. For each sample,
a pellet was installed in an electric furnace located between
the ionization chambers and the furnace was heated from 300
to 1173 K. The experimental conditions for the transmission
EXAFS step-scan measurements are listed inTable 1.

3. Results and discussion

Experimental data were analysed by using WinXAS Ver-
sion 2.3[4]. In particular, the EXAFS oscillationχ(k), as a
function of the photoelectron wave numberk, was extracted
from the normalised X-ray absorption spectrum by assuming
the X-ray absorption of single atom and using combinations
of second degree polynomials. The Radial Structure Function

(RSF:|FT(χ(k)k3)|) was obtained by Fourier transformation
of k3 weightedχ(k) spectrum in the rangek > 2.5Å−1. The
local structural parameters of the nearest-neighboring F−
ions around a Ln3+ ion were evaluated by the curve-fitting
analysis of the predominant Ln–F correlation peak in the RSF
according to,

χ(k) = S2
0
NLnFF (k)

kR2
LnF

exp

(
−2σ2k2 + 2

3
C4k

4
)

× sin

(
2kRLnF + δ(k) − 4

3
C3k

3
)

, (1)

whereS2
0, fixed as 1.0 in this study, is the probability of single-

electron excitation.NLnF is the coordination number of F− at
a distanceRLnF from Ln3+ andσ2 is the Debye Waller factor,
which reflects thermal and structural disorder.C3 andC4 are
the third and fourth cumulants, respectively, which represent
anharmonic oscillation effects at the high temperature.F(k)
andδ(k) are the backscattering amplitude and phase shift of
the photoelectron, respectively, and these were calculated by
using the FEFF8.0 code[5].

F -ray ab ements
a

ig. 1. EXAFS oscillationsχ(k)k3 obtained by: (a) Ln–K and (b) Ln–LIII X
t 300 and 1173 K, respectively.
sorption edge spectra. Solid lines and circles correspond to measur
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Fig. 2. RSFs|FT(�(k)k3)| obtained by: (a) Ln–K and (b) Ln–LIII X-ray absorption edge spectra. Solid lines and circles correspond to measurements at 300 and
1173 K, respectively.

EXAFS oscillations,χ(k)k3, obtained from the Ln K and
LIII X-ray absorption spectra are shown inFig. 1(a and b),
respectively. Spectra of the mixtures at 1173 K show the
EXAFS oscillations in the liquid state, while the spectra at
300 K are in the solid state.

The RSFs|FT(χ(k)k3)| obtained from the Ln K and LIII
X-ray absorption spectra are shown inFig. 2(a and b), respec-
tively. The curve-fitting analysis was carried out on a predom-
inant peak of the RSF at ca.R = 2Å, which is considered to be
the Ln3+–F− nearest-neighbour distance. Structural param-
eters obtained by the curve-fitting procedure are listed in
Table 2. At 300 K, we choseC3 = C4 = 0 (see Eq.(1)) for the
curve fitting because the anharmonic vibration effects can be
considered negligible at room temperature.

RLnF andNLnF at 300 K were evaluated as average values
of the first coordination shell around Ln3+ ion. For instance, in
the case of the pure LaF3 crystal at the room temperature, nine
F atoms surround asymmetrically a La atom within the range
2.417 <RLaF (Å) < 2.640, and the average value ofRLaF is ca.
2.490Å [6]. A comparison of these values with both the eval-
uated,NLaF andRLaF, values at 300 K listed inTable 2shows
that the current values are slightly underestimated by a few
percent. This underestimation may be caused by the fact that
the EXAFS signal is not sensitive to farther atoms when the
atomic geometry around the X-ray absorption atom is asym-
m − 3+

i ore
s fore,

the coordination number in the molten state might be viewed
as the average number of F− ions around the Ln3+ ion in vari-
ous clusters, LnFn, which may exist in the liquid, but without
the underestimation caused by the asymmetric structure.

Both the inter-ionic distance,RLnF, and the coordina-
tion number, NLnF, of the molten salts do not change
drastically on varying the alkali metal, and these val-
ues seem to depend mainly on the lanthanide ion
species; LaF3 system:RLaF = 2.42–2.43̊A, NLaF = 5.7–6.7,
CeF3 system: RCeF= 2.42Å, NCeF= 5.9–6.9, NdF3 sys-
tem: RNdF = 2.39–2.40̊A, NNdF = 6.7–6.9, SmF3 system:
RSmF= 2.35Å, NSmF= 3.9–4.6. While the inter-ionic dis-
tance apparently changes according to the ionic radius,
rLn3+ , of the Ln3+ ion (rLa3+ = 1.356Å, rCe3+ = 1.336Å,
rNd3+ = 1.303Å, rSm3+ = 1.272Å, calculated for the nine-
coordinated crystals[7]), the coordination numbers,NLnF,
values are almost the same except for the SmF3 system, which
shows some dependence on the nature of the alkali metal
species. Roughly speaking, the LaF3, CeF3 and NdF3 systems
are six-coordinated and SmF3 system is four-coordinated.
Thus, it is reasonable to suggest that the main factor that
dominates the local structure around a given Ln3+ ion is the
Ln3+–F− interaction due to its strong coulombic attraction.
Also, the structural difference observed between the SmF3
system and the other systems arises from the difference in
the Ln3+–F− interactions resulting from the structural differ-
e F
C

etric. Although F ions coordinate randomly around a Ln
on in the liquid phase, the F− ion arrangement becomes m
ymmetric than in the crystal phase upon melting. There
nces in the LnF3 crystals at the room temperature (La3,
eF3 and NdF3: tysonite; SmF3: orthorhombic[6]).
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Table 2
The nearest-neighbouring Ln–F structural parameters obtained by the curve-fitting analysis described in the text (see Section3)

Edge Sample T (K) NLnF RLnF (Å) σ2 (10−2 Å2) C3 (10−3 Å3) C4 (10−4 Å4) Residual (%)

La–K LaF3 300 8.60± 0.17 2.45± 0.00 1.02± 0.04 0 (fix) 0 (fix) 0.77
1173 8.08± 0.31 2.45± 0.02 3.55± 0.11 3.25± 0.67 3.89± 0.40 9.53

LaF3–LiF 300 8.83± 0.19 2.45± 0.00 0.99± 0.05 0 (fix) 0 (fix) 1.04
1173 5.74± 0.30 2.42± 0.00 2.63± 0.07 4.17± 0.79 1.56± 0.48 6.65

LaF3–NaF 300 9.86± 0.19 2.46± 0.00 0.94± 0.07 0 (fix) 0 (fix) 1.70
1173 6.69± 0.40 2.43± 0.01 2.56± 0.10 4.35± 0.60 1.97± 0.44 5.38

LaF3–KF 300 8.33± 0.10 2.45± 0.01 0.96± 0.08 0 (fix) 0 (fix) 4.33
1173 6.18± 0.47 2.42± 0.00 2.68± 0.13 4.28± 0.61 1.31± 0.32 5.34

Ce–K CeF3 300 8.52± 0.17 2.42± 0.01 0.82± 0.06 0 (fix) 0 (fix) 4.71
1173 7.93± 0.36 2.42± 0.02 3.02± 0.04 3.09± 0.21 1.35± 0.40 9.90

CeF3–LiF 300 8.91± 0.17 2.43± 0.02 0.85± 0.07 0 (fix) 0 (fix) 4.08
1173 5.88± 0.35 2.41± 0.00 2.78± 0.10 2.95± 0.20 2.68± 0.32 8.15

CeF3–NaF 300 10.34± 0.12 2.43± 0.00 0.83± 0.09 0 (fix) 0 (fix) 2.73
1173 6.90± 0.11 2.42± 0.01 2.49± 0.03 3.56± 0.15 1.09± 0.23 7.16

CeF3–KF 300 6.93± 0.08 2.42± 0.01 1.31± 0.05 0 (fix) 0 (fix) 6.03
1173 6.91± 0.11 2.42± 0.00 2.49± 0.02 3.78± 0.11 1.45± 0.38 6.27

Sm–K SmF3 300 8.92± 0.03 2.38± 0.00 0.68± 0.00 0 (fix) 0 (fix) 2.98
1173 7.42± 0.27 2.35± 0.01 3.42± 0.03 1.26± 0.38 5.19± 0.38 9.96

SmF3–LiF 300 9.12± 0.01 2.37± 0.00 0.69± 0.01 0 (fix) 0 (fix) 5.84
1173 4.56± 0.18 2.35± 0.01 2.12± 0.03 2.67± 0.16 1.14± 0.16 8.83

SmF3–NaF 300 8.72± 0.02 2.36± 0.01 0.65± 0.01 0 (fix) 0 (fix) 5.71
1173 3.90± 0.07 2.35± 0.01 1.92± 0.03 3.09± 0.21 0.54± 0.10 7.82

SmF3–KF 300 7.32± 0.12 2.30± 0.00 0.69± 0.01 0 (fix) 0 (fix) 3.47
1173 4.48± 0.45 2.35± 0.01 2.23± 0.16 2.23± 0.30 1.52± 0.42 8.57

ND–LIII NdF3 300 6.24± 0.36 2.41± 0.00 1.05± 0.06 0 (fix) 0 (fix) 2.32
1173 6.23± 0.22 2.40± 0.00 3.45± 0.05 6.25± 0.40 3.79± 0.53 9.02

NdF3–LiF 300 7.22± 0.50 2.40± 0.00 0.98± 0.08 0 (fix) 0 (fix) 6.69
1173 6.79± 0.21 2.39± 0.00 3.55± 0.06 6.87± 0.37 4.37± 0.52 10.81

NdF3–NaF 300 8.13± 0.16 2.40± 0.00 0.92± 0.03 0 (fix) 0 (fix) 3.31
1173 6.72± 0.37 2.40± 0.00 3.21± 0.07 6.74± 0.21 4.00± 0.39 11.13

NdF3–KF 300 6.93± 0.13 2.37± 0.01 1.04± 0.02 0 (fix) 0 (fix) 2.67
1173 6.92± 0.20 2.40± 0.00 3.16± 0.06 6.65± 0.31 2.46± 0.42 8.80

Sm–LIII SmF3 300 8.72± 0.15 2.36± 0.01 0.72± 0.01 0 (fix) 0 (fix) 3.18
1173 7.74± 0.05 2.36± 0.00 3.57± 0.02 1.26± 0.33 4.36± 0.27 7.58

SmF3–LiF 300 8.94± 0.14 2.37± 0.00 0.90± 0.03 0 (fix) 0 (fix) 3.19
1173 4.53± 0.07 2.35± 0.01 2.85± 0.01 1.21± 0.18 1.23± 0.25 4.41

SmF3–NaF 300 8.83± 0.09 2.37± 0.00 0.98± 0.02 0 (fix) 0 (fix) 2.28
1173 4.59± 0.06 2.35± 0.01 2.72± 0.01 1.67± 0.26 1.36± 0.21 3.12

SmF3–KF 300 7.60± 0.17 2.29± 0.00 0.96± 0.02 0 (fix) 0 (fix) 4.41
1173 4.79± 0.05 2.35± 0.01 2.49± 0.02 1.00± 0.17 0.51± 0.28 5.62

Residual is defined by the equation, residual (%) = 100
∑

i=1

∣∣χexp(i) − χcal(i)
∣∣ /

∑
i

∣∣χexp(i)
∣∣, and the subscripts exp and cal correspond to experimental and

calculation, respectively.

4. Conclusions

XAFS analysis of molten 0.2 LnF3–0.8 MF systems
(Ln = La, Ce, Nd, Sm; M = Li, Na, K) revealed that the local
structure around Ln3+ ion in these molten salts mainly depend
on the size of the Ln3+ ion and changing the alkali metal ion
hardly affects the structural parameters. However, structural
analyses of other molten fluoride systems must be carried out
for a systematic and in-depth investigation on fluoride melts.
The local structure around a lanthanide ion in molten alkali
metal fluoride bath is expected to be different and depen-
dent on the lanthanide fluoride crystal structure at the room
temperature.
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