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a b s t r a c t

In this study, a vacuum distillation of a mixture of LiCl–KCl eutectic salt and rare-earth oxidative precip-
itates was performed to separate a pure LiCl–KCl eutectic salt from the mixture. Also, a dechlorination
and oxidation of the rare-earth oxychlorides was carried out to stabilize a final waste form. The mixture
was distilled under a range of 710–759.5 Torr of a reduced pressure at a fixed heating rate of 4 ◦C/min
eywords:
acuum distillation
are-earth oxidative precipitates
echlorination

and the LiCl–KCl eutectic salt was completely separated from the mixture. The required time for the
salt distillation and the starting temperature for the salt vaporization were lowered with a reduction in
the pressure. Dechlorination and oxidation of the rare-earth oxychlorides was completed at a temper-
ature below 1300 ◦C and this was dependent on the partial pressure of O2. The rare-earth oxychlorides
(NdOCl/PrOCl) were transformed to oxides (Nd2O3/PrO2) during the dechlorination and oxidation pro-
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. Introduction

One possible alternative to the existing reprocessing processes
f a spent nuclear fuel is a pyrochemical process using a high-
emperature molten salt [1]. This pyrochemical process shows
romise for an advanced nuclear engineering design because of

ts compactness, economy, radiation resistance and nonprolifera-
ion [2]. Of all the unit operations of a pyrochemical process, an
lectrorefining is a key step [2,3]. During this electrorefining pro-
ess, certain amounts of waste salts containing some metal chloride
pecies such as rare-earth chlorides are generated. In the electrore-
ning process, a reuse of the waste salts is very important from
n economical as well as an environmental point of view. In order
o reuse the waste salts from an electrorefining process, it is nec-
ssary to separate the rare-earth chlorides from the waste salts.
n oxidation method can be used to achieve that because it con-
erts the rare-earth chlorides to rare-earth oxychlorides or oxides
recipitated as insoluble compounds. Among the various oxida-
ion methods, a promising and potential alternative method is by
parging O2 gas [4,5]. The rare-earth chlorides in the waste salts

re precipitated by sparging O2 gas and during this process, pure
iCl–KCl eutectic salts can be recovered from the waste salts. How-
ver, a considerable amount of LiCl–KCl eutectic salts is discharged
s a mixture of LiCl–KCl eutectic salts and rare-earth oxidative pre-

∗ Corresponding author. Tel.: +82 868 2575; fax: +82 868 2329.
E-mail address: ehc2004@kaeri.re.kr (H.C. Eun).
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ed to design a concept for a process for recycling the waste salt from an

© 2008 Elsevier B.V. All rights reserved.

ipitates. Also, rare-earth oxidative precipitates such as rare-earth
xychlorides can be an obstructive factor when trying to achieve a
table solidification for a final waste form because of the presence
f Cl [6–8]. Therefore, a separation of the LiCl–KCl eutectic salts
rom this mixture and a stabilization of the rare-earth oxychlorides
re essential to reuse these salts, to reduce the high level waste vol-
me and to stabilize a final waste form. A distillation process can be
sed for a salt recovery from the mixture [9–11], and a dechlorina-
ion and oxidation of the rare-earth oxychlorides can convert them
o stable oxide forms at a high temperature of more than 1200 ◦C
5].

In this study, a vacuum distillation of LiCl–KCl eutectic salts in
mixture of LiCl–KCl eutectic salts and rare-earth oxidative pre-

ipitates was performed to evaluate the characteristics of a salt
istillation at a fixed heating rate with a reduction in the pressure.
lso, a dechlorination and oxidation of the rare-earth oxychlorides
as carried out to investigate the conversion characteristics of the

xychlorides to oxides at a fixed heating rate with various partial
ressures of O2.

. Experimental and methods

.1. A vacuum distillation of a mixture of LiCl–KCl eutectic salts

nd rare-earth oxidative precipitates

The experimental apparatus for a vacuum distillation of a mix-
ure of LiCl–KCl eutectic salts and rare-earth oxidative precipitates
s composed of an alumina tube, a load cell, an electric heater, a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ehc2004@kaeri.re.kr
dx.doi.org/10.1016/j.jhazmat.2008.03.079
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the separation of LiCl–KCl eutectic salts from a mixture of LiCl–KCl
eutectic salts and rare-earth oxidative precipitates. Fig. 4 shows
the thermal mass reductions of the mixture by a vacuum distil-
lation. It was found that the required time for the salt distillation
Fig. 1. A schematic of experimental apparatus for a vacuum distillation of a salt.

lumina crucible, a cooling jacket, a condensed salt storage, a fil-
er and a vacuum pump as shown in Fig. 1. This mixture was
btained from an oxidative precipitation of rare-earth chlorides
Ce/Eu//Nd/PrCl3) in LiCl–KCl eutectic melts by sparging O2 gas.
able 1 shows the experimental conditions for the vacuum dis-
illation of the mixture. The temperature of the furnace was
rogrammed to rise from room temperature to 1200 ◦C with a
eating rate of 4 ◦C/min. The reduced pressure was adjusted from
10 Torr to 759.5 Torr by using a vacuum pump. During a vacuum
istillation of the mixture, Ar gas was injected into the furnace to
aintain an inert atmosphere. The patterns of the salt distillation

ould be confirmed by the mass reductions detected in the load cell
ith changes of the temperature and time.

.2. Dechlorination and oxidation of the rare-earth oxychlorides

Dechlorination and oxidation of the rare-earth oxychlorides was
erformed to stabilize the final waste form by a thermo-gravimetric
nalyzer (SDT 2960; TA Instrument Co.). The experimental condi-
ions are shown in Table 1. The temperature of the furnace was
rogrammed to rise from room temperature to 800 ◦C with a heat-

ng rate of 50 ◦C/min. After an initial rapid heating, the furnace was
lowly heated to 1300 ◦C with a heating rate of 5 ◦C/min. Four par-
ial pressures of oxygen were tested: 21, 50, 75 and 100% of oxygen
nd the remainder consisted of pure nitrogen (>99.9%).

. Results and discussion

.1. Properties of the mixture of LiCl–KCl eutectic salts and

are-earth oxidative precipitates

The oxidative precipitation of rare-earth chlorides in LiCl–KCl
utectic melts by sparging O2 gas reached more than 99.9% at 650 ◦C
s shown Fig. 2. Also, it was found that about 65 wt.% of the LiCl–KCl

able 1
etailed experimental conditions

Vacuum distillation Dechlorination and oxidation

ample mass 12 g 15–16 mg
eating rate 4 ◦C/min 50 ◦C/min (∼800 ◦C)

5 ◦C/min (∼1300 ◦C)
emperature ∼1200 ◦C ∼1300 ◦C
educed pressure 710/755/759.5 Torr –

njection gas Ar O2 (21/50/75/100%)
ig. 2. Oxidative precipitation of rare-earth chlorides in the LiCl–KCl eutectic melts
y sparging O2 gas with a temperature.

utectic salts was recovered from the LiCl–KCl eutectic melts con-
aining rare-earth chlorides by sparging O2 gas and about 35 wt.%
f them was discharged as a mixture of LiCl–KCl salts and rare-
arth oxidative precipitates (oxychlorides or oxides). This mixture
ad about 90 wt.% of LiCl–KCl eutectic salt and about 10 wt.% of

nsoluble rare-earth oxidative precipitates. Fig. 3 shows the XRD-
atterns of the rare-earth oxidative precipitates. As shown in Fig. 3,
he rare-earth oxidative precipitates were composed of rare-earth
xychlorides (NdOCl/PrOCl) and oxides (CeO2/Eu2O3/PrO2). Thus, it
s considered that a separation of the LiCl–KCl salts from the mixture
sed in this study can be accomplished effectively by a salt distilla-
ion process based on the large differences in the vapor pressures
9–11].

.2. Vacuum distillation of a mixture of LiCl–KCl eutectic salts and
are-earth oxidative precipitates

The vapor pressure as a function of the temperature consider-
bly affects a salt distillation [12–14]. If the vapor pressure of a
alt can be increased, the required temperature and time for a salt
istillation will be reduced. A reduced pressure by a vacuum pump

ncreases the vapor pressure and elevates the vaporization rate [15].
herefore, a vacuum distillation can produce efficient results for
Fig. 3. XRD patterns of the rare-earth oxidative precipitates.
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of them can be expressed by the following equations;
ig. 4. Thermal mass reductions of a mixture of the LiCl–KCl eutectic salt and the
are-earth oxidative precipitates with a pressure reduction.

nd the starting temperature of the salt vaporization were lowered
ith a reduction in the pressure. At 710 Torr and 759.5 Torr of the

educed pressure, the starting temperatures of the salt vaporiza-
ion were about 825 ◦C and 700 ◦C, respectively. The salt distillation
as almost completed at a temperature below 1000 ◦C. Accord-

ng to previous reports, LiCl–KCl eutectic salts are distilled under
vacuum at approximately 1100 ◦C [16,17]. It was confirmed that

he distillation temperature of the salt can be reduced further by a
eduction in the pressure. In the above conditions, it appeared that
he required time for the salt distillation had a difference of 1 h.
fter the salt distillation, the remaining samples were characterized

o identify the transformations of the rare-earth oxidative precip-
tates by XRD (D8 Advance; KBSI). Fig. 5 shows the XRD patterns
f the remaining samples. The remainder consisted of rare-earth
xychlorides and oxides like the rare-earth oxidative precipitates
hown in Fig. 3. This means that the transformations of the rare-
arth oxidative precipitates in the mixture did not occur during the
acuum distillation process of the mixture. It is thought that this
esulted from maintaining an inert atmosphere by injecting Ar gas
uring the vacuum distillation.

.3. Dechlorination and oxidation of the rare-earth oxychlorides
As shown in Fig. 5, the remainder obtained from the salt distil-
ation had rare-earth oxychlorides such as NdOCl and PrOCl. These
xychlorides can be an obstructive factor when trying to achieve
stable solidification for a final waste form [6–8]. Dechlorination

ig. 5. XRD-patterns of remaining samples after the vacuum distillation of a mixture
f the LiCl–KCl eutectic salts and the rare-earth oxidative precipitates.

N

P

F
o

ig. 6. Thermal mass reductions of the rare-earth oxychlorides at a fixed heating
ate (5 ◦C/min) under various partial pressures of O2.

nd oxidation of the rare-earth oxychlorides is essential to stabilize
final waste form. Fig. 6 shows the thermal mass reductions of the

are-earth oxidative precipitates containing NdOCl and PrOCl at a
xed heating rate of 5 ◦C/min under various partial pressures of O2.
ccording to Fig. 6, a dechlorination and oxidation of them seemed

o be dependent on the partial pressure of O2. The termination tem-
erature of the dechlorination and oxidation was reduced to about
0 ◦C under 100% of a partial O2 pressure in comparison to 21% of
partial O2 pressure. Also, it was confirmed that the dechlorina-

ion and oxidation was completely finished at a temperature below
300 ◦C and the mass reduction was about 6.4%.

After the dechlorination and oxidation, remaining materials
ere identified to investigate the transformations of them by
RD (D8 Advance; KBSI) and the results are shown in Fig. 7. As
hown in Fig. 7, the oxides (CeO2/Eu2O3/PrO2) were maintained
uring the dechlroination and oxidation, however, the oxychlo-
ides (NdOCl/PrOCl) were converted to stable oxides (Nd2O3/PrO2).
ased on the above results, it is postulated that the dechlorination
nd oxidation of the rare-earth oxychlorides happens simultane-
usly at a high temperature of more than 1200 ◦C under an oxidative
tmosphere [5]. The reaction of the dechlorination and oxidation
dOCl + 1
4 O2(g) → 1

2 Nd2O3 + 1
2 Cl2(g) (1)

rOCl + 1
2 O2(g) → PrO2 + 1

2 Cl2(g) (2)

ig. 7. XRD-patterns of remaining materials after the dechlorination and oxidation
f the rare-earth oxidative precipitates containing the rare-earth oxychlorides.
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The mass reductions of them shown in Fig. 6 agree well with the
toichiometric values associated with the above equations.

. Conclusion

A vacuum distillation of a mixture of LiCl–KCl eutectic salts
nd rare-earth oxidative precipitates was performed to recover a
ure LiCl–KCl eutectic salt from the mixture. Also, a dechlorina-
ion and oxidation of the rare-earth oxychlorides was carried out
o stabilize the final waste form. The pure LiCl–KCl eutectic salt
as almost completely separated from the mixture by a vacuum
istillation. The required time for the salt distillation and the start-

ng temperature of the salt vaporization were diminished with
reduction in the pressure. The salt distillation was completed

t a temperature below 1000 ◦C. Also, it was confirmed that the
are-earth oxychlorides (NdOCl/PrOCl) were transformed to oxides
Nd2O3/PrO2) at a temperature below 1300 ◦C during a dechlorina-
ion and oxidation, and the dechlorination and oxidation of them
as an oxygen-dependent reaction. In addition, the mass reduction
f the rare-earth oxidative precipitates containing the rare-earth
xychlorides by TGA was about 6.4%, which agrees well with the
toichiometric values. These results will be utilized to design a con-
ept for a process for recycling the waste salt from an electrorefining
rocess and to reduce a high level waste volume.
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