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Executive Summary

Pyroprocessing is a promising alternative for the reprocessing of used nuclear fuel (UNF)
that uses electrochemical methods. Compared to the hydrometallurgical reprocessing
method, pyroprocessing has many advantages such as reduced volume of radioactive
waste, simple waste processing, ability to treat refractory material, and compatibility with
fast reactor fuel recycle. The key steps of the process are the electro-refining of the spent
metallic fuel in the LiCI-KCl eutectic salt, which can be integrated with an electrolytic
reduction step for the reprocessing of spent oxide fuels. During the electro-refining
process, actinides and active fission products such rare earth (RE) elements are dissolved
into the molten salt from the spent fuel at an anode basket. Then U and Pu are electro-
deposited on the cathodes while REs with relatively negative reduction potentials are left
in the molten salt bath. However, with the accumulation of lanthanides in the salt, the
reduction potentials of REs will approach the values for U and Pu, affecting the recovery
efficiency of U and Pu. Hence, RE drawdown is necessary to reduce salt waste after
uranium and minor actinides recovery, which can also be performed by electrochemical
separations. To separate various REs and optimize the drawdown process, physical
properties of REs in LiCl-KCl salt and their concentration dependence are essential. Thus,
the primary goal of present research is to provide fundamental data of REs and deduce
phase diagrams of LiCl-KCI-RECI3 based complex molten salts. La, Nd and Gd are three
representative REs that we are particularly interested in due to the high ratio of La and Nd
in UNF, highest standard potential of Gd among all REs, and the existing literature data in
dilute solution.

Electrochemical measurements are performed to study the thermodynamics and transport
properties of LaCls, GdCl3, NdCI3, and NdClz in LiCl-KCl eutectic in the temperature range
723-823 K. Test are conducted in LiCl-KCI melt with concentrations of RE chlorides up to 9
wt% to identify the concentration dependence of the properties. The diffusion coefficients
of RE"* in LiCl-KCI melts are determined by cyclic voltammetry (CV), Chronocoulummetry
(CC) and Chronopoentiometry (CP). The CV data is analyzed by both conventional methods
and a developed BET model that considers the adsorption of RE. In addition to the diffusion
coefficient, other properties such as activity coefficient of RE** in the melt and the apparent
standard potential of its reaction are also obtained from the CV analysis. The exchange
current density and charge-transfer coefficient for the reduction reactions of La and Gd are
determined by various method, including electrochemical spectroscopy (EIS) method, Tafel
method, and liner polarization (LP) method. Considering these conventional methods are
based on the assumption of no mass-transfer effect, an electrode kinetic model that
accounts for the mass transfer effect is developed for the analysis of exchange current
density. Correlations of diffusion coefficient, apparent potential, exchange current density
with temperature and concentration are developed. In addition, the concentration
dependence of activity coefficient and diffusion coefficient of La(IIl) in LiCl-KCl eutectic are
studied using molecular dynamics simulation method.

The effects of an active fission product Cs on the properties of LaCls, NdCls, CeCls, and GdCl3
are studied in LiCl-KCl and LiCI-KCI-CsCl melts. With the design of electromotive force
(emf) cell, the activity coefficient for these REs are obtained from the measured open
circuit potential (OCP) between the Re electrode and reference electrode. Tests are
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conducted at several CsCl concentrations and a group of RE concentrations up to 12 wt%.
Correlations between the activity and ionic size of lanthanides have been developed and
the effects of CsCl on activity coefficients of LaCls, CeCl3 and GdCls are identified. A novel
process using a galvanic couple between a cathode basket made of stainless steel and a Gd
rod is investigated in LiCl-KCI-UCl3-MgClz. The process shows rapid reduction of UCI3 to U
and MgClz to Mg without any co-reduction of LaCls, NdCls, or CeCls because of the higher
standard potential of Gd3+/Gd.

Electrolysis of the molten salt results in a perturbation of the composition, which in turn
can affect the equilibrium phase behavior. Studies on phase behavior in more complex salt
mixtures as will be encountered in real electrorefiner salt drawdown are very limited. In
present research, the solidus and liquidus temperatures for four quaternary LiCl-KCl-CsCI-
RECls (RE = La, Nd, Ce, and Gd) salt systems are analyzed by differential scanning
calorimetry (DSC) measurement. The presence of CsCl causes a slight depression in the
liquidus temperature for all of the four rare earth chloride mixtures when compared to the
corresponding ternary system liquidus temperatures in the absence of any CsCl.

Thermodynamic assessment for the LiCl-KCI-LnCl3 ternary system(here Gd as a
reprehensive of Ln) has been carried out by CALPHAD method using two-sublattice model.
From the optimized phase diagram, the solubility of GdCls in LiCl-KCl eutectic is obtained.
This model can also be applied to other salt system to evaluate the thermodynamic
properties of other REs in pyroprocessing salt systems with more components.

In the end, an electrolysis model is developed to predict the electrolysis process for RE
drawdown from LiCl-KCl salt. The model considers both the diffusion in electrolyte and
Faraday process on the electrode surface and a surface layer is introduced to account for
the fact that diffusion current is not necessarily equal to the current due to the Butler-
Volmer equation. Using the fundamental data obtained from this study, the proposed
model is validated by chronoamperometry and chronopotentiometry experimental data.
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1. Introduction and motivation

1.1. Development of pyroprocessing

Electricity generation through nuclear energy reduces the consumption of fossil fuel, thus
lowering COz emission. However, there are also some concerns on the using of nuclear
energy such as the management of radioactive nuclear waste. The total used nuclear fuel
(UNF) as of 2015 is around 266,000 tHM worldwide and is increasing at a rate of 7,000
tHM /year [1]. Currently, 75,000 tHM UNFs [1] are being stored at 75 sites in United States
in pools and dry casks and is increasing at a rate of 2000 tHM /year [2]. While being called
used nuclear fuel, 96% of the original uranium in fact remains in the UNF [3]. Merits for
recycling UNF includes the significant improvement in fuel cycle efficiency, reduction of
UNF waste volume, the decrease in radiotoxicity of UNF, the reduction in the time needed
for UNF to decay back to normal radiation level from several million years to several
hundred years [4]. Before pyroprocessing, PUREX, an aqueous reprocessing method based
on liquid-liquid extraction ion-exchange, was the standard method for the recovery of U
and Th from UNF. Pyroprocessing is a promising alternative to the aqueous processing
method for reprocessing UNF. The technique was originally developed by Argonne National
Laboratory (ANL) in late 1990s and then further investigated by the USA, Japan, Korea and
Europe [5,6,7,8] in the past two decades.

Pyroprocessing is based on the electrochemical techniques in molten salt electrolyte
systems. The process has the capability to deal with hot fissile material and has a potential
economic advantage over PUREX; it is also suggested that pyroprocessing can reduce the
volume of waste form significantly compared with aqueous fuel reprocessing such as
PUREX [9]. The core technology of the process is electrorefining which deals with metallic
UNF but it can be applied to oxide UNF by reducing oxide fuels to their metal forms before
electrorefining [10]. In the electrorefiner, chopped UNF is put in an anode basket while
stainless steel rods or liquid Cd or Bi pool serve as cathodes [11]. During the
electrorefining, a current or potential is applied between the anode and cathode, resulting
in the occurrence of oxidation of metals (M) at the anode and the reduction of their ions
(Mn+) at the cathode. In the thermodynamic consideration, metals with lower redox
potentials (popularly known as oxidation potential at the anode and reduction potential at
cathode) are easier to be oxidized which also means the reduction of their ions (M"*) are
more difficult. Hence, by controlling the system potential [12,13] in the electrorefiner,
uranium and metals with lower redox potentials (categorized as active elements in this
report) are dissolved into the molten salt from UNF at the anode. For the reduction at
cathode, uranium will be electro-deposited first due to the higher reduction potential than
other dissolved active elements. The reduction potential can be calculated by the standard
potential (E°) and activity (a) according to Nernst equation (1-1). The standard potentials
for typical elements at 723 K are given in Figure 1-1.
RT aAyn+

_ 0
EMn+/M = EMn+/M + n—Fln an

(1-1)

where n is exchanged electrons, F is faraday constant.
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EO(V vs. Ag/AgCl) at 723 K
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Figure 1-1: Standard potentials of elements in LiCl-KCl salt at 723 K.

During electrorefining, most of the dissolved uranium can be selectively electro-deposited
at a solid cathode in the electrorefiner, while other active elements (e.g., Pu, MAs, and rare
earth fission products) are either electro-reduced in the liquid Cd or Bi cathode or

NEUP-14-6489 4o0f162 Final Report



remained in the melt and basket [14]. A conceptual figure below describes how
electrorefiner works:

Anode Fuel Basket Solid Cathode

U, Pu, minor actinides, REs, alkali
metal, alkaline earth metal U —

‘ LiCl-KCl salt

U, Pu, minor actinides

Liquid metal electrode

Figure 1-2: Schematic figure of one type of electrorefiner design.

1.2. Recycling of used salt

While UNF is continually replenished into the anode fuel basket for U, Pu, and minor
actinides separation, REs will accumulate inside the salt and their reduction potentials will
approach the value of U and Pu potentials in LiCl-KClI salt. Eventually, it starts affecting the
recovery efficiency and the salt has to be removed from electrorefiner [5]. To minimize the
salt waste, a conceptual flow sheet for pyroprocessing is developed [15] including the
recycle of LiCl-KCl salt. As shown in Figure 1-3, RE drawdown from molten salt is an
important part in pyroprocessing and can be achieved by using electrolysis technique
[10,15]. As shown in Figure 1-2, after the removal of U, Pu and minor actinides from the
salt, RE including lanthanides are the noble elements left in the salt. Like the recovery of U,
by applying a current between the anode and cathode in the elctrorefiner, RE ions can be
reduced and electro-deposited as metals on the cathode. To perform RE drawdown with
electrolysis, physical properties (e.g., activity coefficient and diffusion coefficient) of RE in
LiCl-KCl salt at different concentration is essential to separate various REs and optimize the
drawdown process.

However, most available data are measured in dilute solution (<1.5 wt%) and are assumed
to be concentration independent. In reality, for molten salt recycle, depending on the fuel
burn up rate and pyroprocessing operation time, the RE concentration may vary from
dilute to 10 wt% where these properties are no longer independent of their concentration
[16]. Moreover, little data has been reported for more complex molten salt systems
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containing both REs and other active fission products such as cesium that is expected in a
true, industrial-scale RE drawdown electrolysis process. Thus, detailed experiments and
corresponding models must be conducted and developed, respectively, to provide the data
required to predict the electrochemical behavior of the REs in such a molten salt mixture so
that the technological feasibility of the RE drawdown by electrolysis to enable molten salt
recycling can be evaluated.

Oxide UNF
Fuel
Preparation U, Pu, Minor
‘ U Recovery ‘ ‘ Actinides Recovery
Fuel
Reduction to Electrorefiner —
Metal Form ]
Salt
’4 Distillation
U, Pu, Minor
RE Actinides
Drawdown Drawdown
Metal Waste
Fabrication
RE Waste
Fabrication

Figure 1-3: Conceptual flowsheet for the treatment of used LWR fuel.

1.3. Literature data review

In this section, the activity coefficient and diffusion coefficient of Res including La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy and Er in LiCl-KCl salt are reviewed. Correlations of the properties
with temperature have been developed and summarized in PI's publication [17]. In this
review, we attempt to organize these properties as a function of concentration to identify
its effect on these properties.

1.3.1. Lanthanum

La3* is reported to be the stable oxidation state of lanthanide in molten LiCI-KCl salt. The
apparent standard potential of La3+/La% [18,19,20,21,22,23,24] along with the experiment
concentration ranging from 10-3 to 10->molar fraction are summarized in Table A - 1 and
Table A - 2. Given the definition of the apparent standard potential (E*), the activity
coefficient of RE can be calculated accordingly:
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* 0 yMn+
EM“+/M = EM“+/M + ﬁln or

where El?/[n+/M versus Clz/Cl- equals AG{ (MCl,)/nF, AG{ represents Gibbs free energy at

(1-2)

liquid or super cooled state [17], v is activity coefficient and can be assumed 1 for pure
metals.

By inserting equation (1-2) in equation (1-1), the following correlation can be derived
based on which the redox potential can also be directly calculated from the apparent
potential and molar fraction (X):

RT  Xym+

EM“+/M = E;/[““L/M + n—FlTl XM

(1-3)

In Lantelme and Berghoute’s paper [22], a series of experiments with different
concentrations ranging from 10-3 to 10-2 in molar fraction were carried out and the results
of which are given in Table A - 2, and the corresponding curves as functions of the
temperature and concentration are shown in Figure 1-4. The figure shows that the
apparent potential becomes more negative when the concentration of La in the molten salt
decreases. This indicates that the concentration of La in the molten salt affects its apparent
potential in the salt. In a more recent study conducted by Samin [25], it is demonstrated
that the apparent potential of La is indeed affected by its concentration and the results are
summarized in Table A - 3.

-3.01

3.03 k/—*———x\x—/"’_*
s 3.05 | L
.E 3.07 F G —— 650K
g —=—700K
9 3.09 L a
= = —&— 750K
£ 311
8 ——810K
o W
< 313 ¢ B 8 —%— 870K

3.15 | L~

317

0.001 0.01

Molar Fraction

Figure 1-4: Apparent potential of La3*/La? at different concentration with different
temperature [22].

The Gibbs free energy (kJ/mol) of LaCls at super cooled state is -872.976 kJ/mol at 723 K
and -836.764 k]/mol at 823 K [21], the corresponding activity coefficient is calculated as
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logy = —2.268 at 723 K with rare earth working electrode by Castrillejo [21]. In more
recent research, Tang and Pesic [24] reported activity coefficient of LaCl3 from 693 K to 813
K in Table A - 9. The activity coefficient from Castrillejo [21] is four times higher than the
value Tang [24] reported at 723 K. Based on Figure 1-4 and Eq. (1-2), the activity
coefficient of La in the salt should also slightly depend on the concentration. However,
similar to the apparent potential, a correlation expression can be obtained based on
current available data.

The diffusion coefficients of La3* in molten LiCl-KCI salt are summarized in Table A - 11.
The diffusion coefficient obtained by interpolation from Tang’s [24] data at 723 K shows
good agreement with Masset [20] at around 1.27x10->cm?2s'1 at a mole fraction 0.00763.
Lantelme [22] reported that diffusion coefficient equals to 0.8x10-5cm2s-1 at 723 K and a
mole fraction of 0.00293. The two data points at 723 K show the trend of the decrease of
the diffusion coefficient with the concentration. However, the experimental data is too
scarce to draw a general conclusion or a correlation between the diffusion coefficient and
the concentration of La in the molten salt.

1.3.2. Cerium

Ce3* is the stable oxidation state of Ce in LiCl-KCl salt. The apparent potential of Ce3*/Ce has
been studied and summarized in Table A - 5 [19,21,26]. Apparent potential from the three
references agree well among each other between 673 K and 723 K despite the three tests
conducted at different concentrations. At 723 K, all three references reported a value
around -3.098 V. No correlation is found in apparent potential based on available data.

The activity coefficient of CeCls is summarized [26,27,28] in Table A - 9. Marsden [26]
reported a series of activity coefficient (logy) ranging from 673 K to 973 K. However, the
activity coefficient reported showed different behavior when compared with other
lanthanides. The activity coefficient decreases as temperature rises, while other
lanthanide’s activity coefficient increases when temperature increases. The activity
coefficients at 723 K with different concentrations are plotted in Figure 1-5. As shown in
the figure, the activity coefficient CeCls increases as temperature increases, which also
leads to the apparent potential becoming more positive with concentration.

The diffusion coefficients of CeCls in molten LiCl-KCl salt are studied by cyclic voltammetry
(CV) and chronopotentiometry (CP) method. The values at different temperature are
summarized in Table A - 12. Diffusion coefficients measured by CP method from three
references [26,28,29] are 1.96x10>cm?2s1, 1.71x10->cm?s! and 1.53x10-5cm?s1at 773 K
while CV method reports a smaller value of 0.99x10-5 cm?s1 at 773 K. At lower temperature
653 K, CV and CP method show similar result with 0.47x10->cm?2s-!for CV and 0.53x10-5
cm?2s! for CP. Compared between the CP results at 773 K from different sources with
different concentrations, the diffusion coefficient decreases from 1.96x10->cm?2s-! at a mole
fraction 0.011 to 1.53x10->cm?2s-! at a mole fraction of 0.00189, which indicates that the
diffusion coefficient decreases with the concentration.
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Figure 1-5: Activity coefficient of CeCls at different concentration at 723 K [27].

1.3.3. Praseodymium

Pr3+ is the stable oxidation state in molten LiCI-KCI salt. The apparent potentials of Pr3+/ Pr
were studied and summarized [19, 21] in Table A - 5. The two references agree well
between 673 K and 773 K. However, at the same temperature the potential from
Fusselman [19] is always more negative than that from Castrillejo [21], which may be due
to the different concentrations used in the two experiments. There is not enough data to
conclude on the dependence of apparent potential on the concentration.

The activity coefficient of PrCls was studied by Castrillejo [21] and summarized in Table A -
9. The activity coefficient (logy) is reported to be -2.517 at 723 K and increases to -2.129 as
temperature goes to 823 K. However, 723 K and 823 K are the only two temperatures that
the activity coefficient is reported, and thus it is not sufficient to establish a correlation.

The diffusion coefficients of PrCls in molten LiCl-KCl salt are studied by CP and convolution
method [29] and are summarized in Table A - 11. Both CP and convolution method showed
similar results between 653 K and 773 K and diffusion coefficient increases as temperature
increases. All these measurements were conducted at the same concentration; therefore, it
is impossible to get the concentration effects on the diffusion coefficients based on these
data. Further experiments for different concentration are needed.

1.3.4. Neodymium

Nd3* and Nd?* are the two stable oxidation states in molten LiCl-KCl salt. The apparent
potential of Nd3*/Nd, Nd?*/Nd and Nd3*/Nd?* are collected and summarized
[20,21,30,31,32] in Table A - 4. The apparent potential shows no correlation with
concentration of Nd in the molten salt based on different experiments at different
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concentrations ranging from 10-3 to 10-2 in molar fraction. Apparent potential of Nd3*/Nd at
723 K are reported as -3.093 V, -3.105 Vand -3.127 V.

The activity coefficient of NdCls is studied [20,21,30] and summarized in Table A - 8. In
Vandarkuzhali’'s research, Nd was found to form intermetallic compound with aluminum
and cadmium electrode and thus leads to a smaller activity coefficient with a value (logy)
of -11.5 and -8.8 for aluminum and cadmium electrode at 723 K. At the same time, Masset
and Castrillejo reported much smaller value with -4.0969 at 733 Kand -3.516 at 723 K.

The diffusion coefficient of Nd3+ and Nd%* are summarized in Table A - 12. Masset reported
the diffusion coefficient of Nd3+ to be 1.1x10-5>cm2s-1 while the result from Vandarkuzhali’s
is only 0.28x10-> cm?2s-1. Vandarkuzhali also reported the diffusion coefficient of Nd2* to be
0.98x10-5cm?2st at 723 K. All these tests were conducted at the same concentration.

1.3.5. Samarium

The electrochemical behavior of Samarium in LiCl-KCl salt has been studied, and it is
reported that Sm3+ and Sm?2* are the two stable oxidation states. The apparent potential of
Sm2+/ Sm is too close to Li*/Li and, as such, the measurement on Sm?*/ Sm couple’s
apparent potential via CV and CP method is not reliable [33]. The collected Sm3*/Sm?2*
apparent potential is summarized in Table A - 6 [34,35]. The apparent potentials are
reported as -2.04 Vand -2.099 V at 723 K respectively.

The activity coefficient of SmCls is summarized in Table A - 8 [34,35]. Cordoba reported the
value to be -3.617 at 723 K and Castrillejo reported a more negative value of -4.35 at 723 K.
The data is not sufficient to make comparison between the two. The activity coefficient
(logy) of SmCls increases as temperature increases, but the concentration-dependent
information is not available.

The diffusion coefficient of SmCl3 in molten LiCl-KCl salt is studied by CV, CP, convolution
and semi-integral methods [34,35]. The summarized results are shown in Table A - 13.
Diffusion coefficients studied by CV, CP and convolution by Castrillejo shows good
agreement with each other while results from Cordoba show larger discrepancies between
each method. Overall, diffusion coefficients studied by different methods show positive
linear relation with temperature and diffusion coefficient at 723 K ranges between
0.51x10->cm?s! and 0.95x10-5 cm?2s1. Although the two references [34,35] used different
concentrations (0.00225 and 0.00372) for their measurements, the measured diffusion
coefficients at the same temperature are almost identical.

1.3.6. Europium

Eu3* and Eu?* are the two stable oxidation states in molten LiCl-KClI salt. Similar to Sm, only
the Eu3*/Eu?* apparent potential data is reliable. The apparent standard potential of
Eu3+/Eu?* is studied by Caravaca [31] and summarized in Table A - 6. At 723 K, apparent
potential is found to be -0.848 V.

NEUP-14-6489 10of 162 Final Report



The activity coefficient of EuCls is studied and summarized in Table A - 10. The activity
coefficient (logy) at 723 K is reported to be -2.977.

The diffusion coefficients of EuCls in molten LiCl-KCI salt are studied by CV, CP and other
methods [31,36,37]. The diffusion coefficient of Eu2+ is also studied and summarized in
Table A - 14. At 773 K, data from Kim and Bermejo agrees well where Kim reported
0.92x10->cm?2s'1 and Bermejo reported the value between 0.889x10->cm?2s-1and 0.93x10-5
cm?s-1. The diffusion coefficient of Eu2* is found to have similar value with Eu3* studied by
Kim and Bermejo.

1.3.7. Gadolinium

Thermodynamic and electrochemical properties of Gd in molten LiCI-KCI is studied [19,
22,28,31,38]. Gd3* is reported as the only stable oxidation state. The apparent standard
potential of Gd3+ in LiCl-KCl with different GdCls concentration is summarized in Table A - 7
and the corresponding curves are given in Figure 1-6. Figure 1-6 indicates that the
apparent potential of Gd3+ from Lantelme [22] shows correlation with its concentration in
the molten salt. Higher GdCls concentration results in a higher apparent potential. This
phenomenon is similar to the apparent potential of lanthanide in LiCI-KCl salt. La‘s and Gd’s
apparent potential are the only two lanthanides that were studied over a range of
concentrations, and the results show a correlation between apparent potential and
concentration. Further investigation will help to establish correlation between apparent
potential and concentration.

The activity coefficient of Gd in LiCI-KCl is studied by lizuka and Caravaca [28,31]. The
summarized result is given below in Table A - 10. The activity coefficient (logy) reported
by lizuka is only -3.769 while Caravaca reported a much higher value -2.586 at 723 K.

For the diffusion coefficient of GdCls in molten LiCl-KCI salt. lizuka [28] carried out the
experiment with different concentration ranging from 3.9x10-4 to 2.3x10-3 molar fractions,
while Caravaca [31] did it with CV, CP and convolution methods. The summarized results
are shown in Table A - 15. In Caravaca’s research, convolution method showed similar
value with lizuka’s result at 723 K where the values are 0.88x10->cm?s! for Convolution
and 0.873x10->cm?2s?! from lizuka’s data. At the same time, CV and CP method reported
lower values at 0.31x10->cm?stand 0.64x10-> cm?2s-1respectively. No significant impact is
found when concentration is changed.
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Figure 1-6: Apparent potential of Gd3*/Gd at different concentration with different
temperature [22].

1.3.8. Terbium

Tb3+ is the only stable oxidation state of Tb in LiCl-KCI salt. The apparent potential of Tb3+
has been studied and summarized [39,40] in Table A - 6. The apparent potential measured
by Kim [40] agrees well with Bermejo’s [39] if the apparent potential correlation given by
Bermejo is extended to a higher temperature. The activity coefficient of TbCls is also
summarized in Table A - 10 [39].

The diffusion coefficient of TbCl3 in molten LiCI-KCI salt is studied by CV and CP methods
and is summarized in Table A - 16. The diffusion coefficient form Kim [40] is way higher
than Bermejo’s [39] value at 887 K. Possible reason for the difference is due to using
different electroanalyitcal methods.

1.3.9. Dysprosium

Dy3+ and Dy?* are the two stable oxidation states of Dy in molten LiClI-KCl salt. The
apparent potential of Dy2*/ Dy 0 at 723 K is reported to be -3.254 V versus Clz/CI- for Dy 3+/
Dy 2+, the apparent potential at 723 K is reported to be -3.243 V versus Clz/Cl- [41]. The
experiment is taken with a concentration of 0.00465 molar fraction.

The diffusion coefficient of DyCls in molten LiCl-KCl salt was studied by CP method and
summarized in Table A - 16. The diffusion coefficient is reported to be 1.03x10-5 cm?s1at
723 K.

1.3.10. Erbium
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Er3+ is the only stable oxidation state of Er in LiCl-KCl salt. The apparent potential of Er3*
has been studied and summarized [42,43,44] in Table A - 6 and the activity coefficient of
ErCls is summarized in Table A - 10. Both properties increase as temperature increases,
which is similar to the behavior of other lanthanides.

The diffusion coefficient of ErCls in molten LiCI-KCI salt is studied by CV and CP methods
and is summarized in Table A - 16. The diffusion coefficient from Tang [42] and Castrillejo
[43] corresponds well between 683 K and 813 K. Diffusion coefficient measured by Peng
[44] also agrees well with Tang and Castrillejo’s result when extending diffusion coefficient
correlation to 873 K.

1.3.11. Summary

Available thermodynamics and electrochemical data of lanthanides including La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Er and Tm in molten LiCl-KCl salt are collected for pyroprocessing
molten salt recycle. Apparent potential, activity coefficient and diffusion coefficient and
exchange current density are the four properties that we reviewed. The data collection
includes the concentration of lanthanide in molten LiCl-KCl salt as well as the measuring
method reference used. The prime focus of the review is to figure out concentration effects
on these properties. Unfortunately, no solid conclusions on the concentration effects were
obtained because of the scarce of the data. However, some trends of the thermodynamic
properties of some lanthanides in the molten salt as a function of their concentration were
observed based on available data.

Lanthanum and gadolinium are two of the lanthanides that were studied extensively in the
past and show correlation between apparent potential and lanthanide concentration in
molten LiCI-KCl salt. As lanthanide concentration increases, the apparent potential also
slightly increases. At the same time, the activity coefficient of Ce is also found to have a
positive relation with concentration. Establishing correlation between potential/activity
coefficient and concentration will help to predict the actual pyroprocessing behavior since
the process takes place in concentrated molten salt, where most of the properties are
concentration dependent. In general, the self-diffusion coefficient, which does not depend
on the concentration, can represent the chemical diffusion coefficient for dilution cases for
which it has been recognized that the activity coefficient is non-concentration dependent. If
activity coefficient increases with concentration as it is found for La and Gd, the apparent
potential should decrease with the concentration which was not found based on the
available data for La and Gd. Therefore, we are interested in conducting the study of
fundamental data measurements at different concentration to develop these property
database.
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2. Fundamental properties measurement and analysis

2.1. Experimental setup and methods
2.1.1. Materials and electrochemical cell

The sample preparation and electrochemical experiments are performed in customized
argon-atmosphere glovebox (Figure 2-1(a)) with oxygen level lower than 1 ppm and H20
level less than 4 ppm. Kerr Maxi Electro-Melt furnace with a customized lid that allows
electrodes to pass through is used to control the temperature within +1°C from the target
temperature. Anhydrous LiCl-KCl eutectic (+99.99% purity) was purchased from Sigma-
Aldrich, anhydrous LaCls, NdCls and GdClz (99.99% purity) was purchased from APL
Engineered Materials and all are received in sealed glass ampoules with inert atmosphere.
Silver chloride (99.999% purity, Aldrich) and 1mm diameter silver wire (99.999% purity,
Alpha Aesar) were used for reference electrode. All materials are opened inside the argon-
atmosphere glovebox and no further purification process is made. LiCl-KCI-RECI3 salts
were mixed inside alumina crucible purchased from SPI Supplies and heated up to the
desired temperature.

Figure 2-1: (a) Glove box system; (b) Electrochemical cell.

A working-counter-reference three electrode system was established to perform
electrochemical tests. 1 mm to 3 mm diameter Tungsten electrode was purchased from
Daimond Ground as working and counter electrode. The diameter of the counter electrode
is greater than the working electrode to avoid counter electrode being the current limiting
factor. As for reference electrode, silver-silver chloride (10 wt% / 0.0402 molar fraction,
AgCl in LiCI-KCI) and 1 mm silver wire was placed into a 6 mm diameter pyrex tube
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(Specialty Glass) and dipped into the salt. A photo of the electrochemical cell is given in
Figure 2-1(b) and the schematic diagram is shown in Figure 2-2.

Silver wire ————

Pyrex tube containing 10
< < —_—
wt% AgClin LICl-KCl salt +——— Tungsten counter electrode
Tungsten working electrode
LiCl-KCl salt level
e () L. - /
Glassy carbon crucible —» =
-

~— Graphite saftey crucible

Figure 2-2: A sketch of the experimental setup inside the furnace.

To determine the apparent potential and compare with literature, the potential has to be
reported relative to Clz/Cl-couple instead of directly measured value relative to Ag/AgCl
couple. The apparent potential obtained by the experiment can reference into Clz/Cl- by the
following equation:

* - * 0 RT
ELa/La3+(vS' Cl,/Cl7)= ELa/La3+(US.Ag/ AgCl) + EAgCl +?ln(XAgCl) (2-1)

where E;, , ,3+(vs.Ag/ AgCD) and E} ;.
different reference states, X,4¢; is the mole fraction of AgCl, and Egga is the standard

reduction potential of Ag/AgCl relative to Clz/Cl-. According to Young and Hudson [45], the
standard reduction potential of Ag/AgCl relative to Cl2/Cl- can be expressed as:

EJ;c; = —1.0910 + 0.0002924T (2-2)

s+(vs.Cl, / Cl7) are the apparent potential versus

Gamry Interface 1000 potentiostat and Gamry Electrochemistry Software are used to
perform electrochemical measurement. After each electrochemical test, a stripping
potential of 0.2 V versus Ag/AgCl reference electrode is applied for 20-60 seconds
depending on RECI3 concentration to remove RE metal from the electrode. This cleaning
process was examined by 6 identical CV tests with LaCls in LiCI-KCI salt with 10 cycles on
each CV run. The relative standard deviation of cathodic peak current value between cycles
is less than 0.1% and less than 1.2% between different CV tests. This shows that the
working electrode is well restored to its initial condition. The active electrode area was
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measured after each experiment by measuring the immersed depth of the electrode in
molten salt with an accuracy of 0.1 mm. The actual salt composition is analyzed using ICP-
OES measurement after the experiment is finished.

2.1.2. Electrochemical measurements and analysis methods

In this part, we summarized all the electrochemical techniques that we used to determine
apparent potential, activity coefficient, diffusion coefficient and exchange current density.

2.1.2.1. Square wave voltammetry (SWV)

The number of electron transfer for a redox reaction is used in every electrochemical
analysis and needs to be determined first. For most of the RE, the number of electrons
transferred are summarized by Zhang [17], but it is important to make sure this property
remains unchanged in high concentration using SWV. When SWV is performed, a single
peak will be observed for each redox reaction, and the peak shape can be approximated by
Gaussian distribution for reversible reaction [30]. The width of the peak at half height is
directly related to the number of electrons transferred as shown in the following equation:

3.52RT

12 =" @
where W, /, is the width of the peak at half height, R is the universal gas constant (JK-mol-
1), F is the Faraday constant, T is the temperature (K) and n is the number of electrons
transferred. By determining the number of electrons transfer during the reaction, we can
safely step further to calculate RE apparent potential, Gibbs formation of energy, activity

coefficient, diffusion coefficient and exchange current density based on the number of
electrons transferred we measured.

(2-3)

2.1.2.2. Cyclic voltammetry (CV)
2.1.2.2.1. Conventional CV analysis

CV has been widely used to measure RE thermodynamics and transport properties in LiCl-
KCI salt. In conventional CV analysis, the major focus is to determine the cathodic peak
current and the corresponding potential. A typical cyclic voltammogram measured in our
lab is shown in Figure 2-3 and the cathodic peak is marked.
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Figure 2-3: Cyclic voltammogram for 2.787 wt% (1.872 x 10~* mol/cm?3) LaCls in LiCI-KCI
salt at 723 K for three different scan rates. The electrode area is 0.905 cm?.

[t is important to know that most equations applied to CV are based on the assumption that
the reaction during CV scan is reversible. There are two methods that are capable of
determine the reversibility of the reaction at different scan rates. The first one is plotting
the cathodic peak current versus square root of scan rate. If a linear relationship is
established, the reaction is considered quasi-reversible or reversible. For a more precise
way to determine the reversibility of the reaction, Matsuda and Ayabe criteria [46] is
applied. However, this method requires more information of the reaction based on the
assumption that the reaction is reversible or quasi-reversible. Hence, we will investigate
the criteria after the analysis from other methods are completed.

After identifying the reversibility of the reaction at different scan rate, thermodynamic
properties are calculated. Berzins and Delahay [47] have derived an equation for soluble-
insoluble reversible system to determine the apparent potential of the system based on
cyclic voltammogram cathodic potential peak location. This equation is then used in LiCl-
KCl salt to determine uranium apparent potential even though the system is in quasi-
reversible [20]. This method is widely used to determine REs apparent potential later on.
The equation can be expressed as:

) RT RT 04
Epc = Epent/pe T -7 InXpen+ — 0.854— (2-4)

where E), . is the cathodic current peak location. For a soluble-soluble case, the apparent
potential can be expressed as [48]:

E* n+ m+ = E1/2 + RT In DREn+ (2‘5)
Re /Re (Tl - m)F DREm+

wherer E1 /, is the half wave potential.

Once the apparent potential is obtained, the activity coefficient can also be calculated based
on following equation:
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nkF
= * _ g0 2-6
Inyggn+ RT (E E®) (2-6)

Diffusion coefficient characterizes the kinetic effect of REs in LiCl-KCl salt and is another
important property to be measured. Berzins and Delahay [47] derived the equation for
diffusion coefficient in soluble-insoluble reversible system as shown below:

i, = 0.611nFCy(nFvD/RT)"/? (2-7)

where iy is the cathodic peak current density from the voltammogram (A/cm?), Cy is the
concentration (mol cm3), v is the scan rate (V/s) of CV and D is the diffusion coefficient
(cm2s1). For irreversible case, charge transfer coefficient a is introduced and a new
equation yields:

i, = 0.496nF Cy(anFvD/RT)/? (2-8)

For a soluble-soluble system, the diffusion coefficient can be expressed by Randle-Shevchik
equation [48]:

i, = 0.4663nFCo(nFvD/RT)*/? (2-9)

2.1.2.2.2. Numerical simulation using BET model

Besides using the traditional CV analysis methods, we have also developed a BET model to
determine formal potential, diffusion coefficient, transfer coefficient, and standard rate
constant by fitting experimental CV data [25,49]. In the model, both oxidized (RE3*) and
reduced species (RE) concentration as a function of time and location is governed by
diffusion equations:

0 02

dcg 9%cg

R _ 2-11
ot~ R ox2 (1D

where c, and cy are the concentrations of the oxidized and reduced species. The domain on
which the equations are solved is 0 < x < L, where we choose L = 12,/DTy0x (Tinax is the
time needed for one full CV cycle). The diffusion coefficient of reduced specie on the
electrode Dy is assumed with a low value of 10-20 cm?/s since it is in solid state.

In the model, the adsorption of RE on the electrode is described by the BET isotherm

originally proposed by Brunauer, Emmett and Teller [50]
IsK,c(0,1)

(1 — Kqcg(0,6))(1 + Ky1cr(0,8) — K4cr(0,1))

where [ is the maximum surface concentration of the product species, and K1 and Kq are
adsorption equilibrium constants. The boundary conditions are obtained by:

() = (2-12)
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dc _anF(, (1-wnF, .
0 axo = ¢co(0,t)kfe RT (5-£7) —cz(0,t)kpe Rt (E-ED) (2-13)
x=0
dc dr} _anF(. a-onF .
R 6; = d: —¢o(0,t)kfe RT ( EJ?)+CR(O,t)kge rr—(E—Ep) (2-14)
x=0

where k¢ and kp are forward and backward reaction rate constant. For initial condition,

the surface concentration is considered the same as the bulk concentration, no absorption
has happened yet and no reduced species exist in the system:

coxt=10) =co(L,t) = Cpuix (2-15)
CR(X,t = O) = CR(L, t) =0 (2'16)
[p(t=0)=0 (2-17)
And the current flowing into the electrode surface is considered diffusion control:
aCO
I = —nFAD,— 2-18
n 07 5% o ( )

A software was then developed based on the BET model to fit the experiment signal using
nonlinear least square procedure [51]. The software interface is shown in Figure 2-4. As
shown in the figure, experiment condition and signal are entered into the software while
initial guesses on the fitting properties are made in order to start the nonlinear least square
fitting. All CV signals are run by the software and the formal potential and diffusion
coefficients are being compared with results from traditional CV analysis.

ol NMFC ANALYST
Initial Potential Ei (V) -1.8 Final Potertial Ef (V) -2.3
Electrode Area (em™2) 0.336 Tempersture (K) 723
Electron Number 3 Scan Rate (Vs 0.1 Cyclic Valtammetry
Bulk Concentration (mol/om™3) 2054 0.084 simulation
— experiment
Please Give Your Initial Guess Below ‘/'
0.044 /
Formal Potential Eo (V) =215
/
Standard Reaction Rate Ko (em/s) 0.1 0.024 /-’
Difiusivity D (cm"2/s ) 705 P\
04 / l'\___._—_.
‘4
Blectron Transfer Coefficient alpha 0.5 P4
Adsorption Equilbrium Constant K1 (cm™3/mol ) 100 -0.024
Adsorption Equilibium Constant Kd {em™3/mol ) 800
-0.04
C:\Users\wang 7332\ Desktopevan\BET\BET\C_2.05E 23 22 21 2 18
Result:
Eo Ko D alpha Ki Kd
-2248 00137 1.5E-06 038 12379 43689 506
—

Figure 2-4: The interface of the developed BET model software. Inputs include experimental
signal, condition of the experiment and initial guess on the value of formal potential, standard
rate constant, diffusion coefficient, charge transfer coefficient, and adsorption equilibrium
constants.
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Figure 2-5 are two examples that show how the fitting results looks like. The fitting results
agrees well with the experiment signal especially on the cathodic peak, which give us a
reliable method to predict the crucial properties of REs in LiCl-KCl salt.

Cyclic Voltammetry Cyelic Veltammetry
0.08- simulation 0.3 simulation
(a) — experiment (b) —— experiment
0.06 4 ..-'f \ 02 /\‘
."'I | i
0.04 / | ya
/ 0.7 Vi |
0.02- | / \
N
/ \ 0 e
o4/, /
/ 014 Vd /_/
-0.02 N S
"

-0.04 T T T T 0.2 T T T T

225 215 205 -195 -185 2.3 2.2 2.1 -2 -1.8

Figure 2-5: (a) Software fitting result for 3 wt% LaCl3 in LiCI-KCl salt at 823 K. (b) Software
fitting result for 6 wt% LaCl3 in LiCI-KCl salt at 723 K.

2.1.2.3. Chronocoulometry (CC) and chronopotentiometry (CP)

In CC, a step potential change is applied and the corresponding accumulated charge is
recorded. The measured charge behavior can be separated into two parts. The first part
usually last about a couple milliseconds. During this period, charge due to electrolysis of RE
from molten salt, double layer charging and charge due to electrode adsorption of RE can
contribute to charge accumulation. After the short period of time, electrolysis of RE from
molten salt is solely the contributor of charge accumulation and the charge to time
behavior is governed by Anson equation [48] as shown below:

Q = 2nFAC,DY?rm=1/2t1/2 + nFAT, + Qg (2-19)

where Iy is the surface concentration of adsorbed RE (mol cm2) and @, is the charge due
to double layer charging. In Figure 2-6(a), CC data for 1 wt% LaCls in LiCl-KCl salt is
measured with a stepping down potential -2.16 V. It is demonstrated that the abrupt
increase of charge initially results from double layer charging and electrode surface
adsorption. The acuumulate charge curve flats out later as diffusion takes over the total
charge accumulation. In Figure 2-6(b), the stepping down potential plays an important role
in the diffusion coefficient measurement, with excess potential applied, the slope of the
curve increase significantly which results in greater diffusion coefficient calculated.
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Figure 2-6: (a) Chronocoulummetry for 1 wt% LaCl3 in LiCI-KCl salt at 723 K with a stepping
down potential -2.16 V. (b) Chronocoulummetry results for 1 wt% La with different stepping
voltage at 723 K.

For CP, a constant current signal is applied and the voltage is monitored over time. The
relation between the current and the diffusion coefficient follows Sand’s law [52]:

ivT = 0.5nFCrgn+Sy/TMDRgn+ (2-20)

in which 7 is the transition time (when the concentration of electrolyzed species is equal to
Zero).
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Figure 2-7 shows chronopotentiometry data for 3 wt% LaCls in LiCl-KCI at 823 K with
different magnitude of pulse current applied in the first 10 seconds. The method to
determine the transition time from CP curves is indicated by the red dotted lines.

1n —— 80 mA 90 mA —s—_100 mA
" ——_120 mA —s— _140 mA
-1.9
\ approach La®*/La potential

E (V vs. Ag/AgCl)

Li/Li potential

£(s)

Figure 2-7: Chronopotentiometry for 3 wt% LaCls in LiCI-KCl at 823 K with different
magnitude of pulse current applied in the first 10 seconds.

2.1.2.4. Tafel method and liner polarization (LP) method

Exchange current density provides insight on the bonding and structure in REs and
electrodes and are necessary for developing electrolysis model for molten salt recycle [53].
Under steady state, the current pass through the electrode surface is defined by Butler-
Volmer equation based on the assumption of no mass-transfer effect [48]:

(1 —-a)nF —anF TI]} (2-21)

i = i {expl 1] — expl—r
where iis current density (A cm2), a is charge transfer coefficient and 7 is overpotential
n = E — E®?. E is the potential applied and E®? is the redox potential at equilibrium. For

Tafel method, when 7 is sufficiently large, the second exponential term in Butler-Volmer
equation can be ignored. The equation can then be simplified as:

anF (2-22)
T !

Hence, linear relation between n and In(i) can be observed in Tafel plot when 7 is high. The
exchange current density can be calculated by fitting linear Tafel region and calculating its
intercept at zero overpotential. Figure 2-8(a) shows the linear Tafel region of 9 wt% GdCl3
at 773 K. All Tafel plots in our experiment are swept from -300 mV relative to equilibrium
potential to at least 120 mV relative to equilibrium potential. The scan rate is set to 5 mV
and 10 mV to minimize the mass transfer effect while avoiding significant electrode area

In(i) = In(iy) +
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growth during the process. As shown in Figure 2-8(a), by extending the linear Tafel region
into 0 overpotential, the corresponding current is the exchange current density.

u .-
0.5

a
g _1 -:
=15 | 10
EII - ?
=
—

2

-0.08 +—
-0.01 -0.005 0 0.005 0.01

7 (V)

Figure 2-8: (a) Tafel Method and (b) LP method to determine exchange current density from
polarization data measured at LiCl-KCI-9 wt% GdCls at 773 K.

Linear polarization is another method that is derived from Butler-Volmer equation. By
applying small overpotential, Butler-Volmer equation can be simplified by Tyler expansion:
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nkF
i = lom (2-23)

where 1/i is defined as the charge transfer resistance R;.

With Rt obtained through the slope of potential-current plot, the exchange current density
can be determined quickly. In this work, potential-current data from CV and
potentiodynamic polarization results at small overpotentials were analyzed by the linear
polarization method. Figure 2-8(b) shows an example of using LP method to obtain charge
transfer resistance from polarization data in LiCl-KCl containing 9 wt% GdClzat 773 K.

2.1.2.5. Electrode kinetic simulation method

In conventional methods, both Tafel method and linear polarization assume no mass
transfer effect during experiment. In fact, an electrode reaction involves the charge transfer
process at the electrode-electrolyte interface and the mass transfer process of the reactant
and product to/away from the electrode surface. In some cases, the electrode reaction rate
can be significantly influenced by the mass transfer process, for example, the electrodeposit
of RE from molten LiCl-KCI eutectic.

For the electrode reaction RE & RE3* + 3e™, the current density corresponding to the
forward reaction rate and the backward reaction rate can be written as:

la = anaCRE (2-24)

= —TleCC;E3+ (2'25)
where i, and i, are the anodic current density and cathodic current density respectively; F
is the Faraday constant, 96485 C/mol; k, and k. are the reaction rate constant respectively,

cm/s; Cyp3+ is the concentration of RE3*at the electrode surface, mol/cm3; Cx can be set to
unity for pure RE or W electrode with fully covered RE.

The reaction rates constant k, and k. are dependent on the electrode potential E [54]:

[n(l —a)F

k, = k%xp (E - EO’)] (2-26)

k. = k%exp [—T;—T(E — EO’)] (2-27)

where k° are the standard reaction constant that is independent of potential; a is the
charge transfer coefficient; E and E” are the electrode potential and the formal standard
potential respectively, V;

Therefore, the relation of overall current density i with electrode potential E can be
expressed as:

1—a)nF ' -
i =i, + i, =nFk° {exp [g (E-E) CREn+exp[

(E E 0')]} (2-28)

Given the definition of ij:
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ip = ig? =il =nFk? = nFkICE ns (2-29)

where superscript ‘eq’ represents at equilibrium potential; C£E3+ is the concentration of
Gd3*in the bulk electrolyte, mol/cm3.

Equation (2-28) can be rewritten in the form of Butler-Volmer equation:

o (1 - a)nF Crpn+ —anF
i =1 {eXp[ n]— exp[ ull (2-30)
RT CL s RT

where overpotentialn = E — E®?

At any potential, the net current density i equals the diffusion current of RE3* from bulk
solution to the electrode surface. Hence, i can also be calculated by equation (2-31) based
on the Nernst diffusion layer model, and the limiting current density i; can be expressed by
(2-32) [54].

b
C - C;En+

i = —nFD-RE™* = (2-31)
CP ons
i, = —nFD-RE™ (2-32)

where D is the diffusion coefficient of RE™, cm?/s; § is the diffusion layer thickness
defined by the Nernst diffusion layer model, cm. Combination of equations (2-31)and
(2-32) yields [54]:

C3 [
B =1- — (2-33)
CRE3+ lL

Then (2-30) can be transformed by substitution of C;En+/C£En+ from (2-33):

] 1—a)nF —anF
io {exp[%n] ~ expl =g}
i= - (2-34)
iy ankF

If the current density can be measured at various overpotential, the exchange current
density iy can be obtained by fitting the measured current-overpotential curve using
equation (2-34). In this study, the current-potential relation was measured by the
potentiodynamic polarization in which the potential of the working electrode is varied at a
certain scan rate and the external current is measured at each potential. However, the
measured external current is composed of not only Faraday current but also the charging
current. In a potentiodynamic polarization experiment, the continuous change of potential
leads to the flow of the charging current. The charging current density is proportional to
the production of the scan rate and the capacitance of the electrical double layer at the
electrode surface. The charging current density can be estimated by the current plateau
before the reduction peak. As shown in the zooming in plot, the charging current density
increases with the scan rate, and the magnitude of the charging current density is less than
1 mA/cm? at scan rates up to 140 mV/s. Although the magnitude of charging current shows
increasing tendency with decreasing potential (about 0.2 mA/cm?2 per 0.3V), the charging
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current density is unlikely to be higher than 2 mA/cm?2 in the potential region where
reduction of Gd3* to Gd occurs.
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Figure 2-9: Cyclic voltammograms at tungsten electrode in LiCl-KCl eutectic containing 1 wt%
GdCls at 450°C [55].

2.1.2.6. Electrochemical impedance spectroscopy

EIS is shown to be one of the most promising technique to determine the charge transfer
resistance and exchange current density of inner transition metals in LiCI-KCl salt [56,57].
One of the advantages of EIS is the ability to distinguish the impedance related to the
charging and discharging process on the double layer, the charge transfer process, and the
mass transfer process. During EIS measurements, the impedance of the cell is measured at
a wide range of frequency. The measured impedance spectra provide insight on diffusion,
kinetics, double layer and reactions at the electrode surface [58]. To perform EIS
measurement with inert tungsten electrode, a method that applies minimum overpotential
to the working electrode is proposed by previous research and has shown success on both
Ce3*/Ce and U3*/U in LiCl-KCI salt [56,57]. The minimum overpotential for Gd3*/Gd is
determined by applying different potential along with a small alternative potential to the
electrode as shown in Figure 2-10 (a).
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Figure 2-10: (a) Nyquist plots measured from 1 wt% GdCls in LiCI-KCl salt at 773 K. Different
potential ranging from -2.090 to -2.102 is applied to determine the minium overpotential. (b)
Nyquist plots measured from 1 wt% GdCls in LiCl-KCl salt at 773 K. Different potential
amplitude is applied at the minimum over potential.

In Figure 2-10(a), before the potential reaches -2.095 V versus Ag/AgCl reference
electrode, the impedance increases significantly at low frequency (right end of the
impedance spectra) due to the difficulty of Gd3+* ions transfer to the electrode. As the
applied potential decreases to -2.095 V, the energy of the electrons at the electrode surface
gets high enough to occupy the Gd3+ ions vacant state in LiCI-KCI salt for reduction. This
results in the presence of a steep Warburg diffusion impedance slope in low-frequency
region on the impedance spectra. As the potential continues to decrease, the angle of the
Warburg slope becomes smaller, indicating it’s easier for Gd3*to diffuse to the electrode.
Applied potential at -2.095 is selected as the minimum overpotential to ensure the linear
current response to applied potential. In Figure 2-10(b), different amplitude of alternative
potential is applied for stable measurement verification purposes; the results show good
agreement between each other.
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All EIS measurements are carried out with the frequency from 50 kHz to 0.1 Hz. At each
concentration and temperature combination, measurements are repeated two to four times
to ensure reproducibility with the same experimental initial condition, and the standard
deviation is reported in the figures as error bar. The impedance spectra is fitted to an
equivalent circuit proposed by previous research as shown in Figure 2-11 [57] to
determine the charge transfer resistance. In the circuit, Rs is the solution resistance and Rt
represents the charge transfer resistance. Constant phase element CPEaiaccounts for the
double-layer capacitance which behaves as an imperfect capacitor. The diffusion related
resistance is modeled by CPEdifr and Warburg impedance W in parallel.

CPEy

Rs
4/\/\/\/7

Rct

\\/\/
w

Figure 2-11: The equivalent circuit of the electrochemical cell. Including solution resistance,
charge transfer resistance, CPE for double-layer capacitance and Warburg impedance for
diffusion related resistance [57].

The fitting is carried out by Gamry Echem Analyst software with its auto fit feature using
simplex method, the parameters obtained are then manually adjust to minimize relative
error between each measurement. Based on the fitting results, the charge transfer
resistance (Rct) is obtained and can be further used for exchange current density (io)
calculation using the following equation [48]:

RT (2-35)

nFi,

ct

where R is the universal gas constant (] mol! K1), T is the absolute temperature (K), n is
the number of electrons transferred, F is Faraday constant (C mol1). In Figure 2-12, it is
showed that the impedance spectra of GdCl3 can be fitted by the proposed equivalent
circuit easily. However, it is found that the impedance spectra of LaCls consistently behaves
in a different way where neither a capacitor nor imperfect capacitor can fit the semi-circle
part of the impedance spectra. Consequently, the impedance spectra is fitted with a 2nd
order polynomial equation to estimate the solution resistance and charge transfer
resistance. Another useful information that can be obtained from EIS is the solution
resistance which can be used for IR-drop compensation during other electrochemical
measurements such as CV.
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Figure 2-12: Impedance spectra of 1 wt% LaCl3 at 773 K and 3 wt% GdCI3 at 748 K.

2.2. Lanthanum property in LiCl-KCl eutectic salt
2.2.1. Thermodynamics and transport properties of LaCls in LiCl-KCI

CV is selected as the primary method to determine the thermodynamics and transport
properties of LaCl3 in LiCl-KCl salt. Tests were performed at 723 K, 773 K, and 823 K at 3
wt% and 6 wt% and 9 wt% of LaCls. The concentrations of LaCls in several salt samples

were examined by ICP-MS.
Table 2-1: Electrolyte concentration of each sample.

Prepared Concentration

Experiment (Wt%) ICP-MS (wt%) Mole cm-3
1 wt% LaCl3 1 1.108 7.491x10-5
3 wt% LaCl3 3 2.787 1.902x104
6 wt% LaCls 6 5.862 4.075x10-4

Before the experiment, a quick SWV is performed and the number of electron transfer in
the reaction is calculated as 3.02, which agrees well with literature. For CV, the reversibility
at different scan rate is tested and the current versus square root of scan rate at three
different concentration is summarized in Figure 2-13, Figure 2-14, and Figure 2-15.

NEUP-14-6489 290f 162 Final Report



Current Density (A/cm?)
(=]
=
(93]

O La 1wt% 723K

Ola 1wt% 773K

Ala 1wt% 823K

(]

15 25 35
Scan Ratel/? (mv3/2/s1/2)

Figure 2-13: 1 wt% LaCls in LiCI-KCl salt CV cathodic peak current density versus square root
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Figure 2-14: 3 wt% LaCls in LiCI-KCl salt CV cathodic peak current density versus square root
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Figure 2-15: 6 wt% LaCls in LiCl-KCl salt CV cathodic peak current density versus square root
of scan rate.

The reversibility of the reaction can be observed from each of the curves. When scan rate is
higher than 400 mV/s, the peak current density drops below the predicted dotted line,
indicating that at a higher scan rate, the reaction shifted from quasi-reversible reaction to
irreversible reaction. Another observation based on the three figures above is that the
current density of higher concentration LaCls shifts to the irreversible region at lower scan
rates compare with low LaCls concentration.

The reversibility of the reaction at different scan rate can also be checked by the Matsuda
and Ayabe criteria [59]. It was shown that the reversibility of a reaction could be
categorized into reversible, quasi-reversible and irreversible reaction depending on its
reversibility parameter 4 where

Ko
Reversible A=——>15 2-36
(DnvF/RT)Y/2 — (2-36)
uasi-reversible 10720+ c y=——2 <15 2-37
Q (DnvF /RT)Y/2 ~ (2-37)
. Ko _
Irreversible < 10720+ (2-38)

AN=— <
(DnvF/RT)1/2

The reversibility at different scan rate is calculated and the values are between 0.00756-
0.02 for scan rates between 40 mV/s and 500 mV/s where the reversibility value A is
considered quasi-reversible between 0.002 and 15. Apparent potential of La3*/La can be
obtained from CV. The calculated apparent potential of La3*/La and activity coefficient are
summarized in Table 2-2.
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Table 2-2: Thermodynamics data of La in LiCI-KCl salt at different concentration and

temperature.

Temperature (K) Apparent potential

Activity coefficient

1 wt%
723 K
773 K
823K
3 wt%
723 K
773 K
823K
6 wt%
723 K
773 K
823K

-3.189+0.063
-3.144+0.061
-3.102+0.048

-3.200+0.075
-3.151+0.053
-3.112+0.047

-3.210+0.060
-3.176+0.058
-3.140+0.051

2.402x104
1.906x104
1.319x104

1.414x10*
1.391x104
8.642x10-

8.738x10-
4.511x10-5
2.644x10-

In our results, apparent potential shows a linear relation with both concentration and
temperature. As the concentration increases, the apparent potential decreases, resulting in
lower activity coefficient. We are expecting ionic strength of the solution to change as more
LaCls is added into the salt and eventually the activity will approach 1 since in pure LaCls,
the activity is always going to be 1. However, this is not the case at the concentration range
of 1-6 wt%. The concentration dependence of the apparent potential is compared with
reference and the overall trend agrees well as the apparent potential decreases with
concentration in this concentration interval as shown in Figure 2-17.

NEUP-14-6489

32 0f 162

Final Report



—
Q
—
i
(V%)
o
o

W

N

(=]
I

-3.18 -+ Alwth

Apparent Potential {vs. CI/Cl)

& 3wtk

-3:20 7 6wt

LN e e e
<

7322 T | } T | } T | I T R I T '} I T '} } T '}
700 720 740 760 780 800 820 840
Temperature (K)

3.08 T

=
z

723K
& 773K
e £ 823K

w w w e y
I = [ = W
o] [=a] E= ] =
| 1 | 1 |
T T T T T

Apparent potential (vs. CI/CI)

w
o
I
t

'3-22_""}""}""}“"I L
0 0.0001 0.0002 0.0003 0.0004 0.0005

Concentration (mol cm3)

Figure 2-16. (a) Apparent potential of La3*/La in LiCI-KCL salt as a function of temperature.
(b) Apparent potential of La3*/La in LiCI-KCL salt as a function of concentration.
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Figure 2-17: Apparent potential of La/La3* at 773 K with different concentration.

Now we turn our attention to diffusion coefficient of La3* in LiCl-KCl salt. Figure 2-18 and
Table 2-3 show the diffusion coefficient obtained from CV quasi-reversible region using
both Berzins-Delahay equation and BET model. In Figure 2-18, the biggest difference
between traditional CV analysis and BET model at 1 and 3 wt% LaCls where the 18.8% at 1
wt% and 37% at 3 wt%. At 6 wt% LaCls, up to 61% difference is found. In traditional CV
analysis, it is assumed that the reaction is reversible. However, all experiments reversibility
parameter is considered close to irreversible region. While in BET model, the analysis
accounts the kinetic of the reaction and doesn’t have to take the reversibility of the reaction
into account. In later analysis on Gd, Gd is at the closer end to reversible reaction, hence,
conventional analysis and BET model agrees well.

Diffusion Coefficient {cm3s!)

1.00E-04 —
r 1wt%
1 wit2% BET
03 wt%
+3 wt% BET
6 wit%
6 wit% BET
1.00E-05 +
+
O +
-0
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1/Temperature (1/K)

Figure 2-18: Diffusion coefficient of 1, 3, 6wt% LaCls in LiCI-KCl salt at different temperature
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Table 2-3: Diffusion coefficient of La3* in LiCI-KCl salt at different concentration and

temperature.

Temperature (K)

Diffusion Coefficient (10°cm?s?) from

Diffusivity from BET

Berzins-Delahay model

1 wt%

723K 0.479+0.009 0.59+0.009
773K 0.883+0.017 1.05£0.018
823K 1.179+0.029 1.15+0.029
3 wt%

723K 0.12+0.002 0.19+0.003
773K 0.195£0.002 0.31+0.004
823K 0.28910.007 0.43+0.008
6 wt%

723K 0.22510.006 0.56+0.012
773K 0.44610.012 1.16+0.022
823 K 0.623+0.010 1.59+0.026

The diffusion coefficient is also examined by a series of CC experiments with different step
voltage. The diffusion coefficients obtained are as shown in Figure 2-19. In Figure 2-19, a
sudden drop of the diffusion coefficient is observed at the step down voltage of -2.2V.
Considering the results obtained by CV, the step down voltage of CV tests cannot be above -
2.2 V. In Figure 2-19, the cutting edge is found to be roughly equal to the cathodic peak
potential location when CV is performed. This will serve as our diffusion coefficient
selection criteria when looking for diffusion coefficient from CC. Diffusion coefficient
calculated from CC is summarized in Table 2-4.
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Figure 2-19: La Diffusion coefficient at 723 K obtained from Chronocoulumetry with different
stepping down potential.

Table 2-4: Diffusion Coefficient of La in LiCI-KCI using chronocoulummetry.

Diffusion Coefficient (10> cm?2s1)

wt% \T (K) 723 773 823

1 0.805 1.69 2.58
3 0.070 0.131 0.097
6 0.107 0.151 0.267

Chronopotentiometry was also performed at 1 wt% and 3 wt% LaCls at 723 K, 773 K, and
823 K. The transition time at various magnitude of current was determined and plotted
against the current, as shown in Figure 2-20. Linear relationship of I versus t1/2 is
observed and the diffusion coefficients can be calculated based on the slope using Sand’s
equation. The calculated diffusion coefficients are summarized in
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Figure 2-20: Linear relationship of I versus v1/2 for the chronopotentiometric data obtained at
(a) 3wt% LaCls and (b) 1 wt% LaCls in LiCl-KCI

Table 2-5: Diffusion Coefficient of La in LiCI-KCl using chronopotentiometry.

Diffusion Coefficient (10> cm?2s1)
wt% \T (K) 723 773 823
1 1.28 2.03 233
3 0919 1.24 1.73

Based on CC and CP results, the trend of diffusion coefficient agrees with diffusion
coefficient measured from CV where a local minimum diffusion coefficient exist between 1
and 6 wt% La, the diffusion coefficient of La at 723 K is shown in Figure 2-21 compares the
diffusion coefficient at 723 K with previous research results [22,60,61] at different
concentrations. In Figure 2-21, the overall trend is that the diffusion coefficient decreases
as concentration increases. However, it is relatively hard to develop relation for
concentration and diffusion coefficient.
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Figure 2-21: Diffusion coefficient of La in LiCI-KCl at 723 K with different methods. For
diffusion coefficient obtained from CC, the step potentials are -3.327, -3.329 and -3.331 vs
Clz/Cl low concentration to high concentration.

2.2.2. Exchange current density of La3+/La in LiCl-KCl

2.2.2.1. EIS method

Due to the significant difference of impedance response to frequency, the proposed
equivalent circuit did not fit well with the experiment especially on the double-layer
capacitance part. As a consequence, the Nyquist plot is fitted by a second order polynomial
equation to estimate both the solution resistance and the charge transfer resistance as
shown in Figure 2-22. The exchange current density is summarized in Figure 2-23 with
respect to temperature and concentration (LaCls molar fraction). Overall, io shows a
positive linear relation with both temperature and concentration ranging from 0.0093 A
cm2 to 0.0789 A cm-2 with the highest relative standard deviation being 9.3%.

The solution resistance obtained from the fitting is also summarized in Table 2-6. The
solution resistance is found to decrease as LaCl3z concentration increases.
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Figure 2-22: (a) Impedance spectra and the fitting results for 1 wt% LaCls in LiCI-KCl salt.
Electrode area is 1.056 cm?. (b) Impedance spectra and the fitting results for 3 wt% LaCls in
LiCI-KCl salt. Electrode area is 1.734 cm? (c) Impedance spectra and the fitting results for 6

wt% LaClzin LiCI-KCl salt. Electrode area is 0.503 cm?.
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Figure 2-23: (a)Exchange current density (io) of La/LaCls against temperature at different
concentration. (b)Exchange current density (io) of La/LaCls against concentration at 723, 773
and 823 K. The data are obtained from EIS.

Table 2-6: Solution resistance at different temperature and concentration.

Solution Resistance (ohm cm?)

1wt 3wtlh 6wth
723K 0.3990 0.3676 0.2221
773K 0.3113 0.3832 0.1869
823K 0.2786 0.4248 0.1618

2.2.2.2. Tafel method

Figure 2-24 shows the linear Tafel region of 1 wt% LaCls at different temperature. All Tafel
plots are swept from -300 mV relative to equilibrium potential to at least 120 mV relative
to equilibrium potential and the scan rate is set to 1 mV and 5 mV to minimize the mass
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transfer effect while avoiding significant electrode area growth during the process.
However, as the concentration of LaCls increases, it becomes relatively hard to determine
the linear region due to large amount of La deposition on to the electrode. Only
measurements on 1 wt% LaCls can yield consistent results as shown in Figure 2-25. The
relative standard deviation are 11.9% at 723 K, 4.2% at 773 Kand 6.0% at 823 K.

10E01 ¢

Linear Tafel region

1002 +

10E-03 +

Current Density(Acm?)

10E04 £ e 823K

1.0E-05

\ \ f \
-0.3 -0.2 -0.1 0 0.1 0.2
Overpotential (V)

Figure 2-24: Tafel plot for 1 wt% LaCl3 at different temperature, scan rates: 5 mV/s.
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Figure 2-25: Exchange current density of 1 wt% LaClz measured by Tafel method.

2.2.2.3. LP method using CV data

We then examine the exchange current density using LP method, and CV data at small
overpotentials were used. Figure 2-26 shows how scan rate affects io at different
concentration. At all concentrations, no significant effect on io is observed when scan rate is
smaller than 100 mV/s. However, at higher scan rate, the increase in scan rate results in
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higher io. The largest relative standard deviation of io at different scan rate is observed at 1
wt% LaCls with a value of 19.4% while the majority of errors are less than 4%.

0.035 T
——723K [a)1 wt%
773K
.
! 823K _ ¢
= r _ X
S L <
<0025
3 T
£ _ X
5 002 a
2 [ -
= T T
c E T k
] F & =
o015 |
3 L
o
- [
& [
£ 001 1
- L
o
Z [
0.005 £
0 : } : } : } : } :

20 40 60 80 100 120 140 160 180 200 220
Scan Rate (mV/s)

0.045

—e—733K (b) 3 wt%
773K
& T
£ 0.04 + 823K _ $
o =
< Py
zoo3s + L
G -
c T )
[V =
(=] I
= 003 4 ; ~
& &
3
20025 4
[=1s)
c
©
=
£ 0024 "

0.015 S S
30 50 70 90, 110 130
Scan Rate (mV{s)
0.08
—e—723K
0075 | 773K (c) GVWt%

‘T": 0.07 823K -

S " p 4

< 3 by 3 -

:,}o 065t 435 7 -

2 o006+ 5

[ * T

(=] T 3

£0055 + A

g =

5 005 L T I B

) L £

20045 +

(1]

F—

15

x>

w

o
o
=
|
T

0.035 +

003 Jiip e e
20 40 60 80 100 120 140 160 180 200 220 240
Scan Rate (mV/s)

Figure 2-26: Analysis results of CV data using LP method. (a)Exchange current density (io) of 1
wt% LaCls at different scan rate and temperature. (b)Exchange current density (io) of 3 wt%
LaCls at different scan rate and temperature. (c)Exchange current density (io) of 6 wt% LaCls

at different scan rate and temperature.
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As stated in the previous part, the derivation of Butler-Volmer equation is based on no
mass transfer effect. In the CV measurements, the scan rate is operated in the range that
mass transfer cannot be ignored. As a consequence, in the later analysis, the exchange
current density at lowest scan rate is selected. At lower concentration, io shows linear
relation with temperature and agrees well with io measured from EIS method. Figure 2-27
summarized io measured by LP method in terms of concentration. The results from this
work is compared with io reported by Tang el al. [62] at 2 wt% LaCls. Their LP analysis
results were 0.023 A cm2 (723 K), 0.034 A cm2 (773 K), and 0.040 A cm2 (823 K) on a Mo
electrode. At the same concentration, our io values as calculated from the correlations in
Table 2-7 are 0.011 A cm2 (723 K), 0.021 A cm2 (773 K) and 0.028 A cm-2 (823 K) which
are relatively low compared to results from Tang el al. [63]. This might result from the
difference in electrode selection where tungsten electrode was used in this research
instead of Mo.
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Figure 2-27: io versus concentration (mol cm3) obtained by LP method at different
temperature.

Table 2-7: Concentration and temperatue dependency obtained from LP method.

Equation R2

Temperature Dependence ofip 1 wt% LaClz 1.40E-04 T - 9.37E-02 1
3wt% LaClz 2.35E-04T-1.47E-01 0.9800
6 wt% LaClz 3.08E-04 T -1.80E-01 0.9980

Concentration Dependence of io 723K 39.77 [C]o-8807 0.9953
773 K 37.96 [C]o-8284 0.9885
823K 19.93 [C]o-7159 0.9975

*Cis in mol cm-3
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2.2.2.4. Electrode kinetic simulation method

CV data are used for electrode kinetic model fitting. The data was selected in the range of -
0.05 V to 0.08 V of ovepotential to fit for i, using (2-34). The optimization fitting was
performed by iteration of the values of a, iy, andi; in the ranges of 0.01 < a < 0.99,
0.02iin < iy < 10iin, and ipiy < i, < 100i,,;,, respectively. The curves calculated by the
optimized parameters are shown in Figure 2-28, which shows good agreement with
experimental data. If we evaluate the performance of the fitting using the average deviation
Zﬂiexp—iﬁt/ ifit]
N
all tests are in the range of 2-8%. The values of iy, «, and i;, obtained from the optimization
fitting are listed in Table 2-8. For the tests with replicates, the average value and the
corresponding standard deviation are reported. The optimization fitting for all test have a
value of a ranging from 0.64 to 0.75, which is consistent.

where N is the number of fitted experimental data, the percent deviations for
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Figure 2-28: Electrode kinetic model fit on CV data, 823 K, 6 wt% LaCls.

Table 2-8: Parameters determined from optimization fitting of the CV curves.

Condition ip (A/cm2) a i; (A/cm2) ligl/io
1wt%, 723K 0.0294 +0.00089 0.68+0.021 -0.009 +0.0003 0.31
1wt%,773 K 0.0573+0.00191 0.69 £0.023 -0.0193 +0.0006 0.34
1wt%, 823K 0.0705+0.00312 0.64 +0.022 -0.0226 +0.0007 0.32
3wt%, 723 K 0.0382+0.00115 0.66+0.021 -0.0341+0.0010 0.89
3wt%, 773K 0.0671+0.00185 0.73 £0.024 -0.0425+0.0135 0.67
3wtd%, 823K 0.0941+0.00311 0.74+£0.025 -0.0583 +0.0018 0.61
6 wt%, 723 K 0.0500 + 0.00150 0.63 £+0.022 -0.1080 +0.0043 2.16
6 wt%, 773 K 0.0728 £0.00312 0.67 £0.021 -0.1217 £0.0061 1.67
6 wt%, 823 K 0.0996 + 0.00299 0.69 + 0.024 -0.2047 £0.0073 2.05

To validate the fitting results, it is necessary to consider the therotical correlation for the
concentration dependence of ij. As the exchange current density equals in magnitude to
either the anodic or cathodic current density at equilibrium and Cgn+ = Clgem at
equilibrium potential, the exchange current density for RE"*/Re can be expressed as iy =

anngemexp[%:F (E®Y — E™)] [54]. This combines with the Nernest equation E®1 = E* +

i—;ln Cll{ewr , yielding to the following correlation:

iy = nFk°C® (2-39)

Ren+

where C is the concentration at the electrode surface in mol cm-3.

The values of iy from Table 2-8 are plotted against concentration of LaCls in mol/cm3 at
each temperature as shown in Figure 2-29. Instead of fitting the data with equation (2-39),
we plotted the trend-line using average a value 0.68. As shown in Figure 2-29. The trend-
line with @ = 0.68 agrees well with the experiment data at all temperature. The value of i,
from experimental results is very sensitive to the coverage area of deposited La on the W
electrode especially the experiment data is captured from CV with a scan rate of 40 mV/s.
Although a full coverage of La is expected, the variety of the surface roughness of the
deposited La layer and the accuracy of the W surface area measurement may still cause the
deviation of current density from replicate tests. The value of k° in equation (2-39) can be
calculated from the equations of the trend lines in Figure 2-29. The calculated k° are 1.89 x
106 cm/s at 723 K, 2.45 x 10-6 cm/s at 773 K, and 3.25 x 106 cm/s at 823 K. k° is showed
to follow Arrhenius law as shown in Figure 2-30.
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Figure 2-29: La exchange current density calculated from electrode kinetic model, the trend-
line is plotted with « = 0.68.
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Figure 2-30: Temperature dependence of k? for La.

2.2.2.5. Comparison of results from different methods and discussion

The exchange current density of La/La3* in LiCl-KCl were studied by EIS, Tafel, LP and
electrode kinetic model at different temperature between 723 K to 823 K and
concentration ranging from 1 wt% LaCls to 6 wt% LaCls. The results at 723 K at different
concentration is summarized in Figure 2-31. The io measured by traditional methods
agrees well within 25% relative difference from their average value. However, the
concentration dependence observed from the traditional methods is inconsistent at various
temperature. As indicated by the fitted power law equations in Figure 2-23 (b) and Figure
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2-27, the corresponding « at 723 K, 773 K, and 823 Kare 0.12, 0.25 and 0.42 for EIS and
0.01, 0.30, 0.37 for LP. In comparison, the results obtained from electrode Kkinetic
simulation method show consistent a value at three temperatures and the concentration
dependence agrees well with the theoretical equation (2-39).

It is also seen from Figure 2-31, the three traditional methods underestimate the exchange
current density compared to the electrode kinetic model. It is important to know that in
traditional methods, it is assumed that there is no mass transfer effect, indicating that the
relation between limiting current and exchange current |i;|/i, should approach infinite
liz|/iy = oo. Figure 2-32 shows the i —n curve becomes indistinguishable at |i;|/i, above
100. Hence, at the ratios below 100, traditional method underestimates i,. As seen in Table
2-8, the ratio of |i;|/i, ranges from ~0.33 to ~ 2 with the increase in LaCls concentration,
which is all considered small. That is why the EIS and CV determined ‘i’ getting closer to
the value of ij obtained from optimization fitting at higher concentration, as shown in
Figure 2-31.
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Figure 2-31: Exchange current density measured by different method at 723 K.
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Figure 2-32: Errors of using LP method at different ratios of i, |/iy. iy = 0.0573 A/cm2, a =
0.68, T=723K.

2.3. Gadolinium property in LiCl-KCl eutectic salt
2.3.1. Thermodynamics and transport properties of GdCls in LiCl-KCl

CV is selected as the primary method to determine the thermodynamics and transport
properties of GAClIs in LiCl-KCl salt. Tests were taken at 723 K, 773 K, and 823 K at 1 wt%, 3
wt%, 6 wt%, and 9 wt% GdCls. The concentrations of GdCls in several salt samples were
examined by ICP-MS.

Table 2-9: Electrolyte concentration of each sample.

Prepared Concentration

Experiment (Wi%) ICP-MS (wt%) Mole cm3
1wt% GdCls 1 1.02 6.372x10-
3 wtl GdCls 3 3.01 1.912x10+
6 wt% GdCls 6 6.03 3.899x10
9 wt% GdClz 9 9.02 5.967x104

A quick SWV is performed and the number of electron transfer in the reaction is calculated
as 2.97, which agrees well with literature. For CV, the reversibility at different scan rate is
tested and the current versus square root of scan rate at three different concentration is
summarized in Figures 2-33, 2-34, and 2-35.
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Figure 2-34: 6 wt% GdCls in LiCI-KCl salt CV cathodic peak current density versus square root

NEUP-14-6489

of scan rate.

49 0f 162

Final Report



o
a

A Gd9wt% 723K
06 T
Gd 9wt% 773K
‘£05 T
< O Gd 9wt% 823K
=04 L
2
S
(m] 03 =€
o
502
o
01 £
0 f i f
0 10 20 30 40

Scan Rate'/? (mv1/2/s1/2)

Figure 2-35: 9 wt% GdCls in LiCI-KCl salt CV cathodic peak current density versus square root
of scan rate.

The reversibility of the reaction can be observed from the current versus square root of
scan rate plot. As scan rate goes higher than 250~300 mV/s, the peak current density
starts to drop below the fitted straight line, indicating the reaction starts shifting from
quasi-reversible reaction to irreversible reaction. The reversibility of the reaction at
different scan rate is also examined by the Matsuda and Ayabe criteria [46] and the
reversibility value A is between 0.033-0.120 for scan rates between 40 mV/s and 500
mV/s.

Thermodynamics data of GdCls in LiCl-KCl are by evaluated by conventional CV method.
The apparent potential and activity coefficients are summarized in Figure 2-36 and Table
2-10. Similar with what we found in La system, apparent potential shows positive linear
relation with temperature. However, the concentration effect doesn’t seem to have a linear
relation with apparent potential. In the concentration interval 3-9 wt% GdCls, the activity
coefficient also decreases as concentration increases. Activity coefficient is expected to
increase as more GdCls is added. The concentration dependence of apparent potential is
compared with reference and the overall trend agrees well as apparent potential decreases
with concentration in this concentration interval.
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Figure 2-36: (a) Apparent potential of Gd3*/Gd in LiCl-KCl salt at different temperature. (b)
Apparent potential of Gd3*/Gd in LiCl-KCl salt at different concentration.

Table 2-10: Apparent potentials of Gd in LiCI-KCl salt at different concentrations and
temperatures.

Temperature (K) Conventional CV analysis Activity coefficient

3 wt%

723K -3.153+0.021 1.0645x10¢
773K -3.118+0.014 2.0644x106
823K -3.076+0.043 5.0322x10°
6 wt%

723K -3.187+0.017 2.0706x107
773K -3.15+0.025 4.8849x107
823K -3.112+0.036 1.0974x10-¢
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9 wt%

723K -3.19+0.025 1.7921x107
773 K -3.16x0.018 3.1135x107
823K -3.115+0.051 9.6660x107

The diffusion coefficient of Gd3* in LiCl-KClI salt are calculated using both Berzins-Delahay
equation and BET model and the results are shown in Figure 2-37 and Table 2-11. The
diffusion coefficient at different concentration are being compared with previous research
and the results are shown in Figure 2-38 [28,64].

As shown in Figure 2-37, both Berzins-Delahay equation and BET model yields similar
results with 18% difference being observed at 3 wt%, 28% difference in 6 wt% and 35%
difference in 9 wt%. The difference between the two methods is significantly lower than
the difference from La. This is mainly a result from La reaction being more close to
irreversible and Gd being closer to reversible. The diffusion coefficient and temperature
follows the Arrhenius’ equation and the results will be summarized in subsection 2.5. In
Figure 2-38, the results are being compared with previous reference. A linear relation
between concentration and diffusion coefficient can be observed at 773 K.

A series of CC is performed from high stepping down voltage to low stepping down voltage
for 3, 6, and 9wt% of GdClzin 723 K, 773 K, and 823 K. The diffusion coefficient calculated
from CC and summarized in Table 2-12. Based on CC results, the trend of diffusion
coefficient agrees with diffusion coefficient measured from CV where diffusion coefficient
decrease as Gd concentration goes up, the diffusion coefficients of Gd at 773 K are show in
Figure 2-39 and is being compared with CV method in Figure 2-39.
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Figure 2-37: Diffusion coefficient of 3, 6, 9 wt% GdCls in LiCI-KCl salt at different temperature.
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Table 2-11: Diffusion coefficient of Gd in LiCI-KCl salt at different concentration and

temperature.
Temperature Diffusion Coefficient (105cm?2s1) from Berzins-Delahay Diffusivity from BET
(K) equation model

3 wt%

723K 0.489+0.0098 0.603+0.0099
773 K 0.745+0.0149 0.856+0.0152
823K 1.031£0.0257 1.21+0.0261
6 wt%

723K 0.209+0.0046 0.194+0.0050
773 K 0.304+0.0030 0.392+0.0032
823K 0.468+0.0072 0.656+0.0074
9 wt%

723K 0.038+0.0009 0.045+0.0011
773 K 0.061+0.0012 0.103+0.0015
823K 0.099+0.0019 0.161+0.0021

Table 2-12: Diffusion Coefficient of Gd in LiCI-KCl using Chronocoulummetry.
Diffusion Coefficient (105cm2s1)

wt% \T (K) 723 773 823

3 0.221 0.61 1.23
6 0.048 0.0812 0.223
9 0.0022 0.0039 0.0092

2.3.2. Exchange current density of Gd3*/Gd in LiCl-KCl
2.3.2.1. Electrode kinetic simulation method

The potentiodynamic polarization curves obtained at various GdCls concentration are
shown in Figure 2-40. The current density increases with the increase of GdCls
concentration. Considering the magnitude of the cathodic current density in Figure 2-40,
the Gd layer with a thickness of x10° ~ x102 um thick will be deposited in 60 s by assuming
a uniform deposition of Gd on W electrode. Thus, a full coverage of Gd is expected shortly
after the initiation of the polarization scan. Figure 2-40 shows the anodic polarization
curves are greatly distorted above the potentials (typically between 0.05 - 0.1 V) where
current density suddenly dropped. Considering the coverage area of Gd might already start
to slightly decrease before the sudden drop, conservatively, the data in the overpotentials
below 0.01 V excluding the distortion area at the most negative overpotential were selected
for the fit of iy using equation (2-34). In fact, selection of data below 0.01 V and 0.05 V
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resulted in less than 2% difference on the fitted results for most case. The optimization
fitting was performed by iterations of the values of ¢, iy, and i, in the ranges of 0.01 < a <
0.99, 0.02 |ipinl <ip < 5 |iminl, and ipin < i, < 100 iy, Wwhere iy, is the most negative
measured current density. In this work, the values of a, iy, and i}, were iterated by a +
0.005, iy x 1.05, and ij, x 1.05, respectively. Three iteration loops were set to calculate the
polarization curve at all combinations of «, i,, and i, values. The difference between each
calculated polarization curve and the experimental curve was compared. The difference
Zﬁyl(iexp_ical)/iexﬂ
N
experimental polarization data that used for fitting. For GdCls concentrations of 3 - 9 wt%

at all temperatures, the values of @, iy, and i} that resulted in the minimum average
deviation (typically in the range of 5 - 10%) were considered as the optimized values and
listed in Table 2-13. It should be mentioned, if the allowable average deviation is increased
to 5% higher than the minimum deviation at the optimized fitting, multiple solutions in the
ranges of a®”*+ ~0.1 and (1 * ~0.2) igpt exist where subscript ‘opt’ represents the
optimized value. This is the natural truth for all fitting methods. Although the fitting of
these values seemed also acceptable, the optimized values for GdCls concentrations of 3 - 9
wt% were chose. This is not only because the optimized values have the best fitting, but
also, more importantly, the optimized values of a are quite consistent from test to test at
various test conditions. The optimized values of i, also show reasonable correlation with
GdClIs concentrations which will be discussed later.

where N is the number of

was defined by the average deviation

2.5 4 o 1wt 773K
3 o 3wtd, 773K
6 wt%, 773 K

log |i (A/cm?)]
[

-3.5
. o 9wt 773K
Fitted by Eq. (2-34)
-4.5 t t t ] t
0.4 0.3 0.2 0.1 0 0.1 0.2

n (V)

Figure 2-40: Potentiodynamic polarization curves obtained in the LiCl-KCI-GdCl3 melt at 773
K and scan rate of 5 mV/s. Data are fitted by the electrode kinetic model (solid lines).

The fitting for polarization curve at 1 wt% GdCls becomes a harder task as the lack of useful
data at larger overpotentials. As shown in Figure 2-40, the cathodic current densities atn <
-0.05 V are almost independent of potential at 1 wt% GdCls. This potential-independent
current density corresponds to the i;. Thus, only the small portion of data near the
equilibrium potential are useful which shows good agreement (< 12% deviation) with the
prediction of couples of combination of @ and iy in a wide range. The optimization fitting
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results for the tests with 1 wt% GdCls showed values of @ ranging from 0.54 to 0.68 which
largely deviates from the typical « value of 0.31 - 0.43 from all other concentrations.
Considering the consistence of the a value at various concentrations, the average a value
0.35 from all other concentrations was used for the fitting of experimental data at 1 wt%
GdCls. The optimized i, values at a of 0.35 are given in Table 2-13. The fitting goodness by
setting a = 0.35 is only 1% less than the results from the optimized value of a.

Table 2-13: Parameters determined from electrode kinetic simulation method.

Condition ip (A/cm?2) a i, (A/em2) |ig|/i
1wt%, 723 K 0.023 0.35 -0.0072 0.32
1wt%, 773 K 0.031 0.35 -0.011 0.34

1 wt%, 823 K 0.043 0.35 -0.013 0.29
3wtd%, 723 K 0.054 0.33 -0.19 3.4

3wt%,773 K 0.067£0.003 0.33+0.03 -0.21%0.02 3.1
3wt%,823K 0.098+0.012 0.38+0.01 -0.29+0.01 2.9

6 wt%, 723 K 0.039 0.40 -0.20 5.5
6 wt%, 773 K 0.12 +0.02 0.31+0.01 -0.95+0.05 8.2
6 wt%, 823 K 0.18 0.33 -0.17 9.8

9wt, 723 K 0.099+0.014 034+001 -1.0x01 10
9wth, 773 K 0.17 £0.01 036+0.01 -1.8=x0.1 11
9wt%, 823 K 0.22+£0.02 043+0.01 -21x01 9.7

As the power law indicated by equation (2-39), the values of i, from Table 2-13 are plotted
against concentration of GdCls in mol/cm3 to validate the optimization fitting results. As
shown in Figure 2-41(a), all values from the electrode kinetic simulation method excluding
one data point at 6 wt% GdCls and 723 K show good agreement with the power law trend
lines. The values of a indicated by the trend line equations are 0.35 at 723 K, 0.25 at 773 K,
and 0.21 at 823 K, respectively. These numbers are close to the values of @ obtained from
the optimization fitting of individual test results (see Table 2-13). It must be stressed that
the reliability of a value obtained from the concentration profile in Figure 2-41(a) strongly
depends on the accuracy of the i, values from a series of experimental results at different
concentrations while the value of « fitted from individual test does not. According to
equation (2-39), the values of k° were calculated by i, which are 4.93 x 10-5 cm/s at 723 K,
7.21 x 10> cm/s at 773 K, and 9.13 x 10-5 cm/s at 823 K, respectively. In comparison, Tang
and Pesic [65] reported the value of k® at 723 K is 6.15 x 10-5 cm/s which is estimated from
the convolutive voltammetry performed in LiCl-KCl eutectic containing 2 wt% GdCls. The
temperature dependence of iy, and k° obey the Arrhenius law. The activation energy E, for
ip are in the range of 25.4 - 44.5 k]/mol, varying at different concentrations of GdCls. The
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natural logarithm of k° against the inverse temperature is shown in Figure 2-41 (b), and
the corresponding E, for k° is 30.5 k] /mol which agree well with the values of E, for i,.

0.3
a F 0 723K ]
o 773K R#=099

021 A 823K

o
Eo1s = 43.81C07
< R2=1.00
o 01 1
; ip=13.28C065
0.05 | R?=0.99

0 00001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
Concentration of GdCl; (mol/cm?)

(b) 9.2
O Standard rate constant

-9.4 4

-9.6 1
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981 Ink?=-3,672.03/T-4.82
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10 . . .
0.0012 0.00125 0.0013 0.00135 0.0014
1/T (K1)
Figure 2-41: (a) The plot of iy from Table 2-13 versus GdClsz concentration; (b) Temperature
dependence of k°.

2.3.2.2. Tafel method

An example of determining the i, for Gd3*/Gd using Tafel method is given in Figure 2-8(a).
As the anodic polarization curve was greatly distorted by the dissolution of the deposited
Gd on the W electrode, the cathodic polarization curve in the range ofn < -0.1 V was
extrapolated back to the equilibrium potential. The value of -0.1 V was selected as the
anodic current density contributes less than 1% of the overall current below -0.1 V at the
test temperatures. The charge-transfer coefficient @ can be determined by the slope of the
linear 1g(|i]) — n curve in the cathodic Tafel region. The determined a values are around
0.012 - 0.021 at 1 wt% GdCls, 0.072 - 0.12 at 3 wt% GdCls, 0.061 - 0.15 at 6 wt% GdCls,
and 0.12 - 0.17 at 9 wt% GdCls, respectively. In practice, an « value of 0.01 is not likely and
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mostly implies the distortion of polarization curve by the limiting diffusion current.
Nevertheless, the i; determined by Tafel method are listed in Table 2-14.

Table 2-14: Values of io determined by Tafel, LP, and EIS methods.

Condition Tafel LP EIS

1 wt%, 723K 0.0072 0.0037 0.0055

1 wt%, 748K - - 0.0063

1 wt%, 773K 0.0091 0.0060 0.0070 = 0.0009
1 wt%, 798K - - 0.0092 +0.0010
1 wt%, 823K 0.013 0.0078 0.011 £ 0.001

3 wt%, 723K 0.081 0.034 0.013 +0.001

3 wt%, 748K - - 0.019 + 0.001
3wt%, 773K 0.071+0.001 0.040+0.003 0.021+0.001

3 wt%, 798K - - 0.028 + 0.003

3 wt%, 823K 0.12 +0.02 0.062 +0.018 0.041 £ 0.002

6 wt%, 723K 0.11 0.026 0.021 + 0.001

6 wt%, 773K 0.21 +0.05 0.075+0.014 0.046 £ 0.004

6 wt%, 823K 0.40 0.13 0.078 £ 0.005

9 wt%, 723K 0.22 £0.06 0.069 + 0.008 0.050 £ 0.001

9 wt%, 773K 0.40 = 0.02 0.14 + 0.01 0.081 + 0.001

9 wt%, 823K 0.49 +0.03 0.20 £ 0.03 0.11+£0.01

2.3.2.3. LP method

LP method is based on equation (2-23) which indicates i is linearly related ton in small
overpotentials. Hence, the value of i, can be determined by the slope of the i — 7 curve in
the narrow potential range near the equilibrium potential. Figure 2-42 shows the linear
relation of current-overpotential in the range of -10 mV < n < 10 mV. The values of i
calculated by the slopes of i /7 at various temperatures and GdCls concentrations are listed
in Table 2-14. Tang and Pesic [65] determined the i, of Gd(III)/Gd using LP method in LiCl-
KClI eutectic containing 2 wt% GdCls. The values are 0.00775 A/cm? at 723 K, 0.0165 A/cm?
at 773 K, and 0.0257 A/cm? at 823 K. These numbers fall between the LP method
determined i, values in 1 wt% and 3 wt% GdCls in this study.
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Figure 2-42: The plot of i versus n at small overpotentials.

2.3.2.4. EIS method

Figure 2-43 shows the EIS data at five temperatures for LiCl-KC] melt containing 1 wt% and
3 wt% GdCl3 and three temperatures at 6 wt% and 9wt% GdCls, as shown in. The Randles
cell equivalent circuit given in Figure 2-11 was adopted to fit the experimental EIS data.
The fitting process was carried out by Gamry Echem Analyst software with its auto fit
feature using simplex method, the parameters obtained was then manually adjust to
minimize relative error between each measurement. The fitted curves are in good
agreement with the experimental EIS data, as shown in Figure 2-43. The charge transfer
resistance in (1 was obtained from the fitting results. The coverage ratio of Gd on W
electrode at the minimum overpotential is assumed to be 1, and then the surface area of W
electrode in the molten salt is used to convert the charge transfer resistance in (-cm?2.
Finally, the exchange current density is calculated according to equation (2-35). The values
of i, obtained from EIS method at all concentrations and temperatures are listed in Table
2-14.
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Figure 2-43: (a) Impedance spectra and the fitting results for 1 wt% GdClz in LiCI-KCl salt.
Electrode area is 1.256 cm?. (b) Impedance spectra and the fitting results for 3 wt% GdCls in
LiCI-KCl salt. Electrode area is 1.570 cm? for 723, 773, 823 K and 1.0053 cm? for 748 and 798

K. (c) Impedance spectra and the fitting results for 6 wt% GdClsz in LiCI-KCl salt. Electrode

area is 1.056 cm?. (d) Impedance spectra and the fitting results for 9 wt% GdClsz in LiCI-KCI

salt. Electrode area is 0.553 cm?.

2.3.2.5. Comparison of results from different methods and discussion

Comparison of results in Table 2-13 and Table 2-14 reveals the difference of the values of i
determined by different methods. Figure 2-44 shows the profiles of ij with GdCls
concentration using different methods. Only the results from electrode kinetic simulation
method shows reasonable power number close to the value of 1-a. Other methods indicate
a a value of negative or zero which is invalid or unrealistic. The errors of the Tafel, LP, and
EIS methods in this investigated system is simply due to the nonnegligible mass transfer
effect, and the details are discussed below.

0.45
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04 1 o Tafel
035 §{ ALP
~ 03} 9EIS
™
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—_— Q__'__
0.05 1 @ j,=2296C18
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Concentration of GdCl; (mol/cm?)

Figure 2-44: Comparison of iy determined by different methods.
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Tafel method overestimates the iy at GdCls concentrations above 3 wt% and
underestimates the i, at 1 wt% GdCls. From Table 2-13, it is noticed that i, is smaller than
the |i; | at concentrations above 3 wt%, but lower than |i;| at 1 wt% GdCIs. As shown in
Figure 2-40, thelg(|i]) —ncurve in the cathodic section at 1 wt% GdClz is nearly
horizontal. Hence, the extrapolation of the horizontal curve using Tafel method results in a
value of iy= |ii|. Thus, in the case of iy> |i;|, the ‘i,” determined by the Tafel method is
actually a measuring of |i;|, which for sure is lower than the real i,. When iy< |i;| and
liL|/io is not sufficiently large, the denominator in equation (2-34) is larger than 1. This
means the cathodic current will be retarded, as illustrated by Figure 2-45. In Figure 2-45,
curve 2 (green double-line) is predicted by the no mass-transfer effect based Butler-Volmer
equation (2-21) using the values of i; and a from electrode kinetic simulation method. It
can be seen, the measured cathodic curves at larger overpotential is highly deviated from
curve 1 which indicates the limiting of reduction rate of Gd3* by its maximum diffusion rate.
Hence, the ‘i)’ determined by Tafel method falls in somewhere in middle of the real i, and
|ir|. Figure 2-45 also shows the curve 1 predicted by equation (2-21) using the values of i,
and a determined by Tafel method. Although fairly good fitting is achieved in the cathodic
Tafel region, large discrepancy exists in the small overpotential region. This means the
application of equation (2-21) can only get a decent fitting either in the small potential
region or the Tafel region (1 < -0.1 V) but not for the entire cathodic curve, as indicated by
the two predicted curves in Figure 2-45. If we consider the mass transfer limiting effect, the
curves predicted the electrode kinetic model agree very well with the measured cathodic
curves as shown in Figure 2-40. Therefore, it is believed the mass transfer effect was
involved which fully or partially limited the reduction rate of Cd3+.

0.5 T

f O Experimental data (9 wt?,
. 773K)
f —— Predicted curve 1

log |i (A/cm?)]

== Predicted curve 2

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2

n (V)

Figure 2-45: Errors of using Tafel method in the situation where mass transfer affects.
Experiment data obtained at LiCI-KCI-9 wt% GdClz at 773 K. Curve 1 and curve 2 are
predicted by equation (2-21) using values of i, and a determined by Tafel method and
electrode kinetic simulation method, respectively.

LP method underestimates the i, for all concentrations. As mentioned before, LP method is
based on two assumptions: small overpotential and no mass transfer influence (i.e., small
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ratio of i/i;). Normally, 10 mV of overpotential is small enough to observe a fairly linear
correlation, as shown in Figure 2-42 and Figure 2-46. Thus, the error should be from the
assumption of i/|i |. For a given overpotential and a certain value of @, the magnitude of i
is directly reflected by the magnitude of i,. Hence, the magnitudes of errors that are
introduced by LP method can be illustrated at different ratios of |i;|/i,, as shown in Figure
2-46. The curves in Figure 2-46 are predicted by electrode kinetic model using the same
variables excluding i;. It is seen, the slope of i/n increases with the increase of |i;|/i,.
According to the assumption of LP method, the determined ‘i;’ infinitely approaches to real
ip when [i|/iy — oo. Figure 2-46 shows the i — 1 curves become indistinguishable at |ij | /i,
above 100. Hence, at the ratios below 100, LP method underestimates the i,. As seen in
Table 2-13, the ratio of |ij|/i, increased from ~0.33 to ~10 with the increase in GdCls3
concentration. In fact, the error at|ij|/i, of 10 is quite small. That is why the LP
determined ‘i,’ getting closer to the value of i, obtained from the optimization fitting
method at 9 wt% GdCls, as shown in Figure 2-44.
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Figure 2-46: Errors of using LP method at different ratios of i, |/iy. iy = 0.031 A/cm?2, a = 0.35,
T=773K

EIS method underestimates the i, for all concentrations. In fact, EIS method is based on the
same two assumptions for LP method. The origin of R, = %for EIS method is derived
0
from the following equation for Re™*/Re reaction involving mass transfer effect [66]:
RT

(1—a)nF

R =
nFi, {exp[ RT n]—

Cipne  — i
RER® (o }%?F n]} (2-40)

b
CREn+

To estimate the value of i; from the R, characterized by EIS measurement, the variables o
and Céd(m) in equation (2-40) must be eliminated. The simplification of equation (2-40) to

RT : s .
R, = — s based on two assumptions: 1) the overpotential is sufficiently small that the
0

exponential terms /(" can be approximated as 1 + f(1); 2) the net current i is negligible
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compared to iy, thus the ratio of Céd(m)/ng(m) = 1. Since mass transfer effect is involved as
we know from the electrode kinetic simulation results, Céd(m)/ng(m) deviates from 1 at

smaller ratio of |i |/i,. Like LP method, the conversion of i, from R using EIS method will
also cause underestimations at smaller values of |iy | /i,.

Although the errors of using Tafel, LP, and EIS methods were found in the studied molten
salt system, these methods are convenient and reliable when the mass transfer effect is not
considerable. When the mass transfer effect is involved, electrode kinetic simulation
method is recommended especially for the case of distorted anodic polarization curve (e.g.,
using an inert electrode to measure the exchange current density of a deposited metal) as
the rest cathodic polarization curve can be largely influenced by the limiting diffusion
current. Despite the advantages of the electrode kinetic model, its limitations should also
be acknowledged. As the non-simplified kinetics equation (2-34) contains three variables
(a, iy, and i), a wide variety of fitted values with acceptable fitting goodness with the
experimental data are possible. In some cases such as the nearly potential-independent
cathodic current at 1 wt% GdCls, the optimized values from the fitting can be far away from
the actual values due to the lack of useful current-potential data points. In that case, it is
almost impossible to get the accurate and valid solutions. Therefore, knowledge of the valid
range of the parameters should be considered to give more constrains to the fitting. One
way to check the validity of the fitted values is to take the consistence of @ and the
theoretical correlation (Eqg. (2-39)) of i, with concentration and « into account.

2.4. Neodymium property in LiCl-KCI eutectic salt
2.4.1. Thermodynamics and transport properties of NdCls and NdCl2

CV and SWV are two of the primary methods used for Nd property study in LiCl-KCI salt.
Salt sample used are summarized in Table 2-15. Tests were taken at 723 K, 773 K and 823
K with an initial NdCl3 concentration of 3 wt%, 6 wt% and 9 wt%. Square wave
voltammetry is used to determine number of charge transfer during the experiment and
follow by CV which provides insight on exchange current density, diffusion coefficient and
thermodynamics properties.

Table 2-15: Electrolyte concentration of each sample.

Prepared Concentration

Experiment (Wt%) ICP-MS (wt%) Mole cm-3
3 wt% NdCl3 3 3.01 2.091x10+
6 wt% NdCls 6 5.98 4.182x10-4
9 wt% NdCls 9 9.02 6.273x104

As stated in the literature review section, the reduction process of NdCl3 involves two step
process:
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Nd3* + e~ > Nd?* (2-41)
Nd2t + 2e~ - Nd° (2-42)

SWV is performed to determine the number of electron transferred during redox reaction.
It is also showed to be a good method to identify the location of Nd3+/Nd2* and Nd2+/Nd
redox reaction. As shown in Figure 2-47, SWV is performed at different square wave
frequency. The increase in frequency results in higher peak current at Nd?*/Nd° but lower
peak current at Nd3+/Nd2+ but the change is considered small. SWV data are fit by bi-
Gaussian distribution as shown in Figure 2-47 and the number of electron transferred is
showed in Table 2-16, at all concentration, the number of charge transfer is always around
1 at the smaller peak and 2 at the major peak.
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Figure 2-47: SWV results for 3wt% NdCls in LiCI-CKl salt.
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Figure 2-48: Bi-Gaussian fitting for SWV results at 3wt% NdCls in LiCI-CKI, 723 K.
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Table 2-16: Number of electron transferred for Nd in LiCI-KCL
3wt 6wt% 9Iwt%
Nd3+/Nd2+ 0.83 1.17 1.08
Nd2+/Nd 2.47 2.16 2.32

Unlike La and Gd, the CV curve of Nd system involves 4 peaks as shown in Figure 2-49. The
main peak Nd%*/Nd° can be easily distinguished while Nd3*/Nd?* peak can barely be seen
on CV curve. In order to figure out the peak potential and peak current of Nd3+/Nd?2* couple,
4th order Savitzky-Golay filter using nearby 16 points is applied to the CV data. The filtering
process is performed by Gamry software and the results is shown in Figure 2-50.
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Figure 2-49: CV and SWV of 3 wt% NdClz in LiCI-KCl salt at 723 K.
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Figure 2-50: (a) Result for Savitzky-Golay filter, Cyclic voltammogram taken at 3wt% NdCls in
LiCI-KCl at 723 K, scan rate is 80 mV/s, electrode area is 0.247 cm?2. (b) Zoom in view of CV
curve.

As shown in Figure 2-50(b), the Nd3*/Nd?* peak can now be easily identified. The peak
current density of both Nd3+/Nd?* and Nd2*/Nd° cathodic peak is plotted against each scan
rate to determine when the reaction starts to become irreversible. For Nd2*/Nd° couple, it
is found that the peak current starts usually shift away from quasi-reversible to irreversible
after scan rate exceeds 250 mV/s.
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Figure 2-51: Cathodic peak current density versus square root of scan rate, 3 wt% NdCl3.
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Figure 2-52: Cathodic peak current density versus square root of scan rate, 6 wt% NdCls3.
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Figure 2-53: Cathodic peak current density versus square root of scan rate, 9 wt% NdCls.

Again, the reversibility of the reaction at different scan rate is determined by Matsuda and
Ayabe criteria [46]. The reversibility at different scan rate is calculated and the values are
between 0.00253-0.00899 for scan rates between 40 mV/s and 500 mV/s which is still
considered quasi-reversible with the lower end of irreversible threshold is 0.00158-
0.002512 depending on the concentration. The reversibility of Nd3*/Nd2* couple is also
examined at different scan rate as shown in Figure 2-54.
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Figure 2-54: Cathodic peak current density versus square root of scan rate for Nd3*/NdZ*
couple at 723 K.

As shown in Figure 2-54, for Nd3*/Nd2* soluble-soluble couple, the reaction is reversible/
quasi-reversible at all scan rate since the peak current maintain linear relation with square
root of scan rate all the time. After the reversibility of both reaction is determined, we then
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focus on the calculation of diffusion coefficient for both Nd3+ and Nd2+. The most important
assumption we made here is we treat the concentration of Nd3* and Nd2* the same since no
reliable method is able to measure the Nd?* and Nd3* ratio in salt at the working
temperature as of today. This assumption was originally made by Delahay [67] and later on
being adopted in other research when measuring Nd properties in LiCI-KCl salt

[20,21,30,31].

The diffusion coefficient of Nd2* and Nd3+ are calculated and summarized in Table 2-17 and
Figure 2-55. Diffusion coefficient of Nd?* and Nd3* is found to be relatively close to each
other and increase as temperature increase. At the same time, the increase in concentration

tends to lower the diffusion coefficient for both Nd2+ and Nd3+.

Table 2-17: Diffusion coefficient and apparent potential of Nd?* in LiCl-KCI.

Temperature Diffusion Coefficient (105cm2s1) of  Diffusion Coefficient (105cm2s1) of
(K) Ndz2+ Nd3+

3 wt%

723K 1.09+0.012 0.69+0.008
773 K 1.65+0.025 1.03+£0.024
823K 2.36+0.041 1.46+0.032
6 wt%

723 K 0.81+0.008 0.62+0.007
773 K 1.45+0.015 1.19+0.022
823 K 1.95+0.028 1.71+0.029
9 wt%

723K 0.74+0.014 0.52+0.007
773 K 1.36+0.021 0.97+0.023
823K 1.59+0.023 1.07+0.025
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Figure 2-55: (a) Diffusion coefficient of Nd?* and Nd3* in LiCl-KCl salt at different
temperature. (b) Diffusion coefficient of Nd?* and Nd3* in LiCI-KCl salt at different
concentration.

As shown in Figure 2-55 (a), Nd?* diffusion coefficient is slightly greater than Nd3+diffusion
coefficient. The temperature dependence of both Nd2+ and Nd3* diffusion coefficients follow
Arrhenius’ equation. In Figure 2-55(b), it can be discovered that diffusion coefficient of
Nd?+ shows linear relation with concentration while no correlation with concentration is
found for Nd3+. With both diffusion coefficients known, the apparent potential of Nd3*/Nd?2*
can be calculated. Nd3*/Nd can be calculated by combining Nd3*/Nd2tand Nd2*/Nd
apparent potential together [68]:

. Enaamnaan T 2Exaan vao)
ENd(III)/Nd(O) = 3 (2-43)

The apparent potentials are summarized in Figure 2-56 and Table 2-18.
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Table 2-18: Apparent potential of Nd3*/Nd?*, Nd?*/Nd’ and Nd3*/Nd" in LiCI-KCl.

Temperature Apparent potential of Apparent potential of Apparent potential of
(K) Nd3+/Nd2* (vs. Clz/Cl’) Nd2z+/Nd? (vs. Clz/Cl') Nd3+/Nd?° (vs. Clz/Cl)
3 wt%
723K -3.139+0.05 -3.094+0.05 -3.124+0.05
773K -3.109+0.06 -3.053+0.05 -3.090+0.05
823K -3.087+0.04 -3.029+0.06 -3.067+0.05
6 wt%
723K -3.123+0.04 -3.115+0.03 -3.120+0.03
773K -3.096+0.05 -3.074+0.06 -3.088+0.06
823K -3.053+0.03 -3.041+0.04 -3.049+0.04
9 wt%
723K -3.083+0.03 -3.149+0.05 -3.105+0.04
773 K -3.055+0.04 -3.106+0.04 -3.072+0.04
823K -3.017+0.04 -3.079+0.03 -3.037+0.03

As shown Figure 2-56 (a), both Nd?* and Nd3* increase linearly as temperature increase.
However, Nd2+ and Nd3* have a very different response as concentration increase where
the apparent potential of Nd3+* increase and Nd2* apparent potential decrease.
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Figure 2-56: (a) Apparent potential of Nd?* and Nd3* in LiCI-KCl salt at different temperature.
(b) Apparent potential of Nd2* and Nd3+* in LiCI-KCl salt at different concentration.

2.4.2. Exchange current density of Nd2+/Nd in LiCl-KCl

Several attempts have been made to analyze the exchange current density of Nd?+/Nd using
Tafel method, LP method, and the electrode kinetic model. However, due to the co-
existence of Nd3+/Nd2* reaction in the system, the Nd2*/Nd reaction current is overlapped
with the Nd3+/Nd?* reaction current. The influence is complicated, as indicated by the
electrode kinetic model. If we extend the electrode kinetic model to two reactions, the
fitting of the experimental data will be performed with 6 unknown parameters, i.e., two
sets of (io, @, and iL). These two sets of parameters are not correlated to each other. It is
expected that tons of solutions with large variety will fit well with the relatively simple
experimental polarization curves. It is hard to distinguish the actual Nd?+/Nd signal from
Nd3+/Nd?* and background current. If we assume the Nd3*/Nd2+ around the equilibrium
potential region of Nd2*/Nd is fully limited by the diffusion, LP method may be applied as
the slope of n/i will remain the same in such case. Thus, the exchange current density of
Nd2+*/Nd is determined by LP method but the deviation is unknown and should be
mentioned.
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CV data in small overpotentials were used to determine the exchange current density io of
Nd?2+/Nd reaction using LP method. All CV measurements are taken with the scan rate from
40 mV/s to 120 mV/s to identify scan rate dependence of io. Figure 2-57 shows how scan
rate affects io at different concentration. At all concentration, arbitrary effect on io is
observed with different scan rate with the biggest relative standard deviation between
scan rate being observed at 9 wt% GdCls with a value of 9.28%. Figure 2-58 summarized io
measured by CV regarding concentration and temperature.
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Figure 2-57. (a)Exchange current density (io) of 3 wt% Nd?*/Nd at different scan rate and

temperature. (b)Exchange current density (io) of 6 wt% Nd?*/Nd at different scan rate and

temperature. (c)Exchange current density (io) of 9 wt% Nd?*/Nd at different scan rate and
temperature.
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Figure 2-58. (a)Exchange current density (io) of Nd?*/Nd against concentration at different
temperature. (b) Exchange current density (io) of Nd?*/Nd against temperature at different
concentration.

A power equation model is developed to characterize the behavior of Nd2*/Nd io response
to temperature and concentration and the results are summarized in Table 2-21. Figure
2-58(b) shows io versus concentration obtained by CV and the results are fitted by a power
equation. The corresponding a for 3 wt%, 6 wt% and 9 wt% NdClszare 0.371, 0.293 and
0.391. Meanwhile, k° can also be obtained from the fitting and the result is summarized in

Table 2-20.
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Figure 2-59. Logarithm of io versus inverse temperature.

Table 2-19. Linear model for concentration and temperatue dependency.

Equation R2

Temperature Dependence ofio 3 wt% NdCIs 3.38E-04 T - 2.08E-01 9.670
6 wt% NdCls 4.92E-04 T - 2.94E-01 0.9739
9 wt% NdCls 6.47E-04 T - 3.93E-01 0.9998

Concentration Dependence ofio 723K 7.9512 [C]0-629 0.9970
773K 20.105 [C] 0709 0.9771
823K 12.602 [C] 0-609 0.9872

*Cis in mol cm-3

Table 2-20. k° for Nd/Nd?* reaction at different temperature.

R? from Error! Reference s

Temperature (K) K% (cm s1) ource not found.
723 4.119x10- 0.9975
773 1.041x10+ 1.0000
823 6.530x105 0.9817

2.5. Correlations for temperature and concentration dependence
The goal of this research is to develop the fundamental database for REs properties in LiCl-

KCl salt. Exchange current density, apparent potential, activity coefficient, diffusion
coefficient, reaction rate constant, charge transfer coefficient for La, Gd and Nd in LiCl-KCl
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salt are measured and the correlation with temperature and concentration is evaluated.
Exchange current density, apparent potential and diffusion coefficient are three of the most
important properties to estimate molten salt recycle efficiency where apparent potential
provides insight on when the extraction of REs will happen, exchange current density
governs how fast the reaction can happen and diffusion coefficient determines how fast

REs ions travel in the molten salt.

In general, apparent potential has a linear relationship with temperature and
concentration. Exchange current density has a linear relation with temperature and can be
fitted by a power equation with concentration. Diffusion coefficient has an Arrhenius
relation with temperature but no consistent correlation can be found with concentration.
Table 2-21, Table 2-22, and Table 2-23 summarized all correlations we found in this

research.

Table 2-21: Linear model for concentration and temperatue dependency of La properties.

Equation

R2

Temperature Dependence of E*

Concentration Dependence of E*

Temperature Dependence of Diq3*

Temperature Dependence of io

Concentration Dependence of ip

Temperature Dependence of ko

1 wt% LaCls
3 wt% LaCls
6 wt% LaCls

723K
773K
823K

1 wt% LaCl3

3 wt% LaCls

6 wt% LaCls

1 wt% LaCl3

3 wt% LaCl3z
6 wt% LaCl3z

723K
773 K
823K

7.00x104T - 3.72
8.80x104T - 3.83
8.70x10-4T - 3.82

-60.937 [C]-3.186
-98.667 [C]-3.134
-116.16 [C]-3.092

—5393
0.0087 exp(

—6096

0.0108 exp( )

—5234

0.0017 exp( )

1.40x104T - 9.37x10-2
2.35x104T - 1.47x101
3.08x104T - 1.80x101

39.77 [C]0-8807
37.96 [C]0-8284

19.93 [C]0-7159

—3196
T

0.0002 exp( )

0.9997
0.9957
0.9996

0.9596
0.9808
0.9916

0.9725

0.9751

0.9995

1
0.9800
0.9980

0.9953
0.9885
0.9975

0.9962
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Table 2-22: Linear model for concentration and temperatue dependency of Gd properties.

Equation R2

Temperature Dependence of E*
3 wt% GdCls 7.70x104T - 3.710 0.9972
6 wt% GdCls 7.50x104T - 3.729 0.9999
9 wt% GdCls 7.50x104T - 3.734 0.9868

Concentration Dependence of E*
723K -89.597 [C]-3.186 0.8003
773 K -102.44 [C]-3.134 0.909
823K -95.201 [C]-3.092 0.7972

Temperature Dependence of Dga’*
3 wt% GdCls o.ooz3exp(_4:f45) 0.9986
6 Wt% GdCls 0.0015 exp(_4T783) 0.9939
9 wt% GdCls 0.0010 exp(_5T688) 0.9981
Concentration Dependence of D¢s3*
723K -1.11x102[C] + 6.81x10 0.9781
773K -1.68x102[C] + 1.03x10-> 0.9692
823 K -2.29x102[C] + 1.43x10-5 0.9835
Temperature Dependence of ig

1 wt% GdCl3 5.686x10-5T - 0.0036 0.9681
3 wt% GdCls 2.623x104T -0.1787 0.9144
6 wt% GdCls 5.679x104T - 0.3911 0.9951
9 wt% GdCls 6.946x104T - 0.4576 0.9992

Concentration Dependence of ip
723K 13.284 [C]0-653 0.9890
773 K 43.807 [C]0-753 0.9970
823K 81.648 [C]0-790 0.9940
Temperature Dependence of ko 0.1447 exp(_ 5?69) 0.9779

*C is in mol cm-3
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Table 2-23: Linear model for concentration and temperatue dependency of Nd properties.

Equation R2
Temperature Dependence of E*
for Nd3+/Ndz2+ 3 wt% NdCls 5.20x10+4T -3.511 0.9925
6 wt% NdCls3 7.00x104T - 3.631 0.9829
9 wt% NaCls 6.60x104T -3.563 0.9923
Concentration Dependence of E* for
Nd3+/Ndz2+
723 K 13391 [C] -3.1710 0.9423
773K 129.13 [C] - 3.1407 0.9178
823 K 167.39 [C] - 3.1233 0.9997
Temperature Dependence of E*
for Nd2+/Nd° 3 wt% NdCls 7.00x104T - 3.652 0.9829
6 wt% NdCl3 7.40x104T - 3.649 0.9961
9 wt% NaCls 6.50x104T - 3.561 0.9777
Concentration Dependence of E* for
Ndz2+/Nd°
723 K -131.52 [C] - 3.0643 0.9817
773 K -126.74 [C] - 3.0247 0.9858
823 K -119.57 [C] - 2.9997 0.9173
Temperature Dependence of Dna*
3 wt% NdCls 0.0033exp(_4:f60) 1
6 wt% NdCls 0.0282 exp(_6,(r)65) 0.9842
9 wt% NaCls 0.0033 exp(—>) 0.8755
Temperature Dependence of Dna?*
3 wt?% NdCls 0.0063exp(_4$97) 1
6 wt% NdCls 0.0121 exp(_5$57) 0.9781
9 wt% NaCls 0.0046 exp(—223) 0.9173
Concentration Dependence of Dya#?*
723 K -8.369x103[C] + 1.23x105 0.8928
773 K -6.934x103[C] + 1.78x10-5 0.9542
823K -1.841x102[C] + 2.73%x105 0.9986
*C is in mol cm-3
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2.6. Calculation of RE properties using molecular dynamics simulation

In the present study, activity coefficient, apparent potential, and diffusion coefficient of
lanthanum, yttrium, scandium, and terbium in the molten salt (58 at% LiCl and 42 at% KCl)
were calculated by the method of molecular dynamics simulation up to a concentration
around 3 at% at temperatures of 723 Kand 773 K.

2.6.1. Methodology
The system of LiCl-KCI-RECIs (RE=La, Y, Sc, Tb) can be treated as a homogeneous binary

solution because the composition of LiCl-KCl does not change for all the calculations.
Therefore, the total Gibbs free energy can be expressed by

Grear = N1 (" + RTInx; + RTIny,) + n,(u,° + RTInx,
+ RTlny,)

where u;° and pu,° are the chemical potentials of the pure component 1 and 2, R is the gas
constant, n is mole number, x is mole fraction, y is activity coefficient.

(2-44)

For the ideal solution, the activity coefficient of every component is unit, so the total Gibbs
free energy is simplified into

Gigear = M1 (i7" + RTInx,) + ny(11° + RTInx,) (2-45)
Thus, the excess Gibbs free energy is
Gexcess = Greai — Gigear = M RTIny, + nyRTIny, (2-46)
With respect to the mole number n,, the partial derivative should be
G dln dln
(exeessy = RTIny, + nyRT =22 + n,RT =12

ony on, on, (2-47)

= RTlny,
Hence, the activity coefficient y; can be calculated by excess Gibbs free energy.

For the calculation of self-diffusion coefficient, it is related to the mean squared
displacement (MSD) by [69,70]

1 d
= lim — 2-48
D; = = lim — (MSD) (2-48)
where Dy is the self-diffusion coefficient, t is time. MSD is determined by [70]

MSD = ((p() - Po))———ZZ(Pl(to;+t) Pilto)?  (2:49)

j=0i=
where p(t) is the positon at the time oft and p,is the initial position, N is the atom
number, n; is the time origins number, t, jis the initial timestep at time j. However, what

we need is the chemical diffusion coefficient, also called diffusivity, it can be expressed by
[71]
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diny
= —_ 2-50
De = Ds(1+ dinx ( )

where D, is the chemical diffusion coefficient, y is activity coefficient and x is mole fraction.

As for the simulation details, molecular dynamics simulation and thermodynamic
integration [72] were used in this research. All of our simulations were run with molecular
dynamics software LAMMPS [73,74] using the Born-Mayer-Huggins potential. The
parameters used are given in Ref. [75].

2.6.2. Results

Figure 2-60 shows the calculated activity coefficients of LaCls, YCl3, ScCls, and TbCls in LiCl-
KCI from the simulation. In general, the activity coefficients increase with the increase in
species concentration which is consistent with our experimental findings. However, it
should be mentioned that, compared to the experimental activity coefficient of LaCls, the
model overestimates the value in 1-2 order of magnitude.
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Figure 2-60: Calculated activity coefficient of (a) LaClsz (b) YCl3 (c)ScClsz (d) TbClsz in LiCI-KCl
eutectic.
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Figure 2-61 shows the calculated self diffusion coefficient and chemical diffusion coefficient
of LaCl3, YCI3, ScCl3, and TbClz in LiCl-KCl from the simulation. It seems that the chemical
diffusion coefficients are slightly depend on the concentrations although it increases for
lower concentrations and then decreases slightly when the concentration of RECI3 in
eutectic molten salt is high enough. The interesting result is that there is no big change in
the self-diffusion coefficient with the increase of concentration and it almost keeps stable.
The simulated LaCls diffusion coefficients agree well with the experimental values at lower
concentrations.
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Figure 2-61: Self diffusion coefficient and chemical diffusion coefficient of (a) LaCls (b) YCls
(c)ScCls (d) ThCls in LiCI-KCl eutectic.
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3. Effects of CsCl on fundamental properties

3.1. Experimental system and methods
3.1.1. Salt preparation and handling

Because of the extremely hygroscopic nature of these salts, they must be handled, mixed,
and sampled in a dry atmosphere. Two argon atmosphere glove boxes have been installed
in the University of Utah’s Nuclear PyroMetallurgy Laboratory (NPML) to support these
tests in addition to other studies. A photograph of NPML Glovebox #2 is shown in Figure
3-1. Both glovebox atmospheres are maintained at <1 ppm for both water and oxygen gas.
These gloveboxes were purchased by the University of Utah using startup funding for Prof.
Simpson’s research and were acquired from Innovative Technologies. They feature heat
exchangers and chillers to maintain a safe operating temperature inside of the glove box
while as many as two furnaces are simultaneously operating.

Figure 3-1: Argon atmosphere glove box and high temperature electrochemistry furnace.

To efficiently collect both electrochemical and thermophysical data from each experiment,
the process flow shown in Figure 3-2 was adopted. A key aspect of our experiments is the
study of concentration effects. Development of an efficient method for changing the salt
composition was, thus, an important achievement for the first year of the project. This
methodology will be described later but is represented in Figure 3-2 in the “change salt
composition” box.
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Figure 3-2: Process flow for experimental measurements in section 3.
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Within the glove boxes, salts are weighed and mixed in alumina crucibles, and heated in
Kerr electromelt furnaces. The only time that salts are exposed to outside air atmosphere
is when they are being quickly loaded into the DSC (described in more detail later). A
photograph of a Kerr furnace being used for an electrochemical measurement of molten
salts is shown in Figure 3-3. These furnaces can be heated up to 1120°C and have a heated
zone with a diameter of 5.5 cm and a depth of 10 cm. Salt mixtures contained in alumina
crucibles are heated nominally to 500°C or an alternative temperature as desired to ensure
formation of a homogenous fused salt solution.

Figure 3-3: Kerr electromelt furnace used for melting salts in the NPML gloveboxes.
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3.1.2. Electrochemical measurements

The primary electrochemical measurement made under this task was an open circuit
potential measurement of a La, Gd, Ce, or Nd metal rod versus a reference electrode. This
yields an equilibrium potential for rare earth ion reduction that can be used to calculate
apparent standard potential and activity coefficient using the Nernst Equation.
Configuration for the test cell is shown in Figure 3-4. Options for the reference electrodes
(RE) included a variety of different redox pairs enclosed in a closed-ended tube make of
Pyrex or mullite. NMR tubes were used for the Pyrex option, while the mullite tubes were
purchased from Ceramic Solutions (5 mm OD, 3 mm ID). Three various redox pairs used
for the reference electrodes are described as follows.

For GdCls experiments, the reference electrode used in these experiments was a 70
mol% Gd|GdCls-LiCI-KCI electrode. It was determined that 70 mol%, the GdCls is
super saturated in LiCl-KCI at 500 °C. Hence, a 70 mol% reference electrode has
excess solid GdCls present in the reference electrode. The presence of this solid is
critical to the experimental set-up. The reference electrode was conditioned at 650
°C for a few hours to make a homogenous mixture in the reference electrode. This
conditioned electrode was now used for the experiments.

For CeCls experiments, the reference electrode used in these experiments was a 70.3
mol% Ce|CeCls-LiCl-KCl electrode. Previous tests conducted by us showed that at
70 mol%, the CeCls is super saturated in LiCI-KCI at 500°C. Hence, a 70 mol%
reference electrode has excess sold CeCls present in the reference electrode. The
presence of this solid is critical to the experimental set-up. The reference electrode
was conditioned at 500°C for 24 hours to make a homogenous mixture in the
reference electrode. This conditioned electrode was now used for the experiments.

Ag wire in 5 mol% AgCl in LiCl-KCl contained in either a Pyrex or mullite closed-
ended tube. The other electrode is the working electrode (WE) which consisted of a
stainless steel basket loaded with a La metal rod. The mass of salt in the crucible
was normally 49 grams of LiCl-KCI eutectic. The potential difference between the
RE and WE was measured using an Autolab 302N potentiostat.
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Figure 3-4: Electrochemical test cell configuration.

3.1.3. Salt sampling/addition

The method for sampling the salt is key in order to ensure that a representative
composition is obtained. In our view, allowing the salt to refreeze in the crucible followed
by chipping away solid samples is unacceptable. The slow cooling of the salt can result in
zone refining, as has been previously demonstrated by researchers at KAERI and University
of Idaho. The method used in these tests is to insert an alumina tube into the salt, hold a
finger on the end of the tube protruding from the furnace, extract the tube, and remove the
finger while holding the tube over an aluminum sample pan. This results in the collection
of small droplets of salt that can then be crushed and loaded into a differential scanning
calorimeter (DSC) pan or dissolved in acid for ICP-OES analysis. After running an initial set
of experiments in which the salt was allowed to cool down before adding more LaCls, a
procedure was adopted for making incremental additions of LaCls during the experiment to
allow for multiple OCP measurements and samplings in a single day. We believe this
improved the accuracy of the measurements, since a single RE could be used for a wide
range of salt concentrations. The salt addition procedure was as follows: The desired
quantity of salt was calculated and weighed out an analytical balance inside the glove box.
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The salt was then added using a custom glass funnel with a large stem diameter. The large
stem diameter ensured that none of the salt got stuck to the wall of the funnel stem. After
the addition, the molten salt was stirred to with a thermocouple. Subsequently, the salt
was allowed to stand to ensure that the newly added salt melted and dissolved. It was
generally observed that after about 30 minutes of equilibration time, the La metal electrode
was re-inserted into the molten salt. The system was again allowed to equilibrate for about
15 minutes. Thereafter, the OPC measurements were made.

3.1.4. Differential scanning calorimetry

The key instrument for developing phase diagrams for this task is the differential scanning
calorimeter (DSC). In the NPML, a Q600 TGA/DSC unit from TA Instruments has been
installed and made operational. The Q600 operates simultaneously as a DSC and a
thermogravimetric analyzer (TGA). DSC’s measure heat flow in a sample, while TGA’s
measure change in mass—all while the sample is subjected to a particular temperature
program. This unit is shown in the photograph in Figure 3-5. Initially, the plan was to
install and operate this instrument inside one of the gloveboxes. But it was found that the
power supply repeatedly failed in an inert, dry atmosphere. It is assumed that the issue is
that the electronics are incompatible with the dry atmosphere. Thus, the instrument was
kept outside of the glovebox. The modified procedure is to prepare the samples and load
the DSC pans inside of the glovebox and carefully transfer the samples in sealed vials out of
the box and then load them into the Q600. The Q600 uses an ultra high purity (UHP) Ar gas
as the carrier at nominally 100 ml/min. The samples are only exposed to the laboratory
atmosphere for a few seconds while loading the instrument. This should be sufficiently
short to ensure that there is no pickup of water into the samples. It was shown previously
by researchers at University of Wisconsin that this approach could be reliably used [76].

Figure 3-5: Q600 Simultaneous Thermal Analyzer by TA Instruments
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The samples were heated in disposable aluminum pans. Each test was performed with
about 10 mg of sample. The sample was heated at 10°C/min to 500°C for each run. For
salts, the heating curve should be used to determine the liquidus and solidus temperatures
due to the effect of super cooling [77]. Using such a heating cycle, endothermic peaks
represent transitions from solid to liquid phases. Peak temperatures were determined to
represent the various solid/liquid transitions occurring, and the peaks were integrated to
determine heat of fusion. Instructions provided by TA Instruments were followed for
temperature and heat flow calibrations prior to starting these experiments.

3.1.5. Galvanic drawdown of UCl3 and MgCl: from LiCl-KCl

All of the drawdown experiments were performed inside a glove box (Innovative Technologies)
with an argon atmosphere (<0.1 ppm Oz and <0.1 ppm H20). Reagents used for this work
included eutectic LiCI-KCI (ultra-dry 99.99 %, SAFC Hitech), UCI3z (anhydrous, synthesized in
house), MgCl, (99.99% anhydrous, Alfa Aesar), gadolinium metal rod (6.35 mm OD x 100 mm;
99.9 % ESPI Metals), LaCls (99.99% anhydrous, ultra-dry, Alfa Aesar), NdClz (99.99%
anhydrous, ultra-dry, Alfa Aesar), and CeCls (99.99% anhydrous, ultra-dry, Sigma Aldrich)
Two distinct experimental set-ups were used for this study. The schematic of Experimental
Setup 1 is shown in Figure 3-6. In this experimental setup, a Gd metal rod (6.35 mm OD x 25
mm) was placed inside a perforated stainless steel basket (12 mm OD, 35 mm height). The
stainless steel basket was lined on the inside with a 450 micron stainless steel mesh screen. The
stem of the basket was inserted into a rotating disk electrode rotator (Autolab). This allowed the
Gd/basket assembly to be rotated at a specified rate.

The Experimental Setup 2 that was also used for this study is shown in Figure 3-7. In this
configuration, a Gd rod (6.35 mm OD x 75 mm) was attached to a stainless steel coupler using a
setscrew mechanism. This coupler/Gd assembly was then short circuited (outside the molten
salt) to a stainless steel basket identical to the one used for Experimental Setup 1. Further, the
stem of the stainless steel basket was inserted into an Autolab rotating disk electrode rotator
(Metrohm). This allowed the stainless steel basket to be rotated at a desired RPM. In both of the
experimental configurations, the rotator was mounted on a stand and clamp assembly atop the
furnace (Kerr Electro-melt). The design for Experimental Setup 2 allowed for a reference
electrode to be incorporated into the experimental setup giving access to data on potential of the
rod and basket.

For these studies, a mixture of LiCI-KCI was prepared in a stainless steel crucible (57 mm OD x
86 mm, Lee Valley Tools). In the working electrolyte, the desired analyte species (UClz with
optional inclusion of MgCl», LaCls, NdCls, and CeCls) were introduced. MgCl. can be used as
an electrochemical surrogate for other actinide chlorides, since its standard reduction potential is
relatively close to that of the minor actinides. It is not a perfect surrogate, however, since it
reduces by a 2-electron transfer rather than a 3-electron transfer. Thus, its inclusion in this study
was intended to demonstrate possible behavior of the transuranic actinides during galvanic
reduction. Testing with actual transuranic chlorides is needed to truly elucidate their behavior in
this system. Such testing cannot be performed in our laboratory because of the radiological
properties of the transuranics. LaCls, NdCls, and CeClz were used to represent rare earth fission
product impurities in the salt. Table 1 lists the conditions for all experiments. Rather than using
as weighed concentrations, the initial concentrations of the salts and subsequent concentrations at
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different sampling times were measured via ICP-MS (Agilent Technologies). This salt mixture
was heated to 7735 K in a Kerr electro-melt furnace. The temperature of the molten salt was
confirmed by direct measurement of the salt using RTD thermocouples (Omega). No external
current/potential was applied to drive the electrochemical reactions.

Rotator

Alumina lid

Furnace Lid

Working Crucible
Containment Crucible (Alumina, 40mm OD x 95mm H)

Stainless Steel Basket (12mm O0D x 32mm H)

Gadolinium Rod
m _ LiC-KCHUCL-MaCl, mixture

_— i Graphite Crucible

A
A
* —

A

Figure 3-6: Schematic of the experimental set-ups used for this study (Setup 1)
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Figure 3-7: Schematic of the experimental set-ups used for this study (Setup 2)

Table 3-1: Summary of galvanic reduction experiments performed for this study

Experimental Set-

TestID Salt Mixture up Rotation (RPM) Temperature (K)

G1 LiCl-KCI-UCls Setup 1 100 758

G2 LiCl-KCI-UCls Setup 1 0 758

G5 LiCI-KCI-UCls Setup 2 100 788

G6 LiCl-KCl-MgCl2 Setup 2 100 788

G7 LiCl-KCI-UCls-MgClz ~ Setup 2 100 788
LiCl-KCI-UCls-

G8 MgClz-LaCls-NdCls-  Setup 2 100 788
CeCl3

3.1.6. ICP-OES

ICP-OES was performed on the samples taken from the molten salt system. The samples
were taken using a metal all-thread. When the all-thread is inserted into the molten salt
mixture, the salt freezes on it. Upon withdrawal, this frozen salt can be easily separated
from the all-thread using pliers, giving us salt flakes with a random size distribution. To
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avoid errors associated with sampling and the inevitable segregation during solidification,
all of the sample taken for a particular test was weighed and dissolved in an acidic solution
having the same matrix as the standards used from calibration. After dissolution, the
samples were diluted to make a concentration range of 0-100 ppm for the La
concentration. Standards were prepared to generate a calibration curve for La within the
0-100 ppm concentration range. The dilution was performed using set of Eppendorf
Pipettes (Research Plus). The accuracy of the pipettes was always checked before
commencing dilutions using an analytical balance and ultra-pure water (18.2 M-Ohm). The
ICP was performed on a Spectro Genesis ICP-OES instrument available at the university.
The instrument available is equipped with an auto sampler, which helped with expedited
analysis of the samples. No special treatment for the ICP-OES data was required.

3.2. Effects of CsCl on the electrochemical properties of LaCls, NdCls,
GdCl3, and CeCl3 in LiCl-KCl1

3.2.1. Theory
3.2.1.1. Calculation of activity coefficients

Electrochemical measurements can supplement thermal analysis data for developing phase
diagrams for LiCI-KCI-LaClz-CsCl solutions. Specifically, the calculation of activity coefficients
can be made on the basis of the Nernst equation given below specifically for the La*/La redox
couple in this salt.

Electrochemical measurements can supplement thermal analysis data for developing phase
diagrams for LiCl-KCl-LaCl3-CsCl solutions. Specifically, the calculation of activity
coefficients can be made on the basis of the Nernst equation given below specifically for the
La3*/La redox couple in this salt.
& 0
E =E; +ElngM+ (3-1)
n

eq,La3+/La La3+/La
e a, g

Activity coefficient (gLaCB) is defined as follows:
aLa3+ :gLa3+xLa3+ (3'2)

Standard reduction potential (E7,;, /La) €an be calculated from the standard free energy of
formation of super-cooled LaCls.
_DG?Y

- é;acza (3-3)

0
La3+/La

Note that this standard potential is defined relative to the standard chlorine reference.
Since our experiments use either AgCl/Ag, CeCls/Ce, or GdCl3/Gd reference electrodes, it is
necessary to convert potentials to the Cl-/Clz reference. For the use of AgCl/Ag, conversions
were made using correlations reported by Shirai et. al. [78]. The standard free energy of
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formation values were calculated using HSC Chemistry v7. The results of these calculations
are given in Table 3-2.

Table 3-2: Calculated Standard Free Energy of Formation and Standard Reduction Potential
for LaCls Calculated Using HSC Chemistry v7. Standard potentials are relative to the Cl-/Cl:
electrode.

T (°C) DG;,Laas E°

(kj/mole) La3+/La (\%)]
400 -904.1 -3.123
425 -898.2 -3.103
450 -892.4 -3.083
500 -880.9 -3.043

For electrochemistry measurements of CeCl3 and GdCls3 in LiCl-KCl, special saturated
reference electrodes were used. By using this approach, it is simpler to calculate activity
based on an OCP measurement. Consider the following equation for OCP for GdCls, which
can easily be re-written for CeCls.

0 RT . 0 RT .
E= (EGdCl3 + n_Fln(aCtlth)GdCB)WE - (EGdClB + n_Fln(aCtlmty)GdCB)RE (3-4)

In the reference electrode, since solid GdCl3 is in equilibrium with liquid GdCls, their
chemical potentials are equal. Hence, in the above equation, for the reference electrode
term, E2 ;13 is equal to the standard potential of the solid GdCls present. Now we can
choose the standard state in the WE term to be the solid GdCls. Additionally, the
(activity)cdcis term in the RE is equal to 1 (since it is measured versus a solid). Hence, re-
writing the above equation, we get equation (3-5).

RT
E = (—ln(activity)cdag) (3-5)
nF WE

Hence, using our experimental set-up we are able to measure the activity of the GdCls in the
working electrode. However, the standard state relative to which the activity is measured
is the solid GdCls standard state. To have a meaningful determination of the activity
coefficient, we need to convert from the solid standard state to liquid standard state using
Gibbs free energy of fusion of GdCls. Hence the final governing equation for our
experimental set-up is as follows:

AGFusion

nF (3-6)

RT o
E = (n—Fln(actlvlty)GdCB)WE
Equation (3-6) is the equation used to calculate the activity coefficient of the GdCls present
in the molten LiCI-KCl salt. We measure the E in our experiments as the OCP. This can be
directly related back to the activity and activity coefficient. The Gibbs free energy of fusion
of the GdCls (at 773 K) was calculated to be 4.532 k]/mole. This translated into 0.0156 V.
For CeCls (at 773 K), the Gibb'’s free energy of fusion is 13.478 k] /mole.
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3.2.1.2. Galvanic drawdown of actinides

As presented elsewhere in this report, equilibrium potentials were measured for LaCls/La,
CeCl3/Ce, NdCl3/Nd, and GdCl3/Gd in eutectic LiCl-KCl. The measured equilibrium
potentials of the metals relative to a reference electrode were used to calculate apparent
potentials (E") versus a standard Cl-/Clz potential, activity, and activity coefficient at
concentrations ranging up to 4 mol % in eutectic LiCl-KCI [79,80]. The data indicated that
the equilibrium potentials were more negative than those of the actinide chlorides over a
wide range of rare earth chloride concentrations. The implication is that the natural
potentials formed by rare earth metals in contact with molten LiCl-KCl contaminated with
fission products and actinides could be used to reduce the actinides to metals and separate
them from the salt. This could form the basis for a useful process to cleanup electrorefiner
salt before it is disposed. Actinides could be recycled to the electrorefiner, and the waste
salt could be rid of long-lived actinide isotopes that pose both radiological hard and
proliferation risk. Hypothetically, a galvanic coupling of a rare earth metal with an
electrochemically noble metal such as stainless steel could be used to drive reduction of the
actinides onto the noble metal. A mixed potential effect occurs as shown in the diagram in
Figure 3-8.

The Gd rod and stainless steel basket are at the corrosion potential (Ecorr), which is more
cathodic than the equilibrium U3*/U potential and more anodic than the Gd3*/Gd potential.
This should drive reduction of UCIs to U on the stainless steel basket and oxidation of Gd
metal to form GdCls in the molten salt. The overpotentials cause the corresponding half cell
reactions as per the Butler-Volmer equation. Gd metal is an ideal choice for reducing metal,
since its equilibrium potential is more positive than that of the other rare earth chlorides
(NdClIs, LaCls, and CeCls) over the range of concentrations tested [81]. This should mini-
mize or eliminate co-reduction of other rare earth metals during the process. Other rare
earths should be considered in future expanded studies, including Y which has been
demonstrated to also be effective at reducing UCl3[82].
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Figure 3-8: Schematic of the Butler-Volmer reactions for the U/Gd galvanic couple

The Gd rod and stainless steel basket are at the corrosion potential (Ecorr), which is more
cathodic than the equilibrium U3*/U potential and more anodic than the Gd3*/Gd potential.
This should drive reduction of UCI3 to U on the stainless steel basket and oxidation of Gd
metal to form GdCls in the molten salt. The overpotentials cause the corresponding half cell
reactions as per the Butler-Volmer equation. Gd metal is an ideal choice for reducing metal,
since its equilibrium potential is more positive than that of the other rare earth chlorides
(NdCls, LaCls, and CeCls3) over the range of concentrations tested [81]. This should minimize
or eliminate co-reduction of other rare earth metals during the process. Other rare earths
should be considered in future expanded studies, including Y which has been demonstrated
to also be effective at reducing UCl3 [82].

3.2.2. Electrochemistry of LiCl-KCl-LaCl3 and LiCl-KCl-LaCl3-CsCl

The first set of electrochemical measurements with LiCl-KCl-LaCl3s (Test 2-7) were
performed without any added CsCl. For each test, the LaCls concentration was constant,
while OCP measurements were made at four temperatures ranging from 400 to 500°C. The
OCP values are equivalent to the equilibrium potential, Eeq, as defined above via the Nernst
Equation. The Eeq values are tabulated in Table 3-3 in addition to an apparent standard
potential, E 43, /.4, that is defined via the following modification to the Nernst Equation.

" RT
Eeq :ELa3+/La +§|n(xLaCl3) (3-7)
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Table 3-3: Measured equilibrium reduction potential data for La®*/La in LiCI-KClI relative to the
CI'/Cl; reference potential. There was no CsCl added to the salt for these tests.

Wt %

Test T=400°C T=425°C T=450°C T=500°C
LaCls
Eeq E* Eeq E* Eeq E* Eeq E

2 1.60 -3.250 -3.142 -3.237 -3.125 -3.223 -3.107 -3.195 -3.071
3 3.51 -3.236 -3.143 -3.222 -3.126 -3.212 -3.112 -3.181 -3.075
4 5.62 -3.219 -3.135 -3.208 -3.121 -3.191 -3.101 -3.158 -3.062
5 6.70 -3.217 -3.138 -3.201 -3.119 -3.190 -3.105 -3.158 -3.067
7 10.07 -3.215 -3.144 -3.202 -3.128 -3.186 -3.109 -3.158 -3.076
Zhang [17] -3.164 -3.149 -3.134 -3.103

*All Potentials vs. CI7/Cl, electrode.

The apparent standard potentials listed in the bottom row were calculated from the
following correlation reported in a paper by Zhang [17].

Eoz4/0a(V) = —=3.575 + 6.1 X 107*T(K) (3-8)

The calculation of activity coefficients from EMF cell measurements is an exponential
mathematical relationship. Even a small error in the measurements of the open circuit
potentials will not only propagate through the calculations but gets magnified as we go
through our calculations. Hence we decided to curve fit (smooth) the open circuit
measurements at this initial stage using a suitable mathematical model to prevent the
further propagation and magnification of these errors. This data was modeled in Matlab.
The open circuit potential measurements were fitted to a model of the form shown in
equation below.

y = aeP* + ce™ (3-9)

OCP data collected using LiCl-KCI with varying concentrations of LaCls is tabulated in Table
3-4, and the OCP data is plotted in

Figure 3-9 with a fit based on the above equation.
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Table 3-4: Results of open circuit potential measurements for La metal in contact with LiCI-KClI-
LaCls at T=500°C. Potentials have been corrected to be versus the CI'/Cl. reference electrode.
Concentrations are based on concentration as determined by ICP-OES

T W% Molese  OCPvales GBI acviy
Potential Coefficient(y)
MX-8-2  017%  0.04% -3.301 -3.127 Lepbze
MX-8-3 0.27% 0.06% -3.293 -3.128 0.00275
MX-8-4  0.41% 0.09% -3.281 -3.127 00259
MX-85  0.84% 0.19% -3.257 -3.118 0.00442
MX-8-6 1.20% 0.27% -3.243 -3.112 0.0057
MX-8-7  1.85% 0.43% -3.228 -3.107 0.00712
MX-8-8  2.48% 0.57% -3.221 -3.106 0.00733
MX-8-9 3.11% 0.72% -3.217 -3.107 0.00705
MX-8-10  5.48% 1.30% -3.210 -3.114 0.0053
MX-8-11  8.97% 2.19% -3.204 -3.119 0.00418
MX-8-12  9.82% 2.42% -3.202 -3.120 0.00407
MX-8-13  10.64%  2.64% -3.201 -3.120 0.00393
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Figure 3-9: The Matlab fit for the OCP data.

A comparison between the measured values and modeled values showed that the average
divergence between the model and experimental values was observed to be about 2 mV
with a standard deviation of 1.4 mV. Such small errors are well within the realm of
experimental error associated with physical measurements.

Figure 3-9 shows the experimental values of OCP plotted along with the model fit. The
goodness of fit for the model and the actual data was greater than R?=0.99. For all further
calculations, the values obtained from the model were used.

Using the values obtained, we can calculate the apparent reduction potential and activity
coefficients of dissolved La(Ill) in the molten salt. Figure 3-10 shows a plot of the apparent
reduction potential plotted as a function of concentration. It can be observed that the value
of the reduction potential is not a constant value as previously assumed and is indeed a
function of concentration. The value of E* initially increases (becomes more positive)
reaching its most positive value at about 0.55 mole % La. It then proceeds to decrease
(becomes more negative) and beginning to taper off at higher concentrations to a constant
value. Within the concentration range tested, it is observed that the electrochemical
potential for the reduction of La(III) to La(0) varies by about 25 mV.
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Figure 3-10: Apparent Reduction Potential of La(lll)/La(0) plotted as a function of LaCls

concentration.

The activity coefficient of La(IIl), y;,3+ can now be calculated for each LaCls concentration
at which the open circuit measurement was performed. The standard state used for such
calculations was the "Pure Supercooled Liquid Standard State.” Figure 3-11 shows the plot
of y.43+ as a function of LaCls concentration. We can see that the activity coefficient (y;3+)
of La(Ill) varies with concentration, initially increasing and subsequently decreasing, a
function that is similar to the variation of apparent potential. Previously in literature, the
value of y; 4,3+ is assumed to be independent of concentration. This data clearly show that the
activity coefficient is a function of concentration of LaCls. The free energy of the pure
supercooled liquid standard state used for our calculations is 867.628 kJ/mole. This
corresponds to a E° value of -2.997 V. This value is for 773 K only.
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Figure 3-11: Activity Coefficient of La(l11) plotted as a function of LaCls concentration.

The effect of CsCl was studied at two concentrations. The two tests had an average
concentration of CsCl of 0.69 mole % (Standard Deviation: 0.04 mole %) and 1.40 mole %
(Standard Deviation: 0.04 mole %) CsCl. We followed the same methodology for analysis
as was used in the analysis of the previous section. Initially the OCP values were fitted to a
model. The average difference between the experimentally measured values and modeled
values was again found to be less than 2 mV. The actual data for the two tests is presented
in Tables 3-5 and 3-6.
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Table 3-5: Results of open circuit potential measurements for La metal in contact with LiCI-KClI-
LaCls at T=500°C. Potentials have been corrected to be versus the CI'/Cl. reference electrode.
Concentrations are based on concentration as determined by ICP-OES. Average CsCl
concentration for this test is 0.69 mole % CsCl

Apparent

TetiD Ty aon Cedy Sanrd )
Test 11-03 0.14% 0.03% -3.297 -3.118 0.00441
Test 11-04 0.22% 0.05% -3.291 -3.122 0.00369
Test 11-05 0.39% 0.09% -3.279 -3.123 0.00348
Test 11-06 0.58% 0.13% -3.268 -3.122 0.00374
Test 11-07 0.80% 0.19% -3.259 -3.119 0.0042
Test 11-08 1.26% 0.29% -3.245 -3.115 0.00499
Test 11-09 2.17% 0.51% -3.230 -3.113 0.00543
Test 11-10 3.76% 0.89% -3.220 -3.116 0.0049
Test 11-11 5.47% 1.32% -3.213 -3.117 0.00454
Test 11-12 7.88% 1.94% -3.204 -3.117 0.00469
Test 11-13 8.45% 2.09% -3.202 -3.116 0.00481
Test 11-14 10.82% 2.73% -3.192 -3.112 0.00564

Table 3-6: Results of open circuit potential measurements for La metal in contact with LiCI-KCI-
LaCls at T=500°C. Potentials have been corrected to be versus the CI'/Cl. reference electrode.
Concentrations are based on concentration as determined by ICP-MS. Average CsCl
concentration for this test is 1.40 mole % CsCl

Test ID Vli’;'col/;’ '\f_‘z'gg" O((:ric}éi'lges é&%ﬁ; Activity
Potential” Coefficient(y)

MX 14-01 0.75% 0.18% -3.257 -3.116 0.00476
MX 14-02 1.06% 0.25% -3.251 -3.118 0.00443
MX 14-03 1.03% 0.24% -3.251 -3.118 0.00444
MX 14-04 1.37% 0.32% -3.245 -3.118 0.00443
MX 14-05 1.77% 0.42% -3.238 -3.117 0.00468
MX 14-06 2.82% 0.67% -3.222 -3.111 0.00593
MX 14-07 4.92% 1.20% -3.200 -3.102 0.00922
MX 14-08 6.42% 1.58% -3.190 -3.098 0.01096
MX 14-09 7.56% 1.88% -3.185 -3.097 0.0115
MX 14-10 9.57% 2.42% -3.181 -3.098 0.01072
MX 14-11 11.91% 3.07% -3.182 -3.104 0.00807
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Figure 3-12 shows a plot of the values of open circuit potential values for tests with three
concentrations of CsCl; 0, 0.69 and 1.40 mole % CsCl as a function of LaCl3z concentration. It
can be observed that there is not much difference between the open circuit potentials for
La/La(IIl) for the tests with the two lowest concentrations of CsCl i.e., 0 and 0.69 mole %.
However, the equilibrium potentials for the species of interest (i.e., La/La(Ill)) shows a
notable positive deviation in the presence of 1.40 mole % CsCl. This is only true at higher
concentrations of LaCls. Atlow concentrations of LaCls, the equilibrium potentials for all of
the three tests seem to be fairly similar. An additional key observation that can be made
here is that, for the test with 0.69 % CsCl, we do see the OCP become more positive than the
test with no CsCl present at higher LaCls concentrations.
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-3.15 - ® 0.69 mole % CsCl
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Figure 3-12: OCP (model) values plotted as a function of LaCls concentration at three
concentrations of CsCl; 0, 0.69 and 1.40 mole % CsCI.

Figure 3-13 shows the plot of apparent reduction potential as a function of LaCls
concentrations, for three distinct concentrations of 0, 0.69 and 1.40 mole %. CsCl. From the
figure, we can observe that the nature of the graphs for all of the three tests are similar. All
the three tests demonstrate that the apparent potential does indeed follow function pseudo
Gaussian function, with a maximum at some concentration followed by a decline. The
presence of the CsCl does indeed seem to have an effect on the apparent reduction
potential of La(IlI). However 0.69 mole % Cs does not seem to have a substantial impact on
the apparent potential. However, the presence of 1.40 mole % Cs does seem to move the
curve to the right and make the apparent reduction potential of the La(Ill) more positive.
An additional observation is that, both without any CsCl and with the presence of 0.69 mole
% CsCl, the apparent reduction potential for La(III) reaches its most positive value at about

NEUP-14-6489 100 of 162 Final Report



0.55 mole % LaCls. Similar behavior is observed for the activity coefficients of La(Ill) as
shown in Figure 3-14.
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Figure 3-13: Apparent reduction potential for La(ll1)/La(0) plotted as a function of LaCls
concentration at three concentrations of CsCl; 0, 0.69 and 1.40 mole % CsClI.
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Figure 3-14: Activity Coefficient of La(lll) plotted as a function of LaClz concentration at three

concentrations of CsCl; 0, 0.69 and 1.40 mole % CsClI.

3.2.3. Electrochemistry of LiCl-KCI-NdCl3
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Testing with the NdCl3 system proved to be very challenging. We initially tried to use a
saturated NdCls3/Nd reference electrode. However, it was impossible to obtain stable and
reproducible potentials during any of these tests. In some cases, midway during the
attempted testing, the reference electrode casing of either mulite or pyrex broke, bringing a
premature end to the tests. A literature survey reported that the Nd(II) species present is
very unstable and has a propensity to corrode SiO2 (which is present in both pyrex and
mulite) to form NdOCI species. The redox equilibrium reaction of Nd(III) + Nd = Nd(II) is
likely shifted to the right, since there is an excess amount of Nd metal present in the
reference electrode. Hence, it is possible that the reference does not reach equilibrium.
This may be the reason for the potentials being continuously unstable during testing.

After repeated failed attempts were made to use the Nd-NdCls-LiCI-KCl reference electrode,
tests were conducted using a 5 mole % Ag/AgCl reference electrode encased in a mullite
tube. During this test, the potentials observed were extremely stable.

The challenge of knowing the relative amounts of species in the two oxidation states (+2
and +3) still remains. After NdCls is dissolved into the molten salt mixture, it can undergo
redox reactions to form a mixture of Nd(II) and Nd(III) species. Hence, it cannot be
assumed that all of the added NdCls is present as Nd(III). Since a piece of Nd metal is in the
salt, there is a pathway to forming Nd(II). Determining the oxidation state in the molten salt
can be done with only a few techniques (UV-Vis, Raman Spectroscopy), but they are rarely
available in systems that feature high temperature, inert atmosphere cells. It is thus
impossible to determine exact mole fraction of the NdCls species in the molten salt mixture.
Without availability of such information, it is at this point only possible to determine the
activity and not activity coefficient of NdCls in the molten salt, as activity can be inferred
from equilibrium potential using the Nernst equation as follows.

nF o
a=exp|or (Eeq — E°) (3-10)
Figure 3-15 shows the results OCP vs. log of the mole fraction of NdCls added into the
molten salt mixture measured versus a 5 mole % Ag/AgCl reference electrode. Using these
measurements, the activity of the NdCls in the molten salt species can be determined and is
shown in Figure 3-16. The Raoultian standard reduction potential for Nd(III)/Nd reduction
was calculated to be -2.909 vs. Cl-/Cl2 electrode. Figure 3-16 shows the comparison for the
ideal and real activity of NdCls in the molten salts. It can be observed that the real activity

deviates significantly for ideal behavior. The raw data for the experiments is presented in
Table 3-7.
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Figure 3-15: OCP plotted as a function of log(NdCl3) added to the eutectic LiCl-KCl at 773 K.
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Table 3-7: Results from Electrochemical Testing. Concentrations are based on concentration

as-weighed.
Test ID r;t(lzlg% LMa‘gles % ocp Values Real Activity
18-Nd-01 017% 0.04%  -3.241 3.24x107
18-Nd-02 051% 0.11%  -3.223 7.28 X107
18-Nd-03 0.82% 0.18%  -3.214 1.09 x10-6
18-Nd-04 133% 030%  -3.203 1.79 x106
18-Nd-05 207% 0.46%  -3.195 2.57 x10-6
18-Nd-06 326% 0.72%  -3.187 3.68 x10-6
18-Nd-07 448% 099%  -3.182 4.61 x10-
18-Nd-08 6.55% 144%  -3.174 6.61 x10-6
18-Nd-09 9.30% 2.03%  -3.166 9.48 x10-6

3.2.4. Electrochemistry of LiCl-KCl-CeCl3 and LiCl-KCl-CeCl3-CsCl

Figure 3-17 shows a graph of OCP versus mole fraction of CeCl3 in LiCl-KCl. In Figure 3-17,
OCP(LSS) =(measured E + AGF). It can be seen that the OCP shows a pseudo - logarithmic
relationship. From the OCP, the activity can be calculated as shown in equation (3-6). This
has been shown in Figure 18. As it can be seen from Figure 3-18, the activity of the CeCls
deviates significantly from the ideal behavior. Finally, knowing the activity and the mole
fraction, the activity coefficient can be calculated. This has been plotted as a function mole
% CeCl3 and shown in Figure 3-19. It can be observed from Figure 3-19 that the activity
coefficient increases almost linearly with concentration. Table 3-8 gives all of the results
for OCP testing with LiCl-KCI-CeCls.
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Figure 3-17: OCP vs. mole fraction of CeCls.
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Figure 3-18: Activity of CeCls as a function of mole percent CeCl3
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Figure 3-19: Activity coefficient of CeCls as a function of mole percent CeCl3

Table 3-8: Results from Electrochemical Testing with LiCI-KCI-CeCls. Concentrations are
based on concentration as-weighed.

Test ID ?e"gi % ocp (Lss) Real Activity 2;2f¥:zi’ent
25-Ce-1 0.01% 20.358 9.86x10 7.19x10+
25-Ce-2 0.04% -0.331 3.30x107 8.59 x10-+
25-Ce-3 0.08% -0.314 7.21x107 9.42 x10-4
25-Ce-4 0.14% -0.298 1.47x10 0.00102
25-Ce-5 0.21% -0.289 2.21x10 0.00106
25-Ce-6 0.36% -0.275 4.14x10- 0.00114
25-Ce-7 0.75% -0.256 9.73x10-6 0.0013
25-Ce-8 1.36% -0.239 2.08x10 0.00153
25-Ce-9 2.11% -0.225 3.84x10 0.00182
25-Ce-10 2.99% -0.214 6.51x10- 0.00218
25-Ce-11 3.83% -0.205 9.77x10° 0.00255
25-Ce-12 4.66% -0.197 1.37x10- 0.00295

To evaluate the effect of CsCl on the activity of CeCls, a similar approach to the GdCls
mixture was adopted. The concentration of CeCls was kept constant at 4.66 mol % CeCls,
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and CsCl was progressively added to a concentration of 1.92 mol % while the OCP was
measured. It is observed as shown in Figure 3-20 that the OCP remains unchanged, which
means that the activity/activity coefficient is also almost unchanged as well.

-0.200
-0.198 —
-0.196 —
-0.194—-
-0.192 —
-0.190—-

-0.188

OCP . (V)

-0.186
-0.184 +

-0.182

-0.180

T T T T T T T T T
0.000 0.005 0.010 0.015 0.020
Mole Fraction CsCl

Figure 3-20: OCP of Ce/CeCls for as a function of CsCl concentrations at a fixed concentration
of 4.66 mol % CeCls.

3.2.5. Electrochemistry of LiCl-KCl-GdCl3 and LiCl-KCI-GdCls-CsCl

Results of OCP measurements in LiCl-KCI-GdCls are tabulated in Table 3-9. Figure 3-21
shows a graph of OCP versus mole fraction of GdCls in LiCl-KCl. In Figure 3-21, OCP(LSS)
=(measured E + AGr). It can be seen that the OCP shows a pseudo - logarithmic
relationship. From the OCP, the activity can be calculated as shown in equation (3-6). This
has been shown in Figure 3-22. As it can be seen from Figure 3-22, the activity of the GdCl3
deviates significantly from the ideal behavior. Finally, knowing the activity and the mole
fraction, the activity coefficient can be calculated. This has been plotted as a function mole
% GdCl3 and shown in Figure 3-23. It can be observed from Figure 3-23 that initially, the
activity coefficient decreases with concentration, reaching an almost constant value of 5 x
10-5. Around 2 mol % GdCls, the activity coefficient again begins increasing. This graph
demonstrates concentration dependence for the activity coefficient over a range of
concentrations of 0 to 4.5 mol%. In the range of 0.5 to 2.5 mol%, the activity coefficient is
constant. These results show why other researchers have mistakenly assumed dilute
solution activity coefficients to be constant. If the standard state is defined as the pure
solute, there is no fixed relationship between concentration and activity coefficient near
the infinite dilution condition.
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Figure 3-21: OCP vs. mole fraction of GdCls.
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Figure 3-22: Activity of GdClI3 as a function of mole percent GdCl3
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Figure 3-23: Activity coefficient of GdCls as a function of mole percent GdCls in LiCI-KCl at 773
K

The sensitivity of the activity coefficient calculation to the selection of standard state is
shown in Figure 3-24. While Figure 3-23 uses the liquid standard state only, Figure 3-24
shows the activity coefficient versus concentration for both the liquid and solid standard
state assumptions.
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Figure 3-24: Activity coefficient of GACls as a function of mole percent GdCls in LiCI-KCl at 773
K using two different standard states.
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Table 3-9: Results from Electrochemical Testing of LiCl-KCI-GdCls at 773 K. Concentrations
are based on concentration as-weighed.

Test ID “G“(;’éi % ocp (Lss) Real Activity ‘éng‘gg’em
18-Gd-1 0.00%  -0.373 5.14E-08 1.22E-02
18-Gd-2 0.02%  -0.371 5.62E-08 3.66E-04
18-Gd-3 0.04%  -0.367 6.73E-08 1.57E-04
18-Gd-4 0.05%  -0.363 8.06E-08 1.68E-04
18-Gd-5 0.14%  -0.356 1.10E-07 7.62E-05
18-Gd-6 032%  -0.346 1.73E-07 5.42E-05
18-Gd-7 0.62%  -0.335 2.84E-07 4.56E-05
18-Gd-8 1.03%  -0.320 5.59E-07 5.42E-05
18-Gd-9 141%  -0.314 7.32E-07 5.18E-05
18-Gd-10 1.84%  -0.302 1.26E-06 6.84E-05
18-Gd-11 2.34%  -0.300 1.38E-06 5.87E-05
18-Gd-12 3.12%  -0.283 2.96E-06 9.49E-05
18-Gd-13 437%  -0.265 6.66E-06 1.52E-04

Additional tests were conducted to evaluate the effect of presence of CsCl on the activity of
GdCls. Two series of tests were run. In one set, the CsCl concentration was fixed at 0.7
mol%, and the GdCl3 concentration varied up to 5 mol%. A plot comparing the OCP with 0
versus 0.7 mol% CsCl is shown in Figure 3-25 below. This appears to show no effect of CsCl
at this concentration level on the measured OCP. In the other set of tests, the concentration
of GdCls was maintained constant at 4.29 mole % and the CsCl was treated as an
independent variable and increased from 0.7 to 3.5 mol%. It does appear that increasing
CsCl concentration above 0.7 mol% decreases the activity coefficient of GdCls. The OCP
effect is shown in Figure 26, and the activity coefficient effect is shown in Figure 3-27. All
of the data collected in mixtures containing CsCl are included in Table 3-10.
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Figure 3-25: Open circuit potential for the Gd/GdCls system in LiCI-KCl as a function of mole
fraction for two concentrations of CsCl at 773 K.
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Figure 3-26: OCP of Gd/GdCls for as a function of CsCl concentrations at a fixed concentration
of 4.29 mol % GdClz at 773 K.
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Figure 3-27: Activity coefficient of GdCls for as a function of CsCl concentrations at a fixed
concentration of 4.29 mol % GdCls.

Table 3-10: Results from Electrochemical Testing with LiCI-KCI-GdCl3-CsCl. Concentrations
are based on concentration as-weighed.

Test ID 2“5’(';?3 % Mole%CsCl  OCP (LSS) Real Activity é\f)te‘f‘gg’ent
20Gd-02 0.03%  0.70% -0.392 2.18x108 7.25x10°
20Gd-03 0.06%  0.70% -0.377 4.29x10°8 6.82x10°5
20Gd-04 011%  0.70% -0.371 5.62x108 5.19x10
20Gd-05 0.17%  0.70% -0.363 8.06x108 4.75x10°5
20Gd-06 031%  0.70% -0.355 1.16x107 3.76x10°
20Gd-07 0.66%  0.70% -0.339 2.38x107 3.60x10°
20Gd-08 115%  0.70% -0.319 5.85x107 5.07x10
20Gd-09 1.66%  0.69% -0.310 8.77x107 5.30x10°
20Gd-10 223%  0.69% -0.302 1.26x10 5.64x10°
20Gd-11 2.92%  0.68% -0.287 2.47x106 8.46x10°5
20Gd-12 3.72%  0.68% -0.277 3.88x106 1.04x10+4
20Gd-13 429%  0.67% -0.266 6.36x106 1.48x10+
20Gd-14 429%  1.31% -0.273 4.64x10 1.08x10+
20Gd-15 429%  1.92% -0.276 4.06x10 9.45x104
20Gd-16 430%  2.59% -0.279 3.54x106 8.25x10°
20Gd-17 429%  3.53% -0.282 3.10x106 7.21x10°
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3.2.6. Mixed potential testing

This test was performed to examine the influence of using a stainless steel basket to hold
the rare earth metal during open circuit potential measurements. It was originally assumed
that the presence of the stainless steel basket would not influence the open circuit potential
measurement value. This is based on that fact that stainless steel is more noble than cerium
in LiCl-KCl. An experiment was conducted to verify this assumption. For this test, a two
electrode electrochemical cell was set-up where the working electrode was a Ce metal rod
inserted in a stainless steel basket identical to the one used for this whole project. The
counter electrode was a Ce metal wire directly inserted in the molten salt bath which was a
mixture of LiCl-KCI-CeCls. If the stainless steel basket, indeed, causes no mixed potential,
the potential difference between Ce/stainless steel and Ce should be zero. The measured
potential difference was 2 mV. This value represents less than 1 percent error of the actual
measured OCP values for the Ce study presented in this paper and is well within the
acceptable realm of errors associated with experimental measurements.

3.2.7. Galvanic drawdown of UCl3 and MgCl:

In the preliminary short communication [83], data was presented that demonstrated the
use of a galvanic couple of stainless steel with Gd metal to reduce or "drawdown” UCl3 and
MgCl2 from eutectic LiCl-KCI. In the reported test, the salt composition changed from 1.39
mol % UCI3 and 0.83 mol % MgCl2 to 0.12 mol% UCIs (at 1 hour) and 0.09 mol % MgCl: at
the end of three hours. Using an experimental setup identical to the one used in the
previous study, the primary motivation of additional experiments was to demonstrate that
this separation process could further reduce UCl3 concentrations below 0.01 mol % (100
ppm on molar basis). This objective could be accomplished using a two-step process in
which the majority of the U is reduced onto a first basket, and then a second basket acts as
a polishing step to clean the salt to the desired level of purity. Hence in the first test for this
study (Test G1), the starting composition was 0.19 mol % UCls (no MgClz present).

The results of this test are shown in Figure 3-28. It can be observed from Figure 28 that the
concentration of UCl3 decreased to 0.0193 mol % (193 ppm on molar basis) in about 20
minutes, subsequently oscillating. During oscillation in concentration, the low value of UCl3
concentration in the salt was 0.0074 mol % (74 ppm on molar basis), which does meet the
target concentration in the molten salt. The reason for the oscillation in UCI3 concentration
is not currently understood. It may be a result of the Gd metal becoming covered by U
metal, leading to U metal corrosion, followed by further galvanic reduction. But the Gd
concentration in the salt did not oscillate, possibly implicating that the variation of U
concentration is entirely due to analysis error. Measurements of the potential of the
galvanic couple would have been useful to better understand the cause of the oscillating
concentration, but the Experimental Setup 1 did not allow for inclusion of a reference
electrode. This effect was the motivation to develop an alternative cell configuration in
which the Gd metal was physically separated from the stainless steel basket but still in
electric contact. In the previous publication [83], it was verified that the metal deposited on
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the basket was indeed U metal using both XRD analysis and using a Geiger Counter (since U
was the only radioactive substance in the set-up). For the tests reported in this study,
presence of U metal on the basket was verified using only a Geiger Counter.
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Figure 3-28: Test G1: mole fraction of UCI3 and GdCls plotted as a function of time.
Experimental Conditions: T = 758 K, Rotation = 100 rpm

A second test (G2) was performed using Experimental Setup 1 to investigate the
importance of rotation in this process. In Test G2, the basket was held stationery (RPM = 0).
It was observed that though the extraction process did occur, the process was extremely
slow. At the end of 150 minutes, there was found to be a significant concentration of UCl3
present based on the light purple color of the salt. Pure LiCl-KClI is white, while UCl3 is a
dark purple. As a comparison, at the end of 30 minutes in Test G1, the molten salt sample
was completely white.

To prevent blockage of access to the Gd metal, the experimental configuration was
redesigned as shown in Figure 3-7. Experimental Setup 2 uses the Gd as an anode and the
stainless steel basket as a cathode. In theory, separating the two metals physically should
prevent passivation or blockage of access to the Gd metal. In this new set-up, the Gd metal
was held stationery (RPM = 0), while the stainless steel basket was rotated. Additionally, in
this new experimental setup, a 5 mol % Ag/AgCl reference electrode was also incorporated.
This facilitated measurement of the potential of the Gd and stainless steel basket (which
were electrically shorted to each other) during each experiment.

Using this new setup (Experimental Setup 2), Test G5 was performed with a LiCl-KCI-UCl3
mixture. In this test, the open circuit potential (OCP) of the Gd and basket versus the
reference electrode was also recorded. The results of Test G5 are shown in Figure 3-29. It
can be observed from Figure 3-29 that as soon as the rotation is commenced at t = 0, there
is a precipitous decline in the UCl3 concentration. Within 30 minutes of the test starting, the
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concentration of the UCl3 in the molten salt reaches 25 ppm (molar basis). At 45 minutes,
the concentration of UCI3 is below 1 ppm (molar basis). Beyond that, the UCI3 concentration
continues to trend downwards.

In the last two samples, the uranium concentration was below the detection limit of the
ICP-MS instrument of 0.002 mg/L uranium. That translates into an UCls concentration of
<0.4 ppm (molar basis) in the molten salt. The GdCls concentration also tracks well with the
UCIs data. Most of the GdCls is introduced into the molten salt solution during the initial 30-
45 minutes. After that, the GdCls concentration changes very little, similar to the UCI3
concentration. It does seem that the final GdCls concentration is slightly higher than the
starting UCl3 concentration. The reason for that is not clear. From the reaction, it is
anticipated that one mole of GdCls will be generated for one mole of UCI3 reduction. This
asymmetry in the GdCls and UCl3 concentrations may be a result of some non-
stoichiometry reactions and/or presence of some impurities.

The open circuit potential data tracks well with the UCl3 concentration data. The OCP starts
of at a fairly positive value of about -2.6 V vs. Cl-/Clz and becomes more negative as the
uranium is removed from the salt. In fact, in the region where most of the U metal is
removed, the OCP drops rapidly. As the U concentration tapers off, the OCP also flat lines.
This indicates that OCP measurements can be used to determine when the reaction has
gone to completion. They can also be used to monitor the actinide content of the salt for
process control or safeguards purposes. The kinetics of the U deposition reaction is
extremely fast, as observed from this data. 98.5 % of the UCl3 is removed from the salt in 30
minutes, and 99.94 % of the uranium is removed in 45 minutes as seen in Table 3-11. From
the results of Test G5, it is clear that the Experimental Setup 2 is more efficient at removing
UCIs from the molten salts than the original setup. Physically separating the reducing metal
from the basket improves the maximum extent of reduction.
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Figure 3-29: Test G5: mole fraction of UCIs and GdCls plotted as a function of time (Y1). Open
circuit potential (vs. Cl-/Clz) plotted as a function of time (Y2). Experimental Conditions: T =
788 K, Rotation = 100 rpm
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Table 3-11: Concentration of UCIs in LiCl-KCI Eutectic Salt for Test G5

Time Elapsed (minutes) UCI; Concentration (molar ppm) % Removed
0 1685.08 0%

15 728.86 56.74%

30 25.19 98.50%

45 0.93 99.94%

60 7.25 99.56%

75 1.53 99.90%

90 1.27 99.92%

105 <0.4 <99.97%
120 <0.4 <99.97%

The next test (Test G6) that was performed was with the LiCl-KCl-MgClz system with no
UCl3 present. MgClz has been shown to be an effective electrochemical surrogate for PuCls
in LiCl-KCl eutectic salt. The results for Test G6 are shown in Figure 3-30. This test was run
for about 160 minutes. At the end of that time, 137 ppm (molar basis) of MgClz remained in
the salt. This represented a removal of 96.81 % MgClz. It appears that the extraction
process for MgClz is much slower than that for UCls extraction, which is probably an
electrode reaction kinetics effect. Mass transfer is fast due to the rotation of the basket, so
electrode reaction kinetics may be dominating. The lower reduction potential for MgCl2
compared to UCl3 translates to a lower overpotential for reduction. In Test G6 again, the
correlation between OCP and concentration of MgClz is excellent. The GdCls concentration
does not increase as sharply as observed in Test G5. In the latter part of the test, the GdCls
concentration is trending upwards at a slow rate similar to the slow downward trend in the
MgClz concentration. In this test, the significant difference between the final MgCl2 and
GdCI3 concentrations can be mainly attributed to the reaction stoichiometry. Due to the
difference in the oxidation states of the two species, 0.66 moles of GdCls is generated for
every mole of MgClz reduced to Mg.

The next test (Test G7) used a mixture of LiCl-KCl-UCI3-MgClz. In this test, the reference
electrode seemed to have malfunctioned. The OCP data was very noisy, making
interpretation challenging. Hence, for this test, the OCP data was not reported. The
concentrations of the three species of interest: UCl3, MgClz, and GdCls for Test G7 are shown
in Figure 3-31. Consistent with the results from Test G6, the kinetics for the uranium
extraction is faster than that for MgClz extraction from the salt.
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Figure 3-30: Test G6: mole fraction of MgClz and GdCls plotted as a function of time (Y1). Open
circuit potential (vs. Cl-/Clz) plotted as a function of time (Y2). Experimental Conditions: T =
788 K, Rotation = 100 rpm
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Figure 3-31: Test G7: mole fraction of MgClz, UCI3, and GdCls plotted as a function of time.
Experimental Conditions: T = 788 K, Rotation = 100 rpm

The final test (Test G8) that was performed was with a mixture of LiCl-KCl-UCl3-MgClz-
LaCl3-NdCl3-CeCls. The rare earth chlorides were introduced into the mixture to examine
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the selectivity of the extraction process and verify the suitability of Gd as the sacrificial
anode. For Test G8, the starting concentration of the rare earth chlorides (LaCls, NdCls, and
CeCl3) was about 0.5 mol % which was intentionally designed to be significantly higher
than the 0.25-0.30 mol % for MgClz and UCIs concentrations. The results from Test G8 are is
shown in Figure 3-32. The rare earth concentration of CeCls and LaCls are observed to
increase for the first 0.25 hours. The initial increase in rare earth chloride concentration is
likely due to their incomplete dissolution in the molten LiCl-KCL The experiment may have
started prematurely with those concentrations still rising. As soon as the rotation was
commenced at t = 0 hrs, these undissolved rare earth salts dissolved in an accelerated
fashion due to enhanced kinetics. The peak rare earth salt concentrations are in-line with
the expected concentrations based on the weights of the salts added into the mixture at the
start of the experiment. At t = 0 hours, the rotation is commenced and immediately it can be
observed that the UCl3 concentration plummets as expected. UCl3 concentration continues
to decline with time for the remaining life of the test. The MgClz concentration remains
unchanged for the first 0.25 hrs. Similar to the behavior in Test G7, the MgClz concentration
begins to decline after the majority of the UCl3 has been removed from the salt.
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Figure 3-32: Test G8: mole fraction of MgClz, UCI3, CeCl3, NdCls, LaCls, and GdCls plotted as a
function of time. Experimental Conditions: T = 788 K, Rotation = 100 rpm.

The initial concentrations of the rare earth chlorides (LaCls, NdCls, and CeCl3) did not
significantly reduce during the time span of the test. MgClz was still in the process of being
reduced at the end of the test, which may have prevented any rare earths from being
reduced. But it still may be concluded that this process yields excellent selectivity for
reduction of actinides in the absence of fission products. The OCP profile for Test G8 was
follows a trend similar to the OCP for Test G5 as can be seen in Figure 3-33. However, the
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open circuit potential for the Test G8 plateaus at a level that is more positive than G5 or G6.
There is a correlation between residual concentration of MgClz in the salt and OCP. In Test
G5, there is no MgCl: in the salt, which resulted in the lowest (most negative) OCP. In Test
G6, the MgClz concentration drops to 137 ppm, which yields an intermediate OCP. In Test
G8, the MgCl2 concentration is 0.23 mol % at the end of the test, which results in the highest
OCP.
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Figure 3-33: Open Circuit Potential of Tests G5, G6, and G8. Experimental Conditions: T
=788 K, Rotation = 100 rpm.

3.2.8. Discussion of electrochemical testing results

From Figure 3-34, it can be observed that activity of all of the rare earth chlorides studied
here departs significantly from ideal solution behaviors. The degree to which the species
depart from ideal solution behavior seems to be dependent on atomic number.
Lanthanum(Z = 57) departs the least from ideal solution behavior followed by cerium (Z =
58), neodymium (Z = 60), and gadolinium (Z = 64) respectively. It is important to note that
for the elements in the lanthanide series, there is a phenomenon known as lanthanide
contraction. This means that as the atomic weights of the elements increase, their ionic
sizes decrease. In Table 12, the ionic radii of the four rare earths studied in this work have
been summarized. This data was obtained from an online database hosted by the Imperial
College, London. The ionic radius naturally changes with the coordination number and
charge. In Table 3-12, the ionic radius has been reported for the +3 charge and
coordination number of 6, which is the most commonly encountered oxidation state and
coordination number for rare earths in molten salts. Table 3-12 shows that as the atomic
number increases, both the crystal radius and ionic radius decrease, as expected. A similar

NEUP-14-6489 1190f 162 Final Report



trend was observed for the other coordination numbers and oxidation states from the data
hosted at Imperial College.

From Figure 3-35 and Table 3-12, one can draw the conclusion that as the ionic radius of
the underlying element becomes smaller, a larger deviation from ideal solution behavior
for the corresponding rare earth chloride is observed. In Figure 35, the activity of all of the
four rare earth chlorides at four concentrations of 1 mol %, 1.5 mol %, 2 mol %, and 2.5
mol % is plotted versus the ionic radius listed in Table 3-12. Figure 3-35 has the activity
plotted on a logarithmic scale which demonstrates a linear relationship with ionic radii of
species involved with an excellent fit for all four concentrations studied. Though factors
other than ionic size are likely important, the evidence from Figure 3-35 leads to the
conclusion that the ionic size is the essential condition in predicting the activity of rare
earth chlorides in molten salts.
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Figure 3-34: The activity data for four rare earth chlorides as a function of mole fraction.

Table 3-12: Results from TGA Testing. Concentrations are based on ICP-OES measurements.

Atomic Coordination Ionic Size
Element Charge

Number Number (A)
Lanthanum 57 +3 VI 1.032
Cerium 58 +3 VI 1.01
Neodymium 60 +3 VI 0.983
Gadolinium 64 +3 VI 0.938
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Figure 3-35: The activity data for four rare earth chlorides as a function of ionic size.

The correlations generated from Figure 3-35 have been listed in Table 3-13. The loga
values calculated using the correlations in Table 3-5 and those from experimental
measurements were in excellent agreement with about 1% errors.

Table 3-13: Ionic size dependent, predictive correlation for the activity of rare earth chlorides
for four concentrations from 1 mol % to 2.5 mol % RECI3. Valid from Z =57 to 64 atT=773 K
(r = ionic radii in angstrom)

Concentration Predictive Correlation Average
Error

1 mol % RECI3 log a =-26.623 + 21.648*r 1.44%

1.5 mol % RECI3 loga=-25.517 + 20.711*r 0.60%

2 mol % RECI; log a =-24.564 + 19.886*r 0.61%

2.5 mol % RECI; log a =-23.660 + 19.091*r 0.79%

Using the correlations presented in Table 3-13, it is possible to easily calculate the values of
the activity of any rare earth chlorides between lanthanum (Z= 57) to gadolinium (Z = 64)
for a concentration range of 1 to 2.5 mol % RECIs. This correlation should prove very
useful for future research, engineering, and design studies.
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3.2.9. Conclusions regarding drawdown

A novel process to drawdown actinide chlorides from LiCl- KCl has been investigated in
detail. Tests have been performed with UCls and MgClz to simulate electrorefiner salt
containing UCI3 and transuranic chlorides. Using a galvanic couple between a cathode
basket made of stainless steel and a Gd rod, rapid reduction of UCl3 to U and MgClz to Mg
was observed from the LiCl-KCl eutectic molten salt mixtures. Physical separation of the Gd
rod from the stainless steel basket was very effective at increasing the efficiency of the
drawdown. UCl3 concentration of less than 0.4 ppm (molar basis) was achieved starting
with 1 wt %. MgClz removal is much slower than the UCl3 removal process, due to the
difference in electrode kinetics for the two reactions. However, after about 3 hours, greater
than 96% of the MgClz can removed from the molten salt. Higher degrees of removal are
expected if longer times are allowed for the reduction process. The selectivity of actinide
reduction in the presence of rare earths was demonstrated. UCl3s removal was
accomplished from the salt without any co-reduction of LaCls, NdCls, or CeCls. Open circuit
potential (OCP) measurements were found to correlate with degree of drawdown. OCP
decreased during drawdown and reached a plateau when the UCl3 or MgCl2 concentration
reached a lower level plateau. Benefits of this process include passive operation, short
processing times, removal of actinides as metals, and high selectivity for actinides relative
to rare earths. The resulting actinide-free salt can either be subjected to subsequent
treatment to separate the rare earth fission products or can be processed into waste forms
and disposed in a geologic nuclear waste repository. Removal of actinides will greatly
reduce the long term generation of heat and radiological dose from the waste.

3.3. Phase diagram measurement

Electrolysis of the molten salt results in a perturbation of the composition, which in turn
can affect the equilibrium phase behavior—notably including liquidus temperature of the
molten salt. While phase behavior data has been collected for a limited number of rare
earth chlorides in LiCl-KCI [76], more complex salt mixtures as will be encountered in real
electrorefiner salt drawdown have not been studied. Constructing phase diagrams is an
important approach for evaluation of such phase behavior. Phase diagrams relate the
solubility of RE ionic compounds (e.g. RE chlorides) in molten salts to composition and
temperature. Conversely, liquidus temperatures can be determined as a function of
composition. This is important for determining concentration limits for the molten salts
during electrolysis and other pyroprocessing steps. Thus, this portion of the project
involved analyzing several series of differential scanning calorimetry (DSC) experiments
with LiCl-KCI-RECI3-CsCl mixtures. For consistency with the electrochemical property
measurements, CsCl was used as a representative active metal chloride. While LiCl-KCI has
a DSC thermal transition peak at about 350°C, the mixtures containing rare earth chlorides
are expected to have higher temperature peaks. These peaks can be directly related to the
liquidus temperature of the salt solution. The rare earth chlorides studied in this project
include LaCls, GdCls, CeCls, and NdCls at concentrations comparable to salt used in
electrorefiners. Note that phase diagrams for LiCl-KCl-LaCls and LiCl-KCI-NdCI3 were
constructed by Sridharan et. al. during a previous NEUP funded project [76]. Accordingly,
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only a limited number of tests with those salt mixtures were performed to verify the
experimental procedure and ensure consistency with that study. Sets of salts were
prepared with LiCI-KCI-CsCl mixed with the rare earth chlorides. Of particular interest will
be how the presence of CsCl changes the liquidus temperature (if at all) of the rare earth
chloride mixtures. Liquidus curves on x-T phase diagrams can be used to directly infer the
solubility of the rare earth chlorides as a function of temperature. The highest temperature
peak on a DSC scan for a given composition represents a solubility limit at that
temperature. And these curves can be extrapolated to higher concentrations via employing
thermodynamics models such as the regular solution model.

3.3.1. Phase diagram measurement for LiCl-KCl-LaCl3-CsCl System

The phase diagram previously developed for LiCl-KCl-LaCls under a previous NEUP project
is shown in Figure 3-36 below.
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Figure 3-36: Partial pseudo-binary phase diagram of the LiCI-KCI-LaCls system constructed by
DSC scans by Sridharan et. al. [76].

There are two important aspects of this phase diagram that are important to mention—
much of the data was taken at concentrations much higher than expected in the drawdown
process, and there are no fission products present in the mixture other than LaCls. Our
rationale for revisiting this phase diagram is that lower LaCl3 concentrations are of higher
interest (<5 mol%), and we need to understand the affect of other fission products such as
CsCl on the phase behavior.

Thus, samples of LiCl-KCl-LaCls and LiCl-KCI-CsCl-LaCl3 mixtures prepared for the
electrochemical measurements were analyzed using the TGA/DSC instrument described in
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the experimental methods section. Initially, the DSC was programmed to both ramp the
temperature up and down. Endothermic peaks on the heating curve represent melting
transitions, while exothermic peaks on the cooling curve represent melting transitions. A
series of DSC runs performed on LiCl-KCl with varying concentrations of LaCls is shown in
Figure 3-37.

2.00 wt % LaCl3
—-——— 3.92wt% LaCI3
—  6.14wWt% LaClI3
7.97 wt % LaCl3
11.52 wt % LaClI3

Heat Flow (W/g)
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Exo Up Temperature (OC) Universal V4.5A TA Instruments

Figure 3-37: DSC curves for LiCI-KCI-LaCls mixtures with LaCls concentration ranging from 2
to 11.5 wt%.

Then for a series of salts containing 1 wt% CsCl in addition to the other salts, the scans are
shown in Figure 3-38. Note in this figure that some higher temperature peaks are observed
for the cooling portion of the cycle.
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Figure 3-38: DSC curves for LiCI-KCI-LaCl3-CsCl mixtures with LaCls concentration ranging
from 5 to 20 wt% and CsCl concentration set at 1 wt%.

In these plots, we generally only consider the main peak, which occurs at 335 to 365°C, to
be of interest. Referring back to Figure 3-36, this transition appears to coincide with the
solidus line, which may also be a liquidus line at these low concentrations. It is assumed
that higher concentrations of LaCls are required to cause higher temperature peaks to form
similar to what is seen in Figure 3-36. To understand whether that line is affected by the
presence of CsCl, peak temperatures from Figures 3-37 and 3-38 were plotted versus
concentration of LaCls and overlaid for Figure 3-39. The transition temperatures appear to
be close for the 0 and 1 wt% CsCl mixtures, but more experiments with a wider range of
CsCl concentrations is needed to better evaluate the effect.
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Figure 3-39: Peak temperatures from DSC runs of LiCl-KCI-LaCl3 and LiCI-KCI-LaCl3-CsCl

Even though it appears to be less sensitive to secondary peaks, the heating curve should
preferentially be used to determine the liquidus and solidus temperatures for salts due to
the effect of super cooling [77]. Thus, in subsequent runs, the temperature was ramped up
but not down.

In one such set of runs, samples from Test 11 with 2 wt% CsCl were analyzed. Four of the
DSC scans were overlaid and are plotted in Figure 3-40. From this plot, it appears that
increasing the CsCl still does not result in any noticeable change in the phase behavior.
There is still only a single transition peak.
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Figure 3-40: DSC heating curves for Test 11 samples with LiCI-KCI-CsCI (2 wt%). 11-10 (3.8%
LaClz), 11-11 (5.6 wt% LaCls), 11-12 (7.2 wt% LaCls), 11-14 (11.0 wt% LaCl3)

When the CsCl concentration was raised to 4 wt%, however, the shape of the DSC curves
changed. An example is shown in Figure 3-41. A very noticeable lower temperature peak
has appeared at about 300°C, and a very small peak has appeared just slightly higher in
temperature than the main one. Recall from the discussion of the electrochemical
measurement results that the salt is noticed to have turned orange at higher concentrations
of CsCl. This could be due to a new phase, which corresponds to one of these two new
peaks. Further investigation is needed, as there currently is insufficient evidence to make
any conclusions. In Table 3-14, the peak temperatures are presented along with the salt
compositions. Note that the DSC had been recently re-calibrated, and T2 values before and
after calibration are included in this table. This was intended to evaluate the relative
importance of frequent calibrations. Some of the DSC data collected in the first year had
questionable pedigree with respect to calibration of the instrument. The comparison of
T2’s in Table 3-14 appears to indicate a minor difference, but perhaps not one that is so
significant to motivate the discarding of data. Thus, peak temperature data was included in
this report with and without pre-calibration.
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Figure 3-41: TGA/DSC scan for the MX-13-13 sample (8.5 wt% LaCls, 4.0 wt% CsCl)

Table 3-14: Results of TGA/DSC for Series 13 experiments. Temperature calibration run prior
to this series of measurements. “indicates concentration values that need to be verified via

ICP-OES.

Composition Peaks (°C)
Sample ID X\;tc'h* P Weoecsclt T1 T2 (Tuzncal) T3
MX 13-07 0.703 4.023 3184 352.2 350.3 No Peak
MX 13-08 1.260 4.000 310.6 351.0 3483 No Peak
MX 13-09 2.369 4.094 309.8 350.5 3489 No Peak
MX 13-10 3.933 4.029 309.5 349.7 3468 No Peak
MX 13-11 5.461 3.964 309.3 3494 3483 No Peak
MX 13-12 7.057 4.031 309.2 3499 350.5 366.0~365
MX 13-13 8.497 3.969 309.5 352.6 349.1 ~365
MX 13-14 10.907 4.030 309.0 349.2 3479 Very Broad

A full comparison of T2 values with a wide range of concentrations is shown in Table 3-15
with CsCl levels of 0, 1, 2, and 4 wt%. Overlay plots of T2 versus wt% LaCls are shown in
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Figure 3-42. In this figure, it is apparent that CsCl does actually lower the transition
temperature. From the standpoint of designing a drawdown process, this should be
considered a positive outcome. Accumulation of other fission products may actually help
the salt mixture stay in the liquid state.

Table 3-15: Results of DSC testing for LiCI-KCI-LaCls-CsCl mixtures (presenting only liquidus
temperatures). All reported concentrations are as-weighed and not verified with ICP-OES.

Composition of Sample

T2 (C)
Wt. % LaCl; ~ Wt. % CsCl
1.6 0 354.05
3.51 0 353.9
5.62 0 354.15
6.70 0 361.12
10.07 0 362.97
5.0 1.0 356.5
5.0 1.0 357.14
10 1.0 352.95
15 1.0 358.43
3.8 2.0 351.1
5.6 2.0 351.7
7.2 2.0 352.3
11.0 2.0 352.9
0.703 4.02 352.2
1.260 4.00 351.0
2.369 4.09 350.5
3.933 4.03 349.7
5.461 3.96 349.4
7.057 4.03 349.9
8.497 3.97 352.6
10.907 4.03 349.2
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Figure 3-42: Overlay plot of T2 transition temperatures for LiCl-KCI-LaCl3-CsCl at various
concentrations. Concentrations based on nominal as-weighed amounts for the LiCI-KCI-LaCls3-
CsCl data set.

Heats of fusion values were also measured by integrating the endothermic peak T2 on the
heating curves. To utilize the heat of fusion data for determination of phase behavior, a
binary mixture model was developed in which LiCI-KCI-CsCl is assumed to be one
component and LaCls is assumed to be the other component. The heat of fusion of the
mixture can be expressed by the following equation (A=LaCls, B=LiCl-KCl-CsCl).

DH,, ... =x,DH,, ,+x,DH, ;+Wx x, (3-11)

== m,mix

This assumes that the components form a regular solution. From the literature, values of
54.4 and 13.3 kJ/mole were found for heat of fusion of LaCls and eutectic LiCl-KCl,
respectively. The importance of the () parameter is in how it can be used to construct
phase diagrams. This is through the excess Gibb’s Free Energy, which is calculated via the
following equation.

G =Wx ,x, (3-12)

That can then lead to the calculation of the Gibb’s free energy of mixing via the following
equation. This function must be less than zero for a mixture to form a stable phase.

DG,

mix

:RT(xA InxA+xB|an)+GXS (3-13)

The heats of fusion are measured by the DSC in units of kJ/gram but were converted to
units of k] /mole and plotted in Figure 3-43. Test 13 samples (4 wt%) were not included in
this plot, because it was difficult to establish the baseline as shown in Figure 3-41. This plot
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seems to confirm that CsCl has a measurable impact on the phase behavior of the LiCl-KCI-
LaCls system. Attempts to fit equation (13) to determine values of () were unsuccessful.
Additional mixing models should be considered and connections between these models
and activity coefficients sought. Ideally, activity coefficients measured electrochemically
should be consistent with those measured via thermal analysis.

15
14
913 ¢ 4 ¢
o
£ ¢ .
212
c
S
3
:E, 1 owt%CsCl
‘g’ - ¢ 1 wt% CsCl
T 10 — I—
W 2 wt% CsCl
9
8 T T T T 1
0 5 10 15 20 25
wt% LaCl,

Figure 3-43: Heat of fusion for LiCl-KCI-LaCl3-CsCl as function of LaClsz concentration at
different levels of CsCl contamination.

Elementary phase diagrams for the LaCl3-CsCl-LiCl-KCl system are given in Figures 3-44
and 3-45. All of the temperatures plotted here are the defined as the temperature of the
onset of the endothermic event during heat-up.
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Figure 3-44: Phase diagram for xLaCl3-LiCI-KCI-4 wt. % CsCl system.
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Figure 3-45: Phase diagram for xLaCl3-LiCI-KCI-2 wt. % CsCI system.

We can see from that, with the presence of CsCl, there is a definite formation of the S+L
region in the diagrams. In the presence of the only LaCls, there is only a single liquidus line.
A comparison of the liquidus temperatures for the three concentrations of CsCl is shown in
Figure 3-46. It can be observed that the presence of 2 wt. % CsCl does not really influence
the melting temperature of the salt substantially. However, there is a definite depression in
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the melting temperature of the salt in the presence of 4 wt. % CsCl. The data used for these
plots are shown in Table 3-16.

356
354
352
350

348 0 wt. % CsCl
2 wt % CsCl

Melting Point (C)

e 4 wt. % CsCl

344

342

340
0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00% 14.00% 16.00%

Weight Percent LaCl,

Figure 3-46: Liquidus lines for three concentrations of CsCI.

Table 3-16: Results of DSC testing of LiCI-KCI-LaCls-CsCl. Concentrations are based on
concentration as determined by ICP-MS/OES.

Sample ID Composition Melting Point (°C)
Wt. % LaCl;  Wt. % CsCl T1 T2 T3

MX 8-8 2.48% 0 NA 351.3
MX 8-9 3.11% 0 NA 348.98
MX 8-10 5.48% 0 NA 348.45
MX 8-11 8.97% 0 NA 348.94
MX 8-12 9.82% 0 NA 348.81
MX 8-13 10.64% 0 NA 348.98
MX 11-07 0.80% 311.67 353.95
MX 11-08 1.26% 2.02% 309.63 352.37
MX 11-09 2.17% 307.42 350.84
Mx 11-10 3.76% 2.04% 307.08 348.37
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MX11-11 5.47% 307.12 351.06

MX 11-12 7.88% 2.06% 3062 34776
MX 11-13 8.45% 308.13 348.12
MX 11-14 10.82% 2.05% 30657 347.99
MX 13-07 1.14% 4.02% 307.22  345.64
Y 4.14% 30560 345.46
oCP

MX-13-09 4.81% 4.01% 305.09  343.99
MX-13-10 5.99% 30629  344.99
MX 13-11 6.76% 3.96% 306.24  345.18
MX 13-12 9.52% 306.04  345.52
MX 13-13 11.30% 4.20% 305.6 34134
MX 13-14 13.58% 4.33% 30608 3447
MX 14-05 1.77% 3.96% 308.93" 343.73
MX 14-06 2.82% 3.90% 308.94" 346.64
MX 14-07 4.92% 4.07% 303.11 3437
MX 14-08 6.42% 4.00% 301.87 345.56
MX 14-09 7.56% 3.95% 301.83 343.95
MX 14-10 9.57% 4.06% 300.66  345.02
MX 14-11 11.91% 3.97% 301.4  344.78

**Peak not well defined

3.3.2. Phase diagram measurement for LiCl-KCI-NdCls-CsCl system

Mixtures of LiCl-KCI-NdCl3-CsCl were also tested using the DSC via heat-up cycles to
determine temperatures of endothermic phase transitions. The data for samples that did
not contain CsCl are shown in Table 3-17 and plotted in Figure 3-47. Notice that only single
transitions were detected, which have been assigned to the liquidus line on the phase
diagram.
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Table 3-17: Results of DSC testing of LiCl-KCI-NdCls. Concentrations are based on
concentration as-weighed.

- Melting Point Hea.t of
Composition C) Fusion
Sample ID (/g
Wt. % NdCls  Wt. % CsCl T1 T2
18-Nd-01 0.17% 0 356.20 NA 2221
18-Nd-02 0.51% 0 357.23 NA 212.6
18-Nd-03 0.82% 0 357.01 NA 183.1
18-Nd-04 1.33% 0 35418 NA 194.2
18-Nd-05 2.07% 0 353.59 NA 149.6
18-Nd-06 3.26% 0 355.05 NA 111.4
18-Nd-07 4.48% 0 354.08 NA 127.3
18-Nd-08 6.55% 0 35239 NA 138.0
18-Nd-09 9.30% 0 353.68 NA 108.0
370.00
360.00
[S)
< 350.00
§340.oo
Q.
€
& 330.00
&
T 320.00
=
310.00
300.00
0.00% 2.00% 4.00% 6.00% 8.00% 10.00%

Weight % NdCl,

Figure 3-47: Liquidus curve for LiCl-KCI-NdCls.

In Figure 3-48 and Table 3-18, the liquidus temperatures are presented for mixtures that
included CsCl. For the NdCls system, no departure from eutectic behavior was observed in
the concentration range tested, meaning that there was no detected two phase (solid +
liquid) region. However, it did appear that additions of CsCl lowered the liquidus
temperature of the mixture.
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Figure 3-48: Phase diagram for LiCI-KCI-NdCI3-CsCl.
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Table 3-18: Results from DSC Testing of LiCl-KCI-NdCI3-CsCl. Concentrations are based on

ICP-MS results.
Sample ID Composition Melting Point (°C)
Mol % NdCls Mol % CsCl  T1 T2 T3
18-Nd-01 6.05E-04 0 355.13
18-Nd-02 0.13% 0 353.64
18-Nd-03 0.21% 0 353.24
18-Nd-04 0.33% 0 354.08
18-Nd-05 0.56% 0 354.08
18-Nd-06 0.68% 0 353.98
18-Nd-07 0.98% 0 355.78
18-Nd-08 1.33% 0 356.45
18-Nd-09 2.01% 0 353.05
TGA-Nd1-1 0.25% 0.35% 353.85
TGA-Nd1-2 0.61% 0.46% 349.94
TGA-Nd1-3 1.12% 0.59% 349.93
TGA-Nd1-4 1.37% 0.57% 347.73
TGA-Nd1-5 1.67% 0.59% 348.26
TGA-Nd1-6 2.11% 0.61% 349.69
TGA-Nd1-7 3.62% 0.64% 347.22
TGA-Nd2-1 0.14% 0.53% 350.57
TGA-Nd2-2 0.45% 0.95% 350.03
TGA-Nd2-3 0.94% 1.06% 345.85
TGA-Nd2-4 1.22% 1.23% 345.75
TGA-Nd2-5 1.99% 1.37% 345.39
TGA-Nd2-6 2.40% 1.17% 346.64
TGA-Nd2-7 3.30% 1.22% 340.81

3.3.3. Phase diagram measurement for LiCl-KCl-CeCls-CsCl system

As expected, for the LiCl-KCI-CeCl3 system with no CsCl present, a single sharp endothermic
event was observed in the DSC data. This corresponded to the melting of the mixture close
to the eutectic melting temperature of the LiCl-KCI mixture (Figure 3-49).

In the mixtures with 0.70 mol % CsCl, a small shoulder peak is observed with at around
328°C. This probably represents the melting of some phase at a lower temperature (Figure

NEUP-14-6489 137 of 162 Final Report



3-50). This small peak is not present at low concentrations of CeCls, but becomes more
prominent as the concentration of CeClz increases in the presence of CsCl.

Finally, in samples with 1.40 mol % CsCl a small endothermic peak is observed at about
267°C, this is followed by a small shoulder at around 330°C, then the main endothermic
peak at around 350°C. At the higher concentrations of CeCls, some endothermic peaks are
also observed at around 400°C (Figure 3-51). This system is at this point deemed too
complex to accurately determine the solidus and liquidus temperatures using only

TGA/DSC data.
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Table 3-19: DSC curves for the LiCl-KCI-CeCls system
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Figure 3-49: DSC curves for the LiCl-KCI-CsCI-CeCls system with presence of 0.70 mol % CsCl.
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Figure 3-50: DSC curves for the LiCl-KCI-CsCI-CeCls3 system with presence of 1.40 mol % CsCL

The phase transition data obtained from DSC for LiCl-KCI-CeCl3-CsCl are shown in Table 3-
19. Figure 3-52 contains a plot of the liquidus temperatures for all of the tests for this
series. A slight depression in the liquidus temperature is observed in the presence of 0.7
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and 1.4 mol % CsCl.
concentrations.

This depression seems to be identical for both of these CsCl

Table 3-20: Results from DSC Testing with LiCl-KCI-CeCls3-CsCl. Concentrations are based on
ICP-OES measurements.

Sample ID

27Ce-01
27Ce -02
27Ce -03
27Ce -04
27Ce -05
27Ce -06

28Ce-01
28Ce -02
28Ce -03
28Ce -04
28Ce -05
28Ce -06

29Ce-01
29Ce -02
29Ce -03
29Ce -04
29Ce -05
29Ce -06

Composition Melting Point (°C)

Mol % CeCls Mol % CsCl  T1 T2 T3
0.09% 0.70% NA 346.16
0.57% 0.69% 328 349.49
1.02% 0.69% 328 351.01
2.18% 0.68% 328 351.48
3.79% 0.67% 328 349.15
5.13% 0.66% 328 349.92
0.20% 0.00% 361.02
0.47% 0.00% 357.71
0.83% 0.00% 355.39
2.03% 0.00% 354.15
2.81% 0.00% 356.22
3.48% 0.00% 356.43
0.09% 1.44% 269.67 NA 349.95
0.28% 1.43% 266.00 340 353.25
0.99% 1.42% 266 341 352.86
2.12% 1.41% NA 333.19 345.73
3.92% 1.39% 266.14 335 341.7
4.06% 1.37% 268.75 335.62 343.97
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Figure 3-51: The liquidus temperatures for the LiCl-KCI-CsCI-CeCl3 quaternary system.

3.3.4. Phase diagram measurement for LiCl-KCl-GdCl3-CsCl system

Figure 3-53 shows a plot of the liquidus temperatures for the LiCl-KCIl-GdCl3-CsCl system.
A slight reduction of the liquidus temperature appears to have been achieved from adding
both 0.7 and 1.4 mol % CsCl. Both concentrations of added CsCl yield the same liquidus
temperatures. At the highest concentration of CsCl tested (1.40 mol %), a solidus peak is
observed at about 260°C. These peaks were not observed for 0 or 0.7 mol% CsCl. The
solidus peak also disappears at high concentrations of GdCls. This results in a phase

diagram as shown in Figure 3-54. All of the DSC results are summarized for LiCl-KCIl-GdCls-
CsCl in Table 3-20.
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Figure 3-52: Liquids temperatures for LiCl-KCI-GdCI3-CsCl at the three concentrations of CsCI
tested.
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Figure 3-53: Phase diagram for LiCI-KCI-GdCl3-CsCl with 1.40 mol % CsCl present.
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Table 3-21: Results of DSC testing of LiCI-KCI-GdCl3-CsCl. Concentrations are as-weighed.

Sample ID

18Gd-01
18Gd-02
18Gd-03
18Gd-04
18Gd-05
18Gd-06
18Gd-07
18Gd-08
18Gd-09
18Gd-10
18Gd-11
18Gd-12
18Gd-13
20Gd-02
20Gd-03
20Gd-04
20Gd-05
20Gd-06 AD
20Gd-06 FD
20Gd-07
20Gd-08
20Gd-09
20Gd-10
20Gd-11
20Gd-12
20Gd-13
23Gd-01
23Gd-02
23Gd-03
23Gd-04
23Gd-05

Composition Melting Point (°C)
Mol % GdCl3z Mol % CsCl  T1 T2 T3
0.00% 0.00% 355.13
0.02% 0.00% 353.64
0.04% 0.00% 353.24
0.05% 0.00% 354.08
0.14% 0.00% 354.08
0.32% 0.00% 353.98
0.62% 0.00% 355.78
1.03% 0.00% 356.45
1.41% 0.00% 353.05
1.84% 0.00% 355.45
2.34% 0.00% 355.87
3.12% 0.00% 355.34
4.37% 0.00% 354.15
0.03% 0.70%

0.06% 0.70% 353.55
0.11% 0.70% 352.28
0.17% 0.70% 350.51
0.31% 0.70% 352.87
0.31% 0.70% 348.19
0.66% 0.70% 347.48
1.15% 0.70% 348.7
1.66% 0.69% 350.06
2.23% 0.69% 349.49
2.92% 0.68% 350.7
3.72% 0.68% 352.04
4.29% 0.67% 349.21
0.00% 1.43% 256.22 352.39
0.02% 1.43% 262.12 346.54
0.03% 1.43% 260.48 348.67
0.06% 1.43% 260.17 346.52
0.11% 1.43% 259.38 347.51
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23Gd-06 0.19% 1.43% 261.89 353.02

23Gd-07 0.32% 1.43% 261.67 347.71
23Gd-08 0.64% 1.42% NA 356.05
23Gd-09 1.20% 1.42% NA 347.78
23Gd-10 1.69% 1.43% NA 351.65
23Gd-11 2.21% 1.42% NA 348.88
23Gd-12 3.00% 1.44% NA 351.44
23Gd-13 3.78% 1.43% NA 350.9

23Gd-14 4.29% 1.42% NA 351.61

3.3.5. Discussion of phase diagram studies

In the ensuing discussion, an attempt will be made to explain the reasons for the observed
effects. Two pathways will be discussed.

From the phase diagram data reported above, it can be concluded that the presence of CsCl
depresses the liquidus temperature for all four systems studied here. In three of the
systems, LaCls, CeCls, and GdCl3 a low temperature peak observed is additionally observed.
The consistency of the depression in the liquidus temperatures with the addition of CsCl
points to a common underlying phenomenon that may be contributing to the lowering of
liquidus temperatures. This phenomenon is probably operative and effective to varying
degrees in all four lanthanides. The liquidus temperature can be calculated using the Le
Chatelier-Shreder [84] relationship as shown in Equation 3-14. The Le Chatelier-Shreder
equation draws a link between the liquidus temperatures and the activity of species.

AfusHinus,i
AfusHi - RTfus,iln(ai)

Tijiq = (3-14)

In equation 3-14, the Tijq is the liquidus temperature of species i which is a function of the
enthalpy of fusion and activity of species i. Using this equation, it is possible to calculate
liquidus temperature. For the systems LiCl-KCI-CsCl-RECl3 salt mixtures tested for this
work, it would be challenging to use this equation since there are four species that need to
be considered; LiCl, KCl, CsCl, and RECIs. Of these four species, the activity of only one
species, RECI3 is known from the electrochemical measurements made in this project. One
way to look at this equation intuitively is to consider the system as a pseudo binary system
made of LiCl-KCI-RECI3 and CsCl, since the liquidus temperatures shows a depression from
the baseline liquidus temperature of the LiCl-KCI-RECI3 system. Now when CsCl is added to
the ternary salt mixture, the activity of the LiCl-KCI-RECIl3 will decrease since its mole
fraction decreases. In terms of equation 3-1, this implies that the value of ai decreases. This
implies that the term In(ai) is a larger negative number. This means that the denominator
in equation 3-1 is larger causing the term, Tiliq, on the left hand side to be smaller. This is
consistent with the observations reported in this work. But actual calculation of the
liquidus temperatures requires knowledge of the activity of the LiCl-KCI-RECI3 this may be
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possible to calculate using the Gibbs-Duhem equation if CsCl activity is known. But data is
not available for activity coefficient of CsCl in these salt mixtures. So, this equation is useful
for explaining the effect of CsCl addition but not for predicting the effect.

Consider the observed phase behavior as a possible consequence of coordination
chemistry. In general, lanthanides are known to be present in the molten salt in an
octahedral network structure of the form LnCle3-. Alkali metals are known to be effective
network breakers of increasing power going from Li to Cs. When an alkali metal like Cs is
added to a molten salt mixture, the octahedral structure is broken down to incorporate the
additional Cl- ions into the coordination shell of the LnCls ions. The degree to which the
network structure is broken is governed by the ease with which the alkali cation releases
their Cl- ions. Cs* releases its Cl- ions with a greater efficiency and hence is considered a
better structure breaker [85]. This propensity of the Cs* ions to break the network
structure in molten salts may play an important role in the observed phase diagram
behavior. First looking at the LiCl-KCl-CsCl-LaCl3 mixtures, two important observation can
be made. First, at the low CsCl concentration of 0.70 mol %, the peak of the low
temperature endothermic event is small and does seem to get bigger with increasing LaCls
concentration. Another observation is that for the LiCl-KCI-CsCl-LaCls mixtures with 1.40
mol% CsCl, the peak of the low temperature endothermic event is much more prominent
than the comparable peaks for mixtures with 0.70 mol % CsCl. It is clear from these trends
that at high CsCl and high LaCls concentrations there seems to be some intermolecular
interactions that causes the low temperature endothermic event peaks to be more
prominent.

While there have been no other studies to date on the LiCl-KCI-CsCl-LaCls systems, there
have been a number of studies [85,86] performed on binary LaCl3-CsCl molten salt
mixtures. Okamoto et al. [86] reported that the introduction of CsCl into pure LaCls melt
cause the coordination number of Cl- to decrease from 8 to a limiting case of 6 (octahedral
structure) with increasing CsCl concentration. This finding concurs with the conclusions
that were drawn by Rollet and Salanne [83] that the bigger the alkali earth species the
stronger the decrease in the coordination number of anion around cation. The strong
propensity of CsCl to break up the structure of LaCls should also be present when the LaCls
is dissolved in LiCI-KCI eutectic salt. The presence of two alkali metals, Li and K, already
disrupts the structure of LaCls to a certain extent. However, the introduction of CsCl likely
aggravates these disruptions further. This would be the reason for the change in behavior
of the LiCl-KCl-LaCls system when CsCl is introduced from a coordination chemistry
standpoint.

Interestingly, Okamoto et al. [86] also noted that based on related works [86, 87] that other
trivalent metal ions show different behavior when mixed with alkali halides. lons smaller
than La3+, like Y3+ or Dy3*, which form six coordinate chloride crystals, appear not to change
their coordination number on dilution in alkali chlorides. This indicates that not even all
lanthanides behave identically underscoring the complexity of these studies in drawing
meaningful interpretations. The closely related system of NdCI3-ACI (A = Li, Na, K, Cs) is
much harder to comment on since it has been studied by only a handful of authors
[88,89,90]. The NdCls also shows an octahedral structure with NdCle3- ions [88] in the
presence alkali ions like Cs*. The reason this system behaves vastly different from the LaCl3
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system is not well understood from the existing open literature. For the GdCl3-ACl system,
again an octahedral GdCle3- structure has been reported in the literature [91, 92]. Though
no studies are present on the GdCl3-CsCl system, studies on the GdCI3-KCI [91] and GdCls-
LiCl-KCl [92] systems exist. It is hard to conclude much from either of these two studies on
the possible interactions of CsCl with GdCls. However, on the phase diagram behavior and
the general interaction of lanthanides with CsCl some information can be hypothesized. In
the phase diagrams, a lower temperature peak is observed only at high CsCl and low GdCls
concentrations. This indicates that if CsCl does break the network structures of GdCls, it is
probably more effective at high Cs/Gd ratios. CeCls is also known to be present in the
octahedral coordination in molten salts [93]. However, there is no published literature for
the CeCls-alkali chloride interactions. However, given the similarity between the behavior
of CeCls and LaCls systems, it may be presumed that both of these systems behave similarly.
In the above discussion, it is recognized that the explanations and potential conclusions
may be incomplete. However, given the complex nature of the systems studied here and the
unique behavior of each rare earth, it is hard to ascertain the exact causes for the various

phenomenon observed and reported here.

3.3.6. Conclusions

The solidus and liquidus temperatures for four quaternary salt systems were measured
and reported. These systems were the LiCl-KCI-CsCI-RECls (RE = La, Nd, Ce, and Gd)
mixtures. It was observed that the presence of CsCl causes a slight depression in the
liquidus temperature for all of the four rare earth chloride mixtures when compared to the
corresponding ternary system liquidus temperatures in the absence of any CsCl. The LaCl3
and CeCl3 quaternary system (with CsCl) manifests a peritectic behavior as opposed to
eutectic behavior of ternary systems (no CsCl). The GdCls quaternary system shows a
peritectic behavior only in a limited concentration windows, at low GdCls and high CsCl
concentrations. The NdCls system shows a eutectic behavior throughout the concentrations
range tested in this work, albeit with a slight depression in the liquidus temperatures in the
presence of CsCl.
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4. Solubility prediction model

In order to monitor the pryroprocessing process and optimize its design, thermodynamic
assessment of actinides and lanthanides in LiCl-KCI molten salt is significantly needed.
Even though several systems have been assessed, such as LiCl-KCl-CeCl3 [94,95] and LiCl-
KCI-UCl3 [96], as one of the important lanthanide, GACls in LiCl-KCI has not been evaluated.
In the present work, thermodynamic properties of LiCl-KCI-GdCl3 are being considered and
evaluated. Two-sublattice model for ionic liquid was applied to LiCl-GdCls, and KCI-GdCls
binary systems primarily to model their Gibbs energies. The experimental data used
includes the phase information and enthalpy of mixing from literature. Assessment of LiCl-
KCl was directly from our previous work [97]. The ternary system of LiCl-KCI-GdCl3 was
extrapolated based on the binary systems by applying Kohler-Toop asymmetric formulism
[98]. After that, the solubility of GdCIs in the typical molten LiCl-KCI used in pyroprocessing
were derived from the optimized results.

4.1. Database for LiCl-KCIl-GdCl3 system

The LiCI-KCI system has been widely studied and assessed in our previous work [97]. For
the KCI-GdCl3 system, Korshunov et al. [99] studied it by experiments and reported three
intermediate compounds, KGdsClio, K2GdCls, and KsGdCle. Frenzel [100] restudied the
system later and claimed that the first compound is KGd2Cl7 but not KGdsClio. Sefert et al.
[101] then performed a more detailed study by calorimetric and EMF method. They
confirmed the existence of KGd2Cl7 and investigated all the enthalpy, entropy, and Gibbs
energy information of each intermediate compound. However, few studies were focus on
the LiCl-GdCIs system. The only one we found was Chaogui Zheng et al. [102] (in Chinese).
They studied the system by differential thermal analysis and x-ray diffraction methods. An
intermediate compound of Li3GdCls with two structures was reported with a transition
temperature of 373 0C. For the LiCl-KCl-GdCls3 system, no phase or structure studies found
in the literature. They were extrapolated from binary systems based on Kohler-Toop
asymmetric formulism preliminarily without considering the ternary interactions.

4.2. Thermodynamic modeling

In the present work, a two-sublattice model [103,104] was applied to describe the excess
Gibbs energy of liquid. The model separates anions and cations into different sublattices.
Since KGd2Cl7 divides the KCI-GdCl3 system into two pseudo-binary system, here it was
treated as a neutral species in anionic sublattice to deal with the short-range ordering. Now
the model is indicated by

(K*, Li*, Gd3*),p : (Cl, KGd2Cl7)q
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The parenthesis represents different lattices and the colon is used to separate them. In
every parenthesis, there is a constituent array resided in the sub-lattice. p and g are the site
numbers in the corresponding lattice and given by

p = ycr (4-1)
And
q = yK+ + y,_i+ +3de3+ (4'2)

where y; is the site fraction of a particular species i on the corresponding sublattice. The
molar Gibbs energy of liquid phase now is

Liq. 0 Li 0 Li 0 Li
G, "= YirYor G, qcr Y Yor Gy qcr Yoo Yor Gedq3*:cr
40 GIKJ(;.jZCI7 +RT[ p(yLi+|nyLi+ + yK+InyK+ + deandegJ (4-3)

Ay, Iny,- + yKGdZCI7InyKGdZCI7 )]+° Gn:iq'

0~ Lig. 0 o~ Lig. 0 ~ Liq.
where GL e’ GK*CI‘ GGcP*Cl ’
GdCls, and KGdzCl7 in liquid status, respectively. The Gibbs energy of the end members
were from Thermo-Calc Software SGET database v5.2 [105]. *G"* is the molar excess

OG,'ggaZC|7 are the standard molar Gibbs energy of LiCl, KCl,

Gibbs energy. In the manner of Muggianu formalism [106], it was given by
E ~ Liq. Li Li Li
Gm t= Yorr (yw Yiie LK? e T Yk Yoo LK? o T Y Yoo b L . *,Gd*:CI” )

Liq. Lm Liq
+ycr yKGdzCl7 (yK" LK :CI™,KGd,Cl, + yu L *:CI7,KGd,Cly + de3* Ykad 2Cly LGd3+ I KGdZCI7)

Uq Lig.
+yCI Yked 2Cly (yw yu* K*,Li*:Cl~,KGd,Cl, + yK* y Gd* LK* Gd*:CI™ ,KGd,Cl, (4-4)

Uq Lig.
+y|_i+ yed3+ L *,Gd*:CI~,KGd,Cl, )+ yK* yu de-”* yCI (Lw Li*,Gd*:Cl™
Lig.
+yKGdzCI7 LK* Li*,Gd*:Cl- KGdZCI7)

These interaction parameters L for both binary and ternary interactions could be
expressed as concentration and temperature dependent. For example, binary interaction

parameter L + gaiticr- €an be expanded as a Redlich-Kister polynomial [107]

n

qu |_|q v )
K* Gd*:Cl- Z K*.Gd*clm Yk dey) (4-5)
v=0

And ternary one, for example, can be

Lig. —
LLi*,K*,Gd3":CI' - yLi* LLi*:CI‘ + yK* LK*:CI‘ + de3* LGda*:CI‘ (4‘6)

Then linear dependence on temperature is applied to these parameters like
‘L=a,+b,T 4-7)

a, and b,, are the parameters that will be optimized during the calculation. Since there are
no heat capacity data for the intermediate compounds, their standard Gibbs energies are
written according to Neumann-Kopp rule [108] as, for example,
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0~ state __ 1 0 state 0~ state
GKmGdn%n =mGyg +n GGdC,3 + A+ BT (4-8)

where “state” stands for liquid or solid. A and B are variables related to the enthalpy and
entropy of formation of the intermediate compoundk Gd,Cl, .., respectively. These values

m+3n ’

were optimized according to experimental data.

4.3. Results and discussion

The parameter optimization was carried out in the PARROT module of CALPHAD software
Thermo-Calc [109] by minimizing the sum of squares of errors through iterations. Data
collected from the references and Thermo-Calc were edited into an experimental data file
to be used as the input. After obtaining the Gibbs energy expressions for different phases in
the system, phase diagrams were calculated and plotted accordingly in the POLY module of
the same software. Figure 4-1 and Figure 4-2 shows the calculated phase diagrams of KCl-
GdCls and LiCl-GdCls, respectively. It can be observed that the calculated results agree well
the experiments. The phase transitions of LizGdCle is also captured. The LiCl-KCl phase
diagram was taken directly from our previous work [97]. Then using the Kohler-Toop
asymmetric formulism, the ternary phase diagram of LiCl-KCI-GdCls was assessed as Figure
4-3. The liquidus projection at 723, 773, and 823 K is plotted. The optimized parameters
are shown in Table 4-1.

Table 4-1: Optimized parameters for the LiCl-KCI-GdCl3 system

Phase Parameters

L oo =17467.15
Solid "Glogor =" Gigy +2° Gy, -18846.53-47.50T
"Gy cucr, =2°Gi + Gy, -53651.49-2.63T
"Gy g0, =3°Gis + Gy, -23242.96-57.50T

°GS a0, =3°Giie + Gy, -12145.00+18.65T

OG;—Li3GdCI6 = SOGEiu + OGédC|3 -4631.07+7.02T

0

L o =-17523.74
0

Lo 1. = 28551.95-62.54T
U g =-24743.15+26.14T
"L = -123452.61+54.18T
1

L. oy =11659.96

"Groe,ci, = Gler +2°Glye, -2675.41-54.62T

Liquid

K*,Gd*:Cl™
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Figure 4-1: The calculated phase diagram of KCI-GdCls system
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Figure 4-2: The calculated phase diagram of LiCl-GdCls system
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Figure 4-3: The calculated liquidus projection for LiCl-KCI-GdCl3 system

The blue line stands for the compositions with X(LIiCl): x(KCI)=0.586:0.414. The dots

represent where GdCls starts to precipitate, which should be the limit of solubility of GdCl3
in LiCl-KCl eutectic salt at different temperatures. The mole fractions of GdCls at these
positions are list in Table 4-2. Generally, the solubility S, in the unit of mole fraction can

be expressed by [110]
109 Sy, =a+ > (4-9)
’ T
which is used to fit the calculated data in Table 4-2. Figure 4-4 shows the fitting result,

which gives the correlation of

109 Seye, = 0.4783—@ (4-10)

Table 4-2: Solubility of GdCls at different temperatures
T (K) 723 773 823
Solubility (mole fraction) 0.363 0.425 0.469
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Figure 4-4: Calculated solubility of GdClz in LiCI-KCl eutectic and the fitting curve

4.4. Conclusions

Thermodynamic assessment for the LiCl-KCI-GdCls ternary system has been carried out by
CALPHAD method using two-sublattice model. From the optimized phase diagram, the
solubility of GdCls in LiCl-KCl eutectic was obtained. Other interesting thermodynamic
properties could be derived from it as well. This study will help to evaluate the salt status
and GdCls properties during pyroprocessing and will also contribute to evaluating other
salt systems with more components.
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5. Electrolysis model

Electrolysis have been studied extensively in the past including experiments and model
developments. In order to get a better understanding of the processing, Tomczuk et al
[111] carried out experiments using liquid anode and solid cathode to study the recovery
of U and Pu during the electrorefining. Johnson [112] studied the transfer and distribution
of metallic fuel between liquid alloy and molten salt based on the thermodynamic
equilibria at two phases. Kobayashi et al [113] developed a multicomponent electrorefining
model according to the diffusion control in a fixed diffusion layer. Zhang [114] proposed
another model assuming the reaction equilibrium on the electrode surface. Comparatively,
this model accounts for more details in the processing, such as flows condition, surface
area change, and solubility limits of solutes. There are also other models supported by
commercial software, such as ANSYS and COMSOL [115,116,117]. In addition to
electrorefining, molten salt clean-up processing is another area needed to be studied since
there are still some actinides, rare earth, and active fission products left in removed molten
salt. In order to maximize the actinide recycle and minimize the volume of waste, molten
salt needs to be cleaned up before disposal or being re-used [118]. Rare earth and actinides
drawdown by electrolysis is a potential method to achieve the object. Kwon et al [119]
studied the salt clean-up with U and Ce using solid cathode. They found that almost all of
the material would deposit on the cathode with long enough time however the current
efficiency decreases with time. Tylka [120] investigated a model based on reaction
equilibrium and Nernst’ equation. This model considers the changes in electrolyte
composition and can predict the potential needed to accomplish a desired level of
separation.

Previous studies show that many models have been proposed to study the steps in
pyroprocessing; however most of them only focused on the diffusion control but missed
the kinetic processing on the electrode surface. They have the ability to predict the main
features of the electrorefining but generally cannot capture the effect of chemical and
electrochemical processing. In the present study, we constructed a new deposition model
in LiCl-KCl molten salt considering both of diffusion control and activation control. In this
model, Butler-Volmer equation used to describe the reaction at the electrode surface was
applied to the boundary conditions to solve the one dimensional diffusion equation. The
model predicts the deposition of U and Np on solid cathode successfully.

5.1. Methodology

When ions An+ deposit on the solid cathode, the reaction can be expressed by

A" +ne"=A (5-1)
Diffusion equation for one dimensional dynamics without convection is :
2
Ocar _p . Icam (5-2)
ot 0%x

where c,n+ is the concentration of A+, x is the distance, D n+ is the diffusion coefficient of
Ar+ Initially, concentration everywhere is the same, thus we have
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can+(t = 0,%) = Cone (5-3)

where c2n+ is the initial concentration. The current density in the cathode is due to the
reduction of RE3*. According to Butter-Volmer equation, the value can be expressed by
(1- a)nFn) s (anFn>]

- —_— -4
7T oCs exXp |~ (5-4)

i = nFk°[cin+ exp <—
where F is Faraday constant, k° is standard rate constant, Cjn+ and c; are surface
concentrations of A" and A metal on the electrode surface, respectively, a is the charge
transfer coefficient, o is the ratio of forward constant to the backward constant and has the
unit of cm-1. Its value was taken to be 1 in all the calculation. Actually, it has little effect on
the simulation results. R is gas constant, T is temperature in Kelvin, n is the number of
electrons involved, and 7 is over potential defined by

n=E—Ei ), (55)
where E is the potential applied and E 7 /4 Is the apparent potential of A™/A, which is
RT
0
E,:llf‘)*'/A = EA”"’/A + Tl_F lTl]/ (5'6)

where E:n+ /als the standard potential and y is the activity coefficient. Thus, the generation

rate and consumption rate of A and A" can be expressed by the equations below,
respectively [121].

_ L (5-7)
A,+ - nF
i
R n = — 5'8
AT nkF (5-8)
The ion flux of A™* to the electrode surface can be expressed by
aCAn+
RATL+'+ = DATI‘I' ax |x=0 (5'9)
Then the concentration change of An* on the surface of electrode is
dcyn
85— — Rynt _ — Ryns (5-10)

ot

where §; is the thickness of the surface layer, in which the concentration changes to
balance the materials mass. Also due to the reaction, the surface concentration change of A
metal on the cathode is

ac; i
—£ = = 5-11
at At TR ( )
At the at end of diffusion layer, the concentration equals bulk concentration, which gives us
Cend = C£n+ (5-12)

Combining those equations above, we will have one initial condition and two boundary
conditions. Accordingly, the diffusion equation could be discretized and calculated
numerically. There are two modes of the electrolysis, namely potential control and current
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control. They correspond to the chronoamperometry (CA) and chronopotentiometry (CP),
respectively in experiments. The model would be applied to these two situations below.

5.2. Chronoamperometry - Constant potential electrolysis
For the CA method, the step potential was given to monitor the variation of current. The
initial and two boundary conditions are
Initial condition:
et (t=0,x) = cﬁm (5-13)

Boundary conditions:

ac n 1—a)nF anF
65, - = nFk? [CZM P <_ %) ~ oG exP( RTn>] 5-14
aCAn+ ( ) )
Cend = C2n+ (5_15)

when the surface concentration is obtained, the current can be calculated by Eq. 5-4. The
model was applied to simulate the CA process of GdCl3 in LiCl-KCI-GdCls system with 3 wt%
at 723 K. The applied potentials were set to -3.267, -3.287, and -3.307 V vs. Clz2/Cl-. The
unknown parameters include §;, k%, and a. For the parameter vector

p =141 (5-16)
The squared residuals could be expressed in terms of this vector

S(p) = Z[simi (p) —exp, ]’ (5-17)

where [ is the number of the experimental data points. The nonlinear least squares
algorithm of Trust Region [122] was used to search the 3-dimensional parameter space to
find the optimum values that minimized the squared residuals. The parameters obtained
are shown in Table 5-1 and the fitting results are show in Figure 5-1. Table 5-1 shows that
the surface layer increase as the step potential decrease. Figure 5-1(a)(b)(c) show that
model predicts the current change very well. With each applied potential, the current
decreases rapidly at the beginning and then varies very slowly with time. It could be seen
by the concentration profile shown in Figure 5-1(d). The surface concentration is equal to
bulk concentration initially but suddenly decreases to a small value, which results in the
slow variation of the current because of the depletion of reactant on the surface.

Table 5-1: Parameters obtained from CA fitting

Applied Potential 6,

-3.267 0.0032
-3.287 0.0048
-3.307 0.0052
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Figure 5-1: Comparison of CA simulation with experiment data at (a) -3.267 V (b) -3.287 V (c)
-3.307 V. (d) Concentration profile at the electrode surface at different time.

5.3. Chronopotentiometry - Constant current electrolysis

For the CP method, the step current was given to monitor the variation of potential. The
initial and two boundary conditions now are:

Initial condition:
can+ (£ =0,%) = Cont (5-18)
Boundary conditions:
dcyn+ 0 ocyn+
"ot  nF
Cong = Cons (5-20)

(5-19)

I
—+
N

3

i

After obtaining the surface concentration, the potential can be calculated by Eq. 5-4. It is a
reverse process compared with CA method. The CP data of GdCls in LiCl-KCI-GdCls system
with 3 wt% at three temperatures, namely 723, 773, and 823 K was used to validate the
model. The applied current is 0.001 A. The &' is fitted again due to the different
temperature being used. Table 5-2 lists the optimized surface layer and it is showed that
the thickness of the surface layer decrease as temperature increase. Figure 5-2(a)(b)(c)
shows the results from three different temperature. They indicate that the simulation
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predicts the potential change accurately. The potential decreases rapidly at the beginning
but then varies slowly with the time. As in the CA, the phenomenon can be explained by the
concentration profile. As shown in Figure 5-2(d), the surface concentration decreases with
time. According to the Nernst equation

RT
_ pap -
E—EAn+/A+nFlnx (5-21)

The potential will decrease with the depletion of reactant on the surface. Also, the decrease
of the decreasing rate explained the rapid step of the potential at the beginning.

Table 5-2: Optimized parameter for CP

723K 773K 823K
8! 0.023 0.009 0.0054
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Figure 5-2: Comparison of CP simulation with experiment data for 3 wt% GdCI3 at (a) 723 K
(b) 773 K (c) 823 K. (d) Concentration profile at the electrode surface at different time.

5.4. Conclusions

In this section, a model combining the kinetics and diffusion process was developed to
simulate the CP and CA process. The result indicates the feasibility and robustness of this
model. It is worth mentioning that the current in this model is only calculated by Butler-
Volmer equation. Unlike the previous model [123,124], the diffusion current is not
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necessarily equal to the current due to the Butler-Volmer equation. A “surface layer” was
set here with the thickness of &/, therefore the concentration can be altered if the amount of
the consumed ions is different with the ion diffusing into the electrode. In the future, this
property may be used to study the diffusion control and activation control properties of a
system. The model development can not only investigate the fundamental properties of

elements in molten salt but can also instruct the design and optimization of the electrolysis
device for the used fuel reprocessing.
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6. Summary

In present study, various electrochemical techniques are applied to study the fundamental
properties of La, Gd, and Nd in LiCl-KCI eutectic salt with and without fission product
chloride CsCl in temperature range from 723 K to 823 K and RE concentration range from 1
wt % to 9 wt%. These include the determination of the diffusion coefficient, activity
coefficient, and apparent potential by the analysis of experimental cyclic voltammogram
data, analysis of diffusion coefficients from chronocoulumetry and chronopotentiometry
data, and the measurement of the exchange current density and charge transfer coefficient
by electrochemical impedance spectroscopy, liner polarization, Tafel plot, and proposed
electrode kinetic simulation method.

Temperature and concentration dependency of apparent potential and diffusion coefficient
are being examined. In general, apparent potential tends to increase with temperature
linearly and to decrease with concentration linearly in the investigated concentration range
with the only exception being Nd3* for which the apparent potential increases linearly as
concentration increases. All obtained diffusion coefficients follow the Arrhenius relation
with temperature, but in terms of concentration dependency, no clear relation is found
with La while the increasing in Nd and Gd concentration results in lower value of diffusion
coefficient. The diffusion coefficient calculated by the BET model agrees within 35%
difference from the value with Gd using conventional method (Berzins-Delahay equation)
and within 61% difference from La with conventional method. In conventional method, it is
assumed that the reaction is reversible. However, in this research, both La and Gd are
found to be quasi-reversible during the reaction. Specifically, the reversibility parameter
for La is very close to the irreversible reaction criteria while Gd’s reversibility parameter is
in the middle of quasi-reversible reaction criteria. In BET model, the kinetic of the reaction
is considered, hence, the reversibility of the reaction does not affect the analysis. This
explains the greater discrepancy found between BET model and conventional method for
La since the reaction is closer to irreversible, where the assumption for conventional
method does not hold true anymore. The concentration dependence of activity coefficient
and diffusion coefficient of La(III) in LiCI-KCI eutectic are studied using molecular dynamics
simulation method to enhance the understanding. Compared to the experimental values of
La(III), the simulations showed similar trends but relatively higher activity coefficients and
diffusion coefficient at higher concentrations.

The analysis of exchange current density in investigated salt systems using the
conventional methods such as Tafel, LP, and EIS methods can lead large deviation of
exchange current density and inconsistency of charge transfer coefficient. These three
methods are commonly used due to their convenience. However, the origin of these
methods are based on the electrode kinetic equations with the assumption of no mass
transfer effect. An electrode kinetic model including the mass transfer effect is developed to
accurately calculate exchange current density of La3* and Gd3*. In this research, it is found
that the exchange current density increases linearly with temperature and follows a
relation kynF[C]*~® with concentration where a is charge transfer coefficient and kj is
standard reaction rate constant. The obtained rate constant follows the Arrhenius law.
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CALPHAD method using two-sublattics model is also applied to assess the thermodynamic
property for complex molten salt system. LiCl-KCI-GdCl3 ternary system is selected as an
example and the phase diagram is optimized using the proposed model. Form the
optimization results, the solubility of GdCls in LiCl-KCI eutectic is obtained. This method
will help to evaluate the salt status and RE properties during pyroprocessing and will also
contribute to evaluating other salt systems with more components.

The developed correlations and values are integrated into a kinetic model to predict
electrolysis process. The model considers both the diffusion in electrolyte and Faraday
process on the electrode surface. A surface layer is included in the model to account for the
fact that diffusion current is not necessarily equal to the current due to the Butler-Volmer
equation. The model was validated by our experiment with both constant current and
constant potential electrolysis. The model gives insights on the reaction mechanism and
can be used to predict efficiency of RE drawdown from LiCI-KCl salt.

The activity coefficients of chlorides of La, Nd, Ce, and Gd in LiCl-KCI eutectic salt are also
studied using the emf method. The results also indicate extremely low activity coefficient in
the range of 10-3 -10-¢ for these REs. Compared to the activity coefficient from CV analysis,
these values are generally 1 order of magnitude higher, corresponding to a difference of
tens of millivolts for the apparent potential. Such magnitude of difference has also been
observed from existing literature data from different researchers using various methods.
By comparing the activity coefficient of these four REs, it is found the activity of rare earth
chlorides in LiCl-KCl increases exponentially with their ionic size in the salt. Correlations
between the activity and ionic size at three concentrations are developed which can be
used to calculate the activity of any rare earth chlorides between lanthanum (Z= 57) to
gadolinium (Z = 64) in concentration range of 1-2.5 mol %. Activity of LaCls, CeCls, and
GdCls in LiCI-KCI-CsCl melts are also measured at different RECl3 concentrations and
several CsCl concentrations. It is found that the presence of CsCl does affect the activity
coefficient of LaCls but the role is complex. Additions of CsCl up to 1.92 mol % showed little
influence on the activity coefficient of CeCls while the presence of CsCl decreases the
activity coefficient of GdCls. A novel process using a galvanic couple between a cathode
basket made of stainless steel and a Gd rod is investigated in LiCl-KCI-UCI3-MgClz. The
process shows rapid reduction of UCl3 to U and MgCl2 to Mg without any co-reduction of
LaCls, NdCls, or CeCls because of the higher standard potential of Gd3*/Gd. Benefits of this
process include passive operation, short processing times, removal of actinides as metals,
and high selectivity for actinides relative to rare earths.

The phase behaviors of four quaternary LiCl-KCI-CsCI-RECI3 (RE = La, Nd, Ce, and Gd) salt
systems are also studied. The solidus and liquidus temperatures are measured by
differential scanning calorimetry (DSC). The presence of CsCl causes a slight depression in
the liquidus temperature for all of the four rare earth chloride mixtures when compared to
the corresponding ternary system liquidus temperatures in the absence of any CsCl. The
LaCls and CeCl3 quaternary system (with CsCl) manifests a peritectic behavior as opposed
to eutectic behavior of ternary systems (no CsCl). The GdCls quaternary system shows a
peritectic behavior only in a limited concentration windows, at low GdCls and high CsCl
concentrations. The NdCl3 system shows a eutectic behavior throughout the concentrations
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range tested in this work, albeit with a slight depression in the liquidus temperatures in the
presence of CsCl.
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Appendix A. Data from literatures

Table A - 1: Apparent potential of La3*/La in molten LiCI-KCl salt.

T (K) Apparent potential (V) (versus Clz/Cl’)

Fussleman [19] Masset [20] Castrillejo [21] Tang[24]
673 -3.1804 -3.159
693 -3.139
698 -3.1637
723 -3.1462 -3.124 -3.114
733 -3.126
753 -3.089
773 -3.095
783 -3.064
813 -3.04
Molar Fraction 0.0001-0.01 0.00764 0.00281 0.00201

Table A - 2: Apparent potential (E) of La3*/La in molten LiCI-KCl salt [22].

T(K) Ear/V T(K) E2/V  T(K) Ear/V

647 -3.159 652 -3.157 642 -3.162
695 -3.128 690 -3.131 691 -3.134
751 -3.101 741 -3.106 729 -3.106
802 -3.068 812 -3.070 812 -3.058
869 -3.037 858 -3.032 862 -3.039
Molar Fraction 0.00152 0.0035 0.0078
T(K) Ear/V T(K) E2/V  T(K) Ea/V

653 -3.146 647 -3.158 651 -3.148
698 -3.125 695 -3.129 689 -3.128
741 -3.102 755 -3.090 742 -3.102
815 -3.068 812 -3.063 815 -3.056
868 -3.026 869 -3.025 866 -3.023
Molar Fraction 0.01 0.0132 0.0181
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Table A - 3: Apparent potential (E®) of La3*/La in molten LiCI-KCl salt [25].

T(K) Apparent potential (V) versus Clz/Cl-
773 K -3.157 -3.194 -3.307
Molar Fraction 0.00222 0.00623 0.01529

Table A - 4: Apparent potential of Ce3*/Ce? Pr3*/Pr? in LiCl-KCI salt.

T(K) Apparent potential (V) versus Clz/Cl-
Ce3*/Ce [19] Ce3*/Ce [21] Ce3*/Ce [26] Pr3+/Pr [19] Pr3+/Pr [21]
673 -3.1323 -3.125 -3.135 -3.1187 -3.123
698 -3.1154 -3.1024
723 -3.0984 -3.092 -3.106 -3.085 -3.097
748 -3.0562
773 -3.054 -3.076 -3.0463 -3.06
823 -3.018 -3.046 -3.029
873 -3.017
923 -2.987
973 -2.957
Molar 0.0001-0.01  0.00372 0.011 0.0001-0.01  0.0028
Fraction
Table A - 5: Apparent potential of Nd3*/Nd, Nd3*/Nd?*, Nd?*/Nd in LiCl-KCl salt.
T (K) Apparent potential (V) versus Clz/CI-
Nd**/Nd  Nd*/Nd Nd*/Nd Nd%/Nd  Nd%*/Nd>* Nd*/Nd>* Nd?>*/Nd Nd?*/Nd  Nd?*/Nd
[20] [21] [30] [32] [30] [32] [20] [30] [32]
673 -3.151
723 -3.105 -3.093 -3.127 -3.058 -3.122 -3.11 -3.142
733 -3.113 -3.073
748 -3.079 -3.049 -3.094
773 -3.079 -3.065 -3.039 -3.078
798 -3050 -3.029 -3.061
823 -3.055
Pl\'llr(:ll(;:ltll:on 0.0254 0.0044 0.0025 0.0047 0.0025 0.0047 0.0254 0.0025 0.0047
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Table A - 6: Apparent potential of Sm3*/Sm2*, Eu3*/Eu?*, Th3*/Th?, Er3*/ErY in LiCI-KCl salt.

T(K) Apparent potential (V) versus Clz/Cl-
Sm3*/Sm?z* Sm3+/Sm2z* Eu3*/Eu2+ Tb3+/Tb0 Tb3+/Tb0 Er3+/Er?
[34] [35] [31] [39] [40] [42]
673 -2.09 -3.067
683 -3.047
693 -3.054
698 -0.864
723 -2.04 -2.099 -0.848 -3.038 -3.018
748 -0.817 -3.023
773 -2 -0.8 -3.012 -2.982
813 -2.956
823 -1.98 -2.982
873 -1.93
887 -2.83
Molar 0.00225 0.00372 0.00385 0.0036 0.00297 0.0044
Fraction

Table A - 7: Apparent potential (E?) of Gd3*/Gd in LiCI-KCl salt [22].

T(K) Eer/V  T(K) Ear/V T(K) Ear/V
650 -3.078 673 -3.059 649 -3.074
679 -3.062 726 -3.026 699  -3.045
717 -3.040 772 -2.997 748 -3.017
765 -3.011 820 -2969 795 -2.988
808 -2981 868 -2.936 842 -2957
841 -2.959
Molar Fraction 0.00172 0.0026 0.00344
T(K) Ew@/V T(K) E®/V T(K) E®/V
651 -3.070 656 -3.067 658 -3.065
699 -3.041 675 -3.057 701  -3.040
747 -3.011 698 -3.045 743 -3.013
772 -2999 742 -3.015 783 -2.987
795 -2983 783 -2986 826 -2959
842 -2952 825 -2960 853 -2942
868 -2932 867 -2.934
Molar Fraction 0.00688 0.01 0.0144
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Table A - 8: Activity coefficient of NdCl3, SmCls in LiCl-KCl salt.

T (K) Activity coefficient (logy)
NdCls NdCls Nd(III)/Nd(Al) Nd(III)/Nd(Cd) SmCls SmCls
[20] [21] [30] [30] [34] [35]

673 -3.931

698 121 -8.9 -3.617

723 -3.516 -11.5 -8.8 -4.35

733 -4.0969 -8.6

748 -10.9

773 -10.4 -8.4 -3.446

823 -3.355 -3.347

873 -3.111

szlt?:n 0.0254  0.00448 0.0025 0.0025 0.00225  0.00372

Table A - 9: Activity coefficient of LaCls, CeCls, PrCls in LiCI-KCl salt.

T(K) Activity coefficient (logy)
LaCls [24] CeCls [26] CeCl3[27] CeCls[28] PrCls[21]
673 -1.721
693 -0.692
723 -0.645 -1.853 -2.49 -2.699 -2.517
753 -0.6
773 -1.744
783 -0.555
813 -0.53
823 -2.009 -2.43 -2.129
873 -2.07
923 -2.119
973 -2.159

Molar Fraction 0.00201 0.011 0.00566 0.00189 0.00285
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Table A - 10: Activity coefficient of EuCls, GdCls, ThCls, ErCls in LiCl-KCl salt.
T(K) Activity coefficient (logy)

673 -4.99

693 -4.87

723 -2.977 -2.586 -3.769 -4.76 -4.579

771 -2.332

813 -4.311

873 -2.291

Table A - 11: Diffusion coefficient of La3*, Pr3* in LiCl-KCl salt.
T (K) Diffusion coefficient (10-5 cm?2s'1)

653 0.68 0.6

693

=
o
[\

723 1.47

e
o)

733

=
N

773 1.61 1.57

Method (8% cv Ccv CP Convolution
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Table A - 12: Diffusion coefficient of Ce3*, Nd3*, Nd?* in LiCl-KCl salt.
T(K) Diffusion coefficient (10-5 cm?2s-1)

653 0.47 0.53

698 0.853

724 1.04

773 0.99 1.96 1.71 1.53 0.54 1.6

e}

973 2.76

Molar Fraction 0.0111 0.0111  0.00377 0.00189  0.0254 0.0025 0.0025

Table A - 13: Diffusion coefficient of Sm3* in LiCI-KCl salt.
T(K) Diffusion coefficient (10-5 cm?2s1)

673 0.41 0.63 0.36 0.41 0.45 0.48

723 0.76 0.95 0.51 0.7 0.75 0.75

823 1.6 1.83 1.7 1.13 1.19 1.15

Method Ccv Semi-integral CP cv CcP Convolution
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Table A - 14: Diffusion coefficient of Eu3*, Eu?* in LiCl-KCI salt.
T(K) Diffusion coefficient (10-5 cm?2s-1)

673 0.425 0.457 0.421 0.432

723 0.12 0.29 0.583 0.578 0.592 0.565

773 0.2 0.59 0.92 0.93 0.889 0.897 0.951

Method Convolution CP Ccv (8% CP CA (8%

Table A - 15: Diffusion coefficient of Gd3* in LiCI-KCl salt.
T (K) Diffusion coefficient (10-5> cm?2s1)

675 0.526 0.59 0.558

725 0.815 0.873

773 0.53 1.15 1.18

824 1.59 1.17

Method CP CP CP Ccv Convolution CP
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Table A - 16: Diffusion coefficient of Tb3*, Dy3*, Er3* in LiCl-KCl salt.

T(K) Diffusion coefficient (10-5 cm?2s-1)

673 0.414 0.69

693 0.492 0.81

723 0.626 1.03

748 0.754 1.24

813 1.9 1.394

873 2.01 2.75

Method Cp cv CP Ccp Ccp cv CP
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