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In situ EXAFS spectroscopic studies of uranium compounds in
high temperature alkali chloride melts indicate the presence of
oligomeric species. An investigation into UCl3 and UCl4 dissolved
in LiCl reveals long range ordering of uranium atoms in the molten
state which is not maintained on quenching. Studies of uranium
dioxide dissolved in LiCl−KCl eutectic with HCl exhibit long range
ordering in both molten and quenched states, and the EXAFS
data can be modeled using multiple coordination shells.

Molten salts have many applications in actinide processing
and separations. All plutonium electrorefining is currently
undertaken in molten salt baths (e.g., equimolar NaCl-KCl).
In addition, pyrochemical processes for the electrochemical
separation of uranium (and plutonium) from irradiated
nuclear fuel have been studied for several years. These
processes have been developed to pilot plant scale at ANL,
Argonne West, U.S.A., which uses LiCl-KCl eutectic, and
at RIAR, Dimitrovgrad, Russia, which is based on NaCl-
KCl melts.1 Current research is focused on the next genera-
tion of pyrochemical processes for actinide separations.2

The development of electrochemical separation technolo-
gies for actinides in molten salts relies on a sound under-

standing of the key electrochemical processes, i.e., anodic
dissolution, cathodic deposition, and electrotransport. An
increased awareness ofin situactinide speciation could help
underpin such electrochemical development. However, prob-
ing the actinide coordination environment in high temperature
melts is extremely challenging, with a limited number of
spectroscopic techniques available.

It might be postulated that simple monomeric chloro
complexes dominate An4+/3+ and{AnO2}2+/{AnO2}+ chem-
istry in ionic chloride based melts (i.e., [AnCl6]3-/2-,
[AnO2Cl4]2-/-). However, a recent Raman spectroscopic
study of ThCl4 in alkali chloride melts indicates the presence
of oligomeric species with bridging chlorides.3 In addition,
electronic absorption spectroscopic (EAS) studies indicate
the presence of{NpO2}+/{UO2}2+ cation/cation interactions
in a CsCl melt4 and {UO2}2+ peroxo dimers in a NaCl-
CsCl eutectic.5 These results indicate that simple monomeric
cationic complexes may not always be the dominant species.

Previously, we have usedin situ EAS to study uranium
speciation in molten systems,6 which is able to provide
information on oxidation state, but is not a particularly good
probe of coordination environment. However, we have also
used X-ray absorption spectroscopy (XAS) to probe oxidation
state and the coordination environment of Tc and Re in
quenched chloride melts at room temperature.7 Recently, an
XAS study of UIII in a LiCl-KCl melt at 550°C has been
reported where extended X-ray fine structure (EXAFS) data
were collected to anEmax of 17.7 keV. However, at high
energies the spectra suffer somewhat from low signal-to-
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noise ratio. As a result, information concerning only the first
coordination sphere, which was described as containing 7.3
Cl ligands at a distance of 2.82 Å from uranium, was
obtained.8 XAS can be more readily applied to lower
temperature solvent systems, and the coordination environ-
ments around{UO2}2+ in 1-methyl-3-butylimidazolium
hexafluorophosphate and 1-methyl-3-octylimidazolium bis-
(trifluoromethanesulfonyl)imide have recently been reported.9

Clearly, XAS is a useful spectroscopic method that can be
applied to understanding uranium speciation and merited
further study. Our initial experiments to probe UIII and UIV

speciation at high temperatures in alkali chloride melts are
reported here.

The preliminary melts investigated by XAS10 were based
on LiCl, a weak scatterer of X-rays,11 and prepared by
dissolving UCl4 or UCl3 in the molten salt. The resultant
melts were then rapidly quenched under an argon atmo-
sphere. The oxidation state of uranium in the melt was
confirmed byin situ EAS measurements6 and oxidimetric
analysis of quenched samples.13 High temperature melts
containing UIV, and particularly UIII , have a high affinity for
oxygen.12 In freshly prepared samples after dissolution of
UCl3 and UCl4, the oxidimetric analysis showed that the
average oxidation state of uranium was 3.1 and 4.0,
respectively. The transportation and manipulation of samples
meant that trace oxygen contamination was essentially
unavoidable, resulting in partial oxidation to{UVIO2}2+, and
this was taken into account when fitting the EXAFS
data. It is recognized that the U-O distance modeled for
UCl3 in LiCl at 750 °C is abnormally short.

The previously prepared, quenched, U-containing samples
were held in a horizontal part of an inverted T-shaped silica
cell having a path length of 2 or 3 mm and heated in an
optical furnace equipped with two beryllium windows.
Spectra of the remelted samples (>400°C) and the quenched
solids at room temperature were recorded in transmission
mode. The XANES component of the spectra showed that
the U LIII -energy edge in UIII -containing melts had a negative

shift of 5.1 eV relative to the edge for UIV experiments, which
is consistent with the decrease inZeff.14

The EXAFS for both UCl4 and UCl3 samples (see
Supporting Information and Table 1) indicated the first
coordination sphere of uranium consists of six Cl- ligands.
When fitting the EXAFS data, oxygen (at U-O distances
corresponding to the{UO2}2+ group) was required to obtain
a good fit. Since UIII /UIV were only partially oxidized, the
occupancy for oxygen is well below 1. The first shell fitted
data would therefore suggest that [UCl6]3- and [UCl6]2-

dominate UIII and UIV speciation, respectively, in both the
molten and quenched samples. However, the EXAFS spectra
of these melts exhibit high-frequency oscillations at high
k-values which are not present in the quenched systems,
suggesting the possibility of long range ordering of heavy
uranium atoms in the molten state.15 Interestingly, an
improved fit can be obtained by incorporating a second
coordination sphere of Li cations around [UCl6]3-.

Clearly, there is additional information about U speciation
contained in these data, but attempts to fit the fullk-range
data (up to 15 Å-1) have not resulted in any statistically
justifiable increase in the number of fitted shells. Previously,
EXAFS data have been fitted with long range [U-U]
interactions indicative of dimeric and trimeric species,16 and
coupled with the Th oligomeric species proposed in the
Raman spectroscopic study of ThCl4 in alkali chloride melts,3

we postulate that these oscillations are due to long-range
ordering of uranium atoms (U-U distances: 3.5-5.5 Å),
perhaps together with shells containing alkali cations.
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Table 1. EXAFS Data17

sample
[U]

(wt %)
kmax

(Å-1) occupancyb
dist
(Å)c

2σ2

(Å2)d R

UO2 exposed to HCl 1.8 8.5 U-O (0.8) 1.84 0.010 37.8
in LiCl-KCl at 450°C U-Cl (6) 2.68 0.029

U-U (4) 3.74 0.008
U-K (6) 4.51 0.003

UO2 exposed to HCl 1.8 9.2 U-Cl (6) 2.62 0.017 36.7
in LiCl-KCl, quenched U-K (6) 3.06 0.019

U-U (10) 4.14 0.003
U-K (12) 4.36 0.006

UCl4 in LiCl at 750°Ca 4.5 10 U-O (0.5) 1.79 0.018 34.7
U-Cl (6) 2.63 0.040

UCl4 in LiCl ,quencheda 4.5 10 U-O (0.5) 1.77 0.010 32.0
U-Cl (6) 2.69 0.032

UCl3 in LiCl at 750°Ca 10.3 10 U-O (0.5) 1.69 0.011 27.9
U-Cl (6) 2.72 0.050
U-Li (12) 3.26 0.057

UCl3 in LiCl, quencheda 10.3 11 U-Cl (6) 2.91 0.014 28.9

a Reference 15.b (20%. c (0.02 Å. d 2σ2 ) Debye-Waller factor.
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Our subsequent studies have focused on variations in
uranium source, salt type, concentration, and temperature in
order to gain a more definitive insight into potential uranium
oligomerization. We have discovered that the exposure of
UO2 to HCl in LiCl-KCl eutectic again yields EXAFS data
indicative of the presence of long range ordering, although
in this case in both the molten and quenched states. The
spectra for these samples are presented in Figure 1 (for full
k-range data see Supporting Information), and all fitted
parameters are listed in Table 1. The first coordination sphere
can be modeled with six chlorine atoms, with some partial
oxidation to{UO2}2+ observed in the molten sample.17 In
situ EAS results (see Supporting Information) show the
majority of the uranium present exists as UIV, while oxidi-
metric analysis of the quenched sample13 indicates some
oxidation to {UO2}2+ (average oxidation state 4.2). The
EXAFS spectra for these samples can be fitted by including
U-U and U-K distances between 3 and 4.5 Å. The
inclusion of these additional shells provides a statistically
significant improvement in fit (see Supporting Information).
The low uranium concentration within these chloride salts
and the observation of uranium EXAFS indicate that this U
cluster formation is not merely due to a random homoge-
neous distribution of uranium throughout the melt.

The different data fits obtained in the molten versus
quenched melt samples clearly show that these long-range
interactions do alter between solid and liquid states. In the
case of the quenched melt, the modeled U-Cl distance in
the first coordination sphere (2.62 Å) indicates that the
majority of these chlorines, if not all six, are terminally
bonded and the interactions with the following coordination
sphere predominantly ionic. Solid state structures of uranium

dimer complexes exhibit terminal UIV-Cl distances as low
as 2.55 Å while bridging UIV-Cl bond lengths range between
2.76 and 2.88 Å.18 In the molten example, the average U-Cl
distances (2.68 Å) are longer than those for the quenched
melt which perhaps suggests there are more chlorines acting
as bridging ligands. The Debye-Waller factors for all the
U-Cl distances modeled are relatively high indicating the
possibility of a high degree of thermal motion about the Cl
shells, and/or there may be several U-Cl distances from a
combination of terminal and bridging Cl ligands that
contribute to the average shell. Solid state structures of two-
dimensional chloro-bridged{UO2}2+ tetramers have U-U
distances as short as 3.67 Å19 whereas the majority of chloro-
bridged uranium dimers and trimers have U-U distances
between 4.0 and 4.7 Å.18 Our results therefore perhaps
indicate the breakdown of larger oligomeric units on quench-
ing as the shortest U-U distance obtained from the quenched
melt data is 4.14 Å while that for the molten sample is
3.74 Å.

In summary, this EXAFS spectroscopic study into uranium
chloride dissolution in ionic melts has yielded clear evidence
that U speciation is not dominated by simple, monomeric,
anionic species, but that clustering can occur. This has
implications in electrochemical separation technologies as
the efficiency of these processes depends on the mobility of
actinide species in the melt. The presence of oligomeric
actinide species in molten chlorides means that the actinide
diffusion properties, dependent on size and charge, are
considerably more complicated. We are currently developing
a furnace system that will allow us to undertake XAS
measurements using different melts with variable actinide
concentrations (through fluorescence measurements), and
higher specific radioactivity actinides (Np and Pu). We are
also investigating the application of complementaryin situ
Raman spectroscopy measurements.
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Figure 1. U LIII -edge EXAFS spectra of UO2 in LiCl-KCl eutectic
exposed to HCl. Spectra a, with Fourier transform b, were recorded in the
molten state{450 °C} while spectra c, with Fourier transform d, were
recorded in the quenched state (room temperature).
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