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Abstract

Experimental measurements were made to assess the electrical conductivity as a function of temperature and NdF; con-
centration (0-20 mol %) of molten systems of (LiF-CaF,),,—NdF;, (LiF-NaF),—NdF;, (NaF-CaF,) ., —NdF; and (LiF-
MgF,).,—NdF;. The experiment used an altering current impedance spectroscopy technique with a platinum-rhodium
electrode positioned in a pyrolytic BN tube and graphite a crucible/counter electrode. The conductivity of all systems under
study increased with rising temperatures and decreasing NdF; concentrations. The Arrhenius equation and linear regression
have both been used to describe the experimental data. The results of the ionic conductivity for the temperature 850 °C and

NdF; concentrations 0, 10 and 15 mol %, respectively, can be compared as follows: the conductivity of the molten system of

(LiF-CaF,)
6.16, 5.56 and 4.13 S.cm™, the results for the system (NaF—CaF,)
results for the system (LiF-MgF,)

eut

eut”

respectively.

—NdF; was determined to be 6.10, 5.95 and 5.10 S.cm™', the results for the system (LiF-NaF)

NdF; were determined to be for the same temperature as 5.35, 4.79 and 4.14 S.cm™,

—NdF; were

eut

—NdF; were 3.78, 3.56 and 2.32 S.cm™!, and finally, the

eut
1

Keywords Electrical/ionic conductivity - Molten salts electrolysis - Rare earth elements (REEs) - Neodymium - Molten salt
reactor - Electrometallurgy

DX

>4

Michal Korenko
uachmiko @savba.sk

FrantiSek Simko
uachsim@savba.sk

Institute of Inorganic Chemistry, Slovak Academy
of Sciences, Dibravska Cesta 9, 845 36 Bratislava, Slovakia

Loire Valley Institute for Advanced Studies, 1 Rue
Dupanloup, 45000 Orléans, France

CEMHTI-Conditions Extrémes Et Matériaux: Haute
Température Et Irradiation UPR3079—-(CNRS), 1D Av. de La
Recherche Scientifique CS 90055, 45071 Orléans, France

Centre of Excellence for Advanced Materials
Application-CEMEA, Slovak Academy of Sciences,
Dubravska Cesta 5807/9, 845 11 Bratislava, Slovakia

Faculty of Chemical and Food Technology, Slovak
University of Technology in Bratislava, Radlinského 9,
812 37 Bratislava, Slovakia

Fuel Cycle Chemistry Department, UJV Re7 a.S,
250 68 Husinec Rez, Czech Republic

Introduction

High-temperature inorganic molten salts are attractive cou-
lombic liquids (containing ionic components), and they are
being used in many areas of industry, e.g., electrometallurgy
and electrochemical recycling of metals, renewable energy
technologies and up to the new class of nuclear reactors,
molten salt nuclear reactors (MSR), where, in the ultimate
design, the molten salt works as the liquid in the primary
circuit (with the fissile/fertile material dissolved in the melt)
as well as cooling medium in the heat transfer interface (sec-
ondary circuit of the reactor). Molten fluoride systems are
being also seriously considered as tritium breeding blankets
in nuclear fusion technology [1-11].

The knowledge of the physico—chemical performance,
electrochemical characterization and structural characteri-
zation of the related molten fluorides are thus vital for the
commercialization of the MSR technology. Due to the inher-
ent features of nuclear chain reaction, rare earth elements
(REEs) are being formed and present in all nuclear reactors.
Insofar as their formation is concerned, they serve as neutron
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poison for the nuclear process. Therefore, a solution must
be developed to keep them apart from the nuclear reactor’s
fuel. Because in MSR technology the fuel in the primary
circuit is dissolved in molten salt, this separation unit might
be feasible online within the circuit. A high-temperature
reprocessing based on the electrolytic separation can be thus
done within the framework of MSR technology. Although
this appealing concept is still being worked on, it is far sim-
pler and more straightforward than any other fuel recycling
technology [12].

Any industrial process based on molten salts can only
be modeled, optimized and operated with an understanding
of how the physico—chemical characteristics (ionic conduc-
tivity, density viscosity, etc.) are linked to the structure of
the electrolyte. Electrical conductivity is one of the most
important physico—chemical properties in electrometal-
lurgy and other industrial electrochemical processes. This
physico—chemical parameter is connected to other transport
characteristics such as viscosity, diffusivity and ion mobility.
The electrolyte’s electrical conductivity is also correlated
with the electrolysis’ energy efficiency and current efficiency
[13, 14]. The ionic content and the structure of the molten
electrolyte impact the electrical conductivity, which can be
utilized for verifying the possible formation of polymers or
complex species in the melt.

The fact that the molten salt electrolyte works also as a
heating element in which the Joule heat is generated owing
to ohmic drop is another significant aspect of the electrical
conductivity of molten systems in electrochemical sepa-
ration technologies (and generally in electrometallurgy).
Because of the importance of maintaining the electrosepa-
ration unit’s ideal heat balance, electrical conductivity is a
crucial piece of data for process design and optimization.

The topic of the present study is the experimental
investigation of the high-temperature ionic electrical con-
ductivity as a function of temperature and the concen-
tration of NdF; (0-20 mol %) of the following ternary
molten systems: (LiF-CaF,),,—NdF;, (LiF-NaF) —NdF;,
(NaF-CaF,),,—NdF; and (LiF-MgF,),,,—NdF;.

Only a few articles [15-24] briefly explore the phys-
ico—chemical properties of molten ternary systems based on
LiF, NaF, CaF,, MgF, and NdF;. A thermal analysis of the
phase equilibria and an investigation of the volume proper-
ties of the system (LiF-CaF,),,—NdF; are both included in
the work by Mlynarikova et al. [15]. A section of the phase
diagram for the system (LiF-CaF,),,,—NdF; is shown in this
paper. One eutectic point with the approximate coordinates
of 692 °C, 20 mol % NdF; and a solid solution exist in this
section of the phase diagram.

The works [16, 17] contain the phase equi-
libria study (DTA and XRD) for the system
NaF-LiF-NdF;. These publications claim that the sys-
tem NaF-LiF-NdF; contains three invariant points, two
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of which are peritectic and one of which is eutectic. The
eutectic point is described by the following coordinates:
composition (mol %): NaF(33.0)-LiF(53.0)-NdF;(14.0),
and eutectic temperature: 580 °C. The peritectic tem-
peratures of two peritectic points with the molar com-
positions NaF(41.0)-LiF(44.0)-NdF;(15.0) and
NaF(39.0)-LiF(45.0)-NdF5(16.0) are 595 °C and 610 °C,
respectively. NaNdF, is formed at the first peritectic
point, which has a peritectic temperature of 595 °C, while
NasNdyF;, is formed at the second peritectic point, which
has a peritectic temperature of 610 °C [16].

In the experimental work of Kubikova et al. [23],
phase equilibrium and the density of the molten
(LiF-MgF,),,,—NdF; system are described. Based on that
research, six phase fields make up the (LiF-MgF,).,—NdF;
system’s phase diagram. In the concentration range of
0<x(MgF,) <0.15, an MgF,-based solid solution with dis-
solved LiF is the primary solid. The phase field upon further
cooling consists of the LiF-based solid solution with dis-
solved MgF, (0 <x(MgF,) <0.10). The MgF,-rich side of the
phase diagram (concentration range 0.10 < x(MgF,) < 0.30)
contains the field with NdF; as the only solid phase and
the field with MgF,—based solid solution crystallizing at
777 °C. The coordinates of the ternary eutectic point are
in this phase diagram 10 mol % of NdF; and 678 °C [23].

The works [18-22] contain details on the phase equilibria
in the binary systems LiF-NdF;, NaF-NdF; and CaF,-NdF;.
The work [25] contains the high-temperature electrical con-
ductivity analysis of the binary system LiF-NdF; (within
temperature interval 950-1150 °C). The electrical conduc-
tivity of the system LiF-NdF; is in this work reported as an
isothermal drop (950 °C) from 8.53 S.cm™! for 5 mol % of
NdF; to 5.11 S.cm™! for 20 mol % NdF;.

Experimental

Lithium fluoride (LiF), sodium fluoride (NaF), calcium fluo-
ride (CaF,), magnesium fluoride (MgF,) and neodymium
fluoride (NdF;) were the analytical grade chemicals utilized
to make the samples. Prior to usage, the compounds were
dried in a vacuum furnace at 430 °C. To maintain the chemi-
cals and make the samples, a glovebox JACOMEX, France)
with an argon atmosphere (SIAD Slovakia, purity 99.999%)
was used (humidity under 5 ppm and oxygen content less
than 2 ppm).

The experimental conductivity cell (Fig. 1) was com-
posed of a pyrolytic boron nitride (pBN) tube (Boralloy,
Momentive, USA) of 4 mm ID and 100-mm length. The
graphite crucible (9) served as the counter electrode, while
the platinum-rhodium alloy rod (1 mm OD) (1) put in place
inside the pBN tube (7) served as the primary electrode.
Approximately 60 g of the salt mixture (8) was contained
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Fig. 1 Sketch of the experimen-
tal setup: (1) Pt—Rh electrode,
(2) alumina-based radiation
sheets, (3) heating elements,
(4) boron nitride body of the
electrode attachment, (5) Pt/
Pt10Rh thermocouple, (6)
stainless steel connector of the
graphite crucible, (7) pyrolytic
boron nitride tube, (8) melt, (9)
graphite crucible, (10) alumina
tube of the furnace and (11)
flange of the furnace

in a crucible that was set up in a vertical laboratory furnace
with an argon environment. Pure argon was heated in a cop-
per mesh vessel and dried by bubbling through H,SO, to
create a dry inert atmosphere in the furnace. Pt/Pt10Rh ther-
mocouple (5) was used to gauge the furnace’s temperature.

An impedance gain-phase analyzer (National Instruments,
operated by LabVIEW software) has been used to measure
the cell’s impedance at a fixed frequency of 100 kHz with a
disturbing signal amplitude of 10 mV. Within a LabVIEW
software environment, the temperature of the furnace was
controlled, and the impedance data acquisition was per-
formed. The stimulating sinusoidal signals had a 10-mV
amplitude. The real part of the impedance of each experi-
mental sample was in this work continuously measured at
a constant frequency of 100 kHz and a slowly decreasing
furnace temperature (5 °C/min).

With pure molten NaCl (820 to 1050 °C), the constant of
the conductivity cell, which reflects the cell’s dimensions,
was determined (32.70 cm™"). The Janz and Tomkins hand-
book [26] was used as a source for the values of the specific
conductivity for molten NaCl. The cell resistance contain-
ing pure molten KCl was measured to complete the calibra-
tion. Then, using the cell constant concluded from NaCl,
the specific conductivity of KCl was determined. The data
taken from the Janz and Tomkins handbook [26] were com-
pared to this value of the electrical conductivity of molten
KCI. The accuracy was determined to be 3% or less. Experi-
mental results showed that the cell constant was relatively
stable, indicating a thermal and environmental inertness of

the conductivity cell’s materials. More details of the experi-
mental method can be found elsewhere [27-31].

Results and discussion

The experimental data of the ionic electrical conductiv-
ity of all measured systems are depicted in Figs. 2, 3, 4,
5, 6,7, 8 and 9. Figures 2, 4, 6 and 8 represent the data
of ionic conductivity as a function of temperature (Fig. 2:
(LiF-CaF,),, NdF;; Fig. 4: (LiF-NaF),,_NdF;; Fig. 6:

eut— eut—
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Fig.2 The relationship between the ionic electrical conductivity of
the molten system (LiF—CaF2)eut-NdF3 and temperature. Black/grey
full lines from bottom to up: 20, 15 and 5 mol % of NdF3. Red dotted
line: 0 mol % NdF3
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Fig.3 The conductivity of the molten system (LiF—CaF2)eut-NdF3
as a function of the concentration of NdF3. Isotherms of the electrical
conductivity are shown by dashed lines
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Fig.4 The relationship between the ionic electrical conductivity of
the molten system (LiF-NaF)eut-NdF3 and temperature. Black/grey
full lines from bottom to up: 20, 10 and 5 mol % of NdF3. Red dotted
line: 0 mol % NdF3
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Fig.5 The conductivity of the molten system (LiF-NaF)eut-NdF3 as
a function of the concentration of NdF3. Isotherms of the electrical
conductivity are shown by dashed lines
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Fig.6 The relationship between the ionic electrical conductivity of
the molten system (NaF-CaF2)eut-NdF3 and temperature. Black/
grey full lines from bottom to up: 15, 10 and 5 mol % of NdF3. Red
dotted line: 0 mol % NdF3
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Fig.7 The conductivity of the molten system (NaF—CaF2)eut—-NdF3
as a function of the concentration of NdF3. Isotherms of the electrical
conductivity are shown by dashed lines

(NaF-CaF,),,, NdF; and Fig. 8: (LiF-MgF,).,, NdF;). Fig-
ures 3, 5, 7 and 9 show the isotherms of the ionic conductiv-
ity as a function of the NdF; concentration in the melt (Fig. 3:
(LiF-CaF,),NdF;; Fig. 5: (LiF-NaF),,_NdF;; Fig. 7:
(NaF-CaF,),,, NdF; and Fig. 9: (LiF-MgF,),,,NdF;). The
experimentally determined results of the ionic electrical con-
ductivity are described by the linear regression,

Kk=a.t—>b (1

where « (S.cm™!) is the ionic conductivity of the melt, ¢
(°C) is temperature and a (S.cm~'.°C™") and b (S.cm™!) are
parameters of the regression. The parameters of the linear
regression analysis of the experimental data of all measured
molten systems are included in Tables 1, 2, 3 and 4.

The ionic conductivity of all investigated melts
increases with the temperature and decreases with the
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Fig.8 The relationship between the ionic electrical conductivity of
the molten system (LiF-MgF2)eut-NdF3 and temperature. Gray full
lines from bottom to up: 15 and 7 mol % of NdF3. Red dotted line:
0 mol % NdF3

Table2 The data of the ionic electrical conductivity of the molten
system (LiF-NaF)eut-NdF3 described by the Eq. 1. Temperature
range: 650-850 °C

x (mol % NdF;) a.10° (S.cm™'.°C7h b.10* (S.cm™)
0 6.288 —81.111

5 7.156 52.160

10 7.698 195.01

20 6.294 168.10

Table 3 The data of the ionic electrical conductivity of the molten
system (NaF-CaF2)eut-NdF3 described by the Eq. 1. Temperature
range: 850-1000 °C

x (mol % NdF;) a.10®* (S.cm™L.°C™h b.10% (S.cm™)
6.493 173.430

5 6.046 157.935

10 5.597 149.456

15 7.224 382.176

Table4 The data of the ionic electrical conductivity of the molten
system (LiF-MgF2)eut-NdF3 described by the Eq. 1. Temperature
range: 750-925 °C

925 °C
. ggg :g x (mol % NdF;) a.10° (S.cm™'.°C™") 5.10%> (S.cm™)
350 °C
Thaeec 7.655 116.043
@ 3800 °C
e 7 7.833 199.644
750°C 15 7.854 253.937
3.0
0 5 10 15 20

x /' mol % NdF,

Fig.9 The conductivity of the molten system (LiF-MgF2)eut—-NdF3
as a function of the concentration of NdF3. Isotherms of the electrical
conductivity are shown by dashed lines

Table 1 The data of the ionic electrical conductivity of the molten
system (LiF-CaF2)eut-NdF3 described by the Eq. 1. Temperature
range: 775-950 °C

x (mol % NdF;) a.10* (S.em™'.°C™Y b.10*> (S.em™)
5.232 —165.34

5 6.535 -39.516

15 7.493 126.92

20 7.400 188.73

increasing concentration of NdF; The results of the
ionic conductivity for the temperature 850 °C and for
the NdF; concentrations 0, 10 and 15 mol %, respec-
tively, can be compared as follows: the conductivity of

the molten system (LiF-CaF,).,NdF; was determined
to be 6.10, 5.95 and 5.10 S.cm™', the results for the Sys-
tem (LiF-NaF), ~NdF; were 6.16, 5.56 and 4.13 S.cm™!,
the results for (NaF-CaF,).,—NdF; were 3.78, 3.56
and 2.32 S.cm™', and finally, the results for the system
(LiF-MgF,),.,—NdF; were determined to be for the same
temperature as 5.35, 4.79 and 4.14 S.cm™!, respectively.
The various evolutions of the electrical conductivity
drop upon the raising content of NdF; can be noted when
comparing the isotherms of the electrical conductivity
of our experimentally investigated systems. While it is
clearly evident the rate of the conductivity drop in the sys-
tem (LiF-CaF,),,—NdF; as the amount of NdF; increases
(Fig. 3), in the system (LiF-NaF),,—NdF;, the conductiv-
ity decreases at lower concentrations linearly (0—15 mol
%), and the rate of decreasing even slightly slows down in
this system at higher concentrations of NdF; (15-20 mol
%) (Fig. 5). A similar comparison can be said about the
systems (NaF-CaF,),,,—NdF; and (LiF-MgF,),,NdF;: an
increased drop of the isothermal conductivity in the case

@ Springer
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Table5 The data of the ionic electrical conductivity of the molten
system (LiF-CaF2)eut-NdF3 as described by the Arrhenius Eq. (2).
Temperature range: 775-950 °C

Table 8 The data of the ionic electrical conductivity of the molten
system (LiF-MgF2)eut-NdF3 described by the Arrhenius Eq. (2).
Temperature range: 750-925 °C

x (mol % NdF;) Ay (S.cm™) E,J.mol™")  x (mol % NdF;) Ay (S.cm™) E, (J.mol™)
15.80 8881 0 26.52 14,951

5 20.65 11,607 7 30.65 17,585

15 26.95 15,541 15 34.20 19,729

20 29.84 17,872

Table 6 The data of the ionic electrical conductivity of the molten
system (LiF-NaF)eut-NdF3 described by the Arrhenius Eq. (2).
Temperature range: 650-850 °C

x (mol % NdF;) Ay (S.cm™) E, (J.mol™)
0 17.91 9990

5 21.94 12,835

10 31.99 18,097

20 27.95 18,691

Table7 The data of the ionic electrical conductivity of the molten
system (NaF-CaF2)eut-NdF3 described by the Arrhenius Eq. (2).
Temperature range: 850-1000 °C

x (mol % NdF;,) Ay (S.cm™) E, (J.mol™)
26.205 18.069

5 24.434 17,993

10 23.081 18,283

15 55.639 29,577

of (NaF-CaF,),,—NdF; and slow down in the conductivity
decreasing in the case of (LiF-MgF,),, NdF;.

The variation in temperature of the electrical conduc-
tivity can be expressed by the classic Arrhenius equation.

—E,

K =A, ex 2

A (S.cm™) is the pre-exponential factor, E, (J.mol_l) is
the activation energy, R (8.3145 J mol~'.K™!) is gas con-
stant and T (K) is the absolute temperature. It is possible
to replace Eq. 2 with the linear function In(x) =f (T™h.
Tables 3 and 4 present the Arrhenius plot’s parameters
(Ag and E,). It is evident that the NdF; content in the melt
raises the activation energy of the ionic conductivity in all
of the investigated systems. Tables. 5, 6, 7 and 8.

The electrical conductivity of melts and other coulom-
bic liquids depends on the mass, size and energy of each
interaction between the ions and their particular ionic
environment. Ion size and interaction scale are variables
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Table 9 The data of the electrical conductivity (S.cm-1) measured at
850 °C

0% mol NdF;  10% mol NdF;  15% mol NdF;
(LiF-CaF,),,—NdF; 6.10 5.95 5.10
(LiF-NaF)_,~NdF, 6.16 5.56 4.13
(NaF-CaF,),,~NdF,  3.78 3.56 232
(LiF-MgF,),~NdF, 535 479 4.14

that are coupled and represented the electrical conductiv-
ity’s Arrhenius activation energy.

Given that the ionic radii of Li* and Mg?* cati-
ons are the smallest of those that could have been pre-
sent in our investigated molten systems (size of radius:
Mg** <Li* <Ca** <Na* <Na,F* <Nd*"), the higher
electrical conductivity would have most likely been found
in the molten systems based on MgF, and LiF. However,
the Na* cations are more movable in molten fluoride melts
than Mg?* cations, although some of the Na* cations can
be present in the molten fluorides also as bigger, less
mobile dimers of Na,F". Table 9 summarizes the results
of the electrical conductivity for 850 °C.

Looking at the electrical conductivity at 850 °C of pure
eutectic systems LiF—CaF, (6.10 S-cm™!) and LiF-NaF
(6.16 S-cm™1), one can see that they are similar compared
to the eutectic systems LiF-MgF, (5.35 S-cm™!) and
NaF-CaF, (3.78 S-cm™ ). In the case of most conductive
systems ((LiF-CaF,).,—NdF; and (LiF-NaF),,—NdF;),
only at the higher concentrations of NdF;, the electri-
cal conductivity of the melts based on (LiF-CaF,).,, is
more visibly higher than those based on (LiF-NaF),,
(e.g., at 850 °C, it is 4.40 S-cm~! for the system
((LiF-CaF,),,~20 mol % NdF;, and 3.67 S-cm™! for the
system (LiF-NaF)_,—20 mol % NdF). It can be concluded
that the best conductivity has a system based on LiF-CaF,,
and the worst has the system based on NaF-CaF, with a
significant gap (ca 30% lower conductivity than the third
most conductive system based on LiF-MgF, and ca 40%
lower conductivity than the best conductive system based
on LiF-CaF,).
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Conclusions

We measured and presented the electrical conductivity of the
molten systems of ((LiF-CaF,),,—NdF;, (LiF-NaF),,—NdF;,
(NaF-CaF,),,—NdF; and (LiF-MgF,).,—NdF;. The ionic
conductivity of all investigated melts increased with the tem-
perature and decreased with the increasing concentration
of NdF;. It can be concluded that when heated to 850 °C
the ionic electrical conductivity in the molten systems
(LiF-CaF,),,—NdF; and (LiF-NaF)_ —NdF; is approxi-
mately similar (6.10 S-cm™' and 6.16 S-cm™, respectively
for 0 mol % of NdF;) compared to the conductivity of the
systems (NaF-CaF,),,—NdF; and (LiF-MgF,).,—NdF;
(3.78 S-cm~! and 5.35 S-cm™!, respectively for 0 mol %
of NdF;). The further results of the ionic conductivity for
the temperature 850 °C can be for the concentrations of 10
and 15 mol % of NdF; stated, respectively, as follows: the
conductivity of the molten system of (LiF-CaF,),,—NdF;
was determined to be 5.95 and 5.10 S.cm™', the results
for the system (LiF-NaF),,—NdF; were 5.56 and 4.13
S.cm™!, the results for the system (NaF-CaF,),,~NdF;
were 3.56 and 2.32 S.cm™!. Finally, the results for the sys-
tem (LiF-MgF,),,,—NdF; were determined to be as 4.79 and
4.14 S.em™.

When the amount of NdF; in both systems increased, a
distinct isothermal drop in electrical conductivity was seen.
While it is clear that the conductivity decreases more quickly
in the systems based on LiF-CaF, and NaF-CaF, as the
amount of NdF; increases, this is not the case in the systems
based on LiF-NaF and LiF-MgF,, where this drop of the
conductivity slowly decreases with the increasing concentra-
tion of NdF;. The rise in ion size and ion mass can be behind
the decrease of the electrical conductivity with increasing
concentration of NdF;. Additionally, it is also manifested in
an increase in the activation energy of electrical conductiv-
ity. The decrease in electrical conductivity caused by the
addition of NdF; could be due to the development of larger
complex anions with a higher propensity to form longer
chains linked via fluorine anions.
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