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HIGHLIGHTS

» A highly porous SIMFUEL particle was prepared as a feed material for electrochemical reduction.

» Cathodic and anodic behaviors of the particles were observed.
» The porous structure can speed up the electrochemical reduction.

» The porous structure is helpful to achieve a high reduction extent of each element.
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A highly porous SIMFUEL particle is prepared here for use as a feed material for electrochemical reduc-
tion. The prepared particles were found to have highly porous and sintered structure. The particles were
electrolyzed in a LiCl-1 wt.% Li,O melt at 650 °C. A steel basket containing the particles and a platinum
plate were used as a cathode and an anode, respectively. The analysis result reveals the reduction extent
of uranium oxide to be in excess of 99%. The rare earth oxides were reduced to their metallic form in the
range of 46-78%. The highly porous structure of the SIMFUEL particles is advantageous to speed up the
electrochemical reduction process for pyroprocessing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pyroprocessing technology based on molten salt electrolysis has
attracted much attention for the treatment and recycling of metal-
lic or oxide spent fuels owing to benefits, such as its inherent pro-
liferation resistance, the compactness of the process equipment,
and the relatively low cost [1-10]. The pyroprocessing involves
the reduction of spent oxide fuel to a metal through an electro-
chemical reduction process and the recovery of the fuel compo-
nents by means of an electro-refining process [11].

In the electrochemical reduction process, oxides fuels are
loaded at the cathode in molten LiCl containing Li,O so as to dis-
solve oxide ions. The overall cathode reaction is as follows [12]:

M,O, + 2ye~ — xM(actinide) + tyO® (salt phase) 1)
When a platinum anode is employed, oxygen ions are oxidized to

produce oxygen gas on the anode surface, as follows:
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207 (salt phase) — O,(gas) + 4e~ (2)

When an electrical potential is applied, the actinide metal oxide
is reduced to metal and remains at the cathode. The oxygen ion
(0%7) produced at the cathode is transported through the salt
and discharges at the anode to form O, gas. Li,O is initially added
to molten LiCl to speed up the electrochemical reaction and pre-
vent anodic dissolution of platinum. The diffusion of 0>~ ions from
the inside of the oxide fuel to the bulk salt significantly affects the
reduction rate and current efficiency during electrolysis [13-17].
Because the original spent oxide fuel is too dense and large to
achieve high current efficiency, the use of a fine powder, UsOg pre-
pared via oxidative decladding at ~500 °C has been proposed. In
spite of the complete electrochemical reduction from U3Og to U
metal, the handling of U30g powder, the use of a thick cathode bas-
ket and a significant decrease in the Li,O concentration in the bulk
electrolyte remain as formidable challenges that must be overcome
[9,10]. In more recent reports [18,19], successful trials were
described which used porous UO, pellet as a feed material for an
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electrochemical reduction. The powerful benefits of the porous
UO, pellet relative to UsOg powder include an insignificant de-
crease in Li;O concentration in the bulk electrolyte and easy han-
dling due to its appropriate size, shape and density. The
preparation of porous UO, pellets consists of five steps: mixing
the U30g powder with a lubricant, pressing the mixture into green
pellets under a high pressure, calcining the green pellets for the re-
moval of the lubricant at ~700 °C, sintering them at 1300-1700 °C
and finally converting UO,., to UO, by a 4%-H,/Ar gas treatment.
Inspired by laborious preparation procedures necessary to create
porous UO, pellets, we proposed two-step-approach to produce
porous UO, particles via the sintering and rotation of U3;Og powder
at ~1200°C in a rotary chamber followed by conversion from
UO,.x to UO, by a 4%-H,/Ar gas treatment. We demonstrated that
the density and porosity of UO, particles can be controlled via the
rotational speed, sintering temperature and time [20].

Here, a follow-up study was performed to prepare synthesized
spent oxide fuel, known as SIMFUEL (simulated high burn-up nu-
clear fuel) in the form of porous particles. SIMFUEL consists mainly
of UO,, but Sr, Y, Zr, Mo, Ru, Rh, Pd, Ba, La, Ce and Nd are added in
different amounts depending on which burn-up process is being
mimicked. Chemically, SIMFUEL is similar to real spent fuel, but
it does not contain radioactive isotopes. In this work, we place par-
ticular emphasis on demonstrating the application of porous SIM-
FUEL particles to the electrochemical reduction process and on
evaluating its performance.

2. Experimental

2.1. Preparation and characterization of the highly porous SIMFUEL
particles

Fifteen elements of fission product in spent oxide fuel and the
composition of their surrogated oxides for this study are listed in
Table 1. The composition is based on an equivalent burn-up of
60,000 MWd/tU (megawatt-days/metric ton of uranium). The sur-
rogated oxides were milled using a mortar and were mixed with
UO, powder in a tubular-type mixer. Wet-attrition milling for 4 h
led to the creation of a homogeneous powder mixture. This was
then pressed at 300 MPa and sintered at 1700 °C for 6 h in an
atmosphere of 4%-H,/Ar. The characteristics of this product are
described in the previous publication [21]. The SIMFUEL powder
was then obtained by vol-oxidation of the pressed mixture at
500 °C for 5h in an air atmosphere. Next, the SIMFUEL powder
was heated to 700 °C at a heat-up rate of 5 °C/min and maintained
at that temperature for 3 h in a rotary vol-oxidizer under an air
atmosphere. Next, the rotary vol-oxidizer was filled with high-pur-
ity argon gas and the powder was heated and kept at 1100 °C for
3 h under an argon atmosphere, after which it was cooled to room
temperature. During the entire heating period, the rotary vol-oxi-
dizer was operated at 3 rpm. The porous particles of SIMFUEL,
whose main phase consisted of UsOg, were obtained after cooling.
Finally, the SIMFUEL particles with UO, as its main phase were
achieved after a 4%-H,/Ar gas treatment for 5 h at 1200 °C in a tube
furnace. The bulk density and apparent porosity of the SIMFUEL
particles were determined by a water immersion method (ASTM-
C830-00). The crystalline structure of the SIMFUEL was analyzed
by X-ray diffraction (XRD, Rigaku Mini-Flex), and a scanning elec-
tron microscopy (SEM, JEOL, JSM-6300) was employed to observe
the microstructure.

2.2. Electrochemical reduction of the porous SIMFUEL particles

The experimental setup for the electrochemical reduction pro-
cess is shown in Fig. 1. First, 380 g of LiCl was put in the MgO

Table 1
Chemical composition and surrogated oxides added to UO, powder as fission
products.

Impurity groups Elements in Surrogate Element

SIMFUEL oxides composition®

(wt.%)

§) U0, 94.459

Dissolved oxides Y Y,03 0.084

La La,03 0.226

Ce (Pu, Np)° CeO, 1.342

Nd (Pr, Sm)® Nd,05 1.111

SUM 2.763

Dissolved oxides/oxide  Sr SrO 0.150

precipitates Zr ZrO, 0.667

Ba BaCO5 0.326

SUM 1.143

Metallic precipitates Mo MoOs3 0.624

Ru (Tc)® RuO, 0.566

Rh Rh,03 0.064

Pd PdO 0.290

SUM 1.544

Oxide/metallic Te TeO, 0.091

precipitates

2 With 60,000 MWd/tU burnup and 5 years of cooling.
b Element in parenthesis was replaced by the element in the front of parenthesis.

crucible at room temperature. The reactor was heated up and
maintained at 650 °C. Then, 3.8 g of Li,O was fed into the reactor
to reach the desired concentration. After complete dissolution of
Li,O, the electrodes were lowered into the molten salt. Bare nickel
wire (0.5 mm in diameter) or a porous SIMFUEL particle of 40 mg
wound with nickel wire was used as a working electrode for cyclic
voltammetry (CV) to investigate its reduction behavior. Also, plat-
inum wire (1 mm in diameter and 10 mm in depth) was used to
determine the electrochemical behavior of the 0%~ ions in the mol-
ten salt. In the electrochemical reduction test, the cathode basket
(18 mm in diameter) was surrounded with a 325 mesh sheet (sieve
opening of 45 m in size) to contain the SIMFUEL particles. A stain-
less steel rod of 3 mm in diameter was placed in the center of the
cathode basket as a current collector. A platinum plate (10 mm

Metal oxide o
— Metal 2 (|g) f
MgO
shroud
: 102 g
O
- I
Li,O/LiCl
at 650 °C
Cathode Ptanode  Reference
basket electrode
(Reduction of (LiPb liquid
Porous SIMFUEL) alloy)

Fig. 1. Schematic drawing of the electrochemical reduction process for the SIMFUEL
particles.
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width x 30 mm length) and liquid Li-Pb as an alloy (32 mol% Li)
were employed as the anode and reference electrode, respectively.
Tantalum wire of 0.5 mm as an electrical lead was immersed in the
liquid alloy, which was then put into a magnesia tube with a por-
ous bottom. The distance between cathode and anode centers was
30 mm. The porous SIMFUEL particles were electrolyzed by con-
trolling a constant cell voltage with a DC power supply (E3633A,
Agilent). During the electrolysis of the porous SIMFUEL particles,
the voltage was interrupted intermittently to measure the open
circuit potential (OCP) of the cathode. The cathode potential
against Li-Pb was monitored during the electrochemical reduction
process with a digital multimeter. After an experimental run, the
reduction extent of each element was determined by an analysis
technique to separate the metal and oxide phases of an electro-
chemically reduced fuel sample. The phase separation of metal
and oxide phases in the oxide mixture was accomplished by con-
tacting the mixture with elemental bromine in an ethyl acetate
medium. The metal was dissolved by bromine, leaving the oxide
compounds in an insoluble solid phase. The insoluble oxide phase
was separated from the dissolved metal phase via centrifuge,
decanting and multiple washing steps. After that, the elemental
analysis was performed by Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES). The analysis technique is also
described elsewhere [22,23].

3. Results and discussion
3.1. Characterization of the porous SIMFUEL particles

Fig. 2a shows an image of the prepared porous SIMFUEL parti-
cles. The SIMFUEL powders were collided and aggregated while
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Fig. 2. (a) Photograph of the prepared SIMFUEL particles and (b) its size
distribution.

they rolled and/or slumped in the heated rotary voloxidizer, which
resulted in round-edge and rice ball-like shape. Its size distribution
was analyzed and this result is shown in Fig. 2b. Its size is ranged
from 1 to 12 mm. The size of most particles was 1-3 mm. The mea-
sured porosity of the prepared porous SIMFUEL particles is 70.7% ,
which stands in contrast to those of commercial fuel (<5%) or por-
ous UO, pellets (30-45%) [18,19,21]. The density of the SIMFUEL
after the thermal process in rotary voloxidizer at 1100 °C was
2.69 g/cm® while the density after the 4%-H,/Ar gas treatment at
1200 °C was 3.10 g/cm® due to the transformation of the main
component, U;0g (theoretical density TD of 8.4 g/cm®) to UO,
(TD of 10.96 g/cm?).

Microstructures of the SIMFUEL were observed by means of
SEM. As presented in Fig. 3e, the SIMFUEL powders were well dis-
persed with sharp edges. After sintering the SIMFUEL powder
while rotating it at 1100 °C, the formation of a neck between grains
with round edges, followed by bonding with neighboring grains
and grain growth was observed (Fig. 3b). The grains after the 4%-
H,/Ar gas treatment at 1200 °C, are more sintered, as shown in
Fig. 3d. The primary particles, about 5 m in size, were well-sintered
and agglomerated after the treatment. As shown in Fig. 3a and c,
cracks did not occur in spite of the dramatic density change, which
reflects the physically stable transformation.

The XRD pattern of the prepared porous SIMFUEL particles is
shown in Fig. 4b, corresponding to the UO, peak. The patterns of
the SIMFUEL before the 4%-H,/Ar gas treatment show UsOg and
U409 (Fig. 4a). This change reflects that UO, as the major phase
was successfully achieved via the 4%-H,/Ar gas treatment. The
characteristic peaks of the other constituents in the XRD result
could not be found due to their low content levels in the particles.

3.2. Cyclic voltammetry

Fig. 5a shows the CV curves of a SIMFUEL particle with the num-
ber of potential scans in the 1 wt.% Li;O/LiCl salt at 650 °C. The
cathodic current rises at —0.49 V vs. LiPb, which is most likely re-
lated to the electrochemical reduction of UO, according to the fol-
lowing reaction:

U0, + 4e~ — U + 20 (salt phase) (3)

Thereafter, a sharp increase in the reduction current takes place
due to the deposition of lithium metal from Li* ion in the salt
phase. The cathodic current seems to consist of some waves. It is
highly probable that these waves of the cathodic current are attrib-
uted to the electrochemical reduction of other metal oxides in the
SIMFUEL particles. Unfortunately, it is very hard to identify the
reduction potential of each metal oxide because the peaks can be
overlapped. When the potential scan is reversed, the sharp re-oxi-
dation peak related to the dissolution of the deposited lithium me-
tal and an anodic wave at —0.30V appear in the first scan. The
anodic wave may be due to the re-oxidation of the reduced ura-
nium metal to uranium oxide. The intensity of the re-oxidation
peak is reduced as the number of scans increases, suggesting a de-
crease in the amount of deposited lithium metal [24]. To investi-
gate the anodic behavior during the electrochemical reduction
process, a platinum wire was employed as a working electrode
for the CV measurement. Fig. 5b shows the CV results of the plat-
inum wire in 0.2 wt.% Li;O-LiCl at four different scanning ranges.
In the scan range of 1.00-2.12V vs. LiPb, an oxidation peak (a)
was observed at 2.06 V due to the formation of Li,PtO5; [13,25]:

2Li" + Pt 4+ 30* — Li,PtO; + 4e” (4)
Two cathodic waves (a’) were observed in the reverse scan,

which implies a two-step reduction of Li,PtOs. In a scan up to
2.32V, an increase in the anodic current (b) and the cathodic wave
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Fig. 3. SEM images of the SIMFUEL: low-magnification view (20x) (a) and high-magnification view (3000x ), (b) before 4%-H,/Ar treatment at 1200 °C; low-magnification
view (20x), (c) and high-magnification view (3000x), (d) after 4%-H,/Ar treatment at 1200 °C; (e) SIMFUEL powder (3000x ), and (e) electrochemically reduced SIMFUEL

particles (3000x).
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Fig. 4. X-ray diffraction patterns of the prepared particles before (a) and after (b)
4%-H,/Ar treatment at 1200 °C and (c) after electrochemical reduction.

(b) related to the formation of oxygen gas (b) and the cathodic
wave takes place according to reaction (2). In a higher potential
range up to 2.42V, the anodic current of b reaches its maximum
value and then decreases due to the depletion of oxide ions near
the electrode. At a higher potential than 2.36 V, the anodic current
(c) starts to increase again due to the dissolution of platinum:

Pt — PE* + 2e” (5)

A cathodic wave (d’) appeared in the reverse scan, which is
likely due to the reduction of the platinum oxide which formed
during the platinum dissolution process in the presence of oxide
ion [25].

Fig. 5c shows the CV curves at various scan rates taken to deter-
mine the diffusion coefficient of oxide ions. The redox couple of a
and a’ corresponds to the formation of oxide according to reaction
(4). The anodic current density (b) according to reaction (2) in-
creased with an increase in the scan rate. This was in good agree-
ment with the square root of the scan rate as shown in Fig. 5d. The
diffusion coefficient, D, of oxide ions in the LiCl molten salt at
650 °C was calculated to be 3.16 x 107> cm?/s by means of the fol-
lowing equation [26]:

3\ 1/2
I, = 0.4463 (%) n32ADY2Cy'? (6)

Here, i, is the peak current (A), F is the Faraday constant (96,485 C/
mol), R is the gas constant (8.314 ] mol/K), T is the absolute temper-
ature (K), n is the stoichiometric number of electrons involved in
the electrode reaction, A is the surface area of the electrode, C is
the concentration of oxide ion and v is the scan rate (V/s). The cal-
culated diffusion coefficient in this work shows a value similar to
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Fig. 5. Cyclic voltammograms of (a) a porous SIMFUEL particle in LiCl containing 1 wt.% Li,O at 650 °C. Scan rate: 50 mV s~!, (b) platinum wire electrode in a LiCl melt at

650 °C. Li,O concentration: 0.2 wt.%; scan rate: 50 mV s~!

density vs. the square root of the scan rate. Li,O concentration: 0.2 wt.%.

that in previous data derived based on the concentration change
[27].

3.3. Electrochemical reduction of porous SIMFUEL particles

Fig. 6 shows the response current (b) and cathode potential (c)
curves against the applied cell voltage (a) in the electrochemical
reduction of 4.1 g of the porous SIMFUEL particles prepared in this
work. The cell voltage was stepped down from 3.2 to 3.0 V to sup-
press the excessive formation of lithium metal while 250% of the
theoretical charge necessary for complete reduction was supplied.
The response current from 4 to 2.5 A passes through the circuit at
the given cell voltages. The spike of the current at each set may be
caused by the double-layer charging. The cathode potential was
controlled below —0.7 V against Li-Pb, which is cathodic enough
to reduce UO, to metallic uranium and to reduce Li* to Li metal,
as observed in the CV result of the SIMFUEL particles (Fig. 5a).
The anode potential ranges are in a window between 2.2 and
2.4V, where the oxidation of the oxide ion mainly takes place to
result in an oxygen evolution out of the electrolysis cell [25]. Thus,
the metal oxides, including UO, as the major component are re-
duced by reactions (1) and (2). The electrolysis cell was kept in
the open circuit condition to avoid the excessive deposition of lith-
ium when the open circuit potential (OCP) exhibits the Li/Li* po-
tential (about —0.57V). As the oxides are converted to the
metallic forms, lithium metal may form on the surface of the
converted metal in the cathode basket and on its surface. The con-
stant OCP period increased with the reaction time and the OCP
eventually remained constant at the Li/Li* potential for a long time,
indicating the end-point of the run [14,23].

After the electrolysis run finished and the cathode basket was
taken out, we observed that the shape of the porous SIMFUEL par-
ticles in the cathode basket was unchanged. Cutting was then done
along the radial direction in an argon filled glove box. As shown in
the inset image of Fig. 6, the reduced SIMFUEL particles gave a

, (c) platinum wire electrode in a LiCl melt while varying the scan rate (V/s), and (d) plot of the anodic peak current

metallic gray color whereas original color was brown before the
electrochemical reduction. The sampled particles were analyzed
to determine their structure and reduction extent. Fig. 3f shows
that the microstructure of the reduced SIMFUEL particles is nodu-
lar. In the XRD pattern of the reduced porous SIMFUEL particles
(Fig. 4c) the characteristics of metallic U (Fig. 4c) are identified,
indicating that the UO, contained in the SIMFUEL was successfully
converted to metallic U via the electrochemical reduction process.
It appears that the peaks corresponding to UO, in Fig. 4c appeared
due to the partially remaining UO, and the re-oxidation during the
methanol washing process for the removal of the salt.

Table 2 summarizes the reduction extents for each element
after electrolysis. Electrolysis of the porous SIMFUEL particles in
which 150% of the theoretical charge was supplied was run in a
similar manner to the run presented in Fig. 6. The analysis results
are compared in Table 2. In general, the metal portion increases
and the metal oxides portion decreases when more charges are
supplied to the fuel. Particularly, when 250% of the theoretical
charge was introduced to the electrolysis cell, most of the uranium
oxide was converted to the metallic form, exhibiting a very high
reduction extent of 99.6%. It should be noted that a 150% charge
was sufficient for a complete conversion to metal when only ura-
nium oxide was reduced without adding any other metal oxides
in previous work by the authors [23]. A possible explanation for
the supply of this additional charge would be that the unreduced
metal oxides hinder the reduction of uranium oxide [28]. Noble
metals oxides except zirconium oxide were converted to the metal
phase, showing a high reduction extent. The reason that the extent
of metallic Mo slightly decreased in spite of the supply of more
charges is probably due to the high volatility of molybdenum oxi-
des. Nonetheless, we believe that molybdenum oxide was compa-
rably reduced by the supply of 150% of the theoretical charge. On
the other hand, the reduction of zirconium was less significant,
as reported in a previous publication [22]. In contrast to uranium
oxide and noble metal oxides except zirconium oxide, rare earth
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Fig. 6. (a) Cell voltage-time, (b) current-time, and (c) cathode potential-time plots
obtained during the electrolysis of porous SIMFUEL particles (4.1 g) in 1 wt.% Li,O/
LiCl molten salt at 650 °C.

Table 2
Post-analysis result of the electrochemically reduced SIMFUEL particles.
Supplied Fuel Elements
a
(c;)arge U Rare earth Noble metal
§) Nd Y La Ce Zr Mo Ru Pd Rh
150 Metal 88 6 6 4 5 7 8 36 77 58
(%)
Oxide 12 94 94 96 95 93 17 64 23 42
(%)
250 Metal 996 53 74 50 51 55 78 86 100 67

(%)
Oxide 04 47 26 50 49 45 22
(%)

14 - 33

¢ Supplied charge (%) to the theoretical value for the complete reduction of the
SIMFUEL particle.

oxides exhibit poor reducibility. Some rare earth oxides such as
terbium have been successfully reduced by the electrochemical
reduction in a pure CaCl, melt [29,30]. However, it is not surprising
that the rare earth oxides are hardly reduced in this work because
Y, Nd, La and Ce metals react with Li,O dissolved in LiCl to give
their oxides and lithium metal in the 1 wt.% Li,O condition accord-
ing to the thermodynamic calculation [31].

Thus, we consider that actinide and noble metal oxides in an
oxide mixture such as the SIMFUEL particles and spent oxide fuel
are electrochemically reduced earlier than the rare earth oxides.
Afterward, the rare earth oxides confined by the reduced metallic
structure may start to be reduced. Herrmann et al. [22] demon-
strated the electrochemical reduction of spent light water reactor
fuel. They used spent fuel after crushing and sieving it into parti-
cles in the range of 45 m-4 mm. A chemical analysis of the reduced
spent fuel revealed that the reduction extent of the rare earth oxi-
des was very low. For example, the portions of the Nd, Y, La and Ce
oxides were 92%, >81%, >89% and >90%, respectively. In contrast,
our results show that the portions of the Nd, Y, La and Ce oxides
were only 47%, 26%, 50% and 49% when 250% of the theoretical
charge was introduced, respectively, as listed in Table 2. We con-
sider that the reduction extents of the rare earth elements showed
marked improvement due to the porous structure of the SIMFUEL
particles prepared at a high temperature. The electrochemical
reduction of porous oxide proceeds through the propagation of
the three-phase interline between the metal, oxide and molten salt
phases. The rare earth constituents could be networked with the
UO, phase to form mixed oxides or solid solutions during the prep-
aration process, which most likely leads to high reducibility of the
rare earth oxides [32]. A larger porosity of the SIMFUEL may lead to
faster propagation of the three-phase interline due to a decrease in
the diffusion resistance inside the solid particle, which may then
allow the high-speed electrochemical reduction of the oxide fuel.
Also, the highly porous structure of the SIMFUEL particles would
be helpful to achieve such a high reduction extent of each element
because the electrolyte can easily access to the three-phase inter-
line through the pore and the oxide ions produced from the re-
duced metal oxide can diffuse faster to the electrolyte bulk.

4. Conclusions

Porous SIMFUEL particles were prepared and electrolyzed to the
metallic form. The prepared particles had a highly porous and a
well-sintered structure. The porosity of the particles was found
to be 70.7%. The cathodic and anodic behaviors during the electro-
chemical reduction of the SIMFUEL particles were observed by
means of CV measurements. Reduction of the SIMFUEL took place
at a potential of —0.49 V vs. LiPb. The diffusion coefficient of oxide
ions in LiCl molten salt at 650°C was determined to be
3.16 x 107> cm?/s. After the electrochemical reduction process,
the post-analysis result suggests a very high reduction extent of
uranium oxide of 99.6% during the electrochemical reduction of
the SIMFUEL particles. Also, a considerable amount of rare earth
oxides was reduced to their metallic form due to the sintered
and porous structure of the particles. The highly porous structure
of the SIMFUEL particles is advantageous to speed up the electro-
chemical reduction process for pyroprocessing.
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