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Abstract—The electrolytic reduction rate of porous UO, pellets in a LiCl salt was investigated for various applied
charges. The degree of reduction (&) value was evaluated from the ratios of cross-sectional areas of the reduced and
oxide parts. An analysis of the experimental results revealed that the first-order reaction model is the best geometry
function to describe the reduction reaction. An electrolytic reduction rate equation was proposed using the first-order
model, although it was available in a limited region of (0<@<0.56). A power law based reaction rate equation was also
suggested for the whole range of ¢, and the reaction time for a complete reduction, estimated using the power law
equation, was confirmed through the experimental results. Changes in the Li-Li,O concentration around the reduced
pellets for various applied charges were also measured, which increased up to 23 wt% with increasing o
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INTRODUCTION

Electrolytic reduction (ER) of uranium dioxide is a key technique
that enables an application of oxide fuels in pressurized water reac-
tors (PWRs) to a previously proven electro-refining process [1].
The Republic of Korea (ROK) is operating 24 nuclear reactors,
and 20 of them are PWRs employing low-enriched UQ, as a fuel.
The 20 PWRs are producing about 300 tons of used nuclear fuel
(UNF) every year, which contains highly toxic nuclides such as plu-
tonium and americium. Currently, there are no proven technolo-
gies that can completely separate the UNFs from the biosphere, and
each country is looking for its own way including deep bore hole
disposal, interim storage, and recycling as a mixed oxide fuel [2].
In the ROK, UNFs are currently stored in storage pools located in
reactor sites, and old pools are facing their capacity limit in sev-
eral years [3]. Naturally, the government of the ROK is looking for
a solution to manage UNFs, and pyroprocessing is proposed as a
suitable technology for this purpose [4,5]. The well-known wet re-
processing technique employs nitric acid based solution extraction
processes, and is also known as an efficient way to extract pure
plutonium, which is a source of nuclear bombs. In other words, the
wet reprocessing is not an option for the ROK owing to nuclear non-
proliferation treaty (NPT), and pyroprocessing is known as a pro-
liferation resistant technology. The pyroprocessing employs elec-
trochemical reactions, and plutonium is co-recovered with ura-
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nium and other transuranic nuclides during the electro-winning
process. The recycling of metal fuels in fast reactors using pyropro-
cessing was demonstrated in the US through the EBR-II (Experi-
mental Breeder Reactor-II) project [1], and a linkage between the
PWR oxide fuel and metal fuel pyroprocessing is the ER technique.

The ER process was inspired by the research of Chens group [6],
which demonstrated direct reduction of TiO, into Ti by an electro-
chemical reaction. However, it is believed that the ER process in-
cludes a chemical reaction as noted below [7]:

Cathode: 2L,0+4e —4Li+20” (electrochemical rxn.)
4Li+UO,—2Li,0+U (chemical rxn.)
Anode: 20,0, (g)+4e (electrochemical rxn.)

The best merit of the ER process is the internal recycling of Li,O,
meaning that the addition of Li,O is not necessary during the reac-
tion. The Korea Atomic Energy Research Institute (KAERI) has
been working on the ER process and achieved promising results
[7-12]. Nowadays, a scale-up of the ER process is an issue at KAERI
to achieve a throughput of 50 kg U/day. Various types of data in-
cluding the effects of reactor shape, size of the UO, basket, and dis-
tance between the anode and cathode electrodes are required to
successfully build a scaled-up electrochemical system. However, it
is hard to find a systematic approach on the electrolytic reduction
rate of UO,, although it is a starting point in estimating the reac-
tion time and efficiency of a scaled-up system. In the present study,
the reduction rate of UO, was investigated to achieve a reduction
rate equation so that it can provide useful information for the scale-
up design. In addition, the concentration of Li-Li,0 was meas-
ured to identify the actual amount of Li-Li,O around the pellets,
because it might reveal the actual concentration of Li-Li,O that
participates in the reduction reaction and more precise informa-
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Fig. 1. Schematic diagram of the electrochemical cell employed for
the electrolytic reduction reaction of porous UO, pellets. A
picture of the cathode basket holding nine pellets is also shown.

tion of the input material for the subsequent cathode processing
and electro-refining process.

EXPERIMENTAL

A schematic diagram of the electrochemical cell employed for
the experiments is shown in Fig. 1. A stainless steel meshed bas-
ket was employed as the cathode where nine porous UQ, pellets
(avg. 15.7 g) were loaded as a reactant (Fig. 1). A platinum plate was
employed as the anode electrode, which was covered by a stain-
less steel meshed shroud to collect oxygen gas. The STS shroud
has a port connected to a vacuum pump so that the oxygen gas can
be removed from the system as soon as possible. LiCl was em-
ployed as a salt with a Li,O concentration of 1.4-1.5wt%. A PC-
controlled power supply (Agilent E3633A) was employed to apply
electric charges into the cell. The amount of applied charges was
controlled by varying the number of cycles, where one cycle con-
sists of 30 minutes of 3.2V cell potential and 10 minutes of power-
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off. The experiments were conducted for various applied charges
of up to 45,000 C, and the UO, pellets were recovered after each
experiment. The UO, pellets were cut into half and polished to
determine the degree of reduction by measuring the radius of the
inner oxide part. As the radius of remaining oxide part is depen-
dent on the cutting position, the middle point of each pellet was
cut for consistent evaluation.

The preparation method for porous UQ, pellets was previously
introduced [13,14]. Briefly, U;O, powder was mixed with 0.2 wt%
of acrowax lubricant (ethylene bis-stearamide, Cy5H;cO,N,) and
then pelletized into a cylindrical shape (6 mm diameter and 8 mm
height). The pellets were heat treated at 700 °C under vacuum and
maintained at this temperature for 1 h to remove the lubricant.
The pellets were further heated to 1,350 °C and maintained for
12 h under a reducing atmosphere (4% H,-Ar) to liberate oxygen
atoms from U,0O; to produce UQ,. The resulting porous UO, pel-
lets exhibited 7.65 mm in height, 5.74 mm in diameter, and 8.79 g/
cm’ in density (80.2% of theoretical density).

The concentration of Li-Li,O around the pellets was measured
by immersing the pellets in de-ionized water to dissolve LiCl salt,
Li, and Li,O. After being immersed for two days, the pellets were
removed from the water and dried under a vacuum. The amount
of LiCl including Li and Li,O was determined by measuring the
weight change before and after the immersion (and drying). The
concentration of Li-Li,O was analyzed by HCI titration technique
using an auto-titrator (G20, Mettler Toledo). Note that the HCl
titration technique cannot distinguish Li and Li,O because both of
them are reactive with water to produce LiOH. The LiOH in the
salt-water solution reacts with HCI to produce LiCl and H,O, lead-
ing to a decrease of pH. Therefore, the amount of HCI consumed
to neutralize the salt solution reveals the amount of LiOH. In this
study; the concentration of Li-Li,O implies the concentration of Li
in both forms of Li and Li,O.

RESULTS AND DISCUSSION

Fig. 2 shows the cross-sectional views of the UO, pellets reduced
by various applied charges (Q), which was controlled by the num-
ber of cycles as noted above. It is clearly seen in the figure that the
radius of UQ, shrinks with increasing Q. The term degree of reduc-
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Fig. 2. The pictures of cross-sections of UO, pellets reduced with various applied charges (controlled by number of cycles) and « values eval-

uated from the cross-sectional views.
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tion’ was defined as follows to quantify the ratio between reduced
and oxide parts:

a:l_(if M

where r, is the radius of a whole pellet and r is the radius of remain-
ing oxide part. As shown, the oxide part is not perfectly circular,
so an average value was employed for the calculation. Interestingly,
in Fig. 2 the remaining oxides are positioned off-centered espe-
cially for higher applied charges. One reason to account for this
behavior is an asymmetric concentration distribution of Li metal
around the pellets. In the beginning of the reduction reaction, an
electrical current is applied to a metal basket surrounding the pel-
lets. In other words, metallic lithium will be generated along the
basket surface and the center of the basket will have a relatively
low Li concentration compared to the surface of the basket. The Li
concentration gradient inside the basket might not occur if Li gen-
erated on the basket surface is well dispersed or dissolved in the
LiCl salt. The asymmetric concentration distribution of Li metal
also can come from the distance between the pellets and the plati-
num anode electrode. As the cathode basket has cylindrical shape
and platinum is located apart, the pellets positioned close to the
platinum anode might have more chances to be reduced than the
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Fig. 3. (a) The Q- graph. (b) The Sharp-Hancock plot of (a) (dots),
and linear fitting results for the first three cases (red line).

pellets on the opposite side. In both cases, the experimental results
suggest that the diffusion or dispersion of Li is slow; resulting in a
concentration gradient within the cathode basket. There is one
more thing to be discussed here. As UQ, is converted into metal-
lic U, the metallic part of the pellets might have low electrical resis-
tance and work as a conductor to produce Li metal on its surface.
This behavior will contribute to diminishing the Li concentration
gradient inside the basket, but the asymmetric shape of the remain-
ing UO, at large applied charges suggests that Li metal generation
is dominant at the basket surface.

The Q- graph is shown in Fig. 3(a). In a solid-state reaction
system without an identified reaction model, the Sharp-Hancock
plot is a reasonable approach to verify a suitable geometry function
[15]. In a Sharp-Hancock plot, a region with a linear fitting means
the region shares an identical reaction mechanism, and the slope
of the linear line is an indicator of the reaction model. The Sharp-
Hancock plot of Fig. 3(a) is shown in Fig. 3(b) with linear fitting
results. The linear fitting was valid within the range of 0<<0.56,
suggesting that they exhibit an identical reaction mechanism. At a
higher o region, a linear fitting was not applicable, suggesting a
change of reaction mechanism. As it is normally accepted that the
Sharp-Hancock plot is available at up to 0.5-0.6 of ¢, the fitting
results look reasonable. The fitting results of Fig. 3(b) show that
the linear line exhibits a slope of 0.88, and the most appropriate
reaction models were selected as the first-order (F1, slope=1.00),
contracting area (R2, slope=1.07), and 1-D diffusion (D1, slope=
0.62) models [16,17]. Here, the F1 model describes a reaction that
is proportional to a fraction of remaining reactant (fraction of UO,=
1- @) with a particular power (reaction order). The R2 model rep-
resents shrinkage of cylindrically shaped reactant (UO, pellet in
the present work) as the reduction reaction proceeds. The 1-D dif-
fusion model assumes that the reaction is solid-state diffusion con-
trolled and the reaction rate decreases with increasing thickness of
the product barrier. In other words, the distance that metallic Li
and its reaction product (Li,O) should diffuse along the U metal
layer increases with increasing a, and the diffusion rate is the rate-
determining step in the D1 model. The fitting results for each
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Fig. 4. The fitting results conducted using the first-order (F1), con-
tracting area (R2), and 1-D diffusion (D1) models.

Korean J. Chem. Eng.(Vol. 33, No. 7)



2238 M. K. Jeon et al.

reaction model are shown in Fig. 4, and the best fitting result was
achieved with the F1 model within the range of 0<a<0.56. The
reduction rate of porous UQ, pellets can be expressed as follows:

a=1-EXP[- (3.59x10°xQ)] (0<a<0.56) )

where Q represents the amount of applied charge in the unit of C.
However, the F1 model is only available within the range of 0<
<0.56, and a significant mismatch at a higher « region is also
shown in Fig. 4. It is meaningful that the F1 model was identified
as the most suitable model for the reduction reaction of porous
UO, pellets because the cross-sectional views (Fig. 2) were sup-
portive of (solid-state) diffusion models. In the diffusion model,
the diffusion rate of metallic lithium from the surface of the pellet
into the surface of unreacted UO, part is the rate-determining step.
However, the results of this work suggest that the porosity of the
UO, pellets can eliminate the effect of solid-state diffusion leading
to the F1 model as the most suitable one.

As mentioned in the Introduction, KAERI is greatly interested
in a scale-up of the ER system. However, the reduction rate equa-
tion of Eq. (2) cannot inform us how long it will take to complete
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Fig. 5. (a) The In(Q)-In(a) graph (dots) and the linear fitting result
(red line). (b) The final fitting results conducted using Eq. (5)
and the cross-sectional picture of a porous UO, pellet reduced
by an applied charge of 38,800 C.
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the reduction reaction when we have partially reduced products in a
large system. A power law equation was used to fit the experimen-
tal results in a full range of . A power law equation is expressed as

a=AxQ" 3

where A is a constant and n represents the reaction order. Eq. (3)
can be rewritten as

In(a)=In(A)+nIn(Q) )

Fig. 5(a) shows the fitting results of Eq. (4), resulting in A and n
values of 9.944x10~° and 0.871, respectively. The fitting results were
applied for the Q- graph of Fig. 2, and it was revealed that an
applied charge of 39,300 C is required for a complete reduction. In
a following experiment, porous UQ, pellets were reduced for an
applied charge of 38,800 C and complete reduction was confirmed,
as shown in Fig. 5(b). Thus, the following Eq. (5) might be helpful
in estimating the complete reduction time in scaled-up systems.

=9.944x10"xQ™"  (0<a<1.0) (5)

Note that the charge of 38,800 C is equal to 173% of theoretical
charges for the complete reduction of UO, pellets (avg. 15.7 g) em-
ployed in this work. The over-charge of 73% can be rationalized
by the amount of metallic Li that did not participate in the chemi-
cal reaction, including Li metal generated on the outer surface of
cathode baskets. It is expected that the Li metal on the outer sur-
face will diffuse into bulk salt because the concentration of Li
metal might be higher inside the basket than in the bulk salt.

The results of the Li-Li,O concentration, meaning Li concentra-
tion in both forms of Li and Li,O, are shown in Fig. 6 for various
amounts of applied charges. Overall, the concentration of Li-Li,O
increased with increasing Q, although the values were relatively low
for the cases of 23,000 and 32,300 C, which were conducted with
600 g of LiCl salt, while the other experiments were conducted with
450 g of salt. In other words, when the concentration of 4.3 wt% at
an applied charge of 23,000 C is simply modified by (600 g/450 g),
the concentration is changed to 5.7 wt%. This value is still signifi-
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Fig. 6. Changes of a and Li-Li,O concentration for increasing Q
values. The experiments at 23,000 and 32,300 C were con-
ducted with 600 g of LiCl salt while the others were done
with 450 g of LiClL
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cantly lower than 7.7 wt% at 16,000 C and 18.8 wt% at 28,800 C,
which means that an increase in the amount of salt will lead to a
decrease in the concentration of Li-Li,O near the cathode elec-
trode. Thus, the amount of salt should be optimized to minimize
the diffusion of metallic Li into bulk salt while keeping the high
diffusion rate of oxygen ions. Recall that, according to the diffu-
sion rate equations, an increasing concentration of Li-Li,O will
accelerate their diffusion into bulk salt. However, the Li-Li,O con-
centration increased without a sign of deceleration, which means
that the diffusion of Li-Li,O into bulk salt is much slower than the
generation rate of Li-Li,O. Presumably; the low solubility of metal-
lic Li (1.8 at%=0.29 wt%) and Li,O (~8.5wt%) in LiCl have con-
tributed to the slow diffusion [18]. This result suggests that a cathode
basket should be designed to minimize the distance between UO,
pellets and electrical conductors for the efficient use of metallic Li.
Interestingly, the observed Li-Li,O concentration values up to 23
wt% are much higher than the solubility values of Li and Li,O. It is
suspected that the excess amount of Li-Li,O originated from precipi-
tates of Li,O and/or Li. In addition, we must emphasize that ura-
nium pellets of high Li-Li,O concentration of up to 23 wt% will be
transferred to the subsequent cathode processing and electro-refin-
ing process.

CONCLUSIONS

The electrolytic reduction reaction rate of porous UO, pellets was
investigated for various applied charges, and the first-order reaction
model was identified as the best geometry function that describes
the reaction system. As the first-order reaction model shown below
was available in a limited region of ¢,

o=1-EXP[- (3.59x10°xQ)] (0<a<0.56)

a power law type equation was also suggested for the whole range
of cras below.

0=9.944x10"xQ""  (0<a<1.0)

The experimental results of the off-centered position of remaining
UO, parts and increasing Li-Li,O concentration with increasing
applied charge suggest that the diffusion of Li into bulk LiCl salt is
much slower than the generation rate, and the distance between
UO, pellets and electrical conductors should be minimized to

achieve high efficiency in a scaled-up ER system.
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