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Abstract: Uranyl(V) species are normally unstable in solutions but are here shown to be sta-
ble in high-temperature chloride melts. Reactions leading to the formation of U02C143‘ ions
were studied, including thermal decomposition and chemical reduction of uranyl(VI) chloro-
species in various alkali chloride melts (LiCl, 3LiCl-2KCl, NaCl-KCl, and NaCl-2CsCl) at
550-850 °C. Decomposition of U02C142‘ species under reduced pressure, with inert gas bub-
bling through the melt or using zirconium getter in the atmosphere results in the formation
of UO,Cl 43‘ and UO,. Elemental tellurium, palladium, silver, molybdenum, niobium, zirco-
nium, and hydrogen, as well as niobium and zirconium ions were tested as the reducing
agents. The outcome of the reaction depends on the reductant used and its electrochemical
properties: uranyl(VI) species can be reduced to uranyl(V) and uranium(IV) ions, and to ura-
nium dioxide.
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INTRODUCTION

Uranium(V) is the least studied of all oxidation states of uranium in solutions. Aqueous solutions of
UO,* are prone to disproportionation, and the 5+ oxidation state of uranium has a very narrow range
of existence in this medium [1], with the carbonate complex UOZ(CO3)35‘ being the most stable species
[2]. Several U(V) complexes have been characterized in organic solvents [3] and uranium(V) species
are stable in ionic solvents. The electronic absorption spectra of uranyl(V) chloro-complexes in chlo-
ride melts were reported nearly half a century ago [4,5]. Electrochemical and thermodynamic [6], and
structural [7] studies of UO,* in high-temperature chloride melts have subsequently been performed,
and the behavior of uranium(V) in low-temperature melts has also been considered [8].

Pentavalent uranium in high-temperature melts exists in the form of complexes of oxo-cations.
Investigations concerning uranium(V) in molten salts have mostly been limited to studying the behav-
ior and properties of the compounds formed rather than the reactions leading to their formation, with
the exception perhaps of thermal decomposition and electrochemical reduction of U(VI). At elevated
temperatures, uranyl(VI) chloride decomposes losing Cl,. Such reaction also takes place in chloride
melts but there is no agreed opinion concerning products of such decomposition. Wilks [9] reported that
during the decomposition of uranyl(VI) chloride dissolved in a chloride melt Cl, is evolved and U;O4
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is precipitated. According to Wenz and Adams [4], uranyl(V) ions are formed in the melt below 750 °C:
at higher temperatures UO, is precipitated and a small amount of U(IV) ions is formed in the melt.
Adams [5] and Stromatt [10] attributed the formation of U02+ ions in the melt to the reaction between
U022+ and uranium dioxide. Somewhat later, Smirnov et al. [11] reported that upon removing Cl, from
the atmosphere above a uranyl(VI)-containing melt, U304 and uranium tetrachloride are formed.

Electrochemical reduction of U02C142‘ to UO, proceeds stepwise via U(V) as intermediate.
Nagai et al. [12] employed high-temperature spectroscopy to study the potentiostatic reduction of
U0,Cl1,% to UO,Cl,3~ in a NaCl-2CsCl melt at 650 °C.

U(V) species in melts can be produced by reducing U(VI) or oxidizing a lower oxidation state of
uranium. Previously [13], we investigated the reaction of uranium dioxide with hydrogen chloride in a
series of alkali chloride melts and found that under certain conditions (depending on temperature and
cationic melt composition) the reactions led to the oxidation of UO, to form soluble uranium(V)
species, U02C143‘. The present work was aimed toward studying the chemical reduction and decom-
position of uranyl(VI) species in molten alkali metal chlorides.

EXPERIMENTAL

Experiments were performed in melts based on LiCl, NaCl-KCI equimolar mixture, and 3LiClI-2KCl
and NaCl-2CsCl eutectics at temperatures between 550 and 850 °C. Starting alkali metal chlorides (of
analytical purity) were dried at 300 °C under vacuum for several hours, after which the temperature was
raised to ca. 100 ° above the melting point and the molten salts were kept under vacuum for 4-5 h be-
fore cooling. These dried salts were subsequently melted, and dry hydrogen chloride was bubbled
through them for 5 h to convert any oxide impurities present into chlorides. Salt mixtures having the re-
quired composition were prepared by mixing together the individual alkali chlorides and then fusing
them under vacuum. Prior to experimentation, all salt mixtures were subjected to zone refining
5-8 times under vacuum.

Electronic absorption spectra were recorded using a custom-built set-up based on a double-chan-
nel fiber optic spectrometer Avantes AvaSpec-2048-2 and a single-channel AvaSpec-NIR256-1.7 that
together allowed measurement of spectra between 210 and 1350 nm. Melts (normally 6-10 ml) were
held in 1-cm path-length optical silica cells attached to silica tubes with side-arms and stoppers con-
taining the necessary electrodes and attachments. Electrochemical measurements were performed em-
ploying an Autolab PGSTAT302N potentiostat/galvanostat. All electrode potentials were measured vs.
Ag/AgCl (1 mol % in NaCl-2CsCl) reference electrode. The standard silver potential (relative to
CL,/CI" reference electrode) in NaCl-2CsCl melt can be calculated from the following equation [14]:

E*Ag(D/Ag = (-1.223 + 3.26 104 T) + 0.008 V (1)

The starting uranyl(VI)-containing melts were prepared by reacting UO, or U304 with Cl, in the
chosen alkali chloride melts. These concentrated melts (containing around 10 wt % uranium) were sub-
sequently used for preparing working melts. For spectroscopy measurements, the initial melts were pre-
pared by dissolving a concentrated sample of quenched melt containing UO,Cl, in a chosen salt-sol-
vent so that the initial uranium concentration was about 1 wt %.

Elemental molybdenum, silver, palladium, tellurium, zirconium, and niobium (commercially
available above 99 % purity) were used as reducing agents. Molybdenum wire (2 mm diameter) was
lowered into the uranyl(VI)-containing melt, and the progress of the reaction was followed by both
recording the electronic absorption spectra and the electrode potentials using molybdenum and glassy
carbon electrodes. A similar procedure was used with silver. Palladium foil attached to a silica capillary
was dipped into the melt, and metallic niobium, zirconium, and tellurium were dropped into the melt as
pieces of suitable size.

When studying the reaction of uranyl(VI)-containing melts with niobium and zirconium ions, the
starting melts were prepared by dissolving zirconium(IV) chloride or niobium(V) chloride in a chosen
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alkali chloride mixture or by anodically dissolving metallic niobium (to obtain melts containing Nb(III)
and (IV) ions). A sample of uranyl(VI)-containing quenched melt was then dropped into niobium- or
zirconium-containing melt.

After each experiment, a sample of melt was withdrawn into a silica capillary using a syringe and
rapidly quenched. Quenched melts were analyzed for uranium and other metals (if added) content, and
an average uranium oxidation state was also estimated from the results of a redox titration [15]. For this,
a sample of the melt that was rapidly quenched was dissolved in a known excess of ammonium vana-
date solution (in 5 M sulfuric acid) that oxidized all uranium to U(VI). The excess of vanadium(V) was
then titrated with a solution of iron(Il)-ammonium sulfate (also in 5 M H,SO,) and the average oxida-
tion state of uranium in the sample calculated using the following expression:

n(U) = 6 — [(Cy*Vy = Ce* Vi) My lllm=Cy] )

where n(U) is the average uranium oxidation state; Cy; and C, are the molar concentrations of ammo-
nium vanadate and iron(Il)-ammnium sulfate solutions, respectively; Vy and Vg, are the volumes of am-
monium vanadate and iron(Il)-ammnium sulfate solutions, respectively; My; is the molar weight of ura-
nium; m is the weight of the melt sample; and Cy; is the weight fraction of uranium in the melt. The
effect of additional metals on the results of redox analysis was corrected using the known content and
oxidation state determined from spectroscopy measurements (e.g., molybdenum was assumed to be
present in the as M0C163‘). IR spectra of quenched melt samples were measured on a Vertex 70 spec-
trometer (Bruker).

RESULTS AND DISCUSSION
Decomposition of uranyl(VI) chloride

Based on literature reports [4,5,9-11], the following reactions, describing the thermal decomposition of
uranyl(VI) chloride dissolved in a chloride melt, can be proposed:

UO,Cl,>~ — UO, + Cl, + 2CI- 3)
UO,Cl,> + CI" - UO,C1,3~ + %Cl, 4)
4U0,C1,%~ — U;04 + UCI2 + 6CI~ + 2Cl, Q)

The main discrepancy in the literature data [4,5,9—11] concerns the possibility of the formation
of uranium(IV) ions as a product of decomposition of uranyl(VI) chloride. Absorption spectroscopy of-
fers a convenient way for identifying uranium ions in different oxidation states.

The thermal decomposition of U02C142‘ species under vacuum (5-10 mm Hg) was followed
here by in situ spectroscopy measurements at 550-850 °C in 3LiCl-2KCl, NaCl-KCl, and NaCl-2CsCl
melts. During prolonged evacuation at higher temperatures, some solvent salt was sublimed, particu-
larly with the cesium-containing melt, e.g., at 850 °C after 40 min the volume of the melt was reduced
almost by half with sublimed salt condensed in the upper cold part of the cell.

In the course of the experiments, the yellow color of the initial uranyl(VI)-containing melts
changed to brown and the absorbance in the visible region increased. The behavior in all the melts stud-
ied was similar. All spectra contained a broad band at around 770 nm, typical of U02C143‘ absorption
in chloride melts [4,5] and arising from a @5, — 37, transition [16]. A second band at around 620 nm
(@5, — 375, transition [16]) was hidden under a low-energy edge of a charge-transfer band. An exam-
ple of the spectra recorded in NaCl-KClI melt is given in Fig. 1, and the results of the experiments con-
ducted are summarized in Table 1. No absorption bands that could be attributed to UIV) chloro-ions
were observed.
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Fig. 1 Changes in the spectra of NaCl-KCI melt containing U02C142‘ species and held under vacuum at 750 °C
for 240 min (left) and at 850 °C for 206 min (right). Initial uranium concentration was around 0.9 wt %. Arrows
indicate spectral changes with time.

Table 1 Decomposition of uranyl(VI) chloro-species in alkali chloride melts under

vacuum.
Melt T, °C Time held under U conc., wt % Final U
vacuum, min initial final oxidation state
3LiCl-2KCl1 550 340 0.76 0.53 5.7
750 265 0.90 0.67 5.7
NaCl-KCl1 750 240 0.96 0.78 5.8
850 206 0.86 0.79 5.7
NaCl-2CsCl 650 92 0.29 0.26 5.7
650 150 1.15 1.22 5.9
750 173 1.13 1.594 5.9
850 40 1.18 2.002 5.3

2Volume of the melt was significantly reduced due to solvent-salt sublimation.

Increasing the temperature resulted in a somewhat more rapid rate of decomposition. IR spectra
of quenched melt samples after thermal decomposition contained bands due to U-O stretching in
uranyl(VI) and uranyl(V) groups, Fig. 2. It can be noted that some uranyl(V) disproportionation (to
uranyl(VI) and UO,) could occur upon quenching the liquid melt, especially from higher temperatures.
The results in Fig. 2, however, show that the intensity of uranyl(V) band was growing with temperature,
thus showing that uranium(V) content in the liquid melt was higher at elevated temperature.

Cationic melt composition had a more pronounced effect: at 750 °C the rate of decomposition was
highest in the 3LiCI-2KCl eutectic and lowest in the NaCl-2CsCl eutectic, with the NaCl-KCl equi-
molar mixture occupying an intermediate position. Smaller alkali metal cations have a greater destabi-
lizing effect on U02C142‘ ions, and the stability of uranyl(VI) complex in chloride melts therefore de-
creases upon changing the melt cation from Cs* to Li*.

Another method of Cl, removal from the experimental cell was sparging the melt with argon.
Bubbling pure Ar gas through NaCl-2CsCl-UO,Cl, melt resulted in sweeping the Cl, formed from the
atmosphere above the melt as well as assisting conversion of U02C142‘ into U02C143‘. The presence of
O,/air impurities in argon, however, leads to the formation of insoluble alkali metal uranates.
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Fig. 2 IR spectra of quenched NaCl-KCl-based melts containing UO,Cl, before and after heating under vacuum.

Thermodynamic calculations show that the equilibrium Cl, pressure above alkali chloride melts
containing U02C142‘, U02C143‘, and UO, is below 1075 mm Hg (such low pressure could not be
achieved with the vacuum system employed in the present study). To lower chlorine pressure in the at-
mosphere in the experimental cell, a zirconium metal getter was positioned 15 mm above the melt sur-
face. At working temperatures, zirconium easily reacts with chlorine and the equilibrium pressure of
Cl, in the presence of Zr metal is below 10719 mm Hg. The experiments were conducted between 550
and 750 °C in several melts, and the results are summarized in Table 2. During the reaction, uranyl(V)
ions, UO,CI 43‘, and some uranium dioxide were formed in the melt and a black compound (most likely
a low-oxidation-state zirconium chloride) was deposited on the surface of zirconium turnings acting as
a getter. An example of the spectra recorded is presented in Fig. 3. Final melts contained a mixture of
uranyl(V) and (VI) ions; no soluble U(IV) chloro-species were present. Concentration changes of
uranyl(V) species were monitored using the absorbance around 780 nm and preliminary determined
U(V) molar absorption coefficients for the melts and the temperatures employed. The results are pre-
sented in Fig. 4. Increasing the temperature resulted in a somewhat higher concentration of uranyl(V)
ions. Under similar starting conditions (initial uranyl(VI) concentration and temperature), the concen-
tration of U(V) ions was higher in the melt with the larger cations, the NaCl-2CsCl eutectic.

Table 2 Decomposition of uranyl(VI) chloro-species in alkali chloride melts with Zr
getter positioned in the atmosphere above the melt.

Melt T, °C Time held under U conc., wt % Fraction of U
vacuum, min initial final remaining in melt, %

3LiCl-2KCl1 550 180 0.77 0.32 62

750 380 0.74 0.23 23
NaCl-KCl1 750 336 0.78 0.32 42

750 410 0.81 0.34 42
NaCl-2CsCl 550 123 0.74 0.74 100

650 218 0.79 0.77 98

650 235 0.92 0.84 91

750 170 0.65 0.51 78
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Fig. 3 Changes in the spectra of NaCl-2CsCl melt containing U02C142* with Zr getter positioned above the melt,
650 °C, total time of reaction 244 min. Arrows indicate spectral changes with time.
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Fig. 4 Changes of U(V) concentration in chloride melts containing UO,Cl, with Zr getter positioned above the
melt.

These experiments thus show that the decomposition of uranyl(VI) chloro-species in alkali chlo-
ride melts proceeds according to reactions 3 and 4 and results in the formation of soluble uranyl(V)
chloride and insoluble uranium dioxide.

Reaction of uranyl(VI)-containing melts with metals

The various elements present in spent nuclear fuel or used as construction materials can react with
uranyl-containing melts resulting in the reduction of U(VI) ions. In the present work, a number of ele-
ments, representing various groups of fission products, were investigated. These were tellurium, palla-
dium, silver, molybdenum, niobium, and zirconium with tellurium and palladium being the most elec-
tropositive amongst these, and niobium and zirconium the most electronegative. The reaction of
metallic platinum and molybdenum with uranyl(VI)-containing melts was noted by Smirnov and Skiba
[17], but the mechanism was not studied and the products formed were not characterized.
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Palladium and tellurium

The standard redox potential of tellurium in alkali chloride melts is more positive than that of palla-
dium. Elemental tellurium in molten NaCl-2CsCl containing uranyl chloride at 550 °C reacted slowly.
After 3 h the oxidation state of uranium in the melt had decreased to 5.92 and the absorption spectra
contained two well-pronounced bands corresponding to the uranyl(V) complex, U02C143‘, Fig. 5.
Uranium concentration in this melt decreased from 0.86 to 0.79 wt %. Palladium reacted similarly, but
the reaction rate was somewhat faster. After around 3.5 h of contact with palladium foil, the oxidation
state of uranium in the uranyl(VI)-containing melt at 550 °C decreased from 6 to 5.68 and the spectra
contained the absorption bands of U02C143‘ and PdC164‘, Fig. 6. Electronic absorption spectra of pal-
ladium in fused chlorides were reported in a number of works [18] and in the visible region arise from
A 1g ™ 1Azg and 1A1 e 1Eg electronic transitions in tetragonally distorted PdCl64‘ ion. The concen-
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Fig. 5 Spectra showing increasing concentration of U02C143‘ with time, by the reaction of Te with UO,Cl, in the
NaCl-2CsCl melt at 550 °C. Total reaction time: 180 min.
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Fig. 6 Spectra showing increasing concentration of U02C143‘ and PdCl64‘ with time, for the reaction of Pd with
UO,Cl, in the NaCl-2CsCI melt at 550 °C. Total reaction time: 216 min.
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tration of uranium remaining in the melt also decreased slightly, from 0.98 to 0.91 wt %, due to UO,
formation and precipitation. Tellurium and palladium therefore mainly reduce U02C142‘ to U02C143‘,
and to some UO,:

4U0,Cl, > + Te + 6CI~ — 4UO,Cl, >~ + TeCl >~ )
2U0,Cl,> + Pd + 6CI~ — 2UO,Cl,>~ + PdCl* o

Silver and molybdenum

Silver is more electronegative than palladium. Immersing silver wire into the NaCI-2CsClI + UO,Cl,
melt at 550 and 650 °C resulted in reduction of U(VI) to U(V) ions in the melt and solid UO,. At
650 °C, after 243 min, the oxidation state of uranium in the melt had dropped to 5.27 and the concen-
tration of uranium in the melt from 0.95 to 0.11 wt %. Electrode potential measurements (on silver and
glassy carbon electrodes) showed that over 4 h the system had not reached equilibrium.

Molybdenum is electrochemically slightly more active than silver, and the reaction of uranyl(VI)-
containing melts with Mo was studied in more detail. In NaCl-2CsCl-based melts at 550, 650, and
750 °C, the absorbance in the visible region of the spectra gradually increased and bands corresponding
to the absorption of U02C143‘ and M0C163‘ arose, Fig. 7. The absorption bands of molybdenum(III)
originate from a spin forbidden 4A2 — 2T2 (around 680 nm) and a spin allowed 4A2 - 4T2g (around
590 nm) transitions [19]. Another spin-allowed transition (4Azg - 4T1 ) in M0C163‘ gives an absorp-
tion band around 420 nm that is completely hidden in our case. The reaction in molten NaCI-KCl at
750 °C was similar. In 3LiCl-2KCl and, especially LiCl melts at 750 °C, the observed picture was
rather different. Uranyl(V) concentration in the melt rapidly reached a maximum and then started to de-
crease.

absorbance

0'800 600 700 860 900
wavelength / nm

Fig. 7 Spectra recorded during the reaction of Mo metal with UO,Cl, dissolved in molten NaCl-2CsCl at 650 °C.
Initial U concentration 0.85 wt %. Total reduction time: 116 min.

The rate at which uranyl(V) concentration changes in the melt can be obtained from these spec-
tra using absorbance values at around 780 nm, where uranyl(VI) and molybdenum(III) ions do not ab-
sorb. Uranium(V) concentration was determined from the spectra and the results obtained in the
NaCl-2CsCl melt at varied temperatures and at 750 °C in various melts are shown in Fig. 8.

Increasing the temperature resulted in an increased rate of uranyl(V) formation in the melt, Fig. 8.
Increasing the initial uranyl(VI) concentration had the same effect. Increasing the rate of U(V) forma-
tion with temperature can have two reasons, increasing the rate of the reduction process and shifting the
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Fig. 8 The effect of temperature (left) on the extent of U(V) accumulation in molten NaCl-2CsCl and the effect of
melt composition (right) on the extent of U(V) accumulation at 750 °C in various uranyl(VI)-containing melts
during contact with Mo metal. Initial U concentration 0.8-0.9 wt %.

electrode potential values for the U022+/U02+ couple. The latter reason, however, is less probable since
the difference between the redox potentials of U022+/U 0,*and Mo3*/Mo couples decreases as the tem-
perature rises, e.g., in NaCl-2CsCI melt at 550 °C the formal standard potentials of U(VI)/U(V) and
Mo(IIl)/Mo are equal to —0.918 and —1.015 V (vs. chlorine reference electrode), respectively, and at
750 °C they are equal to —0.825 and —0.842 V, respectively [6,20].

The uranyl(V) concentration reached a maximum and essentially stabilized in NaCl-2CsCl-based
melts but then slowly decreased in NaCl-KCl melts, Fig. 8. In molten 3LiCI-2KCl, U(V) concentration
decreased more rapidly than in NaCl-KCl and the time interval at which the UO2C143‘ concentration
essentially stabilized was shorter. In LiCl melt, the uranyl(V) concentration rapidly reached its maxi-
mum and then immediately started dropping. In all the systems investigated, the surface of the molyb-
denum wire dipped into the melt was afterwards covered with black cubic or octahedral crystals of ura-
nium dioxide.

Electrode potentials were measured on both molybdenum and glassy carbon electrodes during
these experiments. In NaCl-KClI and NaCl-2CsCl melts after 30-100 min, depending on the initial ura-
nium concentration in the melt and the temperature, the potential values on the two electrodes became
identical, indicating that the system had reached equilibrium, Fig. 9. In LiCl and 3LiCl-2KCl melts, the
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Fig. 9 Changes in electrode potentials at 750 °C in chloride melts containing UO,Cl, during contact with Mo metal.
Melt composition is shown for each plot.
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uranium concentration in the melt constantly decreased and the difference between the potentials on
molybdenum and glassy carbon electrodes was around 0.05-0.08 V, Fig. 9.

The results of experiments on reducing uranyl(VI) species in alkali chloride melts with metallic
molybdenum are summarized in Table 3. Decreasing the starting U(VI) content in the melt led to an in-
creased degree of uranium reduction, e.g., in NaCI-2CsCl melt, the average oxidation state of uranium
in the final melt decreased from 5.85 to 5.04 upon lowering the initial uranium concentration from 1.71
t0 0.19 wt %. At the same time, the fraction of uranium reduced to UO, also increased from near a quar-
ter to almost a half. In the same melt, an increase in the temperature at a constant initial U(VI) con-
centration had a similar effect. Upon going from 550 to 750 °C the uranium oxidation state in the melt
decreased from 5.56 to 5 and the percentage of uranium remaining in the melt from 65 to 21 %.

Table 3 Reaction of uranyl(VI)-containing melts with metallic Mo.

Melt T,°C  U(VI) initial  Time, U final Fraction of U Final U Final Mo
composition conc., wt.% min conc., wt % remaining oxidation state  conc., wt %
in melt, %

NaCl-2CsCl 550 1.71 210 1.32 71 5.85 0.024
550 0.85 176 0.55 65 5.56 0.029
550 0.52 267 0.32 62 5.44 0.016
550 0.19 204 0.10 52 5.04 0.012
650 0.85 116 0.39 46 5.05 0.051
750 0.81 67 0.17 21 5.0 0.071

LiCl 750 0.78 28 0.10 13 n.d. 0.036

3LiCI-2KCl 750 0.92 80 0.06 7 n.d. 0.027

NaCl-KCl 750 0.93 59 0.32 34 5.1 0.020

n.d.: not determined

Measurements of the electrode potentials in NaCl-2CsCl and NaCl-KCl melts showed that by the
end of the experiments the system had reached equilibrium. On the other hand, the data in Table 2 in-
dicate that the average oxidation state of uranium in the melt was below 6 and in some experiments the
final melts contained essentially only uranyl(V) species. This means that in the melt at equilibrium with
uranium dioxide some uranyl(V) ions are present. As the total uranium concentration in the melt de-
creases, the ratio of uranyl(V)-to-uranyl(VI) concentrations in the melt increases, and at the low ura-
nium content the melt equilibrated with uranium dioxide would contain essentially only uranyl(V) ions.

Zirconium and niobium

Apart from being the most electronegative metals tested in the present study, niobium and zirconium
have a very high affinity for oxygen. We had previously demonstrated that uranyl(VI) species are un-
stable in chloride melts in the presence of beryllium(Il) ions, with uranium(IV) chloride, beryllium
oxide, and chlorine being formed [21].

Upon addition of a piece of metallic niobium into the NaCl-2CsCl + UO,Cl, melt at 550 °C the
absorbance in the visible region quickly increased. The spectra contained the two pronounced absorp-
tion bands of the uranyl(V) complex UO,CI 43‘ overlaying a broad absorption spectrum at 500-750 nm,
Fig. 10. The latter absorption is attributed to a niobium(IIl) and (IV) chloro-species that exist in chlo-
ride melts as octahedrally coordinated complexes NbCl63‘ and NbCl62‘, respectively [22]. The absorp-
tion bands of niobium chloro-species in the visible region in chloride melts originate from the spin al-
lowed *T,, — 2E,, for Nb(IV), and 3T}, — 3T, and 7T,, — T, (P), for Nb(IID), transitions. After
30 min, the absorption in the visible region began to decrease and after 2 h the spectrum included the
absorption bands of the uranium(IV) chloride complex, UC162‘, and uranyl(V) ions, U02C143‘. The
melt color was green (characteristic of U(IV)), and a black precipitate had formed. Its analysis showed
this precipitate contained uranium and niobium, probably a mixture of uranium and niobium oxides. A
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Fig. 10 Spectra recorded after contacting metallic niobium with a NaCl-2CsCI melt containing added UO,ClI, at
550 °C. Upward and downward arrows show, respectively, which species are increasing or decreasing in
concentration with time.

small amount of the solid phase formed did not allow structural analysis to be performed. From com-
mon niobium oxides, formation of NbO, and Nb,Oj5 is thermodynamically possible (for NbO, the AG
of the reaction is far too positive). Niobium(V) oxide is white, and microscopic examination of the solid
particles did not reveal any white or gray inclusions. At the present stage it was assumed that the pre-
cipitate consisted of uranium and niobium dioxides (both black). After 175 min, the oxidation state of
uranium had dropped to 5.16 and the melt now contained U02C142‘, U02C143‘, UC162‘, solid UO,, and
NbO,. The niobium concentration in the final melt was 0.002 wt %, so essentially all the niobium was
converted to NbO, and the absorption of the final melt was due only to U02C142‘, U02C143‘, and
UC162‘ species. Increasing the temperature to 750 °C for the NaCl-2CsCl-based melt resulted in an in-
creased reaction rate. The results are given in Table 4.

Table 4 Reaction of uranyl(VI)-containing melts with metallic Nb.

Melt T,°C  U(VI) initial  Time, U final Fraction of Final U Final Nb
composition conc., wt.% min conc., wt.% U remained oxidation state  conc., wt.%
in the melt, %
NaCl-2CsCl 550 0.96 175 0.41 43 5.16 0.003
750 0.82 65 0.33 40 5.55 0.005
3LiCI-2KCl 750 0.87 147 0.13 45 3.63 0.004
NaCl-KCl 750 0.76 167 0.31 41 3.13 0.006

Addition of metallic niobium into a uranyl(VI) containing melt can result in a number of chemi-
cal reactions:

4U0,Cl,% + Nb + 6CI~ — 4U0,Cl,>~ + NbCl > (8)
4U0,Cl,*~ + Nb — UCl¢? + NbO, + 3UO, + 10CI- 9)
UO0,Cl,> + NbCl¢>~ — UCI>~ + NbO, + 2CI™ + Cl, (10)
4UCI% + Nb + 6CI~ — 4UCI 3~ + NbCl >~ (11)
UO0,C1,> + 2UCI* — 2UCI % + UO, + 4CI (12)
NbCl?~ + UO, — NbO, + UCI> (13)
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In experiments performed in NaCl-2CsCl eutectic the average oxidation state of uranium in the
final melt was above 5. No uranium(III) ions were observed. It is argued that the niobium metal surface
was passivated by an oxide layer, preventing reaction (reaction 11).

Reaction of niobium with uranyl(VI)-containing melts based on NaCl-KClI and 3LiCl-2KCl mix-
tures at 750 °C also initially led to the formation of UO,Cl 43‘ and UC162‘ ions. However, after 3 h the
melt color became red and the oxidation state of uranium was below 4, thus indicating that reaction 11
was here partially taking place.

To check the reducing ability of niobium ions toward uranyl(VI) species, a series of experiments
was performed in which a sample of a UO,Cl,-containing melt was added to a NaCl-2CsCl melt con-
taining the products of anodic dissolution of metallic niobium (a mixture of NbC163‘ and NbC162‘ ac-
cording to the spectra). The initial concentration of niobium was 0.06-0.11 wt % and that of uranium
0.5-0.8 wt %. The reaction at 550 °C was very fast, and in less than 10 min the absorption bands of the
uranium(IV) chloro-complex, UC162‘, were clearly seen in the spectra. After 10-70 min, some UO, and
NbO, were precipitated and the melt contained uranium(IV, V, and VI) ions. The uranium content of
the melt decreased by 17-24 %, and the final niobium concentration did not exceed 0.015 wt %.

Another series of experiments was performed to check the possible occurrence of the following
reaction in NaCl-2CsClI melt at 550 °C:

NbCl,~ + UO,Cl,2~ — NbO, + UCI>~ + 3/,Cl, + CI- (14)

A sample of quenched NaCl-2CsCI + UO,Cl, melt was added to a melt containing NbCls. No
changes in the spectra were observed even after 3.5 h, and the oxidation state of uranium in the final
melt was just below six (due to some thermal decomposition of uranyl(VI) chloride). Thus, we can con-
clude that under the conditions studied uranium(VI) and niobium(V) chloro-species can coexist in a
chloride melt.

Zirconium is electrochemically more electronegative than niobium. Addition of metallic zirco-
nium directly into the NaCl-2CsCl eutectic melt containing uranyl(VI), at 550 and 750 °C, produced a
similar effect to that of niobium addition. Initially, the absorbance in the visible region increased and
the spectra contained bands due to U02C143‘ ions formed. Then (after 60 min at 550 °C and after
11 min at 750 °C) the absorbance started to decrease and peaks associated with UC162‘ appeared. After
around 3 h of contacting zirconium with the melt, the average oxidation state of uranium decreased to
5.5, Table 5, and the final green melt contained U02C162‘, U02C163‘, and UC162‘ ions and solid UO,
and ZrO, (octahedral coordination of zirconium(IV) in chloride melts has been previously shown by
EXAFS spectroscopy measurements [23]):

4U0,Cl,> + Zr + 6CI~ — 4U0,Cl,*" + ZrCl >~ (15)
4U0,Cl,3~ + Zr — UCI> + ZrO, + 3U0, + 10 CI- (16)

The fraction of uranium remaining in the melt decreased with increasing temperature.

Table 5 Reaction of uranyl(VI)-containing melts with metallic Zr.

Melt T,°C  U(VI) initial  Time, U final Fraction of Final U Final Nb
composition conc., wt.% min conc., wt.% U remained oxidation state  conc., wt.%
in the melt, %

NaCl-2CsCl 550 0.93 185 0.57 61 5.51 n.d.
750 0.84 180 0.18 21 5.50 0.002

3LiCl-2KCl 750 0.77 146 0.07 9 n.d. 0.004

NaCl-KCl 750 0.72 180 0.04 6 n.d. n.d.

n.d.: not determined
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Similar experiments were performed in NaCIl-KCl and 3LiCl-2KCl melts at 750 °C, Table 5.
After 3 h of contacting zirconium with the melt, less than 10 % of uranium remained in soluble form.
Absorption spectra on using the NaCl-KCl melt contained very weak bands of UC162‘, and the spectra
of using the 3LiCl-2KCl-based melt contained none. Thus, the amount of UC162‘ ions formed in the
melt can be associated with a decrease in the average cationic radius of the melt. The fraction of ura-
nium remaining in the melt also decreased from ca. 21 % in NaCI-2CsCl to ca. 6 % in the 3LiCl-2KCl
melt.

Again, although metallic zirconium should reduce U(IV) to U(III), no such reaction was ob-
served, perhaps due to an oxide layer formed on the Zr surface.

The compatibility of ZrClﬁz‘ with UO2C142‘ was studied in NaCl-2CsCl at 550 °C and
NaCI-KCl at 750 and 850 °C. No reaction between these species was observed at initial concentrations
of uranium(VI) around 0.8-1.1 wt % and zirconium up to 10 wt %. After 2-3 h, essentially all uranium
(over 93 %) remained in the melt and the average oxidation state of uranium in the final melts was
5.90-5.96.

Hydrogen reduction of uranyl(VI) containing melts

The reaction of hydrogen with uranyl(VI)-containing alkali chloride melts leads to the ultimate precip-
itation of uranium in the form of UO,, and this was patented as a possible mean of reprocessing spent
oxide fuels [24]. The mechanism of the reaction was not, however, studied. Here we applied high-tem-
perature spectroscopy to follow the reaction in 3LiCI-2KCl (at 550 °C), NaCl-KClI (at 750 °C), and
NaCl-2CsCl melts (at 550 and 750 °C). The behavior observed in all the systems investigated was sim-
ilar. After hydrogen was bubbled through the melt, U(V) species were formed and their concentration
initially increased, Fig. 11. Concentration of uranyl(V) reached maximum after several minutes (4 to
15, depending on the melt and temperature) and then began to decrease, Fig 11. At the same time, pre-
cipitation of uranium dioxide commenced. From 50 to 90 min (depending on the reaction conditions)
were required for complete removal of uranium from the melt. The results of the experiments are sum-
marized in Table 6, and Fig. 12 shows how the relative concentration of U(V) in various melts changed
over time.

1.27
(O]
(&
S
[]
(2]
K]
©
0.4 2
0.0 ‘ ; 0 ' : ‘ ‘
i 500 600 700 800 900 1000 500 600 700 800 900 1000
wavelength / nm wavelength / nm

Fig. 11 Spectra recorded during reaction of hydrogen with the NaCl-2CsCl melt containing uranyl(VI) chloride at
750 °C. Arrows show direction the peaks changed with time. Total time (in min) of bubbling hydrogen through the
melt is shown on each spectrum. Initial uranium concentration 0.74 wt %.
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Table 6 Reaction of uranyl(VI)-containing melts with H,.

Melt T,°C  U(VDinitial Time, U final Fraction of Final U Time of
composition conc., wt.% min conc., wt.% U remained oxidation state reaching
in the melt, % max. U(V)
conc., min
NaCl-2CsCl 550 0.76 23 0.62 82 5.41 15
550 0.83 45 0 0 - 9
750 0.74 48 0 0 - 4
750 0.71 86 0 0 - 5
3LiCI-2KCl 550 0.71 44 0 0 - 11
NaCl-KCl 750 0.42 56 0.014 3 5.62 7
550 °C 750 °C
1.0
LSS 0.8
o 3LiCI-2KCI
— NaCIl-KCI
0.6
-]
g
=04
o
0.2
/
5 NaCl-2Csc/ NaCl-2CsClI
0'00 10 20 30 40 O 10 20
time / min time / min

Fig. 12 Changes in relative U(V) concentration during reduction of U02Cl42‘ by H, over time. Temperatures and
melt compositions are given for each set of data.

Reaction of uranyl(VI) chloride with hydrogen in chloride melts therefore proceeds in two stages:
UO0,C1,> + ¥2H, + CI- - UO,Cl,*~ + HCI (17)
U0,Cl,> + ¥4H, — UO, + HCl + 3CI- (18)

Thermodynamic calculations show that, for example, in molten NaCI-2CsCl at a total uranium
concentration around 0.7 wt % AG 7 will become equal to AG g when the average oxidation state of
uranium in the melt decreases to ca. 5.67 (at 550 °C) or to ca. 5.45 (at 750 °C), showing that around
half of the uranium(VI) can be reduced to U(V) before reduction to UO, commences.

In one of the experiments performed in the NaCl-2CsCl melt at 750 °C, the absorption spectra
recorded were different from the rest. Initially, the bubbling of hydrogen resulted in the typical absorp-
tion of U02C143*; the concentration of this species initially increased and then started to decrease. After
15 min reduction the melt was dark red and the spectral profile had changed, Fig. 13. The absorption
around 780 nm decreased but rose significantly at wavelengths below 680 nm, and the spectra exhib-
ited three well-pronounced maxima between 360 and 600 nm. The concentration of this new uranium
species in the melt initially increased and then began to decrease until all the uranium was removed
from the melt after 44 min of hydrogen reduction. Attempts to reproduce this phenomenon were not
successful. At present, it is difficult to characterize unambiguously that a new uranium species formed.
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Fig. 13 Spectra recorded during reaction of hydrogen with NaCl-2CsCl melt containing uranyl chloride at 750 °C.
Total time (in min) of bubbling hydrogen through the melt is given for each spectrum. Initial spectrum (14 min) is
the same as in Fig. 11.

The spectra observed, however, are very similar to the absorption spectrum of UOCI, (reported in a pe-
troleum mull [4]). It is therefore possible that the monooxouranium(V) chloro-species may be formed
under certain conditions in chloride melts according to one of the following reactions:

3U0,Cl,*~ + H, - UOCI?~ + 2UO, + H,0 + 7CI- (19)
2U0,C1,> + H, + CI" - UOCL>~ + UO,Cl,*~ + H,0 (20)
CONCLUSIONS

In the present work, the reactions leading to the formation of uranyl(V) chloro-species in uranyl(VI)-
containing melts were studied between 550 and 850 °C. Decomposition of uranyl(VI) species by heat-
ing the starting melt under vacuum, bubbling an inert gas through the melt, or by removing Cl, from
the atmosphere above the melt using a suitable getter resulted in partial conversion of U(VI) ions to
U(V) ions and UO,. The degree of U02C142‘ decomposition increased with temperature and also with
decreasing the alkali cation radius of the salt solvent. No soluble U(IV) species were detected.

Contacting metallic tellurium, palladium, silver, molybdenum, niobium, and zirconium with al-
kali chloride melts containing uranyl(VI) chloride leads to its reduction to uranyl(V) chloride and ura-
nium dioxide. The outcome of the reaction depends on the electrochemical properties of the reductant;
the more electronegative the metal the higher the degree of U(VI) reduction. In the case of niobium and
zirconium, some uranium(I'V) chloride was also formed due to the high affinity of niobium and zirco-
nium ions for oxygen.

A detailed study of the reaction of uranyl(VI)-containing melts with molybdenum showed that the
degree of U(VI) conversion to UO, increases from NaCl-2CsCl to LiCl melt. Results obtained in
NaCI-KCl and NaCl-2CsCl-based melts indicated that the melts in equilibrium with uranium dioxide
contain a mixture of uranyl(VI) and (V) species or, at low uranium concentrations, essentially only
uranyl(V) ions.

Bubbling hydrogen through a uranyl(VI)-containing melt resulted in a two-stage reduction
UVl —» U(V) = UO0,.
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