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Abstract –Uranium metal is electrodeposited onto a solid cathode during the electrorefining process. 
Uranium deposits from an electrorefiner contain about 30~40 wt% salts. In order to recover pure uranium 
and transform it into metal ingots, the salts have to be removed. A salt distiller is adapted for a salt 
evaporation. A batch operation for the salt removal is carried out by a heating and vacuum evaporation. It 
is operated at 700 ~ 1000 oC and less than 1 Torr, respectively. The behaviors of the salt evaporations 
were investigated by focusing on the effects of the vacuum pressure and the holding temperature on the salt 
distillation. The salt removal efficiencies were obtained with regards to the operational conditions. The 
Hertz-Langmuir relation was applied to the experimental results of the salt evaporations. The effective 
evaporation coefficients of the relation were obtained with regards to the operational conditions. The lower 
the vacuum pressure and the higher the holding temperature were, the higher the removal efficiencies of 
the salts were. 

 
 

INTRODUCTION 
In pyrometallurgical process, salt evaporation of 
uranium deposits has been studied by other 
researchers. In the Argonne National Laboratory 
(ANL) in 1996, a cathode process was developed 
for the recovery of uranium [1-3]. By employing 
a vacuum distillation process, they achieved a 
salt distillation and a uranium melt with a 
crucible mold. In the Los Alamos National 
Laboratory (LANL), Wang et al. developed a 
thermodynamic modeling of a vapor pressure for 
a molten salt and a model based on the Hertz-
Langmuir relation which describes the 
evapoaration rates of a binary NaCl/KCl system 
for a pyrochemical Pu purification process [4,5]. 
They applied to the available experimental data 
and observed effective evaporation coefficients 
according to the temperature under a vacuum 
level of 0.13 Pa. In France, CEA developed a 
vacuum distillation process for a Pu spent salts 
treatment, inspired by the LANL concept [6]. In 
order to reduce the spent salt, they designed and 
built a pilot equipment for a distillation of 
NaCl/KCl and CaCl2 oxidized plutonium salts. 
With this equipment they obtained the industrial 
flows of a vaporization up to 1200 oC.  
In this work, the salt evaporation experiments for 
LiCl/KCl eutectic salt containing 9 wt% UCl3 
from uranium deposits, which was produced 
from an electrorefining process, are carried out 
with a salt distiller according to the vacuum 
pressures and the hold temperatures. A simple 
model based on the Hertz-Langmuir relation is 
applied to the vacuum evaporation system. The 

evaporation rates calculated from the Hertz-
Langmuir relation are compared to the 
experimental data and the effective evaporation 
coefficients are obtained. The effects of the 
vacuum pressures and the hold temperature on a 
salt evaporation are discussed. 
 
THEORETICAL BACKGROUND 
 
The Hertz-Langmuir relation is applicable to the 
evaporation process [7]. 
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where J is the molar rate of a gas molecule, m is 
the molecular weight, R is the gas constant and 
Peq is the equilibrium pressure of a gas i. The net 
evaporation rate can be expressed from Eq.(1) by 
including an evaporation coefficient and a partial 
pressure, Pi. Hertz-Langmuir relation for the 
evaporation rate was derived as follows. 
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The evaporation coefficient means the ratio of 
the actual evaporation rate to the theoretical 
evaporation rate. If the experiments for the salt 
evaporation are carried out in a vacuum, Pi is 
zero. In this case, Pi is assumed to be negligible 
for the vacuum evaporation process of a LiCl-
KCl eutectic salt. Eq.(2) is simplified to 
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From Eq.(3), the evaporation coefficients can be 
obtained from experimental data. The 
evaporation coefficient means the ratio of the 
actual evaporation rate to the theoretical 
maximum evaporation rate. From fitted 
evaporation coefficients, the behavior of a salt 
evaporation can be analyzed physically. In Wang 
et al.[8], they considered various vapor species; 
monomer and dimer salt mixtures for a binary 
KCl-NaCl system and assumed the evaporation 
coefficient α to be same for all the vapor species 
and temperatures. The evaporation rates of the 
salt system were calculated from the 
experimental results and the effective 
evaporation coefficients were obtained. In 
contrast to Wang et al.’s approach, we 
considered the monomer vapor species in this 
work in order to simplify the model. With a 
simple application of this model, the behaviors 
of a salt evaporation will be described well. 
 
EXPERIMENTAL 
 
The experiments for the salt evaporation of a 
uranium deposit from an electrorefiner were 
carried out with a 10 - 20 g cathode processor as 
shown Fig.1. As shown in Fig.1, the cathode 
processor was composed of a distiller tube, a 
heating system with a resistance furnace and a 
K-type thermocouple, an alumina crucible, an Ar 
gas feeder, a vacuum pump, a salt receiver, a 
pressure gauge and a load cell. A distill tube was 
made of a high-density alumina crucible, which 
was connected to an Ar gas feeder and a vacuum 
pump. The inside diameter of the distiller tube 
was about 4.2 cm. In the middle of the distiller 
tube, a resistance furnace was installed for a 
heating purpose. A 10 ml alumina crucible was 
used as a container for a uranium deposit, which 
was located at the center of the distiller tube. It 
was connected to a load cell with a W wire. The 
load cell was installed at the flange of the 
distiller tube for weighing a change of the 
deposit weight.  
Uranium deposits were produced from an 
electrorefiner. In the experimental electrorefining 
process, uranium was deposited as a dendritic 
form at a solid cathode of the electrorefiner. In 
this experiment, the depleted uranium was used 
as an anode. A certain amount of the uranium 
deposits from an electrorefiner was loaded into 
the cathode processor. The cathode processor 
was heated upto 700 ~ 900 oC for a salt 
evaporation under a 100 ~ 500 mTorr 
atmosphere. The vacuum condition was 
controlled by a vacuum pump and a Ar gas flow. 

During the evaporation of the salts, the vaporized 
salts flow downwards due to the Ar gas flow and 
are collected in the receiver at the bottom of the 
cathode process. 

 
 
Fig. 1. Schematic diagram of the salt evaporation 

equipment. 
 
RESULTS AND DISCUSSION 
 
Using a cathode processor, the behaviors of a 
salt evaporation of uranium deposits were 
studied. The characteristics of a salt evaporation 
depend largely on the vapor pressures of the 
components and the temperature. In the 
electrorefining process, the electrodeposited 
uranium grew as a dendrite form. It contains the 
salt which was used as a medium for the 
electrorefining process. As the vapor pressures of 
LiCl, KCl and UCl3 are higher than those of the 
uranium metal, the salts could be separated from 
the uranium deposits by a distillation. In this 
study, a vacuum evaporation was applied to the 
salt removal system. Fig.2 shows the effects of 
the vacuum pressure on the salt evaporation of 
the uranium deposits. The salt distillation system 
was heated up to 1000 oC with a hold time of 1 
hour. The heating rate was 3 oC/min. The 
vacuum pressures were 100, 200, 300 and 500 
mTorr. As the vacuum pressure increased, the 
evaporation rate increased. The Hertz-Langmuir 
relation for a vacuum evaporation was applied to 
these experimental results for the salt 
evaporation of the uranium deposits. From the 
Hertz-Langmuir relation application, the 
evaporation coefficients were obtained with 
regard to the vacuum pressures. With the fitted 
evaporation coefficients, the calculated results 
show good agreements with the experimental 
results. From these results, the Hertz-Langmuir 
relation is applicable to a vacuum evaporation of 
uranium deposits with one parameter fitting. The 
fitted evaporation coefficients with regard to the 
vacuum pressure are tabulated in Table 1. As the 
degree of a vacuum is higher, the fitted 
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evaporation coefficient is greater. And the salt 
removal efficiency increased as the vacuum 
pressure increased. These results are also 
tabulated in Table 1.  
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Fig. 2. Effects of the vacuum pressure on the salt 
evaporation of U deposits at 1000 oC and a 1 h 

hold time. 
 
TABLE I. The evaporation coefficients and the salt 
removal efficiencies with regard to the vacuum 
pressure. 
Vacuum 
pressure 
(mTorr) 

Evaporation 
coefficient 

Salt removal 
efficiency 
(%) 

500 3.040 x 10-5 97.30 
300 4.656 x 10-5 99.61 
200 1.251 x 10-4 99.42 
100 1.779 x 10-4 99.95 
 
The evaporation behaviors of the salt were 
studied with regard to the temperature of a 1 
hour hold time under a 200 mTorr vacuum 
pressure. The hold temperatures were 700, 800, 
900 and 1000 oC. Up to the hold temperature, the 
salt evaporation system was heated with a 3 
oC/min heating rate. Fig.3 shows the effects of 
the hold temperature on the salt evaporation of 
the uranium deposits. As the hold temperature 
increased, the evaporation rate increased. Like 
the results of Fig.2, the Hertz-Langmuir relation 
was applied to the experimental salt evaporation 
results. From the application of the model, the 
evaporation coefficients were obtained with 
regard to the hold temperatures. These results are 
tabulated in Table 2. With the fitted evaporation 
coefficients, the calculated weight losses show 
good agreements with the experimental weight 
losses of the uranium deposits. As the hold 
temperature increased, the fitted evaporation 
coefficient increased. As a matter of course, as 

the hold temperature increased, the salt removal 
efficiency increased. The results are also 
tabulated in Table 2.  
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Fig. 3. Effects of the hold temperature on the salt 
evaporation of U deposits at 200 mTorr and a 1 h 

hold time. 
 
TABLE I. The evaporation coefficients and the salt 
removal efficiencies with regard to the hold 
temperaure. 
Hold 
temperature 
(oC) 

Evaporation 
coefficient 

Salt removal 
efficiency 
(%) 

700 3.133 x 10-6 82.40 
800 4.630 x 10-5 94.87 
900 5.619 x 10-5 98.83 
1000 1.251 x 10-4 99.42 

 
Fig. 4. Effects of the vacuum pressure and the 

hold temperature on the salt removal efficiency 
of U deposits. 

 
From the effects of the vacuum pressures and the 
hold temperatures on the salt evaporation, as the 
vacuum pressure of the evaporation system is 
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lower and the hold temperature is higher, the 
evaporation rate of the salt increased and the salt 
removal efficiency is higher. Fig.4 shows the 
relation between the salt removal efficiencies 
and the vacuum pressure and the hold 
temperature. If the salt removal efficiencies in 
the whole range of the vacuum pressures and the 
hold temperatures are obtained, the optimum 
operational conditions for a salt evaporation 
process of U deposits can be predicted.   
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