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Abstract: The equilibrium potentials of iron in a LiF-BeF,-FeF, melt were measured using the EMF
method and were dependent upon the temperature and iron fluoride concentrations. The empirical
equations for the isotherms and equilibrium polytherms of the iron fluoride concentration were
obtained. The cathode polarization of iron fluoride in the molten mixture of lithium and beryllium
fluoride was measured using the current switch off method from the stationary state. It was found
that in the studied temperature and concentration ranges of iron fluoride in the LiF-BeF, electrolyte,
the valence state of iron in the melt is mainly +2. According to the experimental values of the
equilibrium potentials of the iron electrode in the LiF-BeF,-FeF, melt, the conditional standard
potentials of iron were calculated relative to the fluoride reference electrode in the molten mixture of
lithium and beryllium fluoride. The conditional standard values of the Gibbs energy change were
calculated at the formation of iron difluoride from the element in the form of dilute solutions, as were
the thermodynamic values (enthalpy and entropy) when iron difluoride was mixed with LiF-BeF,.
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1. Introduction

Molten mixtures of alkali metal and beryllium fluoride may be successfully used, both
as a fuel salt and as a coolant in molten salt nuclear reactors (MSRs) [1,2]. The coolant
should be compatible with the construction materials of the heat exchangers and should
have good heat exchange and hydrodynamic functions. Such materials are supposed to
demonstrate low vapor pressure in a wide range of operating temperatures from 500 to
850 °C and do not interact with the fuel in cases of leakage [3-7]. Special attention should
be paid to the corrosion resistance of construction materials in fluoride salts [6-11]. Re-
search devoted to the search for materials resistant to fluoride melts is currently being
studied [12-14]. Nickel, chromium, molybdenum, and other materials are chosen as com-
ponents that enlarge the corrosion resistance of the construction materials in aggressive
medjia. Iron is one of the main metals in the alloy composition. In the present research, we
focused on the thermodynamic properties of FeF, in the (0.66LiF-0.34BeF,) melt.

It is known that chromium, iron, and nickel in the composition of the construction
alloys may be subjected to corrosion in FLiBe and FLiNaK salts [15-20]. The corrosion rate
of these materials depends on the presence of different admixtures, such as oxides and
hydroxide ions [21,22], HF [22], and metals fluorides (for instance, CrF3, NiF,, etc.) [21-23].
Thermodynamics calculations [24] demonstrate that small amounts of admixtures, such as
NiF;, may oxidize both Cr and Fe, whereas FeF, and CrF; may cause selective corrosion
of Cr [24]. The influence of these admixtures on the corrosion in molten fluorides was
observed in papers [21-23].

The method of cyclic voltammetry was used in paper [25] to study the redox processes
of iron and chromium in the molten mixture of lithium and beryllium fluoride. The authors
found that anode and cathode peaks on voltammograms refer to the reactions of metallic
chromium oxidation and dilute Cr?>* ions. The reduction of the dilute iron in the FLiBe salts
proceeds analogously. The suggested number of electrons participating in the electrode
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reaction of each ion is equal to 2, which is testified in [26]. However, there is currently
a lack of data to calculate thermodynamic data on the formation of iron fluoride in a molten
mixture of lithium and beryllium fluoride.

2. Materials and Methods
2.1. Reagents Preparation

To prepare the initial salt mixtures, commercial chemically pure LiF and BeF, salts
(VEKTON Company, Saints Petersburg, Russia) were used. The salts were preliminarily
dehydrated, under vacuum, with a continuous increase in temperature; then, were remelted
in an argon atmosphere. The 0.66LiF-0.34BeF, mixtures were prepared by alloying the
corresponding portions of the individual salts.

2.2. Equilibrium Potentials Measurement

The equilibrium potentials of iron were measured in a galvanic cell:
Be(s) | (X) x (FeF;) — (1 — X) x (0.66LiF-0.34BeF,) | Fe(s), (1)

where X is a mole fraction concentration of the iron fluoride in the melt.

The equilibrium potentials were measured relative to the dynamic reference electrode.
The operation of dynamic electrodes implies a direct deposition in the studied melt on
the inert substrate, after which, the electrode during approximately 5-30 s maintains the
potential of the newly formed electrode. As a rule, this time is sufficient to conduct all
measurements. There are literature data on the application of Li/Li* and Ca/Ca?* dynamic
electrodes, which studied the processes in chloride melts based on LiCl and CaCl, [27,28],
as well as, on K/K* and Be/Be2* dynamic electrodes for melts containing KF and BeFj,
respectively [29-31].

A schematic of the electrolytic cell used to measure the EMF of the element (1) is
illustrated in Figure 1. Metallic electrodes were prepared from the iron of the ARMCO Pure
Iron grade and beryllium was obtained by the electrolysis on the molybdenum electrode (1).
A dynamic beryllium reference electrode was obtained by the cathode current pulse,
under a galvanostatic regime, using an Autolab PGSTAT302N galvanostat—potentiostat
and the FRA32M module. Molybdenum electrodes (1) and molybdenum current led (3)
to the nickel (9) and iron (11) electrodes and were screened using alundum straws (2).
Molybdenum end cup electrodes were screened from the melt with nitride boron tubes (10).
The potentials were measured between the beryllium dynamic electrode and metallic iron
electrode (11), which were in equilibrium with their ions in the (Fe>*) melt.

The melt temperature was controlled by the platinum-rhodium thermocouple. The
desired temperature was maintained to an accuracy of 1 °C using a thermoregulator Varta
TP707 (research and manufacturing complex “VARTA” Ltd., Saints Petersburg, Russia).

The concentration of iron ions in the electrolyte was set by the anode dissolution of
the metallic ions from the ARMCO Pure Iron grade (11). The amount of electricity (Q) that
passed through was calculated based on the current-time dependence, whilst the reduction
in the mass of the iron anode was calculated using the formula M = A-Q, where A is the
electrochemical equivalent at the change in the iron valency from 0 to 2 {A = 1.04 g/(A-h)};
the anode current efficiency was equal to 100%. The concentration of the iron ions in the
melt was determined using the inductively coupled plasma mass spectroscopy (ICP-MS).
The compositions of the studied melts are presented in Table 1.

The EMF value was determined according to the straight line region of the time
dependence of the potential drop at the cathode current pulse switch off. The galvanic
element (1), EMF, was measured at each set concentration of iron ions and at different
temperatures. The values of the potential, which remained constant during 15 s and within
+2 mV, were considered as set values of the equilibrium potential. The degree of oxidation
of iron ions transferring to the solution was determined according to the inclination angle
of the straight line part of the isotherms.
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Figure 1. Schematic of the electrochemical cell. 1—molybdenum electrodes; 2—alundum straw;
3—molybdenum current lead; 4—nickel current lead; 5—fluoroplastic cover; 6—quartz retort;
7—glassy carbon ampule; 8—heat-resistant boron nitride screen; 9—nickel electrode; 10—nitride-
boron isolator; 11—iron electrode; 12—melt; 13—graphite platform.
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Table 1. Elemental analysis of the studied melts.

Concentration, wt.%

Li Be Fe Cr Ni Mo Al B
1 13.8391 9.2494 0.0031 0.0003 0.0008 0.0002 0.0021 0.0006
2 13.8385 9.2183 0.0338 0.0002 0.0004 <0.0001 0.0022 0.0004
3 13.8345 9.1976 0.0559 0.0001 0.0006 <0.0001 0.0021 0.0001
4 13.8356 9.1871 0.0651 0.0002 0.0008 <0.0001 0.0027 0.0005
5 13.8387 9.1534 0.0992 0.0003 0.0005 <0.0001 0.0024 0.0006

2.3. Mass Spectroscopy with Inductively Coupled Plasma

The concentration of the main components and admixtures in the prepared salt was
detected using elemental analysis of the dissolved LiF-BeF; salt samples. The analysis was
performed by the method of mass-spectroscopy with the inductively coupled plasma (ICP)
using a NexION 2000 device (PerkinElmer, Waltham, MA, USA).

3. Results and Discussion

Each EMF measurement of the galvanic cell (1) was performed in four parallel pro-
cesses with 15 min intervals between the two consequent potential recordings. Figure 2
illustrates the dependences of the measured iron electrode potential relative to the dynamic
beryllium reference electrode in the 0.66LiF-0.34BeF, melt, and with an Fe ion concentra-
tion equal to 0.0338 wt.% at 923 K. The dynamic beryllium electrode was formed by the
deposition of metallic beryllium on the molybdenum electrode at a cathode current density
of 0.1 A/cm?. The region in the time interval between 0 and 0.72 s, for the Fe(1)-Fe(4)
curves, in Figure 2 corresponds to the stationary potential of the beryllium electroreduction.
Then, at t = 0.73 s the polarization current was switched off. The potential plateau, which
corresponds to the difference between the potentials in metallic beryllium (formed on the
molybdenum substrate) and an iron electrode immersed into the 0.66LiF-0.34BeF; melt,
illustrates that the Fe ion concentration equals to 0.0338 wt.% for the time dependence of
the potential.
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Figure 2. Time-potential dependence in the 0.66LiF-0.34BeF, melt. Concentration of Fe was
0.0338 wt.%, T = 923 K; the time between the measurements was 15 min.
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As seen from the obtained dependencies illustrated in Figure 2, the EFM of the
galvanic element (1), measured relative to the dynamic beryllium reference electrode during
4.5 s, remains constant. This time is sufficient to clearly record the equilibrium potential of
the iron electrode, relative to the beryllium electrode in this melt. The values, measured
within a temperature range of 923-1023 K and at Fe ion concentrations between 0.0031 and

0.0992 wt.% in the 0.66LiF-0.34BeF; melt, are presented in Table 2.

Table 2. Equilibrium potentials of the Fe electrode.

T K EMF (1), V EMF (1), V EMF (1), V EMF (1), V EMF (1), V
’ Cpe =0.0031 wt.%  Cpe =0.0338 wt.%  Cpe =0.0559 wt.%  Cpe = 0.0651 wt.%  Cpge = 0.0992 wt.%
0.837 1.394 1.412 1.422 1.441
0.838 1.395 1.412 1.421 1.439
923
0.836 1.394 1.415 1.419 1.441
0.837 1.396 1.412 1.422 1.442
0.785 1.366 1.386 1.395 1.415
0.786 1.364 1.385 1.394 1.416
973
0.785 1.366 1.386 1.395 1.415
0.784 1.365 1.386 1.395 1.413
0.738 1.340 1.364 1.373 1.391
0.739 1.341 1.363 1.374 1.392
1023
0.736 1.340 1.364 1.372 1.391
0.738 1.342 1.365 1.374 1.391

The data reported in Table 2 illustrates the high stability of the dynamic beryllium
electrode; therefore, it may be used as a reference electrode in the 0.66LiF-0.34BeF, melt.
The arithmetical average of four independent measurements was considered as the value
of the equilibrium iron potential for each temperature and concentration.

Figure 3 illustrates cyclic voltammograms, recorded on the molybdenum work-
ing electrode in the 0.66LiF-0.34BeF, melt, with different concentrations of iron ions at
a temperature of 923 K and a potential sweep rate of 0.1 V/s. The current density increases
as the potential shifts to the cathode region, which results in the formation of peak (B) and is
associated with a reduction in iron ions in the molybdenum substrate. As the concentration
of iron ions increases, the amplitude of peak (B) increases. Peak A, which corresponds to
the dissolution of Fe deposited on the molybdenum substrate, was recorded in the anode
region. Due to the fact that along the whole studied concentration range, only one peak
associated with a reduction in iron ions from the electrolyte was recorded, we may assume
that, under such conditions, iron in the melt has only one valence state.

The values of the equilibrium EMF for the galvanic cell (1) were obtained within the
concentration range for potential-determining ions of 0.0031-0.0992 wt.% and at temper-
atures ranging from 923 to 1023 K. To facilitate the analysis of the results, the values of
the equilibrium potentials were recalculated relative to the F,/F~ couple of the galvanic
element [32]:

Fe(s) | (X) x (FeF,) — (1 — X) x (0.66LiF-0.34BeF,) | F, (gas) @)
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Figure 3. Cyclic voltammograms in the 0.66LiF-0.34BeF,-FeF, melt at T = 923 K and iron concentra-
tions, wt.%: 1—0.0992; 2—0.0651; 3—0.0551; 4—0.0338; 5—0.0031.

The measurement results are presented as graphic dependencies of the iron equilib-
rium potentials for several concentrations of iron fluoride (curves 3-6), and polytherms of
conditional standard iron potentials (curves 1, 2) (Figure 4).

O 1

| = = = —=8 + 2
= i

A 4

)

b ) —X<—6

900

920 940 960 980 1000 1020 1040
T, K

Figure 4. Temperature dependence of electrode potentials of iron in the LiF-BeF, melt. The values
of conditional standard potentials of iron: 1—present paper; 2—[32]. Equilibrium potentials at iron
concentrations in the melt, wt.%: 3—0.0338; 4—0.0559; 5—0.0651; 6—0.0992.

Experimental values for the iron equilibrium potentials change linearly with the
temperature over the whole studied interval. An increase in the concentration of iron
fluoride results in the shift of potential to the region of positive values. It is shown that the
change in the conditional standard potential agrees with previous data [32].



Processes 2022, 10, 2742

7 of 12

Considering the fact that one form of iron cation prevails in the melt, we chose
a standard state to express the concentration dependencies of the cation’s activity and
the equilibrium electrode potentials of the galvanic element (2) [33]. Considering the
fact that the molar fraction concentration of the fluorine ions is equal to the unity, we
may conditionally assume that the fluorine ions” activity is also equal to the unity, and is
independent of the temperature. Numerical expressions of the iron ions activities in the
0.66LiF-0.34BeF; melt may be calculated via the measured, and are related to the F, /F~
fluoride electrode iron potentials, which are reversible to their ions:
Epe = EO,, 4+ XL p, BFert 3)

0 = nF a Fe

where E .+ is the equilibrium potential (2), V,
Fe0

E% . is the standard electrode potential of the

Feﬂ+
Fel

couple, V,

20

R iFs the gas constant, 8.31 ]/ (mol-K),

F is the Faraday number, 96,485 Ku mol -1

T is the temperature, K,

g+ is the activity of the iron cations of any similar valency.

The concentrations of the potential-determining ions in the melt volume are even:

CFE”* = aFeil+ /r)/l:enJr . (4)

where ., is the activity coefficient of cations of on valency,

C Font 18 the concentration of cations of one valency, mol/ cmd.

In the dilute salt melts, where the activity coefficients of the potential-determining
ions are constant at the transfer from the activities to the molar fraction concentrations, the
dependence of the iron electrode potentials on the iron fluoride in the melt, relative to the
fluorine electrode at Pp; = 1 atm, may be expressed as follows:

RT
E n — E* n 71 C n 5
B = Pae T p R ©
where E7 ., is a conditional standard electrode potential of the system F lf:; .
Fe0
RT
Etﬂewr = E(;ewr + ﬁlnr)/lfe’” (6)

Fel Fe0

The equation is true at such molar fraction concentrations of the potential-determining
ions, at which, their activity coefficients remain constant.

Based on the polytherms illustrated in Figure 4, for temperatures of 923, 973, and
1023 K, we calculated the equations of the isotherms of the iron equilibrium potentials.

Table 3 illustrates the coefficients of the straight line equations E .+ =a +b InCp,,,, where
F0
a=E}, ;b= % According to the inclination of the straight line isotherms motion, the
FO
degree of the iron oxidation is constant along the whole studied concentration range.

Table 3. Coefficients of isotherms and the degree of iron oxidation in the 0.66LiF-0.34BeF; melt.

T, K —a, Vv b,V R? n
923 2.953 0.0406 0.99 1.96
973 2931 0.0421 0.99 1.99

1023 2.905 0.0440 0.99 2.00
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The average oxidation degree for the iron ions was calculated according to the angular
coefficients of the equilibrium isotherms (n) and illustrated that in the studied melt, within
the studied interval of concentrations and temperatures, the iron is primarily in a two-
valency state.

The cathode polarization of iron, at a temperature of 923 K, was measured in the
0.66LiF-0.34BeF, melt with iron fluoride concentrations of 0.0338, 0.0651, and 0.0992 wt.%,
which were formed in the melt by the anode dissolution of metallic iron.

Figure 5 illustrates the measurement results of the iron electrode cathode polarization,
at a temperature of 923 K, in the 0.66LiF-0.34BeF, melt, relative to the dynamic beryllium
reference electrode [31].

c -1

2

' 4
0 0.5 1 1.5

E,V

Figure 5. Cathode polarization of iron electrodes relative to the beryllium reference electrodes at
a temperature of 923 K in the 0.66LiF-0.34BeF, melt. The iron concentration, wt.%: 1—0.0031;
2—0.0338; 3—0.0651; 4—0.0992.

A general tendency of the iron ions cathode polarization was that it changes at the
increase in the potential determining component, which is similar to that observed for
soluble compounds in fluoride systems. The potential shifts smoothly to the region of
negative values at the initial regions of the polarization curves. The potential shifts abruptly
to the region of more electronegative values, up to the potential of metallic beryllium
extraction, when definite cathode current densities are reached—for instance, 0.002 A /cm?
for an iron concentration of 0.0031 wt.% (Figure 5, curve 1), and 0.02 A /cm? for an iron
concentration of 0.0992 wt.% (Figure 5, curve 4). The process of iron deposition is assumed
to proceed under a diffusion regime at small current densities and potential shifts. Under
these conditions, for all studied iron concentrations, there was a directly-proportional
dependence of the potential on the current density logarithm (Figure 6).



Processes 2022, 10, 2742

9of 12

E,V
160 ¢
140 | eo—e —a g S—AAaa
—o

120 }

©1
100 }

o2
00 }p TEE— m3
060 F Al
040 1 L 1 L 1 L J

—750 —7.00 —6.50 —6.00 ~5.50 -5.00 —4.50 —4.00
Ln()

Figure 6. Straight line regions of iron electrode polarization in the 0.66LiF-0.34BeF, melt wt.%:
1—0.0031; 2—0.0338; 3—0.0651; 4—0.0992.

Table 4 illustrates coefficients of the straight line equations: E = a + b [ni, where
b= % The number of electrons participating during the cathode process for iron fluoride
was evaluated according to the angular coefficient: b = % (Table 4).

Table 4. Coefficients of equations for the straight line regions of polarization curves and the number
of electrons are calculated according to the angular coefficient at 923 K.

Ne Concentration Fe, wt.% %, B R? N
1 0.0031 0.0389 0.99 2.04
2 0.0338 0.0373 0.82 2.13
3 0.0651 0.0383 0.68 2.08
4 0.0992 0.0370 0.99 2.15

Table 4 illustrates that, within the studied range of iron concentrations in the melt, the
number of electrons participating in the electrode reaction is close to two. This testifies
that, under such conditions, the electroreduction of the iron ions (II) takes place and
is accompanied by the formation of metallic iron on the solid substrate, according to
the reaction:

Fe?* +2e~ — Fe' 7)

Due to the fact that iron in the melt has one valency form; then, Equation (5) may be
used to determine the conditional standard potential. The temperature dependence of the
standard iron potential is illustrated by the following equation:

E*=—33866+50x 107 x T, R*>=0.99 (8)

where R? is the determination mechanism.
The EMF of the galvanic element (2) corresponds to the reaction of the iron difluoride
formation from simple substances in this melt:

Fe(s) + Fag) = FeFo( mely)- )
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Therefore, a partial change in the Gibbs energy at the formation of iron difluoride,
according to reaction (9), is equal to:

AG*( ety = —1FE* = —654.200 +0.100 x T, R?=0.99 (10)

where AG*( mely) is the partial change in the Gibbs energy from the iron difluoride formation
from simple substances in this melt, k] /mol, n is the number of electrons, and F is the
Faraday constant.

The first member of Equation (10) is the enthalpy of the formation of iron difluoride
from the elements in the form of a dilute solution (AH = —654.2 k] /mol), and the standard
enthalpy of the reaction (AS") is the co-multiplier before the temperature in the second
member of Equation (10). The temperature dependence of the AGOFeFZ(I) standard value of
the Gibbs energy change for the formation of pure iron fluoride (II) in the overcooled state
is known from the literature data [33]:

AG gy gy = —741.377 + 0.145 x T, R?=0.99 (11)

Using dependencies (10) and (11), we may find the temperature dependence of the
conditional standard value of the AG*(nix) Gibbs energy change, which occurs at the mixing
of liquid iron fluoride (II) and the molten mixture of lithium and beryllium fluoride:

AG* (i = 87.210 — 0.045 x T, R%=0.98 (12)
(mix)

The thermodynamic values of iron fluoride (II) formation in the (0.66LiF-0.34BeF>)
melt are provided in Table 5.

Table 5. Thermodynamic values of iron fluoride (II) formation in the (0.66LiF-0.34BeF,) melt at 923 K.

T.K AG gmetyr  OH@mer  AS'umelyr DG mivsr  DHumiy  AS (mix,
’ kJ/mol kJ/mol J/(mol-K) kJ/mol kJ/mol J/(mol-K)
923 —561.5 —654.2 100 46.0 87.21 —45
973 —557.1 —654.2 100 43.2 87.21 —45
1023 —551.5 —654.2 100 415 87.21 —45

The enthalpy of mixing iron fluoride (II) has small positive values; therefore, liquid
iron fluoride dissolves in the molten mixture of lithium and beryllium fluoride with heat
absorption. A conditional standard value of the enthalpy variation has a positive value at
the mixing of the liquid FeF;, with the molten (0.66LiF-0.34BeF,) mixture, whilst the entropy
compound has a negative value. The formation of the dilute iron fluoride solutions with
the molten mixture of lithium and beryllium fluoride is accompanied by small alterations
of the salt system from Raoult’s law.

4. Conclusions

The behavior of iron fluoride in the LiF-BeF,-FeF, melt was studied between a tem-
perature range of 923 and 1073 K, and at an extensive concentration range of potential-
determining ions, using the current switch off method and the equilibrium potentials
measurement. Based on the measurement of the Fe equilibrium potentials in the LiF-BeF,
melt, the stability of the dynamic beryllium reference electrode was verified under the
experimental conditions. Hence, why a dynamic beryllium electrode was chosen for the
potentiometric analysis of the fluoride-beryllate melts. The cathode polarization of iron flu-
oride was measured in the molten mixture of lithium and beryllium fluoride. It was found
that, in the studied temperature range, iron fluoride has mainly a +2 valence state. The
conditional standard potentials of iron are determined. The thermodynamic parameters
of iron difluoride formation in the LiF-BeF, melt from elemental substances were calcu-
lated. The values of AG*(Lmelt) were —561.5, —557.1, and —551.5 k] /mol at temperatures of
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923,953, and 1073 K, respectively. The changes in the partial Gibbs energy when mixing
iron difluoride and LiF-BeF, were calculated. The values of AG*(miX) were 46.0, 43.2, and
41.5 k] /mol at temperatures of 923, 953, and 1073 K, respectively.
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