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ARTICLE INFO ABSTRACT

Keywords: Nb-94, an activation product in irradiated cladding, is a major concern in geological disposal. As Nb-94 is
Zr-Nb all?y o distributed throughout the cladding, volumetric decontamination should be applied for separation between Zr
Volumetric decontamination and Nb. In this study, the radiological characteristics of irradiated HANA-4 cladding were investigated using the
El fini

ectrorefining

ORIGEN-ARP code to derive a decontamination factor for Nb-94, 11. The electrochemical behavior of Nb was
evaluated by cyclic voltammetry using low NbCls concentrations (0.15 and 0.5 wt %) in LiCl-KCI at 773 K. Nb
exhibits complex redox behaviors, but it was found that the nobler tendency could be utilized for Zr electro-
refining. Two electrorefining tests were performed by applying constant potentials of —0.85 V and —1.2 V (vs.
Ag/AgCl 1 wt %) at the anode and cathode, respectively. From the anodic test, Zr metal was obtained at the
bottom of the salt, by two-step reactions among Zr4+, Zr2+, and Zr. Meanwhile, ZrCl and Zr were co-recovered as
deposits in the cathodic test. The results revealed good separation performance between Zr and Nb. The Nb
concentrations were 2.1 and 20.3 ppm in the products from the anodic and cathodic tests, respectively, sup-

Molten salt
Nb electrochemistry
Cyclic voltammetry

porting the feasibility of satisfying the radioactivity concentration limits of the Gyeongju Disposal Facility.

1. Introduction

Zr is widely utilized in different types of nuclear power plants
because of its low thermal neutron capture cross-section and high
hardness [1,2]. Generally, Nb is added to Zr alloys, such as ZIRLO and
HANA claddings, to increase their corrosion resistance [3,4]. These al-
loys are commercially used as fuel claddings in PWRs. The fuel claddings
are then exposed to a high neutron flux and, as a result, activation
products are easily located within the components. A stable isotope of
Nb can generate Nb-94 via neutron activation under a high neutron flux
during the operation of nuclear reactors [1]. According to an assessment
of the radioactive characteristics of different types of nuclear fuel
claddings, Nb-94 is among the most important contributors to increases
in radioactivity in irradiated claddings [5]. This indicates that spent fuel
cladding cannot satisfy the radioactivity concentration limit of Nb-94 for
the geological disposal of low- and intermediate-level waste at Gyeongju
Disposal Facility, Republic of Korea [6].

Unlike contaminating radionuclides, activation products are
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uniformly distributed throughout the waste volume. This indicates that
surface decontamination is not effective, and volumetric decontamina-
tion should be considered to reduce both the volume of radioactive
waste and the waste level of spent nuclear fuel cladding. Furthermore,
cladding hulls occupy approximately 40% of the volume of spent nu-
clear fuel, which causes the continuous accumulation of radioactive
waste. Electrorefining would be a promising solution to this problem, as
it can decontaminate metallic radioactive waste by dissolving the entire
waste volume at the anode and selectively recovering major alloying
elements at the cathode based on the difference in Gibbs free energy of
formation. The radioactivity concentration limit for Nb-94 at Gyeongju
Disposal Facility increased from 110 to 149,000 Bq/g in July 2024,
enabling the geological disposal of irradiated Zr-Nb alloy claddings by
volumetric decontamination via electrorefining.

Electrochemical studies have been widely conducted to separate Zr-
Nb alloys by using molten salt electrolytes at high temperatures.
Numerous studies have employed cyclic voltammetry (CV) to evaluate
the electrochemistry of Zr in chlorides with different conditions, such as
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temperature, ZrCly concentration, and working electrodes [7-14].
Although many studies have investigated the electrochemical behavior
of Nb, specific experimental conditions still have to be assessed
regarding determination of molten salt electrolyte [15-21].

The fluoride systems promote dendritic Zr growth due to simple Zr
electrochemistry which leads to advantages in cathode processing, but
cause corrosion issues on structural materials. The chloride systems have
a lower melting point and less corrosivity than the fluoride system, but
powdery Zr and ZrCl would be recovered due to the complicated
disproportionation reaction of Zr. Previous electrorefining results of Zr
alloys in the presence of fluorides showed coarse Zr metal recovered at
cathode [22-24]. Fyjita et al. conducted electrorefining of BWR channel
box material in a LiCl-KCI-LiF at 650 °C under anodic current control
and obtained 99.9 % pure Zr with decontamination factor (DF) of
approximately 400 for Co-60 [22]. Park et al. conducted electrorefining
of Zirlo scrap in LiF-KF at 700 °C and achieved pure Zr with less than 30
ppm of Nb [23]. Lee et al. examined electrorefining of Zirlo in
LiCI-KCI-LiF at 600 °C and demonstrated that Zr metal could be recov-
ered at —1.0—-1.1 V depending on the electrolyte composition [24]. On
the other hand, chloride systems revealed co-deposition of fine Zr and
ZrCl despite suppression of impurities at cathode [25-28]. Lee et al.
investigated Zircaloy-4 electrorefining in LiCl-KCl at 500 °C and re-
ported that Zr or ZrCl is deposited at cathodic potentials of —1.15 V and
—1.55 V, respectively [25]. Sohn et al. reported Zircaloy-4 electro-
refining in LiCI-KCl at 500 °C under anodic control at —0.9 V and
showed chemical form of deposit change from Zr to ZrCl depending on
the initial ZrCly concentration [26]. Hur et al. showed Zr-2.5Nb in
LiCI-KCl at 500 °C and presented low concentration of Nb at cathode at
the early stage of electrorefining [27]. Finally, Hur et al. examined
Zr-2.5Nb electrorefining in LiCI-KCl at 450 °C and reported cathodic
formation of ZrCl at —1.1 V and subsequent conversion from ZrCl to Zr
metal by thermal decomposition [28]. However, further investigations
for electrorefining of Zr-Nb alloys in chloride-based systems which allow
operation at lower temperatures and exhibit better compatibility with
structural materials are required for potential engineering applications.

To investigate the feasibility of the electrolytic process as a volu-
metric decontamination method, this study assessed the recovery of Zr
from irradiated HANA-4 scrap via electrorefining in chloride salts.
Before conducting electrochemical experiments, ORIGEN-ARP calcula-
tions were performed to derive the decontamination target and the
separation goal by analyzing the radiological characteristics of the
irradiated HANA-4 in PWRs. The electrochemical behavior of Nb in
molten LiCl-KCl salts at 773 K was investigated via CV using NbCls (0.15
and 0.5 wt %) to determine the operating conditions for electrorefining.
Potentiostatic electrorefining tests were then performed using a poten-
tial control to suppress Nb deposition at the cathode. Fresh HANA-4, as
well as Co and Ni wires, were used as anode materials to simulate the
irradiated structure. The elemental composition and chemical formulas
of the recovered Zr products were analyzed to evaluate the efficiency of
the process.

2. Radiological characteristics of HANA-4

Assuming representative operating conditions for domestic PWRs,
the radiological characteristics of the HANA-4 alloy during irradiation,
and the post-irradiation period were evaluated using the ORIGEN-ARP
code [29]. The reference case considered was a domestically standard-
ized PLUS7 16 x 16 fuel assembly operated under a three-batch fuel
management scheme with an average discharge burnup of 55 GWD/tU.
The evolution of nuclide-specific radioactivity in HANA-4 was subse-
quently calculated as a function of time. The elemental composition of
HANA-4 [2] is listed in Table 1.

The calculation results indicated that Nb-94 (T;/2 = 20,400 years)
was the primary contributor to the radiological source term of HANA-4
over a cooling period of less than 1000 years (Fig. 1). Although other
long-lived radionuclides, such as Ni-59 (T;/2 = 80,000 years), Ni-63
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Table 1
Composition of fresh HANA-4 alloy (wt. %) [4].
Nb Sn Fe Cr Zr
HANA-4 1.5 0.4 0.2 0.1 Bal.
1 01 1

—a— C0-60 —8— H-3 —— Nb-94 —v— Ni-59
—— Ni-63 —«— Sr-90 —— Tc-99
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Fig. 1. Radioactivity concentration changes of major radioisotopes in irradi-
ated HANA-4 cladding after discharge burnup of 55 GWD/tU in PWR calculated
by ORIGEN-ARP.

(T1/2 = 100 years), and Tc-99 (T1/2 = 211,000 years), were present,
their initial activities were approximately five orders of magnitude
lower than that of Nb-94. Co-60 (T1/2 = 5.27 years) exhibits a significant
contribution to the total activity in the early stage after discharge,
following Nb-94, but decays rapidly owing to its short half-life. Conse-
quently, Nb-94 remained the dominant nuclide of radiological concern
at the assumed disposal time, which was equivalent to a cooling time of
40 years after discharge from the reactor. This was attributed to the fact
that Nb was the major alloying constituent of HANA-4.

For the final disposal of HANA-4 cladding separated from spent nu-
clear fuel, the concentrations of all relevant radionuclides at the time of
disposal must satisfy the nuclide-specific acceptance criteria stipulated
for the currently operating low- and intermediate-level waste re-
positories in Gyeongju [6]. All radionuclides satisfied the radioactivity
concentration limit indicated in the waste acceptance criteria of the
safety analysis report, except for Nb-94, for which the concentration
exceeded the limit by approximately 11 times. This indicates that the
separation of Nb-94 from irradiated HANA-4 cladding scrap is crucial for
satisfying the waste acceptance criteria in terms of the radioactivity
concentration limit before disposal. In addition, the use of electrolytic
separation processes to achieve the decontamination factor goal is
feasible.

3. Experimental

Because employing molten chloride salts at 773 K requires an inert
atmosphere, CV and electrorefining were performed within a glove box
filled with Ar gas of 99.999% purity. The oxygen and moisture contents
were maintained below 0.1 ppm. Electrochemical cells were placed in-
side a Type 304 stainless-steel furnace surrounded by a jacket heater. A
PAR Versastat3 potentiostat, controlled using the Versastudio software,
was used to apply and measure electrochemical signals. In the CV and
electrorefining experiments, Ag/AgCl (1 wt %), composed of a Pyrex
membrane tube, an Ag wire (Sigma Aldrich, 99.99%, 1-mm diameter),
LiCl-KCl eutectic salt (Sigma Aldrich, 99.99%), and AgCl (Sigma
Aldrich, 99.999%), was used as the reference electrode. Hence, all
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potentials described in this article are related to the Ag/AgCl 1-wt. %
reference electrode.

3.1. CV

The target concentration of NbCls was prepared using a two-step
process because some NbCls could be evaporated and lost during the
preparation of LiCl-KCI-NbCls, owing to the lower melting point of
NbCl5 (521 K) relative to that of LiCl-KCI (625 K). Anhydrous NbCls
(Alfa Aesar, 99.95%) powder was loaded at the bottom of a quartz cell,
after which LiCl-KCl beads were loaded into the cell. The salt-containing
cell was placed in a furnace preheated to 873 K to rapidly increase the
cell temperature above the melting point of LiCl-KCl. The content of
NbCls was identified as 6.05 wt % via inductively coupled plasma-op-
tical emission spectroscopy (ICP-OES) and ICP-mass spectroscopy (ICP-
MS). The salts were diluted using LiCl-KCl to the target concentration of
NbCl;5 for the CV experiment.

The electrochemical cells were arranged in a quartz tube with an
inner diameter of 13 mm and height of 380 mm. Tungsten wires (Sigma
Aldrich, 99.99%, 1-mm diameter) were used as the working and counter
electrodes. Diluted salt (3.0 g) with different concentrations of NbClg
was loaded into the quartz tube, and the temperature increased to 773 K.
The surface area of the reactive electrode was estimated as 0.628 cm? by
measuring the immersion depth of the tungsten wire.

According to previous studies, Nb exhibits highly complex electro-
chemical behavior in halide electrolytes at high temperatures [15-21].
Although the overall tendencies appear similar, some inconsistencies
exist in the literature, which can be attributed to the temperature, the
charge valence of Nb ions depending on the Nb precursor (e.g., NbCls
and NbsClg), the Nb concentration in the electrolyte, and the effect of
additional anions present in the electrolyte. To separate Zr and Nb from
a mixture, it is important to understand the dependence of the Nb redox
behavior on the concentration of NbCls in the electrolyte, as Nb might be
dissolved during the electrorefining of irradiated HANA-4. Therefore,
the electrochemical redox behavior of Nb was investigated at relatively
low concentrations (e.g., 0.15 and 0.5 wt %). In addition, CV measure-
ments were performed in an environment in which ZrCly (1 wt %) and
NbCls (0.1 wt %) coexisted in LiCl-KCI at 773 K, to observe the elec-
trochemical behavior under conditions similar to those of actual salts
during electrorefining.

The redox behavior of Zr is much more complex than that of Nb.
Numerous related studies have been performed at different Zr** con-
centrations, and similar trends have been identified [7-14]. Co®*" and
Ni2* showed simple redox characteristics in high-temperature LiCl-KCl,
and it has been determined that these noble elements do not affect the
performance of electrorefining [12,30-32]. Therefore, the CVs for Zr,
Ni, and Co were not considered in this study.

3.2. Potentiostatic electrorefining of HANA-4 materials

As shown in Fig. 2, electrorefining experiments were performed at
773 K in a quartz tube (inner diameter, 27 mm; height, 380 mm) con-
taining LiCl-KCI and 5-wt. % ZrCl, (Sigma Aldrich, 99.99%). A tungsten
rod (Alfa Aesar, 99.95%, 3.175-mm diameter) was used as the cathode
since it is widely known as an inert electrode material for molten salt
application. The tungsten rod was threaded to diminish deposit
detachment during electrorefining, as shown in Fig. 3(a). The anode
material, HANA-4 scrap (inner diameter, 8.37 mm; outer diameter, 9.5
mm; height, 40 mm), was provided by KEPCO Nuclear Fuel CO., Ltd. The
anode was prepared by loading a cylindrical HANA-4 specimen into a
Type 316 stainless-steel basket (diameter, 10 mm; height, 25 mm), as
shown in Fig. 3(b). In addition, small amounts of Co (99.995%, 1-mm
diameter) and Ni (99.995%, 1-mm diameter) wires were added to the
basket to simulate the activation products.

Two electrorefining tests were conducted using a potentiostatic
method. Run 1 was conducted by applying —0.85 V at the anode basket
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Anode
[— (HANA-4 scrap with
Co and Ni wire)

Reference electrode
(Ag/AgCI 1 wt. %)

< Cathode (W rod)

Furnace

<«—— Jacket Heater

Cathode Deposit

Anode Basket

Settled powder
at the Bottom

Fig. 2. Schematic configuration of electrorefining cell.

to dissolve Zr from the HANA-4 and to leave Nb at the anode basket and
induce the reduction reaction of Zr*" to Zr?" at the cathode. Run 2 was
conducted by applying a cathode potential of —1.2 V to selectively
recover Zr products at the cathode rod and to evaluate the behavior of
Nb under conditions that covered nearly the full anodic dissolution, as
the applied charge approached the theoretical dissolution limit of the
anode. The reduction of ZrCl, an insoluble intermediate product, can
result in the formation of Zr metal at —1.15 V [10]. Both the anodic and
cathodic potential-controlled experiments were conducted for 10 h to
obtain sufficient deposits. The crystallographic characteristics and
chemical forms of the cathode deposits and powders observed at the
bottom of the cell were determined using X-ray diffraction (XRD).
Meanwhile, the elemental compositions of the deposits and molten salts
were analyzed via ICP-OES and ICP-MS.

4. Results and discussion
4.1. CV

Fig. 4 shows two cyclic voltammograms for NbCls (0.15 wt % and
0.5 wt %) in LiCl-KCl salts, obtained at 773 K. Regardless of the scan rate
and concentration of NbCls, complex electrochemical behavior was
observed owing to the different reduction and oxidation states of Nb
ions. Both results showed highly analogous shapes and potentials for the
three reduction peaks and four oxidation peaks. In a previous study
investigating the redox behavior of Nb, which was measured at 723 K via
CV, for 1.0-wt. % NbCls in LiCl-KCl, four reduction and five oxidation
peaks were found in the voltammogram [21]. Although the tempera-
tures and concentrations differed, the overall peak shapes were in good
agreement with those of the reference case. However, a redox pair
attributed to Nb subchlorides (NbCly) did not appear in the voltammo-
gram at either NbCls concentration. Specific redox reactions were
observed at each peak in the voltammograms.

As the potential scan proceeded from 1.0 V in the negative direction,
the reduction of Nb°>* and Nb** occurred at R1 and R2, respectively, and
Nb3* was formed. At the R3 peak, Nb metal deposition occurred through
the reduction of trivalent ions, resulting in the largest peak current in the
voltammogram. As the potential scan proceeded in the positive direc-
tion, the oxidation of the Nb metal deposited on the working electrode
occurred at O1. Another oxidation peak, O2, emerged at the shoulder of
O1. These oxidation peaks may be related to the oxidation of Nb metal to
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(a)

(b)
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Fig. 3. Optical images of (a) tungsten cathode, (b) anode basket, and (c) HANA-4 scrap specimens.
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Fig. 4. Cyclic voltammogram of (a) NbCls (0.15 wt %) and (b) NbCls (0.5 wt
%) in LiCl-KCI at 773 K.

various ion valences of Nb [18,19,21]. Following the formation of peak
02, peak O3 immediately emerged as an oxidation peak corresponding
to R2. Subsequently, the final oxidation reaction of tetravalent ions to
pentavalent ions occurred, at approximately +1.0 V.

Regarding peak O2, the peak current was much smaller than that of
01 for 0.15-wt. % NbCls, as shown in Fig. 4(a). However, for 0.5-wt. %
NbCls, the height of peak O2 increased significantly and tended to merge
with O1 (Fig. 4(b)). This tendency is consistent with the results obtained
from studies that used 1-wt. % NbCls. Based on these characteristics, it

was inferred that the oxidation peak of Nb3*/Nb** tended to increase
when the NbCls concentration exceeded a certain level (e.g., 0.6 wt %).

The main reduction peak in the NbCls voltammogram, related to
ion/metal reactions, occurred at approximately —0.55 V. A comparison
of the CV results of Nb with those of Zr measured in LiCl-KCI-ZrCl, at
773 K, as shown in the literature, revealed a large potential difference
between Zr and Nb found at both the anodic and cathodic sides [10,12,
21].

Fig. 5 shows a cyclic voltammogram for ZrCl, (1.0 wt %) and NbCls
(0.1 wt %) coexisting in LiCl-KCl at 773 K. The two main reduction peaks
of Zr, one located at Zr*t/7rCl (R2) and the other at ZrCl/Zr (R3), were
observed at approximately —1.15 V and —1.5 V, respectively. The main
oxidation peak, O1, corresponded to the Zr/Zr*" reaction, while the
broad shoulder on the right side of O1 was attributed to the Zr?*/Zr**
reaction. These peak behaviors are in good agreement with those of
previous studies [10,12]. In addition, disproportionation reactions of Zr
were clearly observed, despite the coexistence of multiple elements in
the molten salt electrolyte.

As the concentration of Nb was much lower than that of Zr, a slight
peak attributable to Nb was observed as R1 and O3. Although the Nb
precursor was a pentavalent ion, other peaks formed via the reactions
identified from the CV for NbCls could not be distinguished owing to the
low concentration. The potential difference between R1 and R4, that is,
the reduction peaks related to the formation of Zr and Nb metals, was
approximately 0.9 V, consistent with the separation observed in the

500
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Fig. 5. Cyclic voltammogram of ZrCl, (1.0 wt %) and NbCls (0.1 wt %) in LiCl-
KCl at 773 K.
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individual CVs. Moreover, the difference between R1 and R2 was 0.4V,
suggesting that the electrolytic separation of Zr and Nb could be ach-
ieved by controlling either the anode or cathode potentials. Applying a
more negative potential to the cathode could lead to better Zr metal
reduction, but a large overpotential causes the dissolution of Nb from
the anode and a decrease in current efficiency. Therefore, the applied
cathode potential was determined to be —1.2 V for selectively reducing
Zr without Nb onto the cathode rod during run 2. Meanwhile, in run 1,
the anode potential was controlled at —0.85 V, selectively oxidizing Zr
from HANA-4 and inducing R2 reaction at cathode rather than R3 to
obtain Zr metal by disproportionation reaction directly.

4.2. Anode potentiostatic electrorefining

Fig. 6(a) shows the potential and current changes during anodic
potential-controlled electrorefining. The anode equilibrium potential
was maintained at the intended value for 15 h. The transient potential
deviation was less than 20 mV, which is not large enough to cause the
dissolution of other HANA-4 alloying elements, except for Zr, and to
aggravate the electrorefining performance. The current also remained
constant at approximately 200 mA, indicating that insoluble deposits (e.
g., Zr metal and ZrCl) that can enlarge the cathode surface area were
unlikely to be formed. Fig. 6(b) shows that no deposits were found on the
cathode after anodic potential-controlled electrorefining. The trans-
ferred charge can be used to reduce Zr** to another soluble ion, Zr2+, at
the cathode surface, as shown in Eq. (1). The reaction generally started
at approximately —0.8 V, more positive than the potential for ZrCl for-
mation of approximately —1.1 V [10,12].

Zr*t + 2e7 - 712t

(€8]

Although no deposits were produced on the cathode, considerable
amounts of black powder were found at the bottom of the salts (Fig. 7
(a)). The powder scraped from the bottom of the salt ingot was identified
by XRD as Zr metal (Fig. 7(b)). The other peaks not marked in the XRD
pattern corresponded to LiCl-KCI-ZrCl,4 [26]. Since the electrochemical
formation of Zr metal from Zr*" occurs at a much more reductive po-
tential of at least —1.2 V where ZrCl is produced, the precipitated
powder would not result from a cathodic reaction but from a dispro-
portionation reaction of Zr?* and the white-to-brown color of salt ingot
supports that the Zr?* in the salt was consumed by reaction (2) as fol-
lows [8,13,24]:

27r%" o Zr + Zr'*t @)

Since no evidence of ZrCl was found at the cathode during the anode
potentiostatic electrorefining, it is confirmed that the soluble/soluble
reduction reaction occurred at the cathode with a more positive po-
tential than that of ZrCl deposition. The estimation of Zr*>* formation as
the soluble product at the cathode was inferred by comparison with our
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previous work and other earlier studies [8-10,25]. However, Cha and
Yun suggested that the first reduction step of Zr** at the most positive
potential corresponds to the Zr**/Zr3* reaction, and consequently,
metallic Zr could be formed during the electrorefining as following re-
action (4) [13]:

It S 7t 1 e

3
C)

As electrorefining progressed under a low cathodic current density,
Zr** gradually accumulated in the molten salt according to reaction (1)
and was disproportionated into Zr metal and Zr*" when Zr?* was su-
persaturated. The Nb content in the metal precipitate collected at the
lower part of the used salt was identified by ICP-MS as 2.1 ppm. This
concentration is equivalent to a DF of 7100 compared with the Nb
concentration in initial HANA-4 material. No other alloying elements
were detected, indicating that the anode potential was appropriately
controlled to prevent unnecessary elemental dissolution. Therefore,
highly decontaminated Zr metal can be obtained by retrieving black
powder precipitates.

The electrochemical equilibrium between the Nb at the anode and
the salts explains the Nb content of the salts used. It has been reported
that the dissolution of Nb metal occurs with a formal potential ranging
from —0.31 to —0.37 V, depending on the experimental methods and
related Nb ions [21]. When the Nb content in the salts was 1 ppm, the
equilibrium potential between Nb metal and Nb ions was —0.78—-0.84 V
which is close to the anode potential applied in this study, approxi-
mately —0.855 V. The dissolved Nb could be reduced to metal and de-
tached at cathode, and precipitated with the Zr deposits. Considering
that the dissolved Nb ion is preferentially deposited as metal phase at the
cathode, the analyzed Nb concentration in the metal precipitate at the
salt bottom indicates that Nb is rarely dissolved at the anode, corre-
sponding to both the CV results and the anode equilibrium potential
transient during the electrorefining in this study. In a previous study on
Zircaloy-4 electrorefining, the anodic potential was maintained at —0.9
V for various ZrCl4 contents (0.1, 0.5, 1, 2, and 4 wt %). The resulting
insoluble cathode deposits consisted of ZrCl, Zr metal, or a mixture of
both [26]. Even at a more negative anode potential, the formation of
insoluble deposits is due to the larger surface area ratio of the anode
relative to that of the cathode. A previous study found that the reactive
anode area was approximately five times larger than that of the cathode;
Zircaloy-4 specimens were cut into six small pieces and loaded into an
anode basket, and the diameter of the tungsten rod used was 3.175 mm.
However, in this study, the active area of the anode was less than three
times, approximately 2.98, that of the cathode; a cylindrical HANA-4
specimen with a diameter of 9.5 mm was loaded in the basket without
chopping, and a threaded tungsten rod with a diameter of 3.175 mm was
used. Assuming that the outer surface area of the HANA-4 specimen

47r%" o Zr + 37r*

(b)

Fig. 6. (a) Anode potential and current during the anode potentiostatic electrorefining and (b) optical image of the W rod as cathode after the electrorefining.
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Fig. 7. (a) Optical images and (b) XRD patterns of the black powder precipitates accumulated at the bottom of the electrolyte salts after the anode potentiostatic

electrorefining (All peaks found except the Zr peaks are related to LiCl-KCl-ZrCly).

which was overlapped with the anode basket had a disadvantage in
terms of mass transfer, the effective anode surface area was defined by
the summation of the outer surface area directly exposed to molten salt
and inner surface area, calculated to be 15.14 cm?. The cathode surface
area was determined by the immersed height in the molten salt, calcu-
lated to be 5.09 cm? When the anode to cathode ratio was approxi-
mately 5 in the previous study, the cathodic current density was
sufficient to reach the cathode potential beyond —1.2 V, favoring the
ZrCl formation and subsequently Zr metal. In contrast, when the surface
area ratio was reduced to 2.98 in this study, the cathodic current density
decreased and the cathode potential was maintained below —1.0 V,
where the reduction of Zr*" to Zr?>* is dominant and the further depo-
sition of ZrCl could not proceed. If ZrCl is deposited at cathode, addi-
tional electron consumption is required to form Zr metal. In contrast,
formation of Zr*" leads to Zr metal formation without electron con-
sumption as represented in reaction (2). Therefore, the current effi-
ciency would be enhanced by employing smaller anode-to-cathode area
ratio.

Assuming that the anodic current efficiency is 100%, that no side
reactions such as chlorine evolution and anode basket corrosion
occurred, the passed charge of 11,200 C for 15 h is equivalent to dis-
solving 63.6% of the anode material. This estimation is considered
reasonable since the anode equilibrium potential remained stable to
oxidize Zr. Also, Zr composition in the anode material is approximately
98%, and oxidation of other alloying elements was almost suppressed,
which can be determined by the stable anode potential. In other words,
the entire electrorefining process was considered as a period in which Zr
continues to be oxidized at the anode. Although the present electro-
refining test did not proceed to the point where the anode material is
completely consumed, these results demonstrate the possibility of
anodic potential control to sustain the electrorefining process with Zr
metal production beyond the intermediate stage. Hur et al. reported
anode potentiostatic electrorefining of Zr-2.5Nb alloy in the chloride
system, but they revealed the Nb suppression in the early stage of
electrorefining, equivalent to the point at which approximately 18% of
Zr-2.5Nb was dissolved.

Although the weight of the residual anode material and the zirco-
nium metal collected from the bottom of the molten salt were not
quantified, the fact that the anodic potential and the corresponding
current remained stable for 15 h, together with the absence of any
visible cathodic deposition, suggests that the refining process proceeded
stably without significant electron consumption in undesirable side re-
actions both at the anode and the cathode. This inference is reasonable
because the only competitive anodic reactions are the dissolution of the

anode basket and chlorine evolution, and the only competitive cathodic
reaction is the deposition of ZrCl. In addition, the applied anodic po-
tential of —0.85 V was sufficiently negative to suppress oxidation of both
the alloying elements in HANA-4 and the SS304 basket, and no evidence
of ZrCl was observed at both the cathode and at the bottom of the melt.

4.3. Cathode potentiostatic electrorefining

Fig. 8 presents the cathode potential and current during electro-
refining, where we aimed to maintain the cathode potential at —1.2 V.
The actual cathode potential gradually increased from —1.17 to —1.05
V, and the current also changed following the potential transition. The
prolonged transition in current and potential observed during electro-
refining was presumed to originate from dynamic changes in the effec-
tive electrode surface area, associated with anodic dissolution and
cathodic deposition, along with the time-dependent relaxation of the
concentration gradients toward steady-state equilibrium. This behavior
is similar to that observed in a previous study conducted at KAERI [25].

As electrorefining progressed, solid deposits were obtained at the
cathode, as shown in Fig. 9(a). Excluding the molten salt attached to the
cathode, the deposited products were identified via XRD analysis as
ZrOy, Zr, and ZrCl (Fig. 9(b)). Although the main peaks of ZrO5 and KCl
overlapped in the XRD pattern, ZrO; could be distinguished from the
other peaks. Considering that the Zr peaks were clearly distinct in the
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Fig. 8. Cathode potential and current during the cathode potentiostatic
electrorefining.
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Fig. 9. (a) Optical image and (b) XRD pattern of electrodeposits recovered at the cathode after cathode potentiostatic electrorefining.

analysis results of the precipitates from anode potentiostatic electro-
refining shown in Fig. 7(b), ZrO, was formed by the oxidation of Zr
during the analysis outside the Ar environment. Therefore, the Zr
compounds deposited at the cathode were Zr and ZrCl. According to the
literature, Zr** can be reduced to ZrCl in LiCI-KCl at approximately
—1.10V, as follows [8,12,25]:

Zr** 4 3e + ClI™ = ZrCl (5)

Although the cathodic current increased from the starting point to
the middle stage of the electrorefining, only a small amount of Zr
compounds were observed at the cathode deposit. It could be attributed
to detachment of ZrCl from the cathode. As a result, a considerable
amount of ZrCl settled at the bottom of the molten salt as shown in
Fig. 10(a). Considering that the cathodic current remained high within
5-10 h, the latter part of the electrorefining, it is estimated that the
detachment would occur after the electrorefining due to unexpected and
unidentified disturbance. This indicates that the threaded cathode is not
effective to prevent the detachment of fine powders and an effective
cathode design is required for cathode product recovery.

The XRD pattern in Fig. 9(b) shows a much stronger intensity for the
ZrCl phase than for the other deposited phases, indicating that ZrCl was
the predominant reduced species at the cathode. This is consistent with

CV and other electrorefining results [10,12,13,25-28].

Fig. 10(a) shows the precipitates that settled at the bottom of the
molten salt. Moreover, the XRD analysis results shown in Fig. 10(b)
reveal that the main phase collected at the bottom of the salt was ZrCl,
accompanied by some ZrO, and metallic Zr. The presence of ZrOy was
considered to result from oxidation during the analysis outside the Ar
atmosphere. The identification of Zr in the cathode deposit and at the
bottom of the molten salt can be explained by the disproportionation
reactions of Zr, as shown in reactions (1) and (2). Consistent with the
morphology of the cathodic deposits and the XRD results in Fig. 9, a
significant portion of the ZrCl deposit detached from the cathode and
accumulated at the bottom of the molten salt (Fig. 10).

The passed charge during the electrorefining was calculated to be
16,000 C based on the current transient, which is equivalent to dis-
solving 90.8% of the anode materials with the anode current efficiency
being 100%. Therefore, it is regarded that the electrorefining progressed
to a late stage of anode dissolution. From the current-potential transient
curve, ZrCl deposition was dominant during the early stage, and co-
deposition of ZrCl and soluble Zr species may have occurred later as
cathode equilibrium potential was shifted positively. Unlike the anodic
control case, a weak signal from Zr metal in the XRD pattern indicates
that most of Zr®*+ participated not in the reaction (2) to form Zr metal but
in the ZrCl formation reaction (Zr2+/ZrCl) with electrons at the cathode.
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Fig. 10. (a) Optical image and (b) XRD pattern of precipitates accumulated at the bottom of electrolyte salts after the cathode potentiostatic electrorefining.
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Therefore, the cathodic current efficiency would be significantly lower
under cathodic potential control since ZrCl formation from the Zr'** or
Zrt requires more electron than the Zr metal formation by reaction (2).

The concentration of Nb in the ZrCl deposits collected at the cathode
and salt bottom was found to be 20.3 ppm. This concentration is
equivalent to a DF of 730. K. Park et al. reported that the DF of Nb is
estimated to be more than 330 in the Zirlo scrap electrorefining using
fluoride [23]. This could be attributed to larger-scale experiments than
those in this study.

The concentrations of Co and Ni were found to be below the ICP-MS
detection limit, suggesting no dissolution from the anode. The purity of
Zr in the cathode deposits was estimated to be 99.94%. Therefore, it was
shown that electrorefining can be a feasible option for the geological
disposal of irradiated Zr-Nb alloys in the Republic of Korea.

Regarding the Nb distribution in the electrorefining system, Nb has a
more positive reduction potential than Zr. Once Nb is dissolved from the
anode, it should be electrodeposited at the cathode prior to Zr. In anode
potentiostatic electrorefining, the undissolved Nb is considered to
remain in the anode basket since Nb was not detected at the bottom of
the salt. In cathode potentiostatic electrorefining, the Nb concentration
in the collected ZrCl deposits at the cathode and the salt bottom was
found to be 20.3 ppm and this is attributable not to the anode form but to
oxidized and deposited form due to the absence of Co and Ni in the
deposit. In addition, the concentration of Nb quantitatively analyzed by
ICP-MS is equivalent to the amount of Nb dissolved at the anode and
deposited to the cathode. Therefore, the low concentrations revealed
that the Nb separation was effectively achieved by the anodic and
cathodic potentiostatic methods.

4.4. Engineering considerations and conceptual recovery strategies for Zr
and ZrCl powders in scaled-up systems

During electrorefining of HANA-4 cladding in LiCI-KCl molten salts,
Zr solid products were generated under both anodic and cathodic
potential-controlled conditions and were observed to accumulate at the
bottom of the electrolyte. Although the chemical composition of these
products varies depending on the electrochemical reaction, the post-
processing methods in both cases are identically required to recover
the fine particulates at the cell bottom using methods compatible with
high-temperature molten salt systems.

Under anodic potentiostatic control, the recovered product consisted
mainly of fine Zr metal powder formed via disproportionation reactions.
In contrast, cathodic potentiostatic electrorefining resulted in a mixed
powder composed mainly of ZrCl due to the reduction of Zr** to ZrCl
and subsequent disproportionation. From the perspective of process
integration, salt distillation would be the most favorable recovery
method that can be applied to both Zr and ZrCl powder. Salt distillation
has been widely employed in the pyroprocessing of used nuclear fuel to
remove LiCl-KCl salts from cathode deposits. The boiling points of LiCl
and KCl at atmospheric pressure are 1655 and 1420 K, respectively;
therefore, the vacuum distillation of LiCl-KCl-based salts has been con-
ducted at 1100-1400 K under 50-500 Pa, depending on the equipment
design [33]. The salts generated in this study are expected to be treat-
able under similar operating conditions because the sublimation of ZrCl
occurs at 604 K [34]. In addition, it was reported that over 99.9% of salt
could be recovered from the mixture of salt and rare earth metal powder
as a result of salt distillation [28].

However, when it is applied to systems containing fine Zr powder,
potential dispersion and loss of particles during salt distillation should
be carefully considered. The Zr powder particles produced by the
disproportionation reaction could be much smaller than the cathode
deposits by hundreds of micrometers. In addition, the amount of salt
mixed with the Zr metal powder was greater than the amount of deposit.
Therefore, the evaporated salts could carry and scatter the fine Zr
powder inside the distillation equipment. Analysis of the size distribu-
tion of the Zr black powder, as well as trial-and-error experiments on the
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equipment design, may be required to minimize the dispersion of Zr
particles. Accordingly, recovery concepts may focus on equipment and
operational designs that suppress entrainment of fine particles, such as
controlled evaporation rates, internal flow barriers, and staged
condensation, while promoting retention or consolidation of solid
products within the distillation vessel. This strategy can be directly
applied to anodic electrorefining in which the recovered product is
mainly metallic Zr.

Meanwhile, the precipitated Zr black powder could be recovered via
filtration through the lower part of the salt. The filtration equipment can
be combined with a vacuum pump and a quartz filter with a pore size
less than a micrometer, functional over the melting point of the salts
(approximately 625 K). A high-power vacuum pump may not be
necessary because of the fluidity of the molten salt, which was similar to
that of aqueous solutions. Retrieving the Zr black powder from the filter
would be challenging because the fine particles could remain stuck in-
side the filter and not be recovered via backwashing and scraping. This
could result in the generation of secondary radioactive waste. The
required and optimized specifications of the filter should be determined
by analyzing the size distribution of the Zr black powder and using trial-
and-error filtration tests.

In the case of cathodic potentiostatic electrorefining, where the
settled ZrCl powders were observed, salt distillation can be coupled with
a high-temperature thermal decomposition step under reduced pressure.
Under vacuum conditions, ZrCl is converted into metallic Zr via thermal
decomposition. This enables both the recovery of Zr in metallic form and
the removal of residual salts. Previous studies demonstrated that ZrCl
was decomposed at a specific temperature, but volatilization of ZrCly
may occur as an intermediate or a side reaction. Consequently, an
effective recovery strategy should include a secondary condensation or
collection system within the salt distillation apparatus, where temper-
ature gradients are carefully controlled to condense and recover ZrCly
vapor for minimizing material loss and secondary waste generation
[35].

5. Conclusions

This study achieved the volumetric decontamination of irradiated
HANA-4 scrap via electrorefining to separate Zr and Nb. The ORIGEN-
ARP results showed that Nb-94 was the primary contributor to the
radioactivity concentration in irradiated HANA-4 after PWR operation,
preventing the disposal of the irradiated alloy at Gyeongju Disposal
Facility, Republic of Korea. The electrochemical redox behavior of Nb at
low concentrations, similar to actual electrorefining conditions, was
evaluated via CV. It was confirmed that this behavior was slightly
simpler than that at high concentrations but consistent with the litera-
ture. In addition, CV revealed a sufficient potential difference between
Zr and Nb when Zr and Nb coexisted in molten salt. Based on these re-
sults, two electrorefining tests were performed using anodic and
cathodic potential controls, respectively. In anodic potentiostatic elec-
trorefining, the anodic dissolution of Nb was suppressed. Meanwhile,
Zr** dissolved at the anode was reduced to Zr®>" at the cathode, and Zr
metal was formed in the molten salt electrolyte via Zr disproportionation
reactions. In cathodic potentiostatic electrorefining, the inhibition of the
cathodic electrodeposition of Nb was confirmed. Regarding the phase of
the deposits, Zr** was reduced to ZrCl, and Zr metal was formed via
disproportionation reactions between Zr**, Zr’", and Zr metal. The
concentrations of Nb in the recovered product from anodic and cathodic
potentiostatic electrorefining were found to be 2.1 ppm and 20.3 ppm,
respectively, indicating that the radioactivity concentration limit of
Gyeongju Disposal Facility was satisfied.
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