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Abstract 

The phase diagrams of the pseudo-binary systems of LiC1-KCI eutectic and lanthanide trichloride (LnCI3: Ln = La, Ce, 
Pr, Nd, Sm, and Gd) were determined for compositions less than 25 mol% LnC13 by means of thermal analysis, visual 
observation, electromotive force measurement and powder X-ray diffraction. The existence of K2LnC15 compounds was 
confirmed in all the systems, but K3LnC16 was observed only in the systems containing Sm and Gd. In the region up to 17 
mol% LnCI 3, the eutectic temperature and composition were observed to be close to those of the LiC1-KC1 eutectic system 
(625 ___ 1 K, LiCI-41 at.% KCI). For compositions greater than 17 mol% LnC13, on the other hand, the eutectic points were 
701 + 1, 691 + 1, 681 + 1, 656 + 1, 635 + 1 and 649 + 1 K for La, Ce, Pr, Nd, Sm, and Gd, respectively. The liquidus 
surface of the LiC1-KC1-LaC13 system was also determined at compositions up to 40 mol% LnCI 3. © 1997 Elsevier 
Science B.V. 

1. Introduction 

A pyrometallurgical process has been developed for 
partitioning transuranium elements (TRUs) contained in 
high-level radioactive liquid waste (HLLW), which is gen- 
erated in the reprocessing of LWR spent fuels [1-3]. Since 
the pyrometallurgical process, electrorefining and/or re- 
ductive extraction, is carried out in a molten salt system 
where the solvent is LiC1-KC1 eutectic salt [4], knowledge 
of the phase diagrams of molten salt is very important for 
the process design. The phase diagram concerning lan- 
thanide trichloride, LnC13, is particularly important, be- 
cause of the larger amount contained in HLLW as com- 
pared with TRUs and because of its chemical similarity to 
TRUs. 

Bergmann et al. [5] reported the phase diagrams of the 
KCI-LnC13 binary system for Ln = La-Lu and K2LnCI 5, 
K3LnC16, and other compounds were formed at tempera- 
tures over 573 K. On the other hand, Seifert et al. [6-10] 
and Thiel and Seifert [11] pointed out that K2LnC15 
(Ln =La, Ce, Pr, Nd, Sm, and Gd), K3LasC118 and 
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KGd2C17 were stable from room temperature to their 
decomposition temperatures, but that the other compounds, 
such as K3LnC16, existed only at higher temperatures. 

The phase diagrams of the LiC1-LnCI3 (Ln = La, Pr, 
Nd, and Sm) system have been reported in the literature 
[12-17] and only LiSmzC17 is considered a compound. 
The phase diagrams of the ternary systems have had few 
reports except for the LiC1-KCI-NdC13 system [15]. 

For a better understanding of the mixed salt system, we 
studied the phase diagrams of the LiC1-KCI eutectic and 
LnC13 pseudo-binary system in the region up to 25 mol% 
LnC13 by thermal analysis, visual observation, electromo- 
tive force (EMF) measurement and powder X-ray diffrac- 
tion (XRD). 

2. Experimental 

The anhydrous salt reagents, such as LnC13 (Ln = La, 
Ce, Pr, Nd, Sm, and Gd), LiC1, KCI, and LiC1-KC1 
eutectic, were purchased from APL Engineered Materials. 
Their purities were 99.99%, except for SmC13 (99.95%). 

The thermal analysis was performed with a differential 
scanning calorimeter installed in a globe box filled with a 
high purity argon atmosphere (<  0.5 ppm 0 2 and < 0.1 
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ppm H20). The temperature calibration was accomplished 
by measuring the melting point of high purity metals, such 
as Sn, Pb, Zn, and A1 ( >  99.99%). 

A fixed amount of the LiC1-KC1 eutectic and LnC13 
salt reagents were weighed in a high purity alumina cup 
and heated until melted for mixing. The salt was quickly 
cooled to room temperature and was used for thermal 
analysis. The heating rate was 1 K / m i n  and an empty 
alumina cup was used as a reference. The compositions of 
the sample were determined by ICP-AES and atomic 
absorption spectroscopy after the thermal analysis. 

The liquidus temperature of the salt samples was visu- 
ally measured by heating them in a transparent furnace. 
Details of the apparatus have been described elsewhere 
[ 18]. The salt samples, sealed in quartz tubes, were melted 
for mixing and then quickly cooled to room temperature. 
They were heated at 5 K increments and kept for several 
hours for equilibrium. We verified complete melting of the 
samples with microscopic examinations. 

The chemical form of the salt samples at room tempera- 
ture was determined from powder XRD analysis. The 
primary phase, the first crystalline phase to appear from 
the liquid state on cooling, was determined from EMF 
measurement in an electrochemical cell; LalLaC13, LiC1- 
KC1]IAgC1, LiC1-KCI[Ag. The details have been given 
elsewhere [19]. 

3. Resu l t s  a n d  d i s c u s s i o n  

3.1. Pseudo-bina~ system." LiCI-KCI eutectic and LaCl 3 

Representative thermograms for the sample containing 
LiC1-KCI eutectic and LaCI 3 obtained on heating are 
shown in Fig. 1. Three types of endothermic peaks are 
observed in each thermogram. Since the onset temperature 
of the first peak, designated 'A '  in Fig. 1, hardly changed 
with an increase in the LaCI 3 concentration, we assigned 
the onset temperature to the eutectic points. Those are 
625 4- 1 and 701 4- 1 K for compositions less than and 
greater than 17 mol% LaC13, respectively. The difference 
in the eutectic points corresponds to the difference in 
components concerning these eutectic reactions. The in- 
variant temperatures reveal the freedom, f = 0 in the reac- 
tion. 

The second peak, designated 'B ' ,  gradually separated 
from the baseline with an increase in temperature and after 
peaking quickly approached the baseline. The baseline is a 
thermogram when the difference in the temperature be- 
tween the sample and reference equals zero. The third 
peak, designated 'C ' ,  also exhibited a gradual change. 
Therefore, peaks 'B '  and 'C '  can be attributed to the phase 
transitions accompanying the decrease in the number of 
the phase, revealing f =  1. We have determined that the 
peak temperature of the second and third peaks is the 
transition temperature. 
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Fig. I. Thermogram of the pseudo-binary system: LiCI-KCI 
eutectic and LaCI 3. (a) 13.2 mol% LaCI 3 and (b) 20.4 tool% 
LaCI 3. The dashed lines (---) indicate the baseline of thermal 
analysis. 

Fig. 2 illustrates the results of the thermal analysis and 
the visual observations of the samples consisting of LiCI-  
KCI eutectic and LaC13. The liquidus temperature shows a 
maximum at 17 mol% LaC13. The values obtained from 
the visual observations are in good agreement with those 
of the thermal analysis with the exception of the region 
around 17 tool% LaC13, where the differences are as large 
as 15 K. These differences might be due to a slower 
melting rate of the salt sample than the heating rate of 1 
K / m i n  used in the thermal analysis. 

We investigated the chemical form of the primary 
phase by EMF measurement. The relationship of the La 
potential in the molten salt to temperature is shown in Fig. 
3. The EMF values decrease linearly with decreasing 
temperature. Inflection points are observed at 699 _+ 3 and 
712_+ 3 K for 4.4 and 7.4 mol% LaC13, respectively. 
These are reasonably consistent with the liquidus tempera- 
tures obtained by thermal analysis, which are designated 
'a'  and 'b '  in Fig. 3. Below the inflection points, the 
derived potentials are lower than the extrapolated values 
from high temperature, shown by dashed lines. Since the 
decrease in potential at each temperature corresponds to a 
decrease in La concentration, La rich compounds are con- 
sidered to be precipitated below the liquidus temperatures. 

According to powder XRD patterns, LiC1, K2LaCl 5, 
and KCI were detected in the region up to 17 mol% LaC13. 
This revealed that the eutectic reaction originated from 
these compounds. However, LiC1 and K2LaCIs only were 
detected in the region above 17 mol% LaCI 3. 

The value 17 mol% LaC13 in the pseudo-binary system 
geometrically corresponds to the intersection of two straight 
lines on the composition triangle of a ternary LiC1-KCI-  
LaC13 system, one connects LiC1 and KzLaC15 and the 
other connects the LiC1-KCI eutectic and LaC13. Hence, 
the composition at 17 mol% LaCI 3 in the pseudo-binary 
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Fig. 2. Partial phase diagram of pseudo-binary system: LiC1-KC1 
eutectic and LaCI 3. The symbols A, [] and O indicate three 
types of transitions determined by thermal analysis and the sym- 
bols • and x indicate liquid and two-phase regions determined 
by visual observations, respectively. 

system is considered to be a mixture of LiC1 and K2LaC15 
because a binary LiC1-K2LaC15 system is considered to 
be a eutectic system. 

Consequently, the phase transitions designated 'A ' ,  'B '  
and 'C '  in Fig. 1 in the region below 17 mol% LaC13 are 
identified by the following reactions: 

A: K2LaC15 + LiC1 + KCI ~ K2LaC15 + LiC1 + L, 

B: KzLaCI 5 + LiC1 + L ~ KzLaC15 + L, 

C: K2LaCI 5 + L ~ L, 

where L represents the liquid phase. 
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Fig. 4. Partial phase diagram of pseudo-binary system: LiC1-KCI 
eutectic and CeC13. See Fig. 2 caption for symbols. 

3.2. Pseudo-binary system." L iCI-KCI  eutectic and LnCl 3 
(Ln = Ce, Pr, Nd, Sm, and Gd) 

Figs. 4 - 6  illustrate partial phase diagrams of the 
pseudo-binary systems of Ce, Pr, and Nd, respectively, 
obtained in the same manner as the La system. As ob- 
served in the La system, K2LnC15 was formed in the 
region up to 17 mol% LnC13. For compositions greater 
than 17 mol% LnC13, however, slightly different eutectic 
points, 701 + 1, 691 + 1, 681 + 1, and 656 + I K for La, 
Ce, Pr, and Nd, respectively, were observed. 

The phase diagrams of LiC1-KCI eutectic and SmC13 
and LiC1-KC! eutectic and GdC13 pseudo-binary systems 
are shown in Figs. 7 and 8, respectively. The change of the 
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Fig. 3. Temperature dependency of La potential against Ag/AgC1 
reference electrode. The symbols designated 'a' and 'b' indicate 
the liquidus temperatures of the 4.4 and 7.4 tool% LaC13 samples, 
respectively. These values were obtained by thermal analysis. 
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Fig. 5. Partial phase diagram of pseudo-binary system: LiCI-KC1 
eutectic and PrCI 3. See Fig. 2 caption for symbols. 
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Fig. 6. Partial phase diagram of pseudo-binary system: LiC1-KC1 
eutectic and NdC13. See Fig. 2 caption for symbols. 
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Fig. 7. Partial phase diagram of pseudo-binary system: LiCI-KCI 
eutectic and SmCI 3. See Fig. 2 caption for symbols. 

eutectic point is observed around 12 tool% LnC13 in both 
systems. This suggests the presence of K3LnCI 6 type of 
compounds, because the point in the pseudo-binary system 
geometrically corresponds to the intersection of two straight 
lines on the composition triangle of a ternary LiC1-KCI-  
LnC13 system: one connects LiC1 and K3LnC16 and the 
other connects the LiCI-KC1 eutectic and LnC1]. For the 
Gd system, moreover, the existence of K3GdCI 6 is sup- 
ported by the derived phase diagram showing the maxi- 
mum liquidus temperature at 12 mol% GdC13. According 
to Seifert [10] and Theil and Seifert [11], the formation 
temperatures of K3SmCI 6 and K3GdCI 6 are 611 and 548 
K, respectively, which are much lower than the liquidus 
temperatures shown in Figs. 7 and 8. 

The solubilities of LnCI 3 in LiC1-KC1 eutectic are 
determined from the phase diagrams. They are about 3 
mol% LnCI 3 at 673 K except for Sm and it is about 4 
tool% SmC13. At 723 K, they are about 9 mol% for La, 
Ce, Pr, and Nd and are above 25 mol% for Sm and Gd. 

3.3. The ternary LiCI-KCI-LaCI~ and L iCI -KCI-NdCI  3 
systems 

The liquidus surface in the ternary LiC1-KC1-LaC13 
system in the region below 40 mol% LaCI 3 is shown in 
Fig. 9. The liquidus surface is composed of four primary 
crystallization areas for the LiC1, KC1, K2LaC1 s, and 
LaCI3 phases. It exhibits three invariant equilibrium reac- 
tions related to EL a, E2 La, and p~a, respectively, in Fig. 9: 

ELa: L ~ LiC1 + KCI + K2LaC1 s, 

La. 
E 2 . L ~ LiCI + K2LaC15 + K3LasC118, 

pLa: L + LaC13 ~ LiC1 + K3LasC118. 

The symbols of E and P represent a eutectic and a peritec- 
tic reaction, respectively. The point of E~ a (625 + 1 K) is 
located in the periphery of the eutectic composition of the 
LiC1-KCI system. Judging from the results of the EMF 
measurement, the composition of E2 L~ (701 _+ 1 K) is lo- 
cated in the region rich in LiCI. 

The liquidus surface in the ternary LiCI-KCI-NdCI  3 
system reported by Zhang et al. [15] is shown in Fig. 10. 
Our results are in good agreement with those of Zhang et 
al. except at the eutectic points. 

The liquidus surface of the LiCI-KC1-CeCI 3 and 
LiC1-KC1-PrCI 3 systems would be similar to that of the 
LiC1-KC1-NdC13 system because of the similarity of the 
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Fig. 8. Partial phase diagram of pseudo-binary system: LiC1-KCI 
eutectic and GdCI 3. See Fig. 2 caption for symbols. 
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Fig. 9. Partial phase diagram of the ternary LiCI-KCI-LaC13 system. Open circles are liquidus temperatures obtained by thermal analysis. 
The symbols designated as EL a and PiLa are eutectic and peritectic compositions, respectively. 
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liquidus temperatures obtained by thermal analysis. The symbols designated as E~ d and p Nd are the eutectic compositions in the ternary 
system. 

derived pseudo-binary phase diagrams, as shown in Figs. 
4 - 6  and because of the similarity of the KCI-LnC13 
binary systems [6- l 1 ]. 

4. Conclusions 

The phase diagrams of the pseudo-binary systems, 
LiC1-KC1 eutectic and LnC13 (Ln = La, Ce, Pr, Nd, Sm, 
and Gd), in the region below 25 mol% LnC13 were 
determined by four analytical methods, thermal analysis, 
visual observation, EMF measurement, and powder XRD. 
The following conclusions can be drawn. 

(1) The K2LnC15 was found in all systems and the 
compound K3SmCI 6 and K3GdC16 were considered to 
exist in the Sm and Gd systems, respectively. 

(2) The eutectic points of the La, Ce, Pr, and Nd 
systems were all 625 _ 1 K in the region up to 17 tool% 

LnC13 and 7 0 1 + 1 ,  6 9 1 + 1 ,  6 8 1 +  1, and 656_+1 K, 
respectively, in the region above 17 mol% LnCI 3. The 
eutectic points of the Sm and Gd systems were 625 + 1 K 
in the region up to 12 mol% LnCI 3 for both systems, 
618__+ 1 and 628 + 1 K in the range between 12 and 17 
mol% LnC13, and 6 3 5 + 1  and 6 4 9 +  1 K in the region 
above 17 mol% LnC13, respectively. 

(3) Three transition peaks for the LiCI-KCI eutectic 
and LaCI 3 system were identified up to 17 mol% LaCI 3. 

The liquidus surface in the ternary LiC1-KCI-LaCI 3 
system in the region below 40 mol% LaC13 was deter- 
mined and that of the LiC1-KC1-NdC13 system was com- 
pared with one previously reported. 
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