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Abstract Low-pressure distillation has been proposed as a

suitable technique for the recovery of carrier salt from

molten salt reactor spent fuel. A closed-chamber distilla-

tion system, in which the pump is stopped and pressure-

induced salt distillation is performed, was arranged for

fluoride salt treatment. A stair-step optimization process

was demonstrated to improve the recovery efficiency by up

to 99%. The pressure change curve was feasible for esti-

mating the distillation process, and a method for displaying

the pressure value online in order to determine the end-

point was also developed. The decontamination factor of

Nd in the condensate salt was deduced to be greater than

100 with 1 wt% NdF3–FLiNaK distillation. The optimal

conditions developed in this study showed a high recovery

ratio for the fluoride carrier salt and a high separation

efficiency for rare earth products.

Keywords Low-pressure distillation � Closed chamber �
Fluoride molten salt � Recovery ratio

1 Introduction

Compared with aqueous media, molten salts (mainly

fluorides, chlorides, and nitrates) have many advantages,

such as low vapor pressure and high heat capacity.

Therefore, molten salts have been applied in many fields,

such as extraction, high-temperature electrolysis, thermal

energy storage, and heat transfer media [1–4]. In nuclear

power systems, molten salts are typically used as the

coolant for molten salt reactors (MSRs) and electrolyte for

electrochemical separation in spent nuclear fuel repro-

cessing. For example, molten LiF–BeF2–ThF4–UF4 was

selected as the fuel carrier salt and coolant of a molten salt

breeder reactor (MSBR), which was developed and tested

at the Oak Ridge National Laboratory (ORNL) [5].

One of the characteristics of MSRs is that the fuel is

dissolved in a molten carrier salt; therefore, after a period

of operation, the spent nuclear fuel of the MSR contains
7LiF–BeF2 carrier salts, uranium, thorium, and fission

products (FPs). For waste minimization and reactor econ-

omy improvement, it is necessary to separate the FPs from

the carrier salt and recover the useful components, such as

uranium and plutonium, especially high-cost and high-pu-

rity 7LiF. Because the volatilities of most FPs, such as rare

earths and alkaline earth fluorides, are significantly lower

than that of LiF, the low-pressure distillation technique,

which is based on the vapor pressure difference, shows

potential application in carrier salt recovery and FP

removal. Considering the principle of low-pressure distil-

lation, separation can usually be achieved without adding

other reactants; thus, fewer by-products are formed during

distillation [6], further reducing the volume of waste

involved.
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To date, many research groups have focused on the

utilization of low-pressure distillation for salt recovery in

the nuclear field. As early as the 1960s, ORNL began to

investigate the relative volatilities of fission-produced flu-

orides using an equilibrium distillation apparatus; on this

basis, one engineer-scale demonstration was carried out to

demonstrate the feasibility of using a low-pressure distil-

lation method to recover carrier salts [7, 8]. In addition, a

conceptual design of a fluorination–vacuum–distillation

system, in which the fluorination of uranium and low-

pressure distillation could be carried out continuously, was

proposed [9]. However, the development of fluoride dis-

tillation was suspended owing to the termination of the

molten salt reactor experiment (MSRE) in the 1970s.

Recently, several concepts for MSRs have been developed

owing to the advantages of molten salts. Chloride salts

were used as carrier salts in fast-neutron reactors, owing to

the low fast-neutron cross section of Cl. Similar to other

nuclear reactors, relative reprocessing technology has also

been explored to recover useful materials and reduce the

volume of waste, including techniques such as chloride

molten salt electrochemistry, ion exchange, and distilla-

tion. For example, to recover uranium and separate FPs, the

Korea Atomic Energy Research Institute (KAERI) has

developed electrochemical reduction and electrochemical

refining technologies, in which molten chloride salts (LiCl–

KCl, NaCl–KCl, or NaCl–Li2O) are used as electrolytes in

electrochemical processing.

Low-pressure distillation techniques have also been

developed to manage some of the electrolyte salts adhered

to the electrorefining products at Idaho National Labora-

tory (INL) [10, 11], KAERI [12–14], and the Central

Research Institute Power Industry (CRIEPI) of Japan [15].

At INL, the liquid cadmium cathode and chloride salts

were evaporated individually by controlling the system at

reasonable temperatures. At KAERI, the distillation

behavior of chloride salts (LiCl, KCl, or their mixture) was

studied at different experimental scales, and distillation

was improved with reagents, such as rare earth oxychlo-

rides or oxides that are less soluble in salt and have greater

pressure differences with salts that were preformed by

adding oxygen, H2O, or oxides before chloride salt distil-

lation. These evaporation processes occurred on heteroge-

neous surfaces between the liquid and liquid phase or

liquid and solid phases, which made achieving an ideal

separation effect more beneficial.

Compared with chloride salts, fluoride salts have higher

melting points and lower vapor pressures and are more

corrosive, which brings more challenges [16, 17]. One of

these is the increased difficulty for the apparatus to achieve

distillation separation, requiring a higher evaporation

temperature, better sealing performance, and stronger cor-

rosion resistance. Meanwhile, because of the higher

melting points, the vapor of the fluoride salts condenses in

undesirable locations, such as the dead ends of tubes or

exteriors of collection containers, ultimately reducing the

distillation recovery ratio and exposing the equipment to

the risk of secondary contamination.

The staff at the Shanghai Institute of Applied Physics

have been developing a thorium MSR (TMSR) since 2011.

To reprocess TMSR nuclear fuel, a preliminary conceptual

design is determined to remove FPs and fissile materials

from these fused fluoride mixtures. First, the salt comes

into contact with fluorine gas, resulting in the removal of

uranium as volatile UF6. The off-gas product also contains

certain volatile fluoride FPs, such as molybdenum, ruthe-

nium, and technetium. Then, the salt is fed to a low-pres-

sure still, where the carrier salts LiF and BeF2 are

vaporized and recovered, while fluoride FPs that are less

volatile than LiF remain in the still and are discarded.

Some relevant work has been carried out in the last

10 years [18–22]. Based on the requirement of the disposal

or processing of spent fuel salts of TMSRs, our group has

focused on investigating the distillation behavior of FLi-

NaK molten salt and the removal efficiency of some typical

rare earth fluorides (REFs) in a FLiNaK system using an

alundum furnace [22]. It was found that some condensate

entered the filter with the pump running, which reduced the

recovery ratio.

In the present work, a closed-chamber distillation sys-

tem with a single sealing flange and independent three-

zone temperature controllers was established to improve

the recovery ratio. A feature of this distillation system is

that the vacuum pump was turned off during the distillation

process, and the temperature gradient of the chamber

directly affected the pressure difference between the

evaporation and condensation zones. We applied FLUENT

software to analyze the temperature distribution of this

closed-chamber distillation system and optimized the pro-

cess conditions (mainly the setting of temperature and

vacuum) suitable for distilling the fluoride molten salt. The

FLiNaK eutectic melt was used as the simulated salt

because its melting point was similar to that of the coolant

salt FLiBe in the MSR. The relationship between the

recovery ratio and distillation temperature is also dis-

cussed. Under the optimized conditions, the separation

degree achieved with 1 wt% NdF3–FLiNaK was further

evaluated.

2 Materials and methods

2.1 Reagents and materials

High-grade anhydrous fluorides (LiF, NaF, and KF;[
99.95%) and NdF3 ([ 99.99%) were purchased from
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Sigma-Aldrich Co., Ltd. All other reagents were of ana-

lytical grade and were used without further purification.

The compositions of the FLiNaK eutectic system were

46.5 mol % LiF, 11.5 mol % NaF, and 42.0 mol % KF.

FLiNaK was obtained according to the literature [23].

2.2 Experimental setup

A schematic illustration of the distillation system is

shown in Fig. 1a. This system mainly consisted of a fur-

nace, two chambers, cooling water, and vacuum systems as

shown in Fig. 1b. The two adjacent chambers were used for

evaporation and condensation. The left evaporation

chamber with a diameter of 120 mm and height of 120 mm

was directly connected to the right condensation chamber

with a diameter of 200 mm and height of 440 mm. Both

chambers, made of stainless steel (SUS-310S), were

designed to be heated by three heaters: H1, H2, and H3.

The maximum temperature is as high as 1200 �C for H1

and H2 and 800 �C for H3. In the system, three thermo-

couples were installed in the middle of the individual

heater, denoted as TC1, TC2, and TC3. Refrigerated water

was used to cool the bottom flange. The vacuum system

was composed of a mechanical pump (Edwards RV 12)

and a molecular pump (KYKY FF-160/620), which can

achieve a pressure of 10-3 Pa. The former pump worked

first; then, the latter began to run when the pressure

decreased to 100 Pa. A vacuum gauge was installed in

front of the valve to display the pressure value online.

A special bracket, which was made of stainless steel

(SUS-304), was devised to load and unload the evaporation

crucible, as shown in Fig. 1c. The screw tube, connected to

the top and bottom platforms, was adjustable. First, the

screw tube was fixed at location O, and the evaporation

crucible was placed on the top platform of the bracket.

Then, the bracket was elevated until the top reached the

height of the evaporation chamber. Second, the screw tube

was moved to location O’, according to the groove on the

bottom platform, and was moved to the evaporating cru-

cible to the center of the evaporation chamber. Finally, the

bracket was removed from the chamber.

Fig. 1 (Color

online) (a) Scheme of the

closed-chamber distillation

system, (b) photograph of the

closed-chamber distillation

system, and (c) scheme of the

sample bracket
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2.3 Melt preparation

A furnace was placed inside a glove box in an argon

atmosphere, wherein the H2O and oxygen contents were

controlled below 1 ppm. Certain amounts of pretreated

fluorides, LiF, NaF, and KF, were mixed in a nickel cru-

cible, which was placed inside the furnace. The furnace

was first heated to 300 �C and maintained for 1 h to

remove trace moisture. Then, the temperature was raised to

650 �C, where it was maintained for 5 h until the fluorides

completely melted. The prepared melt was slowly cooled

to the ambient temperature.

The salt mixture containing 1.0 wt% NdF3, denoted as

NdF3–FLiNaK, was prepared by a similar treatment. A

more detailed description was reported in our previous

study [22].

2.4 Distillation

Approximately 200 g of FLiNaK salt or NdF3–FLiNaK

salt was placed in an evaporation crucible with a diameter

of 100 mm. Then, the crucible was placed on top of the

bracket and transported to the evaporator chamber. The

collection crucible located on the bottom of the condenser

was raised to the distillation chamber flange, and the entire

chamber was closed. Next, the pressure of the chamber was

reduced to 100 Pa, using a mechanical vacuum pump, and

the molecular pump was operated to further reduce the

pressure to 10-3 Pa. Then, the three heaters were turned on

to heat the chamber to the given temperatures. When the

temperature reached the given temperature, the two pumps

were stopped, and distillation was carried out. The changes

in temperature and pressure were recorded. After the end of

distillation, the heaters were turned off to cool to 20 �C;
then, the pressure inside the distillation system was

restored. Finally, the evaporation crucible and collection

crucible were removed and weighed.

2.5 Measurement and chemical analysis

The recovery and evaporation ratios were used to

evaluate the recovery and evaporation efficiencies. The

average value obtained with three repeated experiments

was given, with a relative error of less than 10%.

The salt recovery ratio was defined as the ratio of the

mass of the collected salt to that of the evaporated salt and

can be calculated using Eq. (1):

Recovery ratio ¼ MC

M0 �ML

� 100%: ð1Þ

M0, MC, and ML correspond to the masses of the original

salt to be distilled, condensed salt collected in the

collection crucible, and residual salt in the evaporating

crucible, respectively.

The evaporation ratio was defined as the ratio of the

mass of the evaporated salt to that of the original salt and

can be calculated using Eq. (2):

Evaporation ratio ¼ M0 �ML

M0

� 100%: ð2Þ

The decontamination factor, abbreviated as DF, was

used to evaluate the separation efficiency of rare earth

elements from the carrier salt, which was represented by

the mass fraction ratio of the analyzed element in the

original salt to the condensate salt and was defined as

DF ¼ MR0=M0

MRC=MC

; ð3Þ

where MR0 and MRC correspond to the masses of the REFs

in the original salt and condensate salt, respectively.

The composition of the salt sample was analyzed by

inductively coupled plasma optical emission spectrometry

(ICP-OES), according to a method presented in a previous

work [22]. Each sample was analyzed three times, and the

relative error of the parallel samples was below 5%.

3 Results and discussion

3.1 Sealability determination

In contrast to the equipment used in KAERI [24], the

closed-chamber distillation system has only one flange

located at the bottom of the condenser, which is used to

load the salt and seal the chamber. The other parts of the

body are welded together, and the top is flat, which makes

the system simpler and easier to fabricate and install.

Because there is only one open flange, the sealing perfor-

mance of the equipment is theoretically further improved,

and the molten salt vapor can be prevented from escaping

from the distillation chamber with a certain probability.

To test the gas tightness of the chamber, the change in

the gas pressure of the blank chamber was measured, and

the measured pressure was used as the background pressure

of this chamber. The leak rate was measured using a

helium leak detector, yielding a value of less than 10-7

Pa m3/s. After the bottom flange was sealed, the vacuum

pressure was evacuated to approximately 0.1 Pa by the

vacuum system. Then, the entire chamber was heated to

approximately 500 �C at 10 �C/min and maintained at

500 �C for 20 min. The pump continued to operate during

heating and holding. When the left side of the distillation

chamber was heated to approximately 1000 �C (H1) at

10 �C/min and H2 and H3 were increased to 600 �C, the
vacuum pumps were stopped, and the system was finally
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sealed. The pressure change curve was recorded, as shown

in Fig. 2ii. The pressure of this system increased very

slowly, including the 4 h when the temperature of the

system was maintained at 1000 �C and the pressure was

maintained at 10 Pa. The background pressure increasing

rate was deduced to be less than 0.05 Pa/min. This value

was significantly lower than the vapor pressure of the

FLiNaK or FLiBe salt at the same temperature [25]. In

general, for no-carrier distillation, the vapor pressure of the

salt must be significantly higher than the background gas

pressure [26] to allow for sufficient effective evaporation.

Hence, this system was deemed feasible for treating species

with low vapor pressure because of the sufficiently low

vacuum pressure of the chamber.

3.2 Temperature gradient simulation

Generally, the temperature gradient in the distillation

chamber is another very significant driving force for salt

evaporation and condensation, significantly affecting the

rate of distillation and adhesion of the condensate. The

temperature distributions in the closed-chamber system

were calculated by using the computational fluid dynamics

(CFD) method with FLUENT software, as described in

References [27, 28].

In the present work, computational software was used to

simulate the temperature distributions with different tem-

perature settings. The temperature calculation performed

inside the entire chamber with the heaters is shown in

Fig. 3.

According to our previous work [22], the evaporation

temperature of the fluoride salt was greater than 900 �C,
and the evaporation rate could increase at a higher tem-

perature. ORNL also investigated the relative volatility of

REFs in the FLiBe system at approximately 1000 �C [6].

Based on this, in the calculation of the temperature field

distribution in this study, the temperature of the evapora-

tion area was directly set to 1000 �C.
Meanwhile, as the H1 temperature was set to 1000 �C

and the H2 and H3 temperatures ranged from 900 to

550 �C (denoted as 1000–900–550 �C), the actual tem-

perature inside the chamber was measured by temperature

control blocks (Type L1 or L2, Japan Fine Ceramics

Center). One block was placed in a crucible at point T1,

which was also the center point of the evaporation crucible.

The other block was fixed on a special stage that was at the

same height as point T2, as shown in Fig. 3i.

As shown in Fig. 4, the difference between the simu-

lated data and measurement was less than 30 �C; hence, it
was useful to set up the experiment using temperature

simulation. Furthermore, considering the temperature

between T1 of the evaporator center and T2 of the con-

denser for the three conditions, the temperature gradient

inside the chamber could be adjusted by changing the H2

and H3 temperatures.

3.3 Distillation condition optimization

Based on the simulation temperature distribution results,

three distillation experiments, namely Runs 1–3, were

performed for 200 g FLiNaK melts. Crude salt, which was

slightly gray, was loaded in a nickel crucible with a

diameter of 100 mm and placed in the evaporator chamber;

then, the crucible was fixed to the evaporation zone using

the bracket. The collection crucible was located on the

bottom flange of the condenser.

Table 1 shows the evaporation ratio and recovery ratio

under different conditions. The recovery ratios of the three

runs (Runs 1–3) were all no greater than 90%. In Runs 1

and 2, a portion of the salt was observed to attach to the

inner wall, especially on the baffle, as shown in Fig. 5a,

which may result from the low temperature of the con-

denser. Compared with that of Run 1, the recovery effi-

ciency of Run 2 was better. In Run 3, only 91.4% of the salt

was evaporated with the same distillation time. A possible

reason may be the narrower temperature gradient between

H1 and H2, as shown in Fig. 3iii, which might prevent

vapor flow from the evaporator to the condenser. These

results showed that relatively low condenser temperatures

accelerated salt distillation but reduced the recovery ratio.

The recovery ratio was less than 99%, and more than 1%

salt was condensed and released from the receiver, which

may have solidified on some inner wall or baffle.

According to the temperature gradient simulation and

experimental results of Runs 1–3, it was possible to change

the temperature of the H2 and H3 zones to improve the

recovery efficiency. Therefore, the temperatures of the H2

0 50 100 150 200 250 300 350
0
2
4
6
8

500
600
700
800
900

1000

ii

Stop Heat

Pr
es

su
re

 (P
a)

   
   

   
 H

1 
Te

m
pe

ra
tu

re
(o C

)

Time (min)

Stop Pump

i

Fig. 2 (Color online) Background gas pressure at high temperature.

(i) Temperature curve; (ii) pressure curve
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and H3 zones were adjusted to reduce the amount of salt

solidified on some inner walls and improve both the

evaporation and recovery ratios. Therefore, the sectional

heating of H2 and H3 was carried out by stair-step heating.

For example, in Run 4, a typical stair-step heating

method was adopted, in which the evaporation temperature

(H1) was set to 1000 �C throughout. However, H2 was set

to 700 �C in the first 2 h; then, it was increased to 900 �C
in 1 h and maintained at 900 �C until the experiment was

completed. Similarly, the temperature of H3 was main-

tained at 500 �C in the first 2 h, raised to 650 �C in 1 h,

and maintained until the end. After 4 h of distillation,

almost 100% of the salt was evaporated, and the recovery

ratio of FLiNaK reached 99.4%. Furthermore, the con-

densate salt was collected in the collector, as shown in

Fig. 5c, and no salt was observed on the inner wall of the

chamber, as shown in Fig. 5b. In this case, the recovery

Fig. 3 (Color online) Temperature calculated inside the whole chamber with the heaters: (i) 1000–700–550 �C, (ii) 1000–800–550 �C, and (iii)

1000–900–650 �C
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Fig. 4 Temperature change curve between T1 and T2 for

(i) 1000–700–550 �C, (ii) 1000–800–550 �C, and (iii) 1000–900–

650 �C

Table 1 Evaporation and recovery ratios obtained under different working conditions

Run Distillation time (h) H1 (�C) H2 (�C) H3 (�C) Evaporation ratio (%) Recovery ratio (%)

1 4 1000 700 550 99.6 86.6

2 4 1000 800 550 97.2 90.4

3 4 1000 900 650 91.4 82.3

4 4 2 1000 700 550 99.9 99.4

1 1000 700–900 550–650

1 1000 900 650

123

3 Page 6 of 10 J.-X. Geng et al.



efficiency was enhanced. Therefore, the stair-step method

could improve the distillation efficiency. Furthermore, the

salt collected in the receiver was white, and the corrosion

products Fe, Ni, or Cr from the SUS 310S chamber were

difficult to measure by inductively coupled plasma optical

mass spectrometry (ICP-MS) analysis. Additionally, after

distillation, the inner wall of the chamber was smooth.

These results indicated that the condensate salt was of high

quality and that the corrosion of the salt could

be neglected.

The experimental phenomena observed were consistent

with the physical characteristics of the condensate salt. The

temperature of the condenser was critical to maintaining

the salt liquidus. In ORNL, FLiBe–ZrF4 carrier salts of the

MSRE were demonstrated to be condensed in the temper-

ature range of 550–700 �C, and the vapor stream contain-

ing greater than 90 mol % LiF required higher condenser

temperatures of approximately 800–900 �C [25]. There-

fore, the temperature of the zone between the evaporation

crucible and receiver for Runs 1–3 was low, while LiF or

NaF with low volatilities tended to condense at

550–600 �C before entering the receiver. However, in

stair-step heating (Run 4), with the reheating of H2 and H3

in the distillation process, the temperature of the inner wall

increases again, and the salt that is first attached to the

inner wall of the chamber might melt and flow into the

receiver. Hence, the recovery efficiency of the distilled salt

was improved by using the stair-step heating mode.

Furthermore, a higher recovery ratio indicates less salt

loss. In addition, owing to the shutting off of the pumps, the

distillation process was carried out in a nearly closed

environment, which made it impossible for the material to

be distilled and released from the apparatus. Therefore, this

distillation mode showed potential for preventing radioac-

tive leakage.

3.4 Pressure change analysis

For a distillation system, it is important to determine the

distillation process to facilitate the determination of whe-

ther the system runs well or needs to be shut down. For

instance, in our previous research, the beginning and end of

the distillation process could be determined via the balance

located on top of the distillation chamber [26]. However,

this method does not apply to closed-chamber distillation.

The pressure change curve may offer a method to confirm

the distillation process. In this distillation equipment, a

resistance vacuum gauge was installed next to the chamber

valve for system pressure monitoring, as shown in Fig. 1.

The pressure value was recorded online, which reflected

the change in the chamber pressure. The salt distillation

process was assumed as in the literature [29], according to

the change curve.

The pressure changes of Runs 5–8 were operated under

the same distillation conditions as those of Run 4; however,

different salt amounts were used, as shown in Fig. 6. Using

Fig. 5 Photographs of the inner chamber after distillation: (a) Run 1, (b) Run 4, and (c) condensate salt
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Fig. 6 (Color online) Pressure change curves of the distillation of (1)

100 g, (2) 200 g, (3) 300 g, and (4) 400 g of FLiNaK
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curve c in Fig. 6 as an example, 300 g of FLiNaK was

distilled under the conditions of Run 7, and the pressure

was recorded. When the temperature of the chamber

reached 500 �C, the pumps were turned off, and this

moment was recorded as 0. First, the pressure of the entire

chamber was less than 0.1 Pa. As the temperature

increased, the pressure increased gradually. Over the next

25 min, as the temperature increased to 750 �C, the pres-

sure increased considerably, suggesting that some evapo-

ration had occurred. Then, another peak was observed at

the constant temperature zone, and the maximum pressure

reached approximately 500 Pa. Afterward, the pressure

was reduced to a relatively constant value. As shown in

Fig. 6, the same pressure tendency could be obtained using

different amounts of molten salt. When the pressure value

was constant, the furnace was shut off, and little salt was

found remaining in the evaporation crucible, indicating that

the distillation of the salt had terminated. Based on this, the

time when the pressure curve started to show a constant

value was considered the end of the distillation process. For

example, distillation was regarded as ending at points 10, 20,
30, and 40, corresponding to 115, 145, 186, and 218 min,

respectively, after the pump was turned off. The pressure

began to increase at 25 min, which corresponds to the

starting point of the distillation process.

According to the pressure curve, the distillation rate of

FLiNaK was further derived using Eq. (4):

V ¼ MC �ML

S� t
; ð4Þ

where V is the distillation rate in g�cm2 min-1, S is the

evaporation surface area in cm2, and t is the time of dis-

tillation in min, which is determined by the difference

between the start and end points.

The results are listed in Table 2. For this system, the

FLiNaK distillation rate for Runs 5–8 ranged from 0.015 to

0.027 g�cm2 min-1, which indicates that the method for

determining the distillation time based on the pressure

curve was reliable. Compared with the distillation rate for a

continuously operating vacuum pump [22], the distillation

rate in this study was slightly lower. Here, the error of the

distillation rate was introduced by the error in determining

the distillation endpoint; thus, a more precise and sensitive

pressure sensor can further improve the accuracy of the

distillation rate. In the following separation experiment of

NdF3–FLiNaK, the method of pressure change was used to

detect the distillation process.

3.5 Decontamination factor of Nd

The ultimate aim of the salt distillation process devel-

oped in the TMSR is to separate the FPs, especially REFs,

and eventually recover the purified fluoride molten salt.

Therefore, the separation efficiency of REFs is one of the

key specification targets of distillation treatment. The

decontamination factor (DF) was used to evaluate the

separation efficiency.

FLiNaK salts (200 g) containing 1.0 wt% NdF3 were

distilled using the same stair-step temperature mode as Run

4. With evaporation ratios ranging from 27 to 99%, the DFs

of Nd are listed in Table 3. The results showed that the DF

of Nd reached 102, which is satisfactory for the purification

of a fuel carrier salt using distillation technology. In

addition, the REF DFs decreased with an increase in the

evaporation ratio because NdF3 could be dissolved in the

carrier salt, and during the process of distillation, the

concentration of NdF3 increased with increasing evapora-

tion ratio, which led to concentration polarization and

contamination of the condensate salt. For example, with a

27% evaporation ratio, the content of Nd in the condensate

was measured to be 9.3 ppm, and the DF value was

deduced to be 1.08 9 103. For a 99% evaporation ratio, the

content of Nd was approximately 75 ppm, and the DF

value was 1.3 9 102.

Table 3 also shows that the main composition of the

condensed salt varied at different evaporation ratios, which

indicated that the ratio of the evaporation rate was not

consistent with the molar ratio of each component. The

volatilities and evaporation rates of the LiF, NaF, and KF

components in the FLiNaK carrier salt were different, and

the three fluorides retained their own chemical species;

thus, it was assumed that LiF, NaF, and KF could be

evaporated separately but not simultaneously.

Therefore, according to the Hertz–Langmuir equation

[29], the evaporation rate is proportional to the partial

pressure, which can be derived as Eq. (5):

Vnet ¼
aP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pRT=M
p ; ð5Þ

where V is the net evaporation rate, g�cm-2 min-1, R is the

gas constant, and T is the temperature, K. Additionally,

M is the molecular weight, P is the partial pressure, Pa, and

a is the evaporation coefficient. Parameter a is determined

by the molecular interactions at the evaporation surface.

For the FLiNaK salt, the LiF, NaF, and KF vapors inter-

acted with each other on the same surface; thus, a was

assumed to be the same. According to the literature [30],

the ratio of the partial pressures of each component in the

Table 2 Distillation rate of FLiNaK melts

Run 5 Run 6 Run 7 Run 8

Salt (g) 100 200 300 400

V (g cm-2 min-1) 0.015 0.020 0.023 0.027
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FLiNaK salt was derived, with the partial pressure ratios of

LiF/NaF/KF in the FLiNaK salt deduced to be approxi-

mately 1:1.5:10 at 1000 �C. This corresponds to a ratio for

the evaporation rates V of LiF/NaF/KF to be 1:1.3:12 at

1000 �C using Eq. (5). This indicates that the evaporation

rate of KF was much faster than that of LiF and NaF in the

early stages of the distillation process. This result was

consistent with the experimental data in Table 3. In Run 9,

when the evaporation ratio was 27%, the content of KF,

87.2 mol %, was much higher than that of LiF and NaF. As

the distillation process continued, NaF and LiF started to

evaporate. When the evaporation ratio reached 99% in Run

12, almost all the FLiNaK salt had evaporated, and the ratio

of LiF/NaF/KF in the condensate was 45:12.2:42.8, almost

equal to that of the original salt LiF–NaF–KF, 46.5:11.5:42

(mol %).

In an MSR system, the composition of the carrier salt

should be precisely controlled, because the composition of

the salt determines the melting point, viscosity, tolerance of

the fuel or FP, etc. Table 3 shows that the composition of

the condensed salt was not constant nor consistent with that

of the fluoride salts used as the carrier salt or coolant when

the evaporation ratios were different. A higher evaporation

ratio ensured that the composition remained constant after

the distillation process. For batch distillation, to recover a

salt with the same composition as that of the carrier salt,

the evaporation ratio should be as high as possible, as long

as the DFs of the FPs are acceptable. In the present work,

as the evaporation ratio ranged from 27 to 99%, the DF of

Nd in the received salt ranged from 1.08 9 103 to

0.13 9 103, which is higher than the value deemed

acceptable for salt purification reported by ORNL (102).

This indicated that the Nd content was approximately

50 ppm in the condensate at an evaporation ratio of 99%.

In fact, in the actual nuclear fuel of the MSR, the total mass

of the rare earth FPs is lower than the 0.1 wt% used in this

study; thus, the content of rare earth elements in the

received salt is less than 10 ppm, with a DF value of 100,

and the condensate salt could be reused in the reactor.

4 Conclusion

A closed-chamber distillation system and a stair-step

heating mode were developed to enhance the recovery

performance and improve the recovery rate of FLiNaK

melts. To determine the proper distillation temperature

range, the temperature distribution of the system was first

simulated using computational software. Compared with

the simple heating process, the stair-step temperature mode

proved to be effective and feasible for improving the salt

recovery efficiency, with the recovery ratio reaching as

high as 99%. Moreover, in this study, the method using the

change curve of the pressure in the system was applied to

determine the distillation process, especially the endpoint,

and the distillation rate was calculated to be

0.015–0.027 g�cm2 min-1. Based on the recovery ratio of

pure FLiNaK, the optimization process conditions were

obtained and applied to the FLiNaK salts containing NdF3.

The separation efficiency was further estimated by chang-

ing the evaporation ratio; the DF of Nd was greater than

102, with an evaporation ratio of 99%. The contents of the

components, mainly the concentrations of LiF, NaF, and

KF in the condensate salt, were determined, and the Nd

content was approximately 75 ppm. The results showed

that with a high evaporation ratio, the composition was

almost equal to that of the original salt.

This research indicates that the closed-chamber distil-

lation system can be used for FLiNaK distillation, using a

stair-step heating method to achieve high recovery ratios;

this method is also effective in the decontamination of FPs.

Based on the ability of the equipment to prevent radioac-

tive leakage and the high recovery ratio of the stair-step

heating method, this study could provide a potential ref-

erence for pyro-processing of TMSR spent fuel.
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