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� Electrochemical behaviors of Nb in LiCleKCl were identified by cyclic voltammetry.
� Apparent potentials for redox reactions of Nb are verified with literature.
� Pyrochemical decontamination processes for Nb-containing wastes are proposed.
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a b s t r a c t

In this study, the electrochemical behaviors of niobium were examined with 1.0 wt% of NbCl5 in the
molten LiCleKCl at 450 �C via different electrochemical techniques. A chronoamperometry was per-
formed to prepare solutions containing the selected oxidation state of the Nb ion, and the color of the
solution was compared to the literature data. Cyclic voltammetries were performed with a combination
of different scan ranges and scan rates using an electrochemical cell prepared by LiCleKCleNbCl5 salt
mixture and an inert tungsten electrode. Five oxidation and four reduction peaks were found, and
possible redox reactions attributing to each peak were identified based on the rate of change of the
current density as a function of the scan rate. It was found that Nb(V) can be deposited as a metallic Nb
via Nb(IV), Nb(III), and Nb(II), and the deposition of the metallic Nb is perturbed by the formation of
insoluble nonstoichiometric Nb chloride compounds on the electrode surface. Three irreversible
oxidation peaks were caused by the oxidation of metallic Nb and insoluble Nb chlorides, which competed
with each other, but the dissolution of metallic Nb became dominant as the scan rate increased. X-ray
diffraction analysis was performed to examine the possibility of a chemical reduction of Nb(V) to Nb(IV),
but no evidence was found, which indicated the initial concentration of Nb(V) was preserved in all the
experiments. It was also found that the different pyrochemical processes would desirable to separate Nb
for the purpose of salt purification as well as volume reduction of radioactive waste, depending on the
electrochemical behaviors for other elements that can be simultaneously dissolved with Nb.

© 2019 Published by Elsevier B.V.

1. Introduction

Niobium (Nb, Z¼ 41), one of the refractory metals, is commonly
used as a minor alloying element for structural material in nuclear
reactors. For example, it can be found in the zirconium alloy of the
pressure tube of a pressurized heavy water reactor and fuel clad-
ding, the nickel alloy of the part-strength control rod, or the steel of
the reactor internal components, which should endure long periods

in harsh environments under high temperature, pressure, and
neutron flux.

Nb-93, the most stable isotope of Nb, has a radiative capture
(n,g) cross-section of 1.02 b for thermal neutron and 28.4mb for
fast neutron at fission spectrum [1], and the generation of a small
amount of Nb-94 is anticipated in the irradiated components. For
instance, for the pressure tube (Zr-2.5Nb) exposed at the neutron
flux of 1:0,1014 n/cm2∙sec for 30 effective full power years (EFPYs)
in a pressurized heavy water reactor, the concentration of Nb-94 is
estimated to be 0.69wt% by ORIGEN-2 calculation, and it is negli-
gibly decayed out during the cooling period, which is equivalent to
the radioactivity of 8:38,106 Bg/g. It indicates that Nb-94, which* Corresponding author.
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has a long half-life of 20,300 years [2], can contribute a large
fraction of the total radioactivity for the waste containing Nb after
service period of nuclear reactors as reported in Refs. [3,4]. Also,
these characteristics could lead to the elevation of the radioactive
waste hierarchy of the irradiated structural materials from the low-
level waste to the intermediate level waste. While major concerns
have been actively addressed for zirconium, iron, and nickel as the
base metal [5], Nb has not been intensively dealt with in terms of
the decontamination and long-term radioactivity management.

Electrolytic techniques in molten chloride and fluoride salts
have been widely developed to separate and recycle valuable ele-
ments like U, Pu, and Zr from spent nuclear fuel and metallic
radioactive wastes [5e8]. To adopt the electrolytic process as a
decontamination technique for Nb-94 from radioactive waste, the
electrochemical redox behavior of Nb should be clearly identified.
Electrochemical behaviors of Nb have been shown to be relatively
simple in fluorides or additive oxide salts [9e14]. However, the
redox behavior in chloride salts has not yet been fully clarified and
remains controversial due to the complexity from the multiple
oxidation states and formation of nonstoichiometric insoluble Nb
chloride compounds which are referred to as Nb subchlorides
[15e28]. The endeavor to reveal their redox behavior in the chlo-
rides has been pursued to take advantage of their low melting
temperature and various options in choosing a salt container and
electrode compared to fluoride salts at the laboratory scale [29].

Electrochemical behaviors of Nb ions have been studied in
different molten chloride salts including NaCleKCl [15e21], CsCl-
NbCl [22e24], and LiCleKCl [25e28]. Picard and Bocage identified
that three ionic states, Nb(V), Nb(IV) and Nb(III), could exist in
LiCleKCl at 450 �C, and they calculated the apparent reduction
potential for the reactions of Nb(V)/Nb(IV), Nb(IV)/Nb(III) and
Nb(III)/Nb [25]. Lantelme et al. reported similar redox behaviors of
Nb in LiCleKCl at 450e630 �C with the three ionic states, and they
additionally distinguished the existence of Nb subchlorides with
non-stoichiometric numbers (NbClx with 2.33< x< 3.13) which
depended on the temperature [26]. They found that the oxidation
potential of Nb subchlorides was more negative than that of Nb
metal. However, Mohamedi et al. who explored redox behaviors of
Nb ions in LiCleKCl at 440 �C, argued that the oxidation potential of
Nb subchlorides was found to be more positive than that of Nb
metal [27], which is not consistent with other literature. In sum-
mary, the reduction behaviors of Nb ions, including the formation
of Nb subchloride compounds and metallic Nb, were reported to be
consistent, but the oxidation behavior of Nbmetal and subchlorides
were still questionable. In addition to the controversy over the
reduction and oxidation behaviors of Nb ions, it is also arguable
whether or not Nb(II) ions are involved in the formation of metallic
Nb as well as Nb subchlorides.

In this study, the electrochemical behaviors of Nb in the molten
LiCleKCleNbCl5 at 450 �C were investigated by chro-
noamperometry (CA) and cyclic voltammetry (CV) with various
scan rates and scan ranges. The X-ray diffraction (XRD) was also
utilized to explore an ‘auto-reduction’ process between Nb(V) and
Nb(IV). The possible reduction and oxidation reactions of Nb ions
were determined by each peak information of the cyclic voltam-
mograms. The reversibility and electrochemical properties,
including the apparent reduction potential and diffusion coeffi-
cient, were also quantified for the identified redox reactions of Nb.
The predicted redox behaviors and obtained values were compared
to the previously reported results. Finally, the pyrochemical pro-
cesses for different types of a radioactive waste containing Nb are
suggested to examine the decontamination applicability for the
waste while considering electrochemical behaviors of Nb and other
metallic elements that can be dissolved from the waste during an
electrolytic refinement.

2. Experimental setup

2.1. Electrochemical cell

An electrochemical cell containing pseudo-binary molten salt of
LiCleKCl with NbCl5 was used for all experiments. These experi-
ments were performed within a glovebox, which is designed to
limit oxygen andmoisture concentrations to less than 0.1 ppm in an
Ar gas (99.99%) environment. An electrochemical cell for CV and
CA, made of a Pyrex glass tube with a diameter of 11mm and a
height of 370mm, was placed in an electric resistance furnace
installed under the glovebox module as shown in Fig. 1. Also,
another tube with the same dimensions as the electrochemical cell,
containing pure LiCleKCl salt and a K-type thermocouple, was
placed right next to the electrochemical cell to measure the tem-
perature. It was assumed that the temperature of salts within the
two tubes are identical in the furnace after 12 h passed. The cell
temperature was maintained at the desired temperature, 450 �C
within ±1 �C, by a Proportional-Integral-Derivative (PID) controller
connected to the furnace.

A metallic tungsten (W) wire (Alfa Aesar, 99.95%) with a diam-
eter of 1.0mm was used as a working and counter electrode.
Tungsten wires were inserted into the cell with a Pyrex guide tube
to hold stable positions and to avoid any undesirable contacts be-
tween the electrodes and the wall of the cell. For the reference
electrode, Ag metal wire (Alfa Aesar, 99.99%) with a diameter of
1.0mm was prepared and inserted into a Pyrex glass tube con-
taining LiCleKCl salt with 1.0wt% AgCl (Alfa Aesar, 99.99%). The
Pyrex glass tube had a thin tip (<0.5mm thickness) in order to
establish the ionic conduction between the solution and electro-
lyte. All electrode potentials in this study were referenced to this
Ag/AgCleLiCleKCl (referred to simply as Ag/AgCl) unless specified
otherwise. The surface of the metallic wire for the electrodes was
mechanically polished, rinsed with anhydrous ethanol (Sigma-
Aldrich, �0.005% water), and dehydrated for 2 h at 200 �C.

2.2. Chemicals and salt preparation

LiCleKCl eutectic salt (Alfa Aesar, 99.99%) was heated for 24 h at
200 �C, lower than the melting point of 355 �C, to remove any re-
sidual moisture. Two salts of the dried LiCleKCl and anhydrous
NbCl5 (Alfa Aesar, 99.99%) were mixed and melted simultaneously

Fig. 1. Schematics showing a configuration of the electrochemical and temperature
measuring cells in the glove box.
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at 500 �C in order to prepare a salt mixture pellet containing a
higher concentration of 10wt% NbCl5. The high-concentration
pellet of LiCleKCleNbCl5 was then diluted with pure LiCleKCl
beads which turned into a fused electrolyte. The preparation of
the high-concentrated pellet was aimed at minimizing the volume
of the reagent to be initially handled.

It was challenging to induce NbCl5 into LiCleKCl due to its high
volatility and low boiling temperature (256 �C at 1 atm). The loss of
some NbCl5 during mixture preparation was inevitable, but it was
minimized by rapidly inserting the Pyrex tube containing the salt
mixture into the furnace at the high temperature of 500 �C and
positioning NbCl5 powder below the LiCleKCl beads to capture as
much NbCl5 vapor as possible. The composition of the salt mixture
was examined using inductively coupled plasma-optical emission
spectrometry (ICP-OES), in which NbCl5 content of 9.48 wt% was
quantified. The color of the salt mixture was yellow-green, which is
dependent on the amount of soluble Nb ions during quenching in
the air to room temperature.

All electrochemical experiments were performed with the
electrolyte of LiCleKCl-1.0wt%. NbCl5. The NbCl5 content in the
diluted electrolyte was measured for three different samples ob-
tained from the fused salt in the cell by using ICP-OES again. Three
salt samples were taken from three different cells in which the OCP
reached a stable value. It should be noted that those cells were
discarded and not utilized to conduct further electrochemical ex-
periments. The results were 1.078, 1.019, and 0.936 in wt.%, indi-
cating that the salt mixture of LiCleKCl-1.0wt% NbCl5 was reliably
prepared within the acceptable measurement error and the NbCl5
content measured by the ICP-OES represented the initial compo-
sitional state just before experiments applying voltage or current
(e.g., cyclic voltammetry or chronoamperometry).

2.3. Experimental procedure

A VersaSTAT3 potentiostat, including the VersaStudio software
package, was utilized to apply potential and current through three
electrodes. A set of CVs were performed with CA at 450 �C and its
objectives are summarized in Table 1: CV-1 to confirm the elec-
trochemical potential window defined by the Liþ reduction and Cl�

oxidation, CV-2 to identify all possible redox reactions in the
LiCleKCleNbCl5 system, CA-1 followed by CV-3, and CA-2 followed
by CV-4 to identify the Nb(V)/Nb(IV) and Nb(IV)/Nb(III) redox re-
action, respectively, and CV-5 to analyze the behaviors of the
identified redox reactions by changing the scan rate.

The scan ranges set in CVs were selected based on the literature
available in the molten LiCleKCl containing Nb ions. As shown in
Table 1, the CV scan range varied depending on the oxidation state
of Nb ions introduced in the electrolyte. In our experiments, all cells
used in CVs contained Nb(V) at the initial state, which means that

CVs withmultiple cycles should be performedwith the starting and
ending potential whichmust be sufficiently positive to initialize the
oxidation state of Nb ions as Nb(V) in the electrolyte. In this regard,
the scanning for CVs was started and ended at 1.1 V (vs. Ag/AgCl),
which is slightly less positive than the potential for the oxidation of
Cl� (1.225 V vs. Ag/AgCl) [30].

Every CV was conducted by controlling the scan range and scan
rate through the software interface. All experiments were carried
out 1e2 days after inserting the electrodes into the cell to achieve
the thermal equilibrium between the electrolyte and electrodes. It
was assumed that they were in the thermal equilibrium when the
measured open circuit potential (OCP) varied by less than 1.0mV/h.
Prior to changing the scan rate during CVs, the surface of the
working electrodewas anodically cleaned by applying a potential of
1.1 V (vs. Ag/AgCl) for 5min to oxidize the metals and insoluble
residues by turning them into dissolved ions. By the anodic polar-
ization followed by the OCP measurement, it was safely assumed
that only Nb(V) ions existed in the electrolyte in the initial state.
After the anodic cleaning, the OCP of the cell was remeasured to
ensure the equilibrium between the electrodes and electrolyte.
Every CV was performed with at least 8 multiple cycles, and a
repeatable voltammogram, which completely converged, was
employed in the further analysis. Once CVs at different scan rates
and a fixed scan range were completed, all electrodes and the cell
were not further used, and they were replaced with new ones to
avoid any interference caused by the previous experiment. For
instance, all electrodes and the electrolyte used in the CV with a
scan range from�0.2e1.1V (vs. Ag/AgCl) were replaced with to new
ones before the next CV with a scan range from �0.3e1.1V (vs. Ag/
AgCl).

Both CA-1 and CA-2 were performed for 12 h at the selected
potentials which are specifically related to the reduction of Nb ions
based on the literature and results from CV-2.

The surface area of the electrodes was determined after each
experiment by measuring the immersion depth of the electrode
since the height of the immersed part of the electrode was distin-
guished by residual salt deposits and the darker color. Although the
same diameter of tungsten wire was used for the counter electrode
as was used in the working electrode, the former was immersed
deeper to avoid a counter-balancing electrochemical reaction
limiting the process occurring at theworking electrode. The surface
area of the counter electrode was on average 1.46 times larger than
that of the working electrode.

3. Results

3.1. Electrochemical window of the LiCleKCl (CV-1)

CV-1 was performed to check the electrochemical window by

Table 1
A summary of the test matrix for different chronoamperometry (CA) and cyclic voltammetry (CV) with 1.0wt% NbCl5 in LiCleKCl at 450 �C.

Test ID Applied potential or scan range (V vs. Ag/AgCl) Scan rate (mV∙sec�1) Purpose

CV-1 �2.0e0.8 300 Confirm electrochemical window of the pure LiCleKCl
�2.2e1.0
�2.4e1.2
�2.6e1.4

CV-2 9 ranges from �0.2e1.1 to �1.0e1.1 300 Identify all possible redox reactions
CA-1 0.6 e Reduce Nb(V) to Nb(IV)
CA-2 �0.05 e Reduce Nb(V) and Nb(IV) to Nb(III)
CV-3 0.6e1.1 30, 50, 80, 100, 300, 500, 700, 1000, 1500 Determine the redox reaction for Nb(V)/Nb(IV) and diffusion

coefficient of Nb(V)
CV-4 �0.1e0.7 Determine the redox reaction for Nb(IV)/Nb(III) and diffusion

coefficient of Nb(IV)
CV-5 9 ranges from -0.2e1.1 to -1.0e1.1 Examine the behaviors of redox reactions identified by CV-2
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using a pure salt of LiCleKCl at 450 �C. The stable electrochemical
domainwas restricted by the Li reduction on the cathodic wave and
the evolution of Cl2 gas on the anodic wave. The stable electro-
chemical domain was defined from �2.50e1.22 V with acceptable
limits of the current densities less than ±5mA∙cm�2. The perfor-
mance of the reference electrode was validated because the
measured electrode potential for Cl2 gas evolution at 1.223 V was
consistent with the reported potential of 1.225 V in the literature
[30].

3.2. Chronoamperometry for the stability of Nb ions

Fig. 3 shows the measured current changes for CA-1 designed to
reduce Nb(V) into Nb(IV) at 0.6 V for 12 h following the 10-min
anodic stripping electrode cleanout at 1.1 V. It can be noticed that
the anodic current decreased initially during the cleanout but
continued to increase slightly over time. In addition, during the
following step of CA-1 in order to reduce Nb(V) to Nb(IV), the
cathodic current density reached 0.66mA∙cm�2 within 30 s and
remained stable until the termination. Based on this observation, it
was questionable which of the oxidation states of Nb ions was
dominantly present prior to each electrochemical experiment.

Fig. 4 shows the color of the salt electrolyte that contained Nb
ions with different oxidation states. It was assumed that all Nb ions
existed as Nb(V) when the cell was initially prepared, as shown in
Fig. 4(b). When CA-2 was performed for 12 h at �0.05 V to reduce
both Nb(V) and Nb(IV) to Nb(III), it was found that the color of the
Nb solution changed from dark orange to light gray as the con-
centration of Nb ions with a lower oxidation state increased. The
color change of the Nb solutions was consistent with the literature:
orange for a higher oxidation state close to 4 and gray for an
oxidation state lower than 3.8, as reported by Picard and Bocage
[25], Lantelme et al. [26], and Mohamedi et al. [27]. Since all cells
used in the CVs had an orange-colored molten salt, Nb(V) was
believed to be the most stable species during all the CVs in this
study.

3.3. Identification of all possible redox reaction

3.3.1. Cyclic voltammograms with various scan ranges (CV-2)
We performed CV-2 to identify possible redox reactions in

LiCleKCleNbCl5 molten salt as represented in Fig. 5. In CV-2, nine

different scan ranges were selected with fixing the starting po-
tential as 1.1 V and changing switching potential from �0.2
to �1.0 V. Four reduction peaks (R1 ~ R4) and five oxidation peaks
(O1 ~ O5) were found, which were distinguished by the rate of
changes in the current density. Possible redox reactions for each
peak are also presented in this paper. The R1 and O5 peaks were
challenging to find due to the lower magnitude of their current
density compared to the others as the scan range increased. The
current density recorded around the potential of 1.1V at which the
scanning started and ended in each voltammogram appeared to be
affected by the oxidation of Cl� to Cl2 gas, occurring at a potential of
1.22V as mentioned in the previous section.

When the switching potential in the scan ranges was more
positive than�0.3 V (e.g., scan range of�0.2e1.0 V), only two redox
peak pairs (R1/O5 and R2/O4) were found on each cathodic and
anodic wave. These four peaks have a broad shape which indicates
that these redox couples involve electrochemical reactions
controlled by the diffusion of a soluble species.

Peak behaviors became complicated due to the multiple
oxidation states of Nb ions when the switching potential in the scan
range expanded from�0.5 to�1.0 V. In particular, the shapes of the
oxidation peaks during the anodic sweep changed noticeably as
three oxidation peaks (O1, O2, and O3) started to emerge with two
additional reduction peaks (R3 and R4). The oxidation peak of O1
and O2 can be attributed to the oxidation reaction of insoluble
reactants, occurring at the surface of electrodes due to the sharp
rise of the oxidation current density. Two reduction peaks (R3 and
R4) were differentiated by the rate of the potential shift as a
function of the logarithm of the scan rate, although they appeared
to overlap as presented in Section 4.2.

As the switching potential was expanded from �0.5 to �0.6 V,
an abrupt shift in the peak potential for R3 was found from �0.478
to �0.530 V, which may indicate that a different reduction reaction
related to the peak of R4 occurred. It would also imply that those
two reactions competed with each other. However, when the
switching potential was more negative than �0.7 V, only the R4
peak was observed. The characteristics of each redox peak were
examined by additional sets of cyclic voltammetry (CV-3 ~ CV-5)
employing different scan ranges and scan rates.

3.3.2. Examination of Nb(V)/Nb(IV) and Nb(IV)/Nb(III) redox
reaction (CV-3 and CV-4)

Fig. 6 shows the voltammogram of CV-3 and CV-4 with narrow
scan ranges to focus on the redox couples of (R1/O5) and (R2/O4)
related to Nb(V)/Nb(IV) and Nb(IV)/Nb(III), respectively. The peak
current density at each peak potential of R1 and R2 showed line-
arity, depending on the square root of the scan rate. As shown in
Fig. 7, the interpolation line passes through the origin, which in-
dicates that the two redox reactions are part of a reversible
diffusion-controlled process between the two soluble ions. It is
noticeable that the slope of the peak current density for R2 as a
function of the square root of the scan rate is steeper than that for
R1.

The comparison of the current density at the cathodic and
anodic peak of a coupled redox reaction can be used to diagnose the
reversibility of the reaction. However, the peak current density for
O5was difficult to quantify since the peak potential for O5was very
close to the potential of the evolution of Cl2 gas, while that for R1
was obtained by subtracting the background current density
(2.85mA∙cm�2) obtained from the CV with setting the baseline to
zero. For the R2/O4 redox couple, the peak current density for R2
(Ip;c) and O4 (Ip;a) at a scan rate of 1500mV∙s�1 which are denoted
in Fig. 6(b), was measured with the baseline. As a result, the ratio of
Ip;c to Ip;a was 0.784, deviating from the unity, which implies the
diffusion coefficient of the reduced species might be higher than

Fig. 2. Cyclic voltammograms with a pure LiCleKCl at 450 �C (scan rate¼ 300mV∙s�1,
working and counter electrode¼ tungsten wire, reference electrode¼ Ag/AgCl, surface
area¼ 0.48 cm2).
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the oxidized one.
Since the peak-to-peak separation for both coupled reactions

did not vary significantly as a function of the scan rate, indicating
that both reactions are reversible.

3.3.3. Examination on peak behaviors (CV-5)
It was found that all current densities at peak potentials for the

reductions proportionally increased as the scan rate increased. As
shown in Fig. 8(a) and (b), a reduction peak started to grow at a
potential near to �0.4 V. This peak R3 became clearly observable
when the scan rate was lower than 300mV∙s�1 and the switching
potential expanded from �0.4 to �0.5 V. However, it became
blurred when the scan rate became higher than 500mV∙s�1. When
the potential scanning was performed toward a more negative

direction, the peak R3 became indistinguishable, while the peak R4
was viable. It also appeared that the peak R3 stopped growing as
the scan rate increased.

Noticeable changes in the shape of the oxidation peaks were
found as the scan range became broader. The peak O1 started to
emerge (Fig. 8(a)) and continuously grew (Fig. 8(b)) with the
switching potential of �0.4 and �0.5 V. In the scan range
from �0.6e1.1 V as shown in Fig. 8(c), the peak O1 appeared
distinctly, until the scan rate dropped to less than 300mV∙s�1. As
the scan rate increased, another anodic peak O2 was observed at
the right side of peak O1 and arose together with peak O2. This
competition between the two peaks is clearly shown in Fig. 9. At the
low scan rate, the height of O1 is higher than that for O2, but the
tendency was transposed, in that peak O2 became apparently

Fig. 3. Measurement of current during at a potential of (a) 1.1 V for the anodic cleaning of the electrode and (b) 0.6 V for the reduction of Nb(V) to Nb(IV) during CA-1.

Fig. 4. Colors of Nb-containing solutions with the different oxidation states of Nb ion
at 450 �C; (a) a pure LiCleKCl, LiCleKCl with 1.0 wt% NbCl5 (b) before CA-1, (c) after CA-
1, and (d) after CA-2. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 5. Voltammograms showing all possible redox reactions with identifiable current
peaks (Scan rate¼ 300mV∙s�1).
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dominant with scan rates higher than 500mV∙s�1. When the
negative limit reached �0.7 V, these two peaks could not be
distinguished due to the steep height of peak O2 which rapidly
grew and turned into a new peak (Fig. 8(d)). Peak potentials shifted
depending on the scan rate changes; there was a negative shift in
R3 and R4, and a positive shift in O1, O2, and O3.

The growth of peak O4 and O5 appeared to be affected by the
formation of peak O2; the current densities of peak O4 and O5
showed a tendency to increase slightly until peak O2 was observed,
as shown in Fig. 8(a) and (b). As the scan range became broader,
however, their peak heights grew aggressively as the scan rate
became higher.

When the negative limit of the scan was less than �0.9 V, peak
O1, and O2 appeared to merge, and a new peak, O3, became viable
at a right shoulder of peak O2, as shown in Fig. 9. The peak O3 was
observed at scan rates lower than 300mV∙s�1, but it became
obscure at high scan rates due to the anodic trace next to peak O2
by diffusion of the oxidized species from the electrode to the bulk
electrolyte.

4. Discussion

4.1. Peak current density analysis for Nb(V)/Nb(IV) and Nb(IV)/
Nb(III)

In cases where the current density of a specific reaction can be
measured with the known molar concentration of an analyte, it is
possible to estimate the diffusion coefficient of the species involved
in the reaction. In this study, the background current density was
measured to be less than 2.8mA∙cm�2 in the eutectic LiCleKCl base
electrolyte in Fig. 2. This background data was used to obtain the
peak cathodic current density for R1 and R2, described in Fig. 6.

Only two couples of redox reactions (R1/O5 and R2/O4) were
observed when the scanning was performed with the range
of�0.3e1.1 V, as mentioned in Section 3.3.2. The potentials of these
cathodic and anodic peaks were well-matched to those of the redox
reactions for Nb(V)/Nb(IV) and Nb(IV)/Nb(III) reported by Salmi
et al. [18] and Lantelme et al. [26] based on the shape of the vol-
tammograms and the diffusion-controlled characteristics. Thus, the
possible reactions for R1/O5 and R2/O4 are given by Eqs. (1) and (2)
as follows:

R1=O5 : NbðVÞþe�4NbðIVÞ (1)

R2=O4 NbðIVÞþe�4NbðIIIÞ (2)

Diffusion coefficients for Nb(V) and Nb(IV) were calculated to
confirm the validity of the conducted experiment with a compar-
ison to the literature data. For the reversible soluble-soluble reac-
tion, the Randles-Sevcik equation was used to calculate the
diffusion coefficient of dissolved species when the peak current is
known as follows [31]:

ip ¼ 0:446nFAC0
�
nFvD0

RT

�1=2
(3)

where ip is the current at the peak potential in A, n is the number of
transferred electron during the reaction, A is the surface area of the
electrode in cm2, C0 is the bulk concentration of the species
involved in the reaction in mol∙cm�3, F is the Faraday constant, D0
is the diffusion coefficient of the species in cm2∙sec�1, R is the gas
constant, and T is the temperature in K.

The calculated results for the diffusion coefficient of Nb(V) and
Nb(IV) using Eq. (3) are summarized in Table 2. A direct comparison
of diffusivity among Nb ions is not possible due to the lack of

Fig. 6. Voltammograms with different scan ranges and scan rates showing two redox
reactions of (a) Nb(V)/Nb(IV) and (b) Nb(IV)/Nb(III).

Fig. 7. Cathodic peak current density as a function of the square root of scan rate for R1
and R2.
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Fig. 8. A set of voltammograms with different scan ranges at different scan rates (left-side) and voltammograms with the narrow scan range marked as red-dotted box (right-side).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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available data, but the results show that the diffusion coefficient of
Nb(V) was much lower than that for Nb(IV). Thus, it entails a higher
current density of the anodic peak O1 than that of the cathodic peak
R5, shown in Fig. 6(a).

Lantelme et al. calculated the diffusion coefficient of Nb(IV) by
using chronopotentiometry (CP) to measure the transition time for
the recorded potential of a vitreous carbon electrode in Nb(III) so-
lution [26]. They found that Nb(IV) and Nb(III) had approximately
the same diffusion coefficient. Then, the diffusion coefficient of
Nb(III) reported by Mohamedi et al. [27] can also be compared to
the result of this study. The obtained diffusion coefficients of Nb(IV)
and Nb(V) from the present study are in the same order and well
matched to the value reported by Mohamedi et al. but Nb(IV) is
shown to have lower diffusivity than the value derived by Lantelme
et al.

During the CP conducted by Lantelme et al. it was found that the
number of electrons (n) transferred for the anodic reaction Nb(III)
and Nb(IV) deviated from the unity, varying from 0.7 to 0.9, due to
the formation of an NbC compound on the electrode surface. Thus,
it is believed that the lower value of n induces the overestimation of
the diffusion coefficient of Nb(IV) reported by Lantelme et al. [26].

Based on the observation where the ratio of the peak current
densities (Ip;a =Ip;c), denoted in Fig. 6(b), was lower than the unity,
the diffusion coefficient of Nb(III) appeared to be lower than that of
Nb(IV). Thus, the discrepancy between the diffusion coefficient of
Nb(IV) obtained from this study and that of Nb(III) reported by
Mohamedi et al. [27] might be acceptable. Despite the discrepancy

in the diffusion coefficient of Nb(IV) which can be largely depen-
dent on the different experimental conditions and reagents used,
the obtained results indicate that the CV experiments were reliably
performed in the present study since they have the same magni-
tude as the available literature data.

4.2. Peak potential analysis

The peak potentials (EP) recorded during the CVs are the unique
potentials that can be used to analyze the electrochemical behav-
iors of analytes. They are useful when the concentrations of dis-
solved species are unknown, and the peak current density is
difficult to measure due to the complex behavior of the redox
peaks.

Fig. 10 shows the peak potentials measured by CV-2, -3, -4, and
-5 as a function of the logarithm of the scan rate. The peak po-
tentials of R1 and R2 did not vary as a function of the logarithm of
the scan rate. The average separation of potentials for the redox
couple (R1/O5) is 140.1mV, which is well matched to the theoret-
ically derived value of the peak-to-peak separation by 2.218 RT/F.
However, the average peak-to-peak separation for the redox couple
(R2/O4) is 242.5mV, deviating from the theoretical value, which is
similar to the CV results reported by Lantelme et al. [26]. This im-
plies that the Nb(IV)/Nb(III) redox reaction is quasi-reversible,
which possibly shows the reversible behaviors at the scan rates
used in this study.

The shifts of other peak potentials as a function of the logarithm
of the scan rate are clearly shown in Fig. 10(b) and (d). These shifts
indicate that electrochemical reactions related to those peaks are
irreversible. The shift of the peak potential is given as a function of
the logarithm of the scan rate for the irreversible process as follows
[31]:

���� dEpdln v

���� ¼ RT
2anF

(4)

where v is the scan rate in V∙sec�1, a is the charge transfer coeffi-
cient assumed to be 0.5, n is the number of electrons transferred in
a reaction, R is the gas constant, T is the temperature in K, and F is
the Faraday constant. Using Eq. (4), it is possible to obtain the
number of electrons (n) transferred during the reaction of each

peak when the slope of
���� dEp

dln v

���� is known. The calculated results are

summarized in Table 3.
The calculated n for each peak varied depending on the scan

range. This implies that a reaction occurred with multiple steps or
at least two reactions competed with each other. The calculation
results for the number of the transferred electron are determined

Fig. 9. Voltammograms showing the behavior of observed peaks in the scan range
from �1.0e1.1 V at different scan rates (Surface area¼ 0.475 cm2).

Table 2
Comparison of the diffusion coefficient of Nb ions in molten LiCleKCl.

Scan rate (mV∙sec�1) Cathodic peak current density (mA∙cm�2) Diffusion coefficient (10�6 cm2 s�1)

This study Lantelme et al. [26] Mohamedi et al. [27]

R1 from Fig. 6 (a) R2 from Fig. 6 (b) Nb(V) Nb(IV) Nb(IV)a Nb(III)

30 2.35 3.70 1.10 2.73 5.42 2.60
50 2.82 4.83 0.95 2.79
80 3.30 6.13 0.82 2.81
100 3.58 6.96 0.77 2.90
300 6.01 11.66 0.72 2.71
500 7.83 15.04 0.73 2.71
700 9.34 17.91 0.75 2.74
1000 11.10 21.29 0.74 2.71
1500 13.59 25.86 0.74 2.70

a Reported that DNbðIVÞ ¼ DNbðIIIÞ .
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by the reaction which occurred more dominantly or the rate-
controlling reaction in multiple steps [31]. Possible reactions can
be given by Eqs. (5)e(9) based on the number of transferred elec-
trons and a comparison with the literature as follows:

- For the cathodic peaks:

R3 : NbðIIIÞþ3e�/Nb
xNbðIIIÞ þ ð3x� zÞCl�þze�/NbxCl3x�z

(5)

R4 : NbðIIIÞþ3e�/Nb
NbðIIÞþ2e�/Nb

(6)

- For the anodic peaks:

O1: Nb/NbðIIIÞþ3e�
NbxCl3x�z/xNbðIIIÞ þ ð3x� zÞCl�þze� (7)

O2: Nb/ NbðIIÞþ2e�
NbðIIÞ/NbðIIIÞþe� (8)

O3: Nb/NbðIIÞþ2e� (9)

where 1� z � 2 is satisfied. All possible redox reactions for each
peak are summarized in Table 4 by a comparison of all the available
cyclic voltammograms including this study and other literature
[18,25e27].

The number of electrons involved in the reduction reaction for
the peak R3 varied complicatedly. The peak potential for R3 over-
lapped with that for R4 when the switching potential ranged
from �0.5 to �0.7 V, which indicates the transition of reduction
behaviors for the deposit formation from Nb subchlorides to the
metallic Nb at the electrode surface. The deposition of Nb sub-
chlorides, which hindered the deposition of the metallic Nb, has
been reported in the literature [20,26e28].

The direct reduction of Nb ions, including Nb(III) and Nb(II), is

Fig. 10. Dependency of peak potentials for (a) all reduction peaks, (b) R3 and R4, (c) all oxidation peaks, and (d) O1, O2, and O3 on the logarithm of the scan rate with different scan
ranges.

Table 3
Summary of the calculated number of transferred electrons in each reaction.

Scan range The number of transferred electrons (n) involved in
reactionsa

Peaks

R3 R4 O1 O2 O3

�0.4e1.1V 2.51
�0.5e1.1V 2.38 2.15
�0.6e1.1V 3.17 2.24 2.28
�0.7e1.1V 2.35 2.56 1.86
�0.8e1.1V 2.04 1.39
�0.9e1.1V 2.19 1.26 2.04
�1.0e1.1V 1.97 1.32 2.10

Average n 2.77 2.15 2.56 1.62 2.07

a Assumed that a¼ 0.5.

G.Y. Jeong et al. / Journal of Nuclear Materials 524 (2019) 39e53 47



believed to occur at the peak R4. It has been reported that the
reduction of Nb species into the metal occurs via two electro-
chemical steps; a reversible one-electron-transfer step, and a two-
electron-transfer step that is irreversible [27]. Although the one-
electron reversible step was not viable in this study, the reduc-
tion of Nb(II) to the metallic Nb was found in this study. It appears
that the direct reduction of Nb(II) was the rate-controlling step to
determine the kinetics of the deposition of the metallic Nb.

For the oxidation peaks, it is believed that the peak O1 was
caused by the oxidation of the Nb subchlorides based on a com-
parison with the literature. Still, it is not possible to identify the
number of electrons involved in both the formation and dissolution
of Nb subchlorides. Lantelme et al. reported that Nb subchloride
compounds are produced via a one-electron transfer step, and the
rest of the oxidation valence is completed by the chlorine ion [26].
Thus in our study, the metallic Nb was oxidized to Nb(III) or Nb(II)
simultaneously at the peak O1, based on the calculated number of
transferred electrons.

In our experiment, the peak O2 appeared to have either the one-
or two-electron transfer step, which possibly involved the oxida-
tion of the metallic Nb to Nb(II) or Nb(II) to Nb(III). The oxidation of
the metallic Nb occurred at the surface of the electrode, which
means it was not a diffusion-controlled process. Based on the
calculated number of the transferred electron for the peak O2, one
can argue that it was due to the oxidation of the Nb subchloride
compound as follows:

NbxCl3xþ2 / ðxþ1ÞNbðIIIÞþ ð3xþ2ÞCl�þe� (10)

Mohamedi et al. mentioned that the peak O2 was caused by the
oxidation of insoluble Nb chloride compounds [27], which is
inconsistent with the results by Lantelme et al. [26]. However, since
the deposition of metallic Nb is known to be promoted as the more
negative potential is applied, the rapid increase in the height of
peak O2 is strongly related to the oxidation of the metallic Nb with
the multiple electron transfer steps. Besides, the oxidation of Nb(II)
to Nb(III) with the one-electron transfer step is highly likely to be
the rate-controlling step at the peak O2.

Despite the lack of data for peak O3, an irreversible two-electron
step was found for the peak O3. This was possibly due to the
oxidation of the metallic Nb into Nb(II), since this peak was only
found when the negative limit of the scan range was less
than �0.9 V where the deposition of the metallic Nb was
predominant.

In order to obtain the peak-to-peak separation of a possible
redox reaction, the redox couple was hypothetically presumed
based on the calculation results and a comparison to the literature
data as follows: R3/O1 for Nb(III)/NbClx, R4/O2 for Nb(III)/Nb, and
R4/O3 for Nb(II)/Nb.

Table 5 shows a summary of the apparent standard potential of
redox reactions for Nb in the molten LiCleKCl. All available formal
potentials are converted into potentials with respect to the Cl2/Cl�

reference electrode by the extrapolation of the data of Yang and
Hudson [32] at low AgCl concentrations in LiCleKCl eutectic as an
infinitely dilute solution with a unit activity of the pure metal as
follows:

EAg=AgCl =V ðvs: Cl2=Cl
�Þ ¼ E0AgCl þ

2:303RT
F

logXAgCl (11)

where XAgCl is the mole fraction of AgCl in LiCleKCl eutectic
(XAgCl ¼ 0:0039 for 1wt% AgCl), R is the gas constant, and T is the
temperature in K. E0AgCl relative to the Cl2/Cl� reference electrode is
given by Fusselman et al. [30] as follows:

E0AgCl ¼ � 1:0910þ 2:924� 10�4T (12)

where T is the temperature in K.
In the case of a reversible electrode reaction, the cathodic peak

potential (Epc) depends on the formal potential (E0
0
) as follows:

Epc¼ E0
0 �1:109

RT
nF

� RT
nF

ln
D1=2
ox

D1=2
red

(13)

where Dox and Dred are the diffusion coefficient of oxidized and

Table 4
Possible reactions for each anodic and cathodic peak in LiCleKCl molten salt.

Present study Picard and Bocage [25] Lantelme et al. [26] Lantelme et al. [18] Mohamedi et al. [27]

Cell WE¼ Tungsten WE¼ Tungsten WE ¼ Vitreous carbon and
molybdenum

WE ¼ Niobium WE¼ Tungsten

RE¼ Ag/AgCl (1.0 wt%) RE¼Ag/AgCl (0.75mol∙kg�1)
RE¼ Cl2/Cl�

CNbmþ ¼ 5:0� 10�2;

¼ 7:2� 10�2

RE¼ Cl2/Cl�CNb3þ ¼ 2:0� 10�6 RE¼Ag/AgCl (5mol %)

LiCleKCleNbCl5 CNb3þ ¼ 3:2� 10�2 mol∙L�1 by anodic dissolution mol∙cm�3 LiCleKCleNb3Cl8
CNbmþ ¼ 1:5� 10�5 mol∙cm�3

CNb5þ ¼ 7:45� 10�5 mol∙kg�1 by anodic dissolution

mol∙cm�3

T (�C) 450 450 450 550 440

Anodic peak

O1 Nb/NbðIIIÞþ3e�
NbxCly/NbðIIIÞ

Nb/NbðIIIÞþ3e� NbxCly/NbðIIIÞ NbxCly/NbðIIIÞ Nb/NbðIIÞþ2e�

O2 Nb/ NbðIIÞþ2e�
NbðIIÞ/NbðIIIÞþe�

Nb/NbðIIIÞþ3e� NbxCly/NbðIIIÞ

O3 Nb/NbðIIÞþ2e�

O4 NbðIIIÞ/NbðIVÞþ e� NbðIIIÞ/NbðIVÞþ e� NbðIIIÞ/NbðIVÞþ e� NbðIIIÞ/NbðIVÞþ e�

O5 NbðIVÞ/NbðVÞþe� NbðIVÞ/NbðVÞþ e� NbðIIIÞ/NbðIVÞþ e� NbðIVÞ/NbðVÞþe�

Cathodic peak

R1 NbðVÞþ e�/NbðIVÞ NbðVÞþ e�/NbðIVÞ NbðVÞþ e�/NbðIVÞ
R2 NbðIVÞþ e�/NbðIIIÞ NbðIVÞþ e�/NbðIIIÞ NbðIIIÞþ e�/NbðIIÞ
R3 NbðIIIÞ/NbxCly

NbðIIIÞþ3e�/Nb
NbðIIIÞþ3e�/Nb NbðIIIÞ/NbxCly NbðIIÞþ2e�/Nb NbðIIIÞ/NbxCly

R4 NbðIIÞþ2e�/Nb NbðIIIÞþ3e�/Nb NbðIIÞþ2e�/Nb
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reduced species in cm2∙sec�1, respectively, and T is the tempera-
ture in K.

The formal potentials for redox couples of Nb(V)/Nb(IV) and
Nb(III)/Nb(IV) were determined with known reduction and oxida-
tion peak potentials (R1, R2, and O4, O5). Assuming that the
diffusion coefficient of Nb(IV) and Nb(III) are equal, then Eq. (13)
turns into a simple relation given as follows:

E0
0 ¼Epa þ Epc

2
¼ E1=2 (14)

where Epa is the anodic peak potential in V, and E1=2 is the half-
wave potential in V.

In the case of an irreversible reaction, only the reduction peak
can be employed, which depends on the formal potential as
follows:

Epc ¼E0
0 þ RT

anF

�
0:780þ0:5 ln

anDoxFv
RT

� lnks

�
(15)

where ks is the standard rate constant of the electrode reaction in
cm∙sec�1, and v is the scan rate in V∙sec�1. For the case where the
peak-to-peak separation (DEp) is larger than 200mV, a relationship
reported by Klingler and Kochi [33] can be used to estimate ks as
follows:

ks ¼ 2:18
�
aanDoxFv

RT

�1=2
exp

�
�
�
a2nF
RT

,DEp

��
(16)

The calculation of the diffusion coefficient of Nb(II) and Nb(III)
was not possible due to the fact the concentration of those Nb ions
cannot be quantified during the experiment. Thus, it was assumed
that the diffusion coefficient of Nb(II), Nb(III) and Nb(IV) were
identical.

The calculated formal potentials for the redox couples of Nb(IV)/
Nb(III) and Nb(V)/Nb(IV) are in good agreement with the literature
data, but there are discrepancies within ±0:1 V among those for
Nb(II)/Nb and Nb(III)/Nb. It was difficult to compare the formal
potentials, particularly for the reaction in which the concentration
of the dissolved species was unknown, including R3 and R4 in the
cathodic wave, and O1, O2, and O3 in the anodic wave. However, the
more negative values than the literature data for the formal po-
tential of reactions including Nb(II)/Nb and Nb(III)/Nb are possibly
due to the relatively lower concentrations of Nb(III) and Nb(II)
comapred to other experiments performed in the literature, where
those ions were directly introduced to an electrolyte by the disso-
lution of Nb metal. The calculated formal potential with acceptable
uncertainty ranges indicates that the redox reactions to be coupled
are reliably hypothesized.

4.3. XRD analysis

It was reported by Arurault et al. [19] and St€ohr et al. [24] that a
melt containing Nb(V) completely reacted to produce Nb(IV) due to
an ‘auto-reduction’ process without any additional reductants as
follows:

NbCl�6 þCl�/NbCl2�6 þ 1
2
Cl2 (17)

The possibility of the consumption of Nb(V) ions by the chemical
reaction of Eq. (17) was previously investigated by Arurault et al.
who observed the evolution of chlorine gas and an XRD analysis of
frozen electrolytes [19]. They reported that Nb(V) was reduced to
Nb(IV) by the chlorine ion when NbCl5 was used as the solute.

Since the auto-reduction process reported in the literature can
affect the quantity of Nb ions with different oxidation states
depending on dissolution time of the NbCl5 into LiCleKCl, it is
necessary to estimate the oxidation states of Nb ion in the ternary
salts.

In this study, the XRD pattern (Bruker-AXS D8) was analyzed for
the frozen salt obtained at a different time after the cell containing
LiCleKCleNbCl5 mixture was installed into the furnace. XRD mea-
surement was performed at room temperature using CueK(a) ra-
diation (wavelength¼ 1.5406 Å) generated by striking the electrons
of 4 kV voltage. The XRD profile of each sample was recorded over
2q from 20� to 80� in q/2q step-scan mode with a scan time of 10 s
per 0.02� step. The measured XRD profiles were analyzed using
JADE 9 software which is a powder diffraction analysis package.

The XRD patterns found that Nb ion was present as Nb(V) in
LiCleKCleNbCl5 mixture as shown in Fig. 11. The peak intensities
for crystals containing Nb were very weak due to the low concen-
tration of Nb in the salt mixture, but several compounds were
detected, including KNbCl6, KNbO3, LiNb3O8, and Nb2O5. The for-
mation of Nb oxide compounds is inevitable due to the high oxygen
affinity of Nb during the sample preparation in an air atmosphere. It
should be noted that the oxidation state of Nb is Nb(V) in all the
identified compounds. The auto-reduction reaction of NbCl5 into
NbCl4 was expected to be unspontaneous based on the change in
the Gibbs free energy of the reaction (summarized in Table 6),
which was calculated by using data reported by Brocchi [34]. Also,
although Nb chloride compounds reacted with oxygen, the oxida-
tion state of Nb did not alter.

It is known that the oxygen ion decreases the oxidizing power of
Nb(V) [26], which in turn increases the stability of Nb(V) not to
react. Also, since the Nb oxychloride complexes, such as NbOCl2�5 ,
are known to be more stable than the pure chloride complex of
NbCl�6 , the oxidation state of Nb is dominantly Nb(V) once the
oxygen is introduced into the cell. The more stable Nb oxychloride
might cause Nb(III) to be reduced into the metallic Nb at more
negative potentials as found in this study, which is consistent with
results by Chemla et al. [35].

Table 5
Comparison of formal potentials (vs. Cl2/Cl�) for each redox reaction in Nb-containing LiCleKCl.

Method Temperature (oC) Formal potential (E0
0
) for redox reactions (E/V vs Cl�/Cl2) at 450 �C Ref.

Solute Exp. Nb(II)/Nb Nb(III)/Nb Nb(III)/NbClx Nb(III)/Nb(II) Nb(IV)/Nb(III) Nb(V)/Nb(IV)

Nb metal dissolved
(0.17∙10�6 Nb3þ mol/cm3)

CV 445 �1.54 �1.42 �1.16 [18]

Nb metal dissolved OCPa, LSVb

CV
450 �1.44 �1.12 �0.32 [25]

Nb metal dissolved (5∙10�2 mol/liter) CV 450 �1.48 �1.32 �1.09 �0.32 [26]
NbCl5 (7.45∙10�5 Nb5þ mol/cm3) CV 450 �1.61 �1.55 �1.50 �1.11 �0.32 Present study

a Open-circuit potential.
b Linear sweep voltammetry.
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The auto-reduction of Nb(V) into Nb(IV) with the evolution of
chlorine gas was also reported by Lorthioir et al. [36] and Brevnova
et al. [37]. Based on their results, it appears that the thermal sta-
bility of NbCl5 decreases as the concentration of Nb and tempera-
ture increase. However, it is difficult to examine the effect of this
reaction on experiments in this study due to the fact that; 1) no any
compounds related to Nb(IV) were found by comparing the XRD
profiles from the frozen LiCleKCleNbCl5 obtained at the beginning
of the melting (Fig. 11(b)) as well as 24 h later after the melting
(Fig. 11(c)), 2) the Nb concentration (0.34wt%) was much lower
than that (>3.0wt%) in the other experiment [37], 3) the operating
temperature was 450 �C with LiCleKCl eutectic salt in this study
while, in the literature, self-reduction was observed at tempera-
tures higher than 750 �C with NaCleKCl eutectic salt [19,24].

It has also been reported that silica (SiO2) used for a reference

electrode or a cell crucible reacted with NbCl5, yielding Nb oxy-
chloride and SiCl4 formation [28]. However, no compounds con-
taining Si element were found in XRD profiles in this study. No
additional evidence of either corrosion on the reference electrode
or wall of the cell, or the formation of Si-included compounds was
found during the CV conducted in this study.

4.4. Suggestions for the electrorefining of Nb-containing waste

Radioactive wastes containing Nb can be categorized into three
major groups; Zr-based alloy (ZreNb), steel (FeeCreNb), and Ni-
based alloy (NieCreNb). If these alloys are irradiated for several
decades inside a nuclear reactor, they could be classified as inter-
mediate level radioactive wastes because of Nb-94, while other
elements would have radioactivity leading to classification as very
low-level or low-level radioactive wastes. It is known that the
standard electrode potential (E0 vs. Cl2/Cl�) of those major ele-
ments can be arranged in order of increasing electrochemical
nobility as: Zr (�2.186 V)< Cr (�1.641 V)<Nb (�1.472 V)< Fe
(�1.388 V)<Ni (�1.011 V)<Mo (�0.854 V) [38,39]. Depending on
the composition of irradiated alloys, different processes to decon-
taminate Nb via electrorefining has been proposed as summarized
in Fig. 12. Details are described as follows:

1) ZreNb: Nb is the alloying element in Zr-based alloys with con-
tent ranging from 1.0 to 2.5 wt%. Since Zr has a greater oxidation
tendency than Nb, Zr can be separated from the alloys without
the anodic dissolution of Nb by the anode potential control [40].
Since the residual at the anode containing most of the Nb is
disposed of as intermediate level waste, the dissolution of Nb
during electrorefining should be minimized by the potentio-
metric control to avoid salt contamination.

2) Fe-based alloy: Stainless steels including type 316, and 347 used
in the reactor structural component contain less than 0.5wt%
Nb as a minor alloying element. Cr, the major alloying element
with content of 9e12wt%, is the noblest element among the
alloying elements. In steels, Cr and Nb are fully soluble in the Fe
matrix within their general concentrations. Thus, for the re-
covery of Fe and Cr via electrorefining in the presence of Fe(II),
the dissolution of Cr occurs which is followed by that of Nb from
the anode while the metallic Fe is deposited at the cathode. The
recovered Fe alloy after the extraction of Nb can be regarded as
low-level waste.

After electrorefining, the sequential electrolysis is required to
purify the residual molten salt by extracting Nb for the disposal and
Cr for the recycling. It should be noted that the equilibrium po-
tentials for Nb(III)/Nb and Cr(III)/Cr are expected to depend on ion
concentrations, which can be represented by the Nernst equation

Fig. 11. X-ray diffraction patterns for the salt mixture of (a) a pure LiCleKCl, and
LiCleKCleNbCl5 obtained at the different time; (b) right after being inserted to the
furnace, and (c) 24 h later after being melted.

Table 6
Changes of Gibbs free energy of reactions related to the Nb chloride and oxychloride.

Reaction Gibbs free energy of reaction (DG) at
different temperature (oC) (kJ/mol)

T¼ 100 T¼ 200 T¼ 300 T¼ 450

NbCl5 /NbCl3 þ Cl2 168.9 156.9 160.3 171.0

NbCl5 /NbCl4 þ 1
2
Cl2

84.3 79.4 89.4 111.4

NbCl5 þ 5
4
O2/

1
2
Nb2O5 þ 5

2
Cl2

�197.8 �209.0 �205.2 �194.6

NbCl5 þ 1
2
O2/NbOCl3ðsÞþ2Cl2

�54.1 �73.6 �78.7 �74.6

NbCl5 þ 1
2
O2/NbOCl2 þ 3

2
Cl2

�15.4 �20.7 �21.2 �4.4

NbCl4 þ 5
4
O2/

1
2
Nb2O5 þ 2Cl2

�281.1 �285.9 �296.1 �305.1
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as follows:

Eeq¼ E0 � RT
nF

ln
1

goxCox
(18)

where Eeq is the equilibrium potential, T is the temperature in K, n
is the number of transferred electrons, g is the activity coefficient,
and C is the concentration in mol∙cm�3 where the subscript stands
for the oxidized species. It is assumed that the activity coefficient
for the oxidized species is the unity used to calculate Eeq by Eq. (18)
for Nb(III)/Nb and Cr(III)/Cr as shown in Fig. 13(a). As a result, it is
found that Nb can be separated without Cr co-deposition due to its
more positive equilibrium potential than Cr, even taking into ac-
count the ~22 times higher concentration of Cr than that of Nb.

When Nb ions are reduced to metallic Nb in the residual molten
salt by the additional electrodeposition process, the deposited Nb
can be dissolved by the disproportionation reaction in the presence
of Nb(V) as an initiator of electrorefining, which is described as
follows:

4NbðVÞþNb/NbðIVÞ (19)

Thus, it might be useful for more efficient Nb separation to
introduce a high concentration of Nb(IV) to suppress the dispro-
portionation reaction that causes the re-dissolution of the depos-
ited Nb at the cathode.

3) Ni-based alloy: Ni-based alloys, including Inconel 625
(Nie22Cre9Mo-3.5Nb) and 718 (Nie19Cr-5.2Nb), are widely
used as structural materials in the part-strength control rod and
the holddown spring in the fuel rod respectively. By the same
principle described for Fe-based alloy wastes, it is possible to
extract Ni at the first electrolytic refining process since Ni is
much nobler than Cr and Nb. Then, Nb can be separated from the
residual salt due to the fact it is nobler than Cr, as can be noticed
in Fig. 13(b) for Eeq while the Cr remained in the residual salt,
which can be recycled by another process for Cr recovery.

As discussed earlier, the deposition of insoluble Nb subchloride
compounds can occur prior to that of metallic Nb since those
chloride compounds are deposited at amore positive potential than
the reduction potential of Nb ions. However, as mentioned, when a
potential which is more negative than �0.6 V (vs. Ag/AgCl) is
applied, only metallic Nb is deposited via the two-step reaction via
the formation of Nb(II) on the electrode surface, as can be seen from
the CV results. The transition in the composition of the deposit from
Nb subchloride to metallic Nb was consistent with the XRD results
reported by Lantelme et al. [26]. Thus, the sufficiently negative
potential should be applied at the cathode to reduce Nb ions to
metallic Nb during the decontamination process.

The concentration of Nb ions and their oxidation state are crit-
ical factors during electrorefining for the field of radioactive waste
management to enhance the separation efficiency of Nb. It might be
effective to use a low concentration of NbCl5 in terms of the re-
covery of Nb in the metallic form due to the fact that 1) the pos-
sibility of the auto-reduction process decreases, and 2) the
disproportionation reaction between metallic Nb and Nb(V) is
suppressed as less Nb(V) is available. Maintaining a lower con-
centration of Nb can also prevent co-deposition by suppressing the
existence of subchlorides.

Moreover, it is suggested additives, such as heavy alkali metal
chlorides or alkali fluorides which stabilize Nb(IV) and reduce the
oxidizing power of Nb(V) as reported by Rosenkilde et al. [23] and
Lantelme et al. [26], can be utilized to improve the deposition of
metallic Nb. Further studies will be required to optimize the con-
centration of Nb ions with additives during the electrochemical
process in order to achieve more efficient Nb extraction.

5. Conclusions

The electrochemical behaviors of Nb were examined in
LiCleKCleNbCl5 molten salt with 1.0wt% NbCl5 via several elec-
trochemical techniques including chronoamperometry and cyclic
voltammetry. All the experiments were performed within a well-
controlled inert environment to minimize any experimental

Fig. 12. Flowcharts for electrolytic refining processes for different radioactive wastes containing Nb.
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uncertainties.
The colors of the solution containing the different oxidation

states of Nb ions were examined. They were compared to the
relevant data from the existing literature, which confirmed that the
color of the solution changed from pale-gray to yellow-orange
when the oxidation state of Nb increased from þ3 to þ5.

Four and five different reduction and oxidation peaks were
found by multiple sets of cyclic voltammetry with different scan
range at the selected scan rates in order to identify the possible
reduction and oxidation reactions at each peak potential, and to
examine the reversibility of the corresponding reaction. It was
found that the redox couples including Nb(V)/Nb(IV) and Nb(IV)/
Nb(III) were reversible, as reported in the literature. The reliability

of experiments was confirmed by comparing the obtained data for
the diffusion coefficient of Nb(V) and (IV) with the available liter-
ature data. This comparison also implies that 1) the diffusion co-
efficient of Nb(V) is the lowest among the stable Nb ions in LiCleKCl
at 450 �C, and 2) the diffusion coefficient of Nb(III) is possibly lower
than that of Nb(IV). The negative and positive potential shifts were
found for the other cathodic and anodic peaks respectively, which
indicated that reactions involved in those peaks are irreversible.

Three additional redox couples were hypothetically proposed;
Nb(III)/NbClx (2.33< x< 3.13), Nb(III)/Nb and Nb(II)/Nb. The formal
potentials of each redox couple were calculated using experimental
data of the peak-to-peak separation from the voltammograms, and
they were compared to the literature data in the LiCleKCl system at
450 �C. A slight overprediction was found for those couples, but it
was in good agreement within the acceptable range of ±0:1 V. The
deposition of the metallic Nb became more dominant than that of
insoluble Nb chloride compounds when the applied potential
became more negative than �0.7 V (vs. Ag/AgCl). Further study
might be necessary to identify the exact reduction and oxidation
behaviors related to the formation of those Nb subchlorides which
competed in the deposition of the metallic Nb, and the effect of the
concentration, as well as operating temperature, should be exam-
ined for a more efficient and effective reduction process of metallic
Nb.

The possibility of the auto-reduction process between Nb(V)
and Nb(IV) was examined using X-ray diffractometry for the
powder of LiCleKCleNbCl5 mixtures which were obtained at
different exposure times at 450 �C after melting. Several Nb com-
pounds with pentavalent states were detected although the peak
intensities of compounds that contained Nb were very weak. Thus,
the effect of the auto-reduction reaction on the initial concentra-
tion of Nb(V) in the cell was negligible.

Different schemes for the electrolytic refining of Nb-containing
radioactivewastes, including ZreNb, Fe and Ni alloys, were clarified
with consideration for the standard electrode potentials of major
elements of concern for radioactivity management. Depending on
their order of reduction potentials, it is expected that Nb can be
extracted from the anode or molten electrolyte remaining after the
main electrolytic refining process to recover base metal elements
including Zr, Fe, or Ni. This Nb separation process is important in
terms of recycling the salt electrolyte and reducing the volume and
radioactivity of wastes. For more efficient Nb extraction, it is
necessary to optimize the concentration of Nb ions in the salt
electrolyte and to apply a more negative potential to the cathode to
promote the deposition of metallic Nb without the formation of
insoluble Nb chloride compounds.
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Nomenclature

CA: Chronoamperometry
CV: Cyclic voltammetry
ip: Current at the peak potential
n: Number of the transferred electron involved in a reaction
A: Surface area of the electrode
C0: Bulk concentration of the species involved in the reaction
F: Faraday constant
D0: Diffusion coefficient of the species
R: Gas constant
T: Temperature
v: Scan rate
a: Charge transfer coefficient
Epc: Cathodic peak potential
Epc: Formal potential
DoxDred: Diffusion coefficient of oxidized and reduced species
Epa: Anodic peak potential
E1=2: Half-wave potential
ks: Standard rate constant of the electrode reaction
Eeq: Equilibrium potential
gox: Activity coefficient of the oxidized species
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