Spectroelectrochemical Study of Neptunium in Molten LiCl-KCl Eutectic
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Neptunium behaviour in an LiCI-KCl eutectic melt at 723 K was studied using spectroelectro-
chemistry. Cathodic reduction of neptunium(IV)-containing melts led to the formation of Np(IIl)
ions and then neptunium metal. Electronic absorption spectra of Np(IV) and Np(III) chloro species
in LiCl-KCl melt were recorded and resolved into individual Gaussian bands. The nature of neptu-

nium complex ions in the melt is discussed.
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1. Introduction

Molten salts have many applications in actinoide
processing and separations. Pyrochemical processes
for the electrochemical separation of actinoides and
fission products from irradiated nuclear fuels have
been studied for several years. These technologies have
been developed to a pilot plant scale at the Argonne
National Laboratory, Argonne West, USA and at the
Russian Institute of Atomic Reactors, Dimitrovgrad,
Russia. Current research is focused on the next gen-
eration of pyrochemical processes for actinoide sepa-
rations.

The development of safe and reliable separation
technologies for actinoides in molten salts relies on a
sound understanding of the key electrochemical pro-
cesses. An increased awareness of in situ actinoide
speciation could help underpin such electrochemical
development. The most useful and direct informa-
tion concerning coordination properties of actinoides
in molten salts can be obtained from electronic spec-
troscopy. Combination of electrochemistry and spec-
troscopy in one spectroelectrochemical cell provides
unambiguous information concerning the speciation of
the studied element.
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Fig. 1. Experimental spectroelectrochemical cell. 1, Silica
optical cell; 2, chlorine reference electrode; 3, quartz cap-
illary tube for chlorination; 4, glassy-carbon working elec-
trode.

0932-0784 /07 / 1200-0745 $ 06.00 (© 2007 Verlag der Zeitschrift fiir Naturforschung, Tiibingen - http://znaturforsch.com



746

2. Experimental

The experiments were carried out in a standard
1 cm silica optical cell attached to a silica tube
(20 mm i.d.) with two side-arms (Fig. 1). A glassy-
carbon rod was used as working electrode. The other
glassy-carbon or chlorine electrode in a quartz sheath
served both as a counter and quasi-reference electrode
and was separated from the bulk of the melt by a dia-
phragm.

The progress of electrode reactions was followed
by in situ electronic spectroscopy and voltammetry
measurements. Spectroscopic measurements were per-
formed using a fibre optic spectrophotometer Avantes
Avaspec-2048-2 with an Avalight DH-S deuterium-
halogen light source. A PAR/EG&G Model 263A po-
tentiostat/galvanostat was used to control the current
passed through the cell and to monitor the red-ox po-
tential of the working electrode. The current was set
to 5 mA.

Neptunium(I'V)-containing samples were prepared
by chlorinating hydrated neptunium(IV) oxide/chlor-
ide by hydrogen chloride in the melt. The neptunium
stock solution in 1 M HNO3 had a neptunium(V) con-
centration of 0.1 mol/l. An aliquot of this solution (con-
taining 20 mg of 23’Np) was mixed with the stoichio-
metric amount of a 6 M NaOH solution to precipitate
NpO,OH - xH;0. The samples were centrifuged, the
supernatant liquid decanted and the remaining solid
washed with distilled water. This procedure was re-
peated once more, and the resulting solid was then dis-
solved in 1 M HCI to form NpO,Cl. Several drops of
HI solution (57 wt%) were added to this solution to re-
duce Np(V) to Np(IV). The solution was evaporated to
near dryness under a heat lamp. The residual was di-
luted with water, and the stoichiometric amount of 6 M
NaOH was added to completely precipitate Np(OH).
The mixture was centrifuged, the supernatant liquid re-
moved and the remaining solid washed with distilled
water. The sample was centrifuged and the liquid de-
canted. The solid precipitate was dissolved in 1 M HCI
to form an olive green solution of NpCly (the com-
pleteness of the reduction was confirmed by UV-vis-
NIR spectroscopy). This solution was transferred into
the high temperature spectroscopy cell. The cell was
sealed and purged with argon. The solution was evap-
orated to dryness, giving the orange, solid NpCly. The
cell was then kept under vacuum with gentle heating
for several hours to remove traces of moisture from the
neptunium chloride.
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Fig. 2. Spectrum of Np(IV), [NpClg]®~, in an LiCI-KCI melt

at 723 K. Hypersensitive bands are marked with *. Neptu-
nium(IV) concentration, ca. 0.015 mol/l.

All experiments were performed in an LiCI-KCl
eutectic (m.p. 633 K). Solid eutectic was added to
the spectroscopic cell containing prepared neptunium
chloride in an inert atmosphere glove box, closed with
a stopper, transferred into an optical furnace and heated
to 723 K under argon. Hydrogen chloride was bub-
bled through the melt for 1 h to convert any remaining
oxide-containing neptunium species into chlorides.

3. Results and Discussion

The recorded spectrum of the Np(IV)-containing
chloride melt is shown in Figure 2. The spectral pro-
file agrees very well with the data reported by Gruen et
al. [1] and Barbanel’ et al. [2]. The major bands situate
at 530, 585, 665, 740, 770, 837 and 936 nm and cor-
respond to the hexa-coordinated chloride complexes of
neptunium(IV), [NpClg]>~.

By resolving the experimental spectrum into indi-
vidual overlapping Gaussian bands, Fig. 2, it was pos-
sible to detect some hidden absorption bands and esti-
mate the energies of the corresponding electronic tran-
sitions in the chloride ligand environment. The results
of the resolution of the [NpCl6]2’ spectrum are sum-
marized in Table 1.

The obtained spectroscopic picture was compared
with the energy levels diagram [3]. Neptunium(VI)
has f3 electronic configuration, and the ground level
is *Io /2. Using the literature data concerning neptu-
nium coordination in molten chlorides [3] and the re-
sults of our previous EXAFS spectroscopy measure-
ments of U(III), also having 3 cofiguration, in an
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Fig. 3. Spectra recorded during electrochemical
reduction of Np(IV) to Np(Ill) in an LiCI-KCl
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Table 1. Parameters of individual absorption bands in a re-
solved [NpClg]?~ spectrum.

Energy,cm~!  Half-height width, cm~!  Relative intensity, %
10273 1591 68.3
10697 465 64.4
11225 647 60.1
11969 634 71.7
13036 807 93.7
13574 357 31.6
13864 635 357
14837 1544 38.5
15620 1518 11.1
17181 685 12.6
18677 1449 341
21262 3057 78.9
22710 1809 100.0

(Li-K)CI melt at 723 K [4], we can conclude that nep-
tunium(IV) in an LiCI-KCl eutectic forms octahedrally
coordinated complex [NpClﬁ]z’ ions.

It is well known that the task of assigning all re-
solved Gaussian bands to individual f-f electronic tran-
sitions (including their vibronic components) cannot
be solved due to the high number of Stark’s and J lev-
els. However, most intense, so-called “hypersensitive”
transitions, can be assigned [5].

According to the basic principle of determining hy-
persensitive transitions (AJ = 2) and the energy level
diagram, there are two major hypersensitive transitions
in the studied wavelength range, *I, /2 —*4Fs /2 and
19/, —*Gs ). For Np(IV) they are situated at 10000
and 11800 cm™!, respectively. Taking into account
the “blue” shift of the peaks resulting from the

eutectic melt at 723 K. Initial concentration of
neptunium(IV), ca. 0.015 mol/l; total time of re-
duction, 1280 s; current, 5 mA.
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Table 2. Parameters of individual absorption bands in a re-
solved [NpClg]>~ spectrum in an LiCI-KCI melt at 723 K.

Energy, Half-height Relative Positions of Np(III) bands
width, intensity, in CsCl melt at 973 K
cm™! cm™! % (data from [2])
10740 628 40.7 10420
11173 405 65.5 11100 (shoulder)
11672 515 100.0 11650
12225 999 71.0 12620
12947 1077 66.9 13140
15124 636 9.4 15480
16176 638 313 16100
17660 1157 88.4
18778 1763 75.4
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Fig. 4. Spectrum of Np(III), [NpClg]3~, in an LiCI-KCI melt
at 723 K.
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nephelauxetic effect, the absorption bands at 10200 —
11200 cm™! and ca. 11970 cm™! can be reliably at-
tributed to these hypersensitive f-f transitions and asso-
ciated fine structure bands. Another intensive absorp-
tion peak at ca. 13030 cm ™! is likely associated with a
o /2 —4G, /2 electronic transition which satisfies two
additional requirements for hypersensitive transitions
(AL = 2 and AS = 0). The nature of other peaks is
not obvious. For example, at relatively high energies
(wavenumbers) bands arising from f-d electronic tran-
sitions are also possible.

The progress of neptunium(IV) electroreduction
was followed by in situ electronic absorption spec-
troscopy. As can be seen in Fig. 3 the intensities of the
bands corresponding to Np(IV) decrease. At the same
time new peaks at 565, 790, 660, 800, 855 and 890 nm
appear and grow. There are 5 isosbestic points at 625,
785, 822, 842 and 870 nm (Fig. 3), indicating that
the total concentration of neptunium in the melt re-
mained constant during the neptunium(IV) electore-
duction: [NpCl6]2’ — [NpC16]3’. The spectral pro-
file of the final obtained spectrum is typical of the
neptunium(III) chloro complex [1-3,6]. After com-
plete conversion of Np(IV) to Np(Ill) the electrol-
ysis was continued and the intensity of the Np(IIl)
spectrum began to decrease in the entire wavelength
range due to reduction of Np(IIl) ions to neptunium
metal.

The spectrum attributed to Np(III) was also resolved
into individual Gaussian bands (Fig. 4, Table 2). Ta-
ble 2 also lists Np(III) band positions in a CsCl-based
melt at 973 K (after Barbanel’ et al. [2]), included for
comparison. Np(IIl) spectra have also been previously
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recorded in an LiCIl-KCl melt at 873 K [1]. The spec-
tra reported in the literature [1,2] are very similar to
the spectrum recorded here thus confirming that the re-
duction of Np(IV) went to completion. To our knowl-
edge this is the first time the spectrum of Np(IIl) was
measured in an LiCI-KCl melt at 673 K.

Neptunium(III) has * electronic configuration with
314 ground state. The energies of the spectral bands
were compared with the energy level diagrams [3].
Unfortunately the only hypersensitive band 31 —>1I¢
expected for the f* configuration is out of the studied
wavelength range. Unambiguously assigning resolved
Gaussian bands to specific electronic transitions is a
complicated task and requires performing additional
theoretical calculations and modelling.

4. Summary

The behaviour of neptunium chloro species in an
LiCI-KCl eutectic melt at 723 K was studied for
the first time, using spectroelectrochemistry. Neptu-
nium(I'V) chloride dissolves in the LiCI-KCI melt pro-
ducing [NpClﬁ]z’ ions. Electrochemical reduction of
Np(IV) on a glassy-carbon electrode results in the for-
mation of [NpClg]>~ ions and then leads to the depo-
sition of neptunium metal. Electronic absorption spec-
tra of Np(IV) and Np(IIT) complex chloride ions were
measured between 400 and 1100 nm and resolved into
individual overlapping bands.
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