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Codeposition of elements is an important phenomenon in the analysis and understanding of mass transfer in electrorefining of
pyroprocessing. This study investigated the codeposition of lanthanides in molten salt. Mass transport experiments were conducted
to examine the accuracy of the 1D electrorefining model, ERAD. Three lanthanides (La, Ce, and Gd) were selected because their
standard reduction potentials are close to each other which facilitates codeposition. For the electrodeposition experiments, six
electrochemical cells were used with varying ratios of lanthanides and the electrode potential ranging from 0.00 V to 0.15 V. This
controlled the codeposition environment. The resulting electrodeposits were analyzed by ICP-OES and compared with the
simulation results from ERAD. The ERAD input parameters were determined through electrochemical studies. Theoretical
codeposition ratios were also analyzed using polarization curves. The study indicated that the current density of each element
played a major role in its codeposition, as did thermodynamically determined reduction potentials. The overall results were
comprehensively investigated and showed that ERAD can reasonably show the tendency of the codeposition results obtained from
the experiments. With minor revision, it is expected that this 1D computer code could be effectively utilized for modeling the mass
transport of the electrorefining process of pyroprocessing.
© 2020 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
abc02f]
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As the use of nuclear energy continues to expand internationally,
the issue of used nuclear fuel management becomes increasingly
important. One proposed option for more effective used fuel
management is pyroprocessing. It is a pyrometallurgy process that
recycles the fuel and reduces the volume of high level waste
requiring disposal. One of the significant advantages of pyroproces-
sing over current aqueous processing methods is its proliferation
resistance because it involves no separation of pure Plutonium. As a
result of this advantage, research and development (R&D) efforts are
underway in a number of countries.

In pyroprocessing, electrorefining (ER) is where uranium is
selectively separated from used fuel by taking advantage of the
difference in the reduction potentials of each element in the molten
salt. Since the 1970s, a number of ER computer models were
developed to study optimization and the effects of scale-up on the
pyroprocessing system. Initial models focused on examining funda-
mental electrochemical properties such as thermodynamics. As time
went on, the models became more versatile, simulating various
phenomena, including mass transfer, kinetics, and electrolyte resis-
tance. However, compared with the level of effort focused on model
development, the subsequent model validation work received far less
attention.

In numerous cases, validation efforts have used existing experi-
mental data. For instance, REFIN code,1 developed by Park in 1999,
simulates basic electrochemical phenomena. This 1D computer code
was validated using experimental data from the Argonne National
Laboratory regarding the electrodeposition of uranium and
Plutonium onto a solid cathode. Although the code can simulate
experimental results with high accuracy, the lack of available data
limits the validation of the code’s ability to simulate pure uranium
deposition. In 2010, the Idaho National Laboratory (INL), Korea
Atomic Energy Research Institute (KAERI), University of Idaho
(UI), and Seoul National University (SNU) cooperated to develop
and verify two electrorefiner models.2 INL and UI developed a
computationally light and portable 2D model,3–5 while KAERI and
SNU developed a computationally intensive 3D model for analyzing
detailed and fine-tuned simulations.6–9 This joint investigation
focused on the potential and current distribution values of electro-
chemical cells. The experiment results showed a general agreement
with the calculated current distribution and the calculated cathode
potential. However, these experiments used a surrogate aqueous

rotating cylinder hull under ambient temperature instead of a high-
temperature molten salt ER process conditions.10 In 2013, Kim et al.
developed a 2D computational model to simulate a high-throughput
multicathode ER system. They used the COMSOL multiphysics
software, a commercial finite element method code.11 After testing
the model by simulating two electrochemical analysis techniques -
cyclic voltammetry (CV) and linear sweep voltammetry (LSV) -,
they validated the model through a series of electrodeposition
experiments. They compared the thickness of the electrodeposit on
the cathodes and the polarization curves to the simulator results.
Although there are deviations in the cathode’s deposition thickness,
the general growth tendency of uranium dendrites showed good
agreement with the simulated deposit thicknesses. The polarization
curves also matched the experiment results, although there were
slight discrepancies caused by inaccurate electrochemical parameter
characterization of the material in the cells.

While these 2D and 3D models describe the details of the ER
process by combining the effects of fluid flow and electrochemistry,
they also add uncertainty and variations in the second and third
dimensions. The addition of these details do not necessarily improve
our understanding of the dissolution (anode) and deposition
(cathode) behavior of metals on the electrodes. For this reason, the
use of a 1D model is a more efficient way to test assumptions,
perform data fits, and describe mass transfer between the anode and
the cathode. These efficiencies in describing mass transfer are key to
studying ER in pyroprocessing. In addition, the model’s accuracy
and computation time are also important factors. So far, validation of
a 1-D model’s performance in simulating a multispecies system has
not been addressed.

The objective of this study is to evaluate the 1D ERAD code’s
ability to adequately simulate the mass transfer that occurs in a
multispecies system, using molten salt experiments. The experi-
ments were performed using lanthanides (Lns) as surrogate materials
in the place of special nuclear materials (SNMs). Lns are fission
products that accumulate in the electrolyte and exhibit chemical
behavior similar to that of actinides (Ans).12 Using Lns as surrogate
materials allows for the examination of actinide behavior in molten
salt while avoiding the complications associated with using SNMs.
Moreover, as the standard reduction potentials of Lns are close to
each other, using them provides a more favorable condition for
codeposition experiments in relation to the study of mass transfer in
molten salt. The selected Lns are lanthanum (La), cerium (Ce), and
gadolinium (Gd). To evaluate the mass transport modeling capability
of the ERAD code, two types of experiments were conducted. First,zE-mail: msyim@kaist.ac.kr
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experiment was performed to generate the electrochemical proper-
ties of each lanthanide element in the given electrochemical cell
condition to be used as input data for ERAD. To confirm the
reliability of the experiment results, the data were compared with the
published data.

Second, electrodeposition experiments were conducted to study
mass transfer. A key aspect of ERAD is its ability to simulate the
mass transfer of elements in ER. To examine ERAD’s ability to
accurately simulate codeposition, electrochemical cells were de-
signed in a binary system. To vary the preference of codeposition,
six electrochemical cells were designed based on the reduction
potentials derived from the first set of experiments for each element
studied. In addition, the electric current density of the cathode was
varied by adjusting the applied electrical current. The codeposition
ratio and quantity of the electrodeposits were determined by using an
inductively coupled plasma optical emission spectrometry (ICP-
OES). The experiment results were compared to the ERAD simula-
tions to determine the validity of the simulation results. The
theoretical codeposition ratios were also comprehensively analyzed
using polarization curves. This effort examines the possible applica-
tion of the 1D ERAD code for ER process modeling that includes
consideration of pyroprocessing nuclear safeguards issues.

Modeling Background

The ERAD code, developed in 2013, is an expanded version of the
REFIN code13,14 which simulates the rate-limiting steps in mass
transport in a molten salt electrorefining system using a 1D approach.
The key governing equations used in the model are the Nernst equation,
the Butler-Volmer equation, and a diffusion equation with a migration
term; respectively, these equations simulate thermodynamics, the
kinetics of the reactions that occur at the surface of the electrodes,
and the mass transfer in the electrorefining process. ERAD’s advan-
tages include its fast calculation speed (a few seconds) and its
compatibility with both Linux and Windows OS operating systems.
Several research teams have used ERAD to study ER, specifically in
relation to the study of nuclear safeguards for pyroprocessing.15–18

During the ERAD development process, limited code validation
work was conducted using published CV data on uranium and
Plutonium.13 However, the code’s main modeling capability, the
mass transfer analysis part, was not examined. To address this
deficiency, experimental validation of ERAD was recently con-
ducted using uranium and gadolinium.19 Lafreniere et al.’s valida-
tion work focuses on the ability of ERAD to detect off-normal
operations (failure modes). The failure mode in ER operation was
simulated by changing the surface area of the cathode by adjusting
the immersed depth of the cathode. Comparing the experiment data
to the ERAD analysis of an equivalent cathode surface area showed
that ERAD can predict the change in codeposition of uranium and
gadolinium that would occur. However, the behavior of metal ions in
the system were not well characterized in the study as the input
parameter values were not experimentally determined. The small
number of experiments (10) makes the comparison between ERAD
and the experimental results rather limited. Also, as designed, the
small-scale of the experimental cell did not allow for the growth of
dendrite. In addition, applying the current for 60 s was too short to
observe the changes that can occur in the ER process.

To evaluate the validity of a computer model, it is important to
adequately characterize input parameters necessary for the execution
of the computer model. The input parameters required to operate
ERAD can be categorized into six groups based on their functions:
the electrochemical properties, the operating conditions, the cell
designs/geometries, the solver pack (LSODE) settings, the output
settings, and the element (multispecies) properties. Of these six
categories, the electrochemical properties and the operating condi-
tions can be determined through experiments.

The electrochemical property group consists of four parameters:
the standard apparent reduction potential (E0′), exchange current
density (i0), diffusion coefficient (D), and transfer coefficient (α).

The standard reduction potential is a thermodynamic property that
provides information about the equilibrium and preferential reaction
of each element. The exchange current density describes the rate of
reaction occurring on the electrode surfaces in the equilibrium state.
The diffusion coefficient is related to mass transfer in the electrolyte.
It presents the mobility of a solute in a solvent. The transfer
coefficient shows the preference of reaction between oxidation and
reduction. These parameters can be extracted by employing electro-
chemical analyses. The operating condition group consists of
measurable parameters in the experiments: operating temperature,
surface area of electrodes, electrolyte composition, etc. Each of these
parameters can be experimentally determined to support ERAD
simulation.

Experimental

In general, experimental studies investigating the behaviors of
elements in a molten salt are conducted in a small-scale electro-
chemical cell.19–32 However, in this study, the experiment cell was
designed to be large enough (∼250 cm3) to allow dendrite growth,
thereby facilitating the study of the mass transfer phenomena in the
cell. The experiment setup is as follows. Experiments were
performed in a glove box under an inert atmosphere with less than
1 ppm of both oxygen and moisture. The furnace (SKUTT, KM-614,
US) was located inside the glove box, and the operating temperature
(773 K) was measured with a chromel-alumel thermocouple.

The electrochemical cell is a three-electrode system with a working
electrode, a counter electrode, and a reference electrode. The working
electrode was a molybdenum wire with a 1 mm diameter (99.94%, Alfa
Aesar). The immersed length of the working electrode was 2 (±0.2) cm.
The counter electrode was an Ln metal (Ln = La, Ce, or Gd, 99.9%,
Alfa Aesar) rod located in a stainless steel basket. Electrodes were
sheathed in alumina tubes to prevent electrical conduction between
materials. A Ag/AgCl reference electrode was prepared using 1 wt%
AgCl (99.997%, Alfa Aesar) in a LiCl-KCl eutectic salt with a silver
wire (0.5 mm diameter, 99.9985%, Alfa Aesar), contained in a thin
mullite tube (4 mm inner diameter, 6 mm outer diameter ). To prepare
an electrolyte consisting of 59–41 mol% LiCl-KCl eutectic salt, LiCl
(>99%, ACS, Alfa Aesar) and KCl (>99%, ACS, Alfa Aesar) were
mixed in an alumina crucible and the mixture was pre-heated at 773 K
for more than 3 h to remove any moisture. After the cell was cooled
down, it was re-heated with an addition ofLnCl3 (99.9%, ultry dry, Alfa
Aesar) to adjust the final molten salt concentrations in the cell (See
Table I). A schematic of the electrochemical cell is shown in Fig. 1.

The electrochemical analysis and electrodeposit experiments
used a potentiostat/galvanostat (Biologic, SP-150) with EC-lab
software.

In the electrochemical analysis experiments, the electrochemical
properties of each element were investigated in a cell containing a
single element. Cyclic voltammetry (CV), chronopotentiometry
(CP), and linear polarization (LP) were employed to determine the
standard apparent reduction potential, diffusion coefficient, ex-
change current density, and transfer coefficient for each target
element. Since the electrodeposition experiments were conducted
in various cell compositions, electrochemical studies were also
conducted in various concentrations (3, 5, 7, or 9 wt% LnCl3) to
investigate the effects of concentration.

For the mass transfer study, electrodeposition cells were designed
as a binary system. The codeposition of two elements occurs when
the equilibrium potentials of the elements were close. The difference
in equilibrium potentials can be adjusted by using the mole ratio of
the cell components, which can be calculated with the Nernst
equation as follows:

E
RT

nF
XE ln 1eq

0 [ ]= ¢ +

where Eeq is the equilibrium potential, E0′ is the standard apparent
reduction potential [V], R is the gas constant [8.314 J mol−1∙K−1],
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Table I. The composition of the experimental cells in the mass transfer study.

Deposition Type ΔE [V]
CeCl3-LaCl3 Binary System GdCl3-LaCl3 Binary System

Cell Name CeCl3 [mol] (wt%) LaCl3 [mol] (wt%) XCe/XLa Cell Name GdCl3 [mol] (wt%) LaCl3 [mol] (wt%) XGd/XLa

Codeposition 0.00 Ce0.1 0.015 0.145 0.1 —

(9.00%) (0.90%)
0.05 Ce1 0.080 0.080 1 Gd0.25 0.032 0.128 0.25

(4.90%) (4.90%) (2.1%) (7.9%)
Singular Deposition 0.10 Ce10 0.145 0.015 10 Gd2.5 0.114 0.046 2.5

(0.90%) (8.90%) (7.5%) (2.8%)
0.15 — Gd25 0.154 0.006 25

(10.1%) (0.4%)

Journal
of

T
he

E
lectrochem

ical
Society,

2020
167

142501



T−1 is the temperature [K], n is the number of electrons transferred
in the reaction, F is Faraday’s constant [96,485 C mol−1], and X is
the mole fraction of the reactant.

When the number of electrons transferred in the reduction
reaction is the same for both elements A and B, the difference in
equilibrium potential between elements A and B is as follows:

E
RT

nF

X

X
E ln 2A B

A

B
eq,A B

0 ⎛
⎝⎜

⎞
⎠⎟ [ ]D = D +- -

¢

The experimental cells were designed to have a varying
equilibrium potential difference from 0.00 V to 0.15 V. The varying
range was between 0.00 and 0.10 V for the Ce-La binary system and
between 0.05 and 0.15 V for the Gd-La binary system. The Ce-La
binary system, with small difference in reduction potential between
Ce and La, would readily achieve codeposition. Therefore, a small
equilibrium potential difference was employed in the experiment for
the system. For the Gd-La binary system, having a larger reduction
potential difference between Gd and La33 with singular deposition
more likely to prevail, a larger equilibrium potential difference was
employed. Each binary system used three experimental cells with
0.05 V interval.

The apparent reduction potentials acquired from the electroche-
mical analysis experiments were used to determine the cell composi-
tion. Considering that the electrolyte in an actual electrorefiner
contains approximately 10 wt% UCl3, the experimental cells were
also designed to contain approximately 10 wt% GdCl3-LaCl3 or
CeCl3-LaCl3. Table I presents the composition of each experimental
cell in the mass transfer study. The experimental cells were named
based on the Ce or Gd in the binary system and its mole ratio to La.
For instance, in a Ce-La binary cell where the mole ratio of Ce to La
is 10, the cell was named the Ce 10 cell. As a reference, an
electrodeposition experiment was also conducted for a cell con-
taining 10 wt% LaCl3.

Since the electric current and its supply time are adjustable
parameters in ERAD, to investigate the effect of current density, the
supplied current was incrementally increased (in 50 mA intervals)
from 100 to 500 mA. Each experiment was repeated at least 3 times
for quality control. A constant current was supplied for 10 min in
each electrodeposition experiment.

After each experiment, the electrodeposits and the eutectic salts
were sampled and analyzed for their quantities and associated
compositions using ICP-OES (Agilent, Agilent ICP-OES 5110).
To prevent loss in an electrodeposit sample, a cathode with an
alumina sheathing was used along with a basket designed to capture
any fallen deposits, as shown in Fig. 1. When an electrodeposit fell
into the basket, it was scraped out of the basket and the sample was
obtained with some molten salt contamination. However, when an
electrodeposit fell into the bottom of a cell, it was not possible to
collect that portion of the sample. In this case, the quantity of an
electrodeposit sample scraped with salt was adjusted by applying a
potassium ratio, called the K-factor as multiplication factor, to
minimize the undesirable error due to sample loss. The K-factors are
calculated for each experiment cell as follows. Salt samples from
each cell are analyzed by ICP-OES. A mole ratio of each element to
potassium (K-factor) was calculated using the obtained cell compo-
sition (from ICP-OES). The obtained K-factor was applied to
recalculate the quantity of other elements in the electrodeposit
sample.

ICP-OES samples were prepared as follows. The electrodeposit
samples were prepared by cutting a 3 cm segment from the bottom
of the Mo electrode. The segment was weighed and then dissolved in
20 ml of 10% HNO3. Since 10% HNO3 cannot dissolve Mo metal,
the Mo was collected from the acid solution and weighed in order to
subtract its weight from the initial sample weight. The salt sample
was weighed and then dissolved in 20 ml of 2% HNO3. Further
dilution was conducted to ensure the sample concentration was
between 0.1 to 10 ppm. The final acidity of ICP-OES samples was
maintained at 2% HNO3.

Result and Discussion

Input data acquisition.—Three electrochemical analysis methods -
CV, CP, and LP - were employed to obtain four electrochemical
properties - the standard apparent reduction potential, diffusion coeffi-
cient, exchange current density, and transfer coefficient, required as
ERAD input data. To verify the reliability of the results, the obtained
values were compared with published data.12,20–32

The standard apparent reduction potential and reversibility of the
system were determined by CV. The scan rate of CV was varied
from 25 mV s−1 to 300 mV s−1. The cyclic voltammogram of CeCl3

Figure 1. Electrochemical cell design for the experiment.
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is presented in Fig. 2. La and Gd have similar features to Ce. The
single cathodic and anodic peaks indicate that the reduction-
oxidation reactions of Ln(III)/Ln occur in a single step. Figure 2
shows the anodic peak is sharper than the cathodic peak. This is
characteristic of a soluble-insoluble system.12 The reversibility of
the reduction-oxidation reaction was investigated by examining both
the CV results and the relationship between the cathodic peak
currents and the square root of the scan rates. As shown in Fig. 3, the
observed linearity between the cathodic peak currents and the square
root of the scan rates (R2 > 0.99) indicates that the mass transfer in
the system is diffusion limited. Figure 2 also shows that the distance
between the anodic and cathodic peaks in the CV were drawn out as
the scan rate increased. This feature indicates that the system is not
truly reversible but can be considered quasi-reversible where the
current is controlled by both the charge transfer and mass
transport.34 In that case, the arithmetic mean of the oxidation peak
potential and reduction peak potential (half-wave potential) could be
used to represent the standard apparent reduction potential in the
system.35

Since the potential values were obtained by using a Ag∣AgCl
reference electrode, which is dependent on the mole fraction of
AgCl, they were converted to the scale of a Cl2∣Cl− reference
electrode by adding the equilibrium potential of the Ag∣AgCl redox
couple to the obtained standard apparent reduction potential value.
When the AgCl concentration is low, the following equation,
developed by Yang and Hudson,36 can be used in the LiCl-KCl
eutectic system:

E T1.0910 0.0002924 3AgCl
0 [ ]= - +

Since Yang and Hudson’s equation was obtained from experi-
ments where the lowest mole fraction of AgCl was 0.0146, the
equation needed to be extrapolated for this study, which used 1 wt%
of AgCl (0.0039 mole fraction). Recently, a new experimental
equation was suggested by Yoon et al.37 They conducted experi-
ments where the minimum mole fraction was 0.00039 (0.1 wt% of
AgCl). To validate the standard apparent reduction potentials
obtained in this study, both equations were applied and the results
were compared. The results showed only a minor difference
(∼0.01 V) between the use of the two equations, and both values
fell within the range in the referenced literature.12,20–32 The obtained
standard apparent reduction potentials of La, Ce, and Gd were
−3.248, −3.201, and −3.174 V, respectively. The reduction poten-
tial differences between the two elements were approximately
0.05 V for ECe La

0D -
¢ and 0.08 V for E .Gd La

0D -
¢ These values were

used to determine the composition of each experimental cell.
The diffusion coefficient is determined by a CP analysis. Figure 4

shows chronopotentiograms of CeCl3 in a LiCl-KCl eutectic system
with various currents with plateaus near the cathodic peak potential
in the CV. When current is applied, the reactant around the electrode
is rapidly consumed by the reduction reaction. The time required
until the concentration of reactant at the electrode surface reaches
zero is defined as the transition time, τ. In a reversible system, the
diffusion coefficient can be determined using the Sand equation:

i

C

nFAD

2
4

p
1
2

1
2

1
2

[ ]
t p

=

where ip is the peak current [A], τ is the transition time [s], A is the
cathode surface area [cm2], C is the concentration [mol cm−3], v is
the scan rate [V s−1] and D is the diffusion coefficient [cm2 s−1].

Due to a lack of experiment data, most computational models
including ERAD have conservatively assumed the values of the
transfer coefficient and exchange current density of an element at 0.5
and 10, respectively.25 To accurately predict the electrochemical
behaviors of metal ions in molten salt, experimental data repre-
senting the actual conditions should be used for code simulations. In
particular, the exchange current density is an important factor in

Figure 2. Cyclic voltammograms of 3 wt% CeCl3 for various scan rates at
773 K.

Figure 3. Plot of cathodic peak currents vs the square root of the scan rates
from the cyclic voltammograms of 3 wt% LnCl3 at 773 K.

Figure 4. Chronopotentiograms of 7 wt% CeCl3 for various currents at
773 K.
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understanding the codeposition phenomenon and its value depends
on the concentration of the reactant in the electrochemical cell and
determines the rate of oxidation-reduction.

To experimentally determine the exchange current density and
the transfer coefficient of elements, LP was employed. Before
polarizing the electrode, it is lightly coated with Ln metal by
applying current for a few second. The exchange current density and
the transfer coefficient of each element was determined through a
Tafel plot (a graph of the overpotential vs the logarithmic value of
current) using the LP results. The Tafel equation is derived by
simplifying the Butler-Volmer equation. The Butler-Volmer equa-
tion sets the current density (j) as a function of the overpotential (η)
as follows:

j j
nF

RT

nF

RT
exp

1
exp 5o

⎜ ⎟ ⎜ ⎟
⎛
⎝⎜

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎞
⎠⎟

( ) [ ]a
h

a
h=

-
-

-

When a large negative or positive overpotential is applied, one of
the two exponential terms in the Butler-Volmer equation becomes
negligible. If a large cathodic overpotential is applied in an
electorde, the cathodic term (the second exponential term) governs
the equation, truncating the mass transfer effects, and allowing a
simplified form of the equation to be used:

j j
nF

RT
exp 60

⎜ ⎟⎛
⎝

⎞
⎠ [ ]a

h= -
-

From Eq. 6, the cathodic overpotential can be expressed with a
logarithmic current density as follows:

RT

nF
j

RT

nF
j a b jln ln ln 70 ∣ ∣ ∣ ∣ [ ]h

a a
= - = +

where “a”(=(RT/αnF) ln j0) is the Tafel constant and “b” (=RT/
αnF) is the Tafel slope.

Since the Tafel plot is a linear equation (see Fig. 5), there is a
linear relation in the high overpotential region. The exchange current
density and the transfer coefficient were calculated from the Tafel
constant and the Tafel slope, respectively. The exchange current
density is reported as a function of concentration.25,30 Figure 6
shows a linear increase in the exchange current density as the
concentration increases for LnCl3 at 773 K. While the exchange
current density increased with concentration increases for all Lns, La
shows the most linear relationship (R2 = 0.990). The values of the
linearity coefficient determined for Ce and Gd were 0.834 and 0.646,
respectively. In the ERAD simulations, the exchange current density
value was selected based on the element concentration in the
electrodeposit experiment cell.

The experiment results and literature values for the four electro-
chemical properties of each target element (La, Ce, and Gd) are
summarized in Table II.12,20–32 Most of the experimentally derived
values are close to the published values. However, given the broad
range of experimental conditions (scan rate, concentration, temperature,

Figure 5. Tafel plots of 5 wt% LnCl3 at 773 K (Scan rate: 15 mV s−1).

Figure 6. Results of estimated exchange current density from experiments
in various concentrations of LnCl3 at 773 K.

Table II. Electrochemical properties of La, Ce, and Gd from experiments and published data.

Lanthanum Cerium Gadolinium

Standard apparent reduction potential [V (vs Cl−∣Cl2)] −3.248 −3.201 −3.174
{−3.060 ∼ −3.307} {−3.066 ∼ −3.110} {−3.000 ∼ −3.040}

[12, 20–22, 24] [12, 27, 31] [21, 23, 29]
Diffusion coefficient [105 cm2 s−1] 0.98 1.41 0.64

{0.53 ∼ 1.67} {0.69 ∼ 1.96} {0.81 ∼ 1.72}
[12, 20–22, 24] [12, 27, 28, 31] [21–23, 28, 29]

Exchange current density [mA cm−2] 14.1 ∼ 21.1 8.1 ∼ 23.7 6.9 ∼ 12.1
{7.77 ∼ 52.4} {13.7 ∼ 146} {10.32 ∼ 42.8}
[22, 25, 26, 32] [25–27, 31] [23, 25, 26, 30]

Transfer coefficient 0.45 0.37 0.47
{0.69} {0.55} {0.68}
[25] [25] [25]

Published data {}, references [].
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etc.), direct comparison of them is difficult. Though the standard
apparent potential of La fell within the published data, the values of Ce
and Gd were more negative than the values in the literature. However,
considering the differences in the standard potential among three
elements,33 the obtained values were reasonable for practical use. In
the case of exchange current density, which depends on the concentra-
tion of the element, broad range of data obtained in various experi-
mental conditions can be noted. The acquired values in this study fell
within the range of the reported values in the literature. In the case of
the transfer coefficients of elements, the experimentally obtained data
(La 0.45 Ce 0.37, and, Gd 0.47) are somewhat lower than the values
reported for lanthanides by Lim and Yun25 and also lower than the
reported values for uranium (less than 0.22).38,39 Considering the
relatively small differences from the reported values and that many
electrochemical studies use 0.5 as the value of the transfer coefficient of
elements, the obtained values seems acceptable.

One potential issue to consider is deriving the values of the
electrochemical properties of elements in a singular system and
using them for examinations in a binary system. For the exchange
current density, Lim reported that coexisting elements do not interact
with each other, and the reduction-oxidation reactions proceed
independently, at the equilibrium potential.40 In addition, Yoon
and Phongikaroon’s study on the behavior of uranium in a U-Gd
binary system also reported no strong interaction between existing
elements to alter the electrochemical properties.41 For other electro-
chemical properties, any interactions effects in a binary system are
assumed negligible.

Mass transfer study.—To evaluate ERAD’s ability to simulate
mass transfer, a comparison of the experiment results and simulation
output was conducted. The input parameter values for ERAD came
from the analysis of CV, CP and LP electrochemical data. In
addition, adjustment in the cathode surface area was exercised in the
ERAD calculation based on averaging the surface area change
during the electrodeposition experiment. The adjustment was based
on using the following Cottrell equation42

i
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This equation describes the change in electrical current over time
in response to a given potential at a constant level. While each of our
electrodeposition experiments was conducted for 10 min by control-
ling electric current to be constant, we also noted that, during the

10 min experiment, the responding potentials were also maintained
at almost a constant level. Therefore, converting the use of the
Cottrell equation was proposed as follows to describe the changes in
the surface area with electrodeposition:
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The results of the single element electrodeposition experiment
are presented in Fig. 7. The figure shows that the quantity of La
electrodeposition linearly increases as the total supplied charge
increases. When there is no competing reactant in a cell, all of the
supplied charge is used to reduce one element. Therefore, other
factors such as current density and diffusivity, do not influence the
electrodeposition. In fact, a manual calculation using the charge of
the electron, the number of transferred electrons (for reducing a La
ion), the atomic mass of La, and Avogadro’s number provides the
same result. Therefore, the experimental method employed deems
feasible for studying ERAD’s mass transfer simulation. The results
of the experiment agreed with ERAD simulations except for a few
data points. When a data point departed more than 3 standard
deviations (99%) from the ERAD prediction, the point was
considered as an outlier. There were two outliers marked as “x” in
Fig. 7. These outliers represent either sample loss during sampling or
a sample preparation error in dilution. After removing these outliers,
the average standard deviation was reduced from 12.7 to 4.3.

In a binary system, the sampling of electrodeposition is more
problematic than for a singular element cell since the electrodeposit
is not tightly attached to the cathode. According to the Gschneidner
and Calderwood’s alloy phase diagram of a Gd-La system,43 the
alloy structure varies depending upon the La/Gd ratio and the
temperature. At 773 K, when the content of La is between 20 and
40%, the alloy has a body-centered cubic (bcc) structure where the
Gd-La system shows complete solid solubility (bcc region in the
high temperature).44 For the La-Ce system, the Ce and La also form
a continuous series of solid solutions. Regardless of the La/Ce ratio,
the alloy maintains a face-centered cubic (fcc) structure.45 However,
in terms of the reaction between the surface of the Mo electrode and
attachment of the Ln ions, only a weak attachment was obtained
driven by the electric current. For this reason, our experiments
showed that in both the Ce-La system and Ge-La system, the
electrodeposits were poorly attached to the Mo cathode, resulting in
some sample loss. This problem was more prominent in the Gd-La
binary cells.

To address the problems caused by sample loss, the resulting
metal deposit data were classified based on electric charge conver-
sions. The metal deposits were converted into electric charge and the
values were compared to the total supplied charge. If the converted
values were less than 80% or higher than 120% of the total supplied
value, the data was not used.

To provide an additional perspective on the collected data, the
theoretical codeposition ratios were also determined by using
polarization curves. A polarization curve (PC) is a graph of the
deposition potentials, as a function of current density for a metal.
From the PC for two metals (A and B), it is possible to infer the
relative degree of codeposition of two metals A and B using the ratio
jA/jB at the given electrode potential. The PCs were drawn using the
Butler-Volmer equation (Eq. 5). The values required for drawing the
PC were obtained from the Tafel plot and the overpotential
information estimated from the recorded cathodic potentials from
the electrodeposition experiments. For an instance, the PC of Ce and
La in Ce 10 cell are shown in Fig. 8 with the comparison of the
current density of Ce and La.

Figure 9 shows the mass transfer analysis results for the Ce-La
binary systems. When one of the two elements takes a dominant role
in the electrodeposit, ERAD predicted the codeposition reasonably
well, regardless of which element is the dominant one (see Figs. 9a
and 9c). In the Ce 10 cell, though the macroscopic view shows
acceptable agreement between the experiment and the simulated

Figure 7. Comparison of the total electrodeposited quantity between the
experimental results and ERAD simulation as a function of the total supplied
charge for 10 wt% LaCl3 in LiCl-KCl eutectic salt at 773 K (×: outliers).

Journal of The Electrochemical Society, 2020 167 142501



results, the deposited amount of the minor element (La in Fig. 9a)
was not predicted accurately. While ERAD predicts no deposition of
La, the experimental results showed deposition of a small amount of
La. Since the experiment was conducted using a constant current, the
initial current density on an electrode was the highest during the
electrodeposition process due to the small initial surface area.
Therefore, it can be assumed that deposition of the element occurred
mainly at the beginning of the reaction. For the binary system cells
with a high likelihood of codeposition, i.e., when two elements are
competitively reduced on the cathode, the experimental results and
ERAD results showed measurable discrepancies (Fig. 9b). ERAD
predicted less codeposition of Ce and La than the experimental
results. The average of the percentage differences (% difference) in
the Ce 10, 1, and 0.1 cells was 12.4%, 14.8%, 8.43% for the major
elements, respectively, while the minor elements presented a greater
% difference, even in the Ce 1 and Ce 0.1 cells, with the values of
28.3% and 42.5%, respectively.

Figure 10 presents the comparison of the codeposition ratios in
the electrodeposits between the experiment and ERAD simulation.
For the Ce 10 cell (Fig. 10a), where codeposition rarely occurs,
ERAD predicted no codeposition while the experiment and PC
results showed the codeposition ratio between 1 ∼ 5%. For the Ce 1
cell, the ERAD simulation predicted the codeposition ratios at
approximately 30%, while the experiment and PC results provided
the codeposition ratios of about 50%. The differences in the
estimated codeposition ratio were almost constant (Fig. 10b) and
the average of % difference between the ERAD simulations and the
experiment results was about 37.5%. In the case of the Ce 0.1 cell,
the experimental results showed a tendency of having a lower
codeposition ratio as the supplied charge increased while the ERAD
results maintained a constant codeposition ratio regardless of the
supplied charge changes. This differences are caused by the
limitations in the ERAD model due to the assumption of constant
cathode surface area.

Another limitation of ERAD is inability to describe limiting
current density. When the supplied current increases in the system,
the overpotential of the electrode increases, leading to a higher
current density. This is in line with the proportional relationship
between the current density and the overpotential, which is in
agreement with the Butler-Volmer equation (Eq. 5). However, the
current density cannot indefinitely increase due to its inherent limit,
called the limiting current density. This value results from limited
mass transfer. If the mass transfer rate of a reactant is less than the
reduction rate, there is no reactant near the electrode as the reactants
are consumed as soon as they are delivered near electrode.
Therefore, the current density cannot increase more than the limiting

Figure 8. Polarization Curves of La and Ce in Ce 10 cell.

Figure 9. Comparison of element electrodeposition between the experi-
mental results and ERAD simulation as a function of the total supplied
charge in Ce-La binary cells: (a) Ce/La = 10 (ΔE = 0.10 V), (b) Ce/La = 1
(ΔE = 0.05 V), and (c) Ce/La = 0.1 (ΔE = 0.00 V).
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current density. La has a fixed limiting current density whereas the
current density of Ce gradually increase as supplied current increase.
It leads to a decrease in codeposition ratio of La to Ce, as shown in
Fig. 10c. The apparent discrepancy between the experiment results
and the results from ERAD occurs because ERAD cannot simulate
this phenomenon (limiting current densities). The theoretical code-
position ratios from PC also showed similar values for the same
reason.

In the Gd-La binary system, losing some portion of the sample
made it difficult to confidently interpret the quantity of electrodeposits.
However, the ERAD results and the experimental results showed
similar codeposition tendencies, as seen in Fig. 11. For the elements
with the most electrodeposition, the average of the % difference values
in the Gd 25, 2.5, and 0.25 cells were 7.9%, 16.6%, and 13.5%,
respectively. In the case of the minorly deposited elements, both the
ERAD simulations and the experimental results showed that La rarely
deposited on the electrode in the Gd 0.25 cells. However, in the
experiments, a small portion of La was deposited, while the ERAD
simulation showed no La deposition. This was also observed in the Ce
10 cell. The other cells (Gd 2.5 and 0.25 cell) showed the average of %
difference as 22.5% and 14.5%, respectively.

Figure 12 also shows the comparison of the codeposition ratio of
the electrodeposits in the Gd-La binary cells between the experi-
ments and ERAD simulations. In the Gd 25 cell, which had the
largest equilibrium potential difference between the two elements,
codeposition rarely occurred as expected. In this case, ERAD
predicted almost zero codeposition, and the experiments resulted
in less than 1% of La being codeposited. The PC results showed up
to 1.6% of codeposition ratio. The ERAD Gd 2.5 cell prediction
showed results similar to the Ce 10 cell because both cells had the
same equilibrium potential. However, the codeposition ratio in the
Gd 2.5 cell was higher than that of Ce 10 cell due to the difference in
current densities of the elements in each cell. In the Gd-La binary
cell, the average of the % difference in the codeposition ratio
between the ERAD simulations and the experimental results was
about 25% for both the Gd 2.5 cell and the Gd 0.25 cell.

Generally, the results showed ERAD’s simulation capability for
electrodeposition is reasonable, not only for the electrodeposit
amounts but also for the codeposition ratios. In a singular system,
the absence of competitive elements allowed the total supplied
charge to be the only factor affecting electrodeposition. However, in
a multi-species system, the current density of each element plays an
important role. When the equilibrium potential difference (ΔE)
between two elements is large enough (ΔE > 0.10 V), codeposition
rarely occurs and the element with the higher reduction potential (Ce
or Gd) is predominantly reduced on the cathode. However, in a cell
with a small difference in the equilibrium potential between the
elements (ΔE ⩽ 0.05 V), the element with lower reduction potential
(La) is either competitively or predominantly reduced on the
cathode. These phenomena were observed in both the ERAD
simulations and the experiment results with small discrepancies.
As previously explained, when the ΔE is small in a binary system,
the concentration of an element with lower reduction potential (La)
is higher than that of an element with a higher reduction potential
(Ce or Gd). Since the current density of an element increases as the
concentration increases, La at higher concentrations can have a
current density value several times higher than that of Ce or Gd. As a
consequence, La, which has a higher reduction rate, was predomi-
nantly reduced on the cathode. In this case, the effect of current
density overrides the reduction potential effect according the
thermodynamic properties.

The experiment data showed the codeposition ratios vary widely
while PC and ERAD showed the changes in the codeposition ratios
are only in a narrow range. In the theoretical results of the PC, only
the current densities of individual elements are considered and
ERAD is unable to consider the variations in current density and
cathode area.

In reality, the gradual growth of the cathode surface area, by
electrodeposition, reduces the current density of the cathode and

Figure 10. Comparison of the codeposition ratio in the electrodeposits as a
function of the total supplied charge between the experiment and ERAD
simulation in Ce-La binary cells: (a) Ce/La= 10 (ΔE= 0.10 V), (b) Ce/La= 1
(ΔE = 0.05 V), and (c) Ce/La = 0.1 (ΔE = 0.00 V).
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Figure 11. Comparison of element electrodeposition between the experi-
mental results and ERAD simulation as a function of the total supplied
charge in Gd-La binary cells: (a) Gd/La = 25 (ΔE = 0.15 V), (b) Gd/La =
2.5 (ΔE = 0.10 V), and (c) Gd/La = 0.25 (ΔE = 0.05 V).

Figure 12. Codeposition ratio in the electrodeposits as a function of the total
supplied charge for the experiment and ERAD in Gd-La binary cells: (a) Gd/
La = 25 (ΔE = 0.15 V), (b) Gd/La = 2.5 (ΔE = 0.10 V), and (c) Gd/La =
0.25 (ΔE = 0.05 V).
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overpotential. Moreover, as the electrodeposits accumulate on the
cathode, where dendrite formation occurs, the electrode potential
distribution is affected and causing local variations. This is contrary
to the ERAD model, which assumes that the equilibrium potential is
uniformly distributed over the electrode surface. Though this may be
the case when the electrode surface is even, should the electrode
surface become rough, which occurs with the formation of dendrites,
local nonuniform electrode potential distributions are created. This
nonuniformity further accelerates the formation of dendrites as a
feedback effect which cannot be described by the ERAD code.

Despite ERAD’s inability to account for nonuniformity, this
study showed that ERAD’s simulation of both the electrodeposition
rate and the codeposition ratio is reasonably accurate when the mean
value of the cathode surface area derived using the Cottrell equation
is employed in ERAD simulations. This indicates that modifying
the ERAD code to incorporate the modeling of the variations in the
cathode surface area could result in more accurately describing
the mass transfer. Such improved ERAD could further support the
overall study for electrorefining of pyroprocessing for the purpose of
system optimization or scale-up.

Conclusions

Modeling of electrodeposition of elements in electrorefining is an
essential activity for pyroprocessing system development. In this
study, ERAD, one-dimensional electrorefining simulation code was
evaluated with respect to its capability for mass transfer modeling in
a binary system.

To support the study, electrochemical experiments were con-
ducted using three lanthanides (La, Ce, and Gd) in a LiCl-KCl
eutectic salt. The electrochemical properties of the lanthanide
elements were investigated by employing CV, CP and LP and
used as the input data for the ERAD simulations. The simulation
results were compared to the electrodeposition experiment results.
To support this evaluation, polarization curves were drawn to
interpret the codeposition ratios and data classifications, based on
charge conversion were also employed to evaluate the appropriate-
ness in using experiment data prior to making the comparison.

The study results for the singular system, where the total supplied
charge determined the electrodeposition rate, validated the robust-
ness of the experiment method. In the case of the binary system, the
ERAD code was found generally reliable in simulating the electro-
deposition of elements. The study indicated that the current density
of each element plays a key role in electrodeposition. Both the
cathode current density and the reduction potential of elements
affected the codeposition ratio. ERAD was found incapable of
simulating minor codepositions of elements (up to 5%) which
occurred during the initial reaction phase due to the high current
density of the cathode. This is due to the inability of the code to
simulate the current density of an electrode as a function of time.
Except for this case, ERAD simulated general tendencies of
codeposition with an average of 12.3% difference from the experi-
mental results for the majorly deposited elements. For the minorly
deposited elements, the observed difference from the experimental
results was 27.0%.

Unlike computationally heavy 2D and 3D computer model,
ERAD provide a rapid simulation capability for electrodeposition
of elements. Though it cannot simulate complicate phenomena, such
as current distribution in electrodes and fluid dynamics in a cell, the
code is expected to be useful when the study focuses only on
addressing the mass transfer. For example, understanding the mass
transfer of elements in electrorefining is an important component of
facility nuclear safeguards.

According to the result of this study, we suggest further studies to
be made to improve the ER simulation capability of ERAD. As
discussed, in order to adequately represent the electrode current
density, an important factor in codeposition, ERAD needs to account

for the changes in the cathode surface area throughout the progres-
sion of electrodeposition. By doing this, ERAD will be capable of
supporting modeling-based research activities for system design
optimization and further safeguards enhancements.
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