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Summary

Spent nuclear fuel (SNF) from modern light water or thermal reactors con-

taining uranium oxide with small concentrations of plutonium and other acti-

nide oxides is converted into metal by the electrolytic reduction. The obtained

metal must be subjected to further processing (electrorefining). This review

reflects the achievements in development SNF electrolytic processing, concepts

of the technological operations, and a model describing the electrochemical

process. The technological scheme for the electrochemical reduction of SNF

and MOX fuel is considered. The complexity of a carbon anode application in

the process of UO2 electrolytic reduction is reflected. The reduction processes

of alkali, alkaline earth (AE), and rare earth metal oxides as well as oxide com-

pounds of zirconium are demonstrated. The reduction of lanthanum oxide and

oxy-chloride to the metallic form by adding metallic nickel to the molten salt

is discussed. The solubility of Li2O in molten salts is interpreted depending on

the amount of dissolved alkali and AE metal chlorides. The considered pyr-

oprocessing technology enables a much greater release of the energy accumu-

lated in uranium ore, and recycling all actinides allows reducing significantly

the amount of nuclear waste and the time it must be isolated.
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1 | INTRODUCTION

Nuclear energy is a source of long-term energy supply for
the needs of a developed society. Stricter ecological
requirements toward the nuclear power plant (NPP)
operation minimize NPP impact on the environment and
ensure reliability, safety, and economic efficiency. How-
ever, the production of radioactive waste occurs at all
stages of the fuel and energy cycles. When handling
radioactive waste, the safety for humans and nature, tak-
ing into account the interests of distant descendants, is
defined as the main indicator. A prerequisite for large-
scale sustainable production of nuclear energy is not only
an uninterrupted supply of nuclear fuel over a long

period of time, but also the reprocessing and safe disposal
of highly radioactive waste. Thus, there is an urgent need
to recycle spent nuclear fuel (SNF). The extraction of fis-
sile materials from SNF and refabrication of nuclear fuel
for reactors create a kind of closed cycle.

The creation of closed fuel cycles will allow more effi-
cient use of uranium and will simplify the waste disposal.
The essence of a closed fuel cycle is to extract uranium
and various plutonium isotopes from SNF so that they
can be reused as a fresh fuel. Plutonium-uranium recov-
ered from SNF can be mixed and repeatedly used in the
form of so-called MOX fuel. MOX fuel is used primarily
in fast reactors (FRs). A common usage of FRs will
reduce the consumption of uranium fuel by 50 to
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100 times compared to the current fuel consumption.1

Reprocessing and recycling of SNF reduces significantly
(approximately four times) the volume of stored waste
and reduces its storage time by 100 times or more.2

The methods for reprocessing SNF are conventionally
divided into two groups: water processes and
pyroprocesses. Water-based processes include PUREX,
which is currently the only commercially available SNF
reprocessing technology. PUREX is a process for
reprocessing spent uranium fuel using tributyl phosphate
(TBP), as an extractant. This process consists of the fol-
lowing stages: dissolution of fuel assemblies in nitric acid,
preparation of extraction solutions (ie, organic floccu-
lants, filtration is also carried out at this stage), extraction
isolation, and separation of U, Pu, Np with a 30% solu-
tion of TBP in synthetic saturated hydrocarbons with
subsequent reductive stripping of Pu into the aqueous
phase.

Pyroprocessing refers to the anhydrous method of
SNF reprocessing. This electrolytic method was devel-
oped at the Argonne National Laboratory.3 Pyr-
oprocessing or the pyrochemical separation process is
based on high-temperature oxidation and reduction reac-
tions involving molten inorganic salts, gases, and liquid
metals at the stages of electrolysis or electrolytic refining.
Industrial pyroprocessing is an integrated system that
includes: (a) fuel-element chopping and decladding,
(b) high temperature voloxidation, (c) electrolytic reduc-
tion, (d) electrorefining, (e) electrowinning, (f) salt purifi-
cation, and (g) fuel fabrication.

In this article, we consider works related to the elec-
trolytic reduction (c) as a part of industrial pyr-
oprocessing, which is considered as the most promising
developing option for SNF reprocessing. It should be
noted that SNF pyroprocessing does not provide a com-
plete fuel recycling, so that along with the processed
products, waste, which requires disposal, is generated.
Uranium metal (U) and transuranium metal (TRU)
ingots are the processed products. Used filters, metal, and
ceramic scrap form waste. The starting SNF oxide mate-
rial is taken in the form of porous granules, which are
further pressed into pellets. This is necessary not only to
facilitate the lithium penetration through the surface
inside the pellet, but also mainly to transport released
oxygen into the salt melt. In addition, the basket material
must have high corrosion resistance and high permeabil-
ity; that is the melt content may easily penetrate into the
material for its further reduction and oxygen released
from the pellets may evolve without any obstacles. If
these conditions are violated, the recovery process may
not be completed.

Fuels, mainly composed of uranium oxides (such as
UO2 or U3O8), are pyrochemically processed to form

uranium metal. Initially, the oxide fuel is loaded into a
permeable cathode basket, which is immersed into a bath
filled with the molten LiCl-(1 wt%)Li2O salt at the tem-
perature of 650�C. By passing a controlled electric cur-
rent, oxygen ions leave the cathode basket, they dissolve
in the molten salt and oxidize at the anode, and then they
are evolved in the gas form from the pyroelectrochemical
cell.4,5

LiCl or CaCl2 electrolytes are the usually used for
UO2 and UO2-PuO2 recovery. When electrolysis is carried
out in the CaCl2 bath at 850�C, a dense layer of reduced
metallic uranium particles is formed at the cathode in the
near-surface region of SNF. This layer prevents oxygen
evolution and disrupts the subsequent recovery of SNF.
When SNF is reduced in the LiCl bath at 650�C, such
strong adhesion of the reduced particles is not observed,
which is most likely due to the lower process tempera-
ture. Therefore, here the obstacle to the oxygen ion diffu-
sion is not as significant as in the CaCl2 salt bath. For the
successful implementation of the electrolytic reduction of
SNF, in addition to the U and Pu movement pattern, it is
necessary to know the behavior of minor actinides and
main fission products (FPs).

The reduced metallic granules, as a rule, contain a
significant variety of transition elements, all kinds of acti-
nides, as well as rare earth elements. After distilling off
the residual salt, the reduced metal is subjected to elec-
trorefining. In this review, we will not consider works
related to the electrorefining of uranium-containing
products, since a recently published work6 is devoted to
this topic. FPs such as cesium (Cs), strontium (Sr), and
barium (Ba) are detected in the LiCl salt after the pyr-
oprocessing. The salt may be recycled and these elements
may be removed.7 However, FPs such as zirconium
(Zr) can also be present in the recovered granule (ingot).
As a result of the fission of U and Pu, several isotopes of
zirconium are formed.8 By its electrochemical properties,
in particular, by the value of the standard apparent elec-
trode potential, zirconium is the closest to uranium
among all elements of FPs.9 It was shown that a Ga-Zn
cathode gives a high efficiency of separation of uranium
from zirconium at using chloride melts.9 Attempts are
currently being made to separate alkali metals (AMs) and
alkaline earth (AE) metals by the electrolytic reduction.

Ultimately, the reduction of UO2 compounds involves
the removal of oxygen from this compound. A detailed
structural analysis and theoretical study of the stability of
the hypostoichiometric phases of UO2, which constitutes
the overwhelming part of the processed SNF, were per-
formed in Reference 10. The strategy of recent years is
aimed at recycling long-lived actinides together with plu-
tonium in FRs. After this processing, only short-lived FPs
should remain. This may solve the problem of SNF
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storage. Also it is planned to burn the obtained metal
actinides in a liquid salt reactor. However, in order to do
this, it is necessary to solve the problem of a low effective
neutron multiplication factor in liquid nuclear fuel.11

In the last 10 years, several reviews12-16 appeared on
the topic of electrolytic reduction of SNF. Each of them
specializes in the problems related to this process. For
example, the review16 focuses on the effect of metallic
lithium on the SNF reduction process. The process of
electrochemical recovery of SNF is an important stage in
pyroprocessing. In this review, we consider the studies
focused on the creation of an advanced technology for
reprocessing of SNF using molten salts in a broader
aspect, namely, promoting the developing approaches
and technologies for industrial implementation.

This overview has the following structure. First, we
touch on issues related to the fundamentals of the elec-
trolytic reduction process, including electrode reactions
(cathodic and anodic). Then the factors influencing the
degree of reduction of actinide oxides are discussed, the
problem of optimization of the reduction process is
investigated, and the ways to increase the rate of this
process are considered. In addition, considerable atten-
tion is paid to the recovery of decomposition products, in
particular, the extraction of alkali, AE, and rare and
noble metals. Finally, we consider the effect of the FPs
dissolved in the electrolyte on the reduction rate of acti-
nide oxides.

2 | PROCESS OF ELECTROLYTIC
RECOVERY OF SNF

2.1 | Electrochemical processing of SNFs

A schematic diagram of the electrolytic reduction of
spent oxide fuel is shown in Figure 1. The figure shows

how metal oxides in SNF are converted to metal. The
crushed spent oxide fuel is contained in a permeable
stainless steel basket (cathode) that is surrounded by
molten salt electrolyte. An electric current is passed
through the fuel basket, producing the reduction of metal
oxides. Oxygen gas forms on the surface of the often used
platinum anode. The search for a cheaper alternative to
the anode material is still ongoing.

The UO2 reduction occurs at lower absolute values of
the cathodic potential, that is, when Li2O has not been
reduced yet. Herrmann et al17 believe that direct reduc-
tion of UO2 (without the participation of lithium) can
occur subject to quasi-stationary mode. An increase in
the cathodic potential value above the allowable one
leads to the formation of metallic lithium, which partially
dissolves in the salt, and also interacts chemically with
UO2 forming metallic uranium.

Dividing the electrolytic cell into three zones, we can
attribute the reactions occurring in them to each of
the zones. Generalized cathodic reactions are represen-
ted as:

Liþþe� !Li ð1Þ

MO2þ4Li!Mþ2Li2O salt phaseð Þ ð2Þ

MO2þ4e� !M actinideð Þþ2O2� salt phaseð Þ ð3Þ

In the zone where the molten LiCl salt is located, the
reaction has the following form:

Li2O!LiþþO2� salt phaseð Þ ð4Þ

Finally, oxygen is reduced at the anode according to
the reaction

O2� salt phaseð Þ!O2 gasð Þþ4e� ð5Þ

Consequently, according to the chain of Equations (1)
to (5), by applying an electric potential, the actinide
metal oxide should be reduced to the metal remaining on
the cathode. Oxygen ions formed at the cathode are
transported through the molten salt to the anode, where
they are discharged to form oxygen gas.

Monitoring the recovery process requires continuous
measurement of electrode potentials. This electrochemi-
cal operation is carried out using a working electrode and
a reference electrode (Figure 2). This reference electrode
(Ag/Ag+) is often used in laboratory experiments to
recover UO2.

18 A more stable reference potential can be
expected when using a Ni/NiO reference electrode for
electrochemical studies in the LiCl-Li2O system.

FIGURE 1 Schematic diagram of the electrochemical

reduction process
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The electrochemical method for SNF recovery has a
number of advantages over other methods used for this
purpose. In particular, metallic lithium is easily han-
dled. It is also important that the oxide ion, formed at
the cathode during the reduction process, is consumed
at the anode. As a result, the concentration of oxide
ions in the electrolytic bath is maintained at the desired
low level, which contributes to the complete recovery of
SNF. In addition, there is no theoretical limitation on
the amount of electrolyte used in the electrolytic pro-
cess. The latter circumstance can significantly reduce
the required volume of equipment. In addition, pyr-
oprocessing can be applied to SNF with high burnup,
and the cooling time is not very long. The inorganic
chemicals used have very high performance character-
istics, which makes it possible to process SNF having
intense radiation levels. Already at the stage of the
voloxidation head process, more than 90% of long-lived
radioisotopes (such as iodine, technetium, and tritium)
can be removed from oxide SNF. The chloride salts used
have a high neutron absorption cross section. Due to
this, a large amount of SNF can be loaded for pyr-
oprocessing. As a result, the installation for pyr-
oprocessing is highly productive, and the equipment
used is quite compact.

The loaded oxide fuel can have various physical
forms, for example, rods, crushed particles, powder, and
porous granules.19-23 In addition, various states of oxi-
dized uranium are used, that is, both UO2 and U3O8.

24,25

On the basis of X-ray structural analysis, it was shown
that intermediate compounds such as LiUO3, U4O9, and
UO2 can be formed in the initial stage of processing.6 It
was concluded that the reduction is initiated by a direct
ionization mechanism that reduces the oxidation state of
uranium and lithium uranate perovskite.13,24 Subse-
quently, the reduction of UO2 proceeds in two different

ways: direct reduction described by Equations (1) and (3)
and electrolithiothermal reduction using metallic lith-
ium, that is,

UO2þ2yLi! xUþ yLi2O or 2yLiþ yO2�� � ð6Þ

These cathodic mechanisms are based on the assump-
tion that the decomposition of actinide oxides and Li2O
occurs at close voltage values.14,26 Thermodynamic calcu-
lations show that most likely alkali and AE metals, such
as Cs, Ba, and Sr, diffuse from the fuel and accumulate in
the salt phase.27 The oxides of noble metals and actinides
can be relatively easily reduced. However, rare earth ele-
ments and zirconium are practically not reduced to their
metallic states.

2.2 | Carbon anodes in the oxide
reduction process

Often, a platinum electrode serves as an anode under lab-
oratory conditions for the recovery of spent nuclear fuel.
However, the platinum electrode cannot be used in an
industrial electrolyzer. This is due not only to the high
cost of this material, but also to its corrosion in this
aggressive environment (oxidation of platinum and the
formation of lithium platinate, Li2PtO3, at the electrode
surface is observed).

Carbon could serve as an alternative anode material.
However, as was shown already in the first
experiments,28 the carbon anode is a consumable elec-
trode. The oxygen released during the reduction of UO2

diffuses through the molten salt to the carbon anode. The
reaction between oxygen and carbon results in the forma-
tion of CO2 gas (carbon dioxide), which is released at the
anode. As a result of the interaction between Li2O and
CO2, lithium carbonate (Li2CO3) is formed at the anode
boundary, the decomposition reaction of which is diffi-
cult. The presence of Li2CO3 complicates the process of
UO2 reduction.29 As a result, this process is not com-
pleted even with 95% recovery. To some extent, the prob-
lem of UO2 reduction using a carbon anode can be solved
by applying a high anode potential. In this case, gaseous
chlorine is formed at the anode, which oxidizes Li2CO3.
This makes it possible to slightly increase the efficiency
of UO2 recovery. Further studies have shown that lower-
ing the UO2 content in the final product can be achieved
not only by a large applied anode potential, but also by
the increasing current density at the cathode.30 The use
of high currents and a large anode surface area is neces-
sary to optimize technological operations with a carbon
anode.

FIGURE 2 Elementary diagram of measuring the electrode

potential in the electrolytic process of SNF reduction. SNF, spent

nuclear fuel
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2.3 | Pyroprocessing as the most
promising option for SNF reprocessing

There are three main technologies for SNF reprocessing:
gas-fluoride, hydrometallurgical, and pyrochemical. The
last two are applicable for reprocessing SNF from thermal
and FRs. Gas-fluoride technology is primarily intended
for the reprocessing of thermal reactor fuel, in which ura-
nium is the main component. The end product here is
uranium hexafluoride, which can be immediately sent to
the separation cascade. This shortens the route to obtain
enriched uranium.

The other two technologies (hydrometallurgical and
pyroelectrochemical) have their own advantages and dis-
advantages. Hydrometallurgy is based on continuous pro-
cesses with continuous mass transfer. The use of an
aqueous solution introduces significant temperature limi-
tations. This method does not allow operation with low
aging fuels, because this hot fuel poses risks. Hydrometal-
lurgical technology implies using the counterflow princi-
ple, the essence of which is that two phases go toward
each other. As a result, a deep recovery and high purity
of the processed product can be achieved in addition to
the separation performed. This is not possible in the pyr-
oelectrochemical process, which is carried out periodi-
cally. Despite the fact that, in the hydrometallurgical
process, it is impossible to work with hot fuel, it is possi-
ble to obtain pure products. The main difficulty in the
implementation of the hydrometallurgical method is tri-
tium contamination of water from the fuel. As a result of
isotope exchange, the entire volume of water becomes
tritium-containing radioactive waste. Tritium is a hazard-
ous element, despite high concentration thresholds. Sepa-
ration of protium, deuterium, and tritium is extremely
costly.

Pyrochemistry is a high temperature process. There-
fore, the use of this technology makes it easy to get rid of
the harmful effects of tritium. Pyrochemistry is not very
sensitive to SNF aging. A 1-year aging is sufficient, or
even 6 months in the future. At the same time, it takes
2 to 3 years to process fuel using the hydrometallurgical
method. This difference in the required fuel aging gives
pyrochemistry a significant advantage over hydrometal-
lurgy. However, at present it is impossible to obtain pure
products using pyrochemistry, whereas hydrometallurgi-
cal technology allows obtaining pure processed products.
The reprocessed fuel is intended for use in FRs and has a
high plutonium content. In this respect, pyrochemistry
also has a pre-empted position that is nuclear safety.
There is no water in pyrochemical technology, that is,
there is no neutron moderator. This circumstance makes
it possible to work in a single electrolyzer with much

larger volume of nuclear material than is allowed when
using the hydrometallurgical process.

Therefore, at present, creating a closed nuclear fuel
cycle, it is advisable to use a combined technology. In
other words, head operations must be implemented pyro-
chemically, that is, a rough primary cleaning and separa-
tion of valuable components. Then these components—
uranium, plutonium, and neptunium (ideally also ameri-
cium and curium)—are further purified and separated by
hydrometallurgical methods. In the development of new
technologies for SNF reprocessing, safety and minimiza-
tion of environmental impact are the priority.

3 | FACTORS AFFECTING THE
DEGREE OF REDUCTION OF
ACTINOID OXIDES

3.1 | Experimental study of the UO2
reduction mechanism

The reduction of UO2 in the LiCl molten salt, including
the addition of alkali and AE metals chlorides, was stud-
ied in Reference 31. It was previously found that some
salt-soluble FPs accumulate in the LiCl salt bath during
the reduction of UO2.

32 Among the inclusions in the LiCl
molten salt LiCl, KCl, CsCl, SrCl2, and BaCl2 were con-
sidered. Although the addition of additives such as KCl
reduced the electrolysis operating temperature, the UO2

reduction was performed at a constant salt bath tempera-
ture of 650�C to investigate the effects of the additives.

To reduce corrosion, it is advisable to conduct elec-
trolysis at lower temperatures. This can be achieved by
using a multicomponent salt system as an electrolyte
instead of a one-component one. Table 1 shows the melt-
ing points of some one-component electrolytes and the
LiCl-KCl salt mixture.

The eutectics formed in some molten salt mixtures
can have a melting point much lower than the constitu-
ent components of the mixture. As can be seen from the
phase diagram shown in Figure 3, the LiCl-KCl melt is
characterized by eutectic at 59-41 M composition. The

TABLE 1 Melting temperatures of salt mixture and pure salt

constituents

Constituents Amounts (mol%) Melting point

LiCl-KCl 59–41 (eutectic) 352�C

LiCl 610�C

KCl 770�C

CaCl2 772�C
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decrease in the melting point of this eutectic relative to
the melting point of LiCl (which is lower than Tm of KCl)
is 258�. Usually, a eutectic mixture is formed when a
multicomponent system in a solid state forms a superla-
ttice, which simultaneously releases all its components
into a liquid mixture during a low-temperature transition
to a liquid state.33

The solubility of oxygen in the LiCl melt is about
11.6 mol%, but it decreases significantly with the addition
of KCl or CsCl. It is shown that when AE metal chlorides
are introduced into the melt, the behavior of the O2 solu-
bility turns out to be ambiguous: BaCl2 somewhat
reduces the solubility, while SrCl2 increases it. The higher
O2 solubility in the molten salt results in the higher rate
of UO2 reduction during the electrolysis. The reduction
of UO2 to metal starts from the pellets surface. However,
the formed metal crust on the UO2 surface is not continu-
ous, there are gaps through which the molten salt pene-
trates into the UO2 bulk, and oxygen evolves into the
melt. Note that the oxygen diffusion coefficient in molten
salt is higher than in solid UO2 or metallic U. The con-
centration of O2 is determined by its solubility at the
metallic U/UO2 interface and sets the driving force for
oxygen diffusion. The solubility of oxygen, and, hence, its
diffusion decrease due to the shrinkage of the outer metal
layer at the surface of the UO2 pellet. As a result of
shrinkage, the outer U layer turns out to be dense, while
the inner uranium metal turns out to be porous. As the
O2 concentration increases, the melt viscosity increases,
which decreases the oxygen diffusion coefficient. How-
ever, at the initial stage of electrolysis, this does not hap-
pen, because the reaction surface is still large.

Thus, among the alkali and AE metals, Cs poses the
greatest problems for a reduction of actinide oxides.
Therefore, before starting the electrolytic reduction

process, it is desirable to minimize the Cs content in the
SNF. This can be achieved, for example, by Cs evapora-
tion at high temperatures.34,35

3.2 | Electrochemical reduction of (U-
Pu-Np[Am])O2 in the molten LiCl
electrolyte

Electrochemical reduction of (U-40Pu-5Np)O2 was per-
formed in molten LiCl at 923 K.36 The reduction of Np
and Am transuranic element oxides, which are formed
during b-decay from 241Pu, is investigated. The cyclic
voltammograms are measured in lithium chloride melts
using the platinum anode. In this work, two series of
electrochemical reduction tests were performed to com-
pare the behavior of transuranic elements in the sys-
tem. These tests differed in the amount of MOX fuel
loaded into the cathode basket. In the second test, the
amount of MOX was 2.72 times higher than the
corresponding value used in the first test. The current
in the bath was gradually reduced to avoid lithium
reduction. The initial current value (50 mA) in the first
test was 1.5 times lower than in the second test. The
ratio of the electric charge passed through the melt to
the theoretical value of the charge required to restore
completely the loaded MOX was 1.91 times higher in
the first test than in the second. The LiO2 concentration
in both cases was the same (0.51 wt%). As the electro-
chemical reduction proceeded, the cathodic potential
decreased gradually. At a potential value of about
0.75 V, lithium begins to recover to its metallic form.
From this point on, the current was lowered in a step-
wise mode to avoid deposition of a significant amount
of lithium.

To compare quantitatively the degree of recovery of
elements in the final product, the “enrichment” EM factor
was introduced:

EM ¼ CM=CU½ �= C0
M=C

0
U

� �
, ð7Þ

where CM and CU are the concentrations of reduced acti-
nide metal (M) and uranium (U) obtained for the cathode
product, respectively, C0

M and C0
U are corresponding con-

centrations of these elements in the initial MOX.
If the actinide under consideration is concentrated in

the reduction product, then the corresponding enrich-
ment factor turns out to be greater than unity. The EM
ratios of the elements studied here varied within 5% of
unity (Figure 4). Moreover, there is no correlation in the
ratios between the actinide values obtained for two car-
ried tests. Most likely, the tendency in the ratios between

FIGURE 3 State diagram of the LiCl + KCl system with

eutectic point
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them is at the level of error, usually found by the chemi-
cal analysis.

The changes in actinide concentrations that occurred
in the molten salt at the end of two tests are shown in
Figure 5. As can be seen, Pu demonstrates significant sol-
ubility in molten LiCl, while the Np solubility is negligi-
ble and after the second test it is even lower than after
the first test. The solubility of Am and U also increases
and occupies an intermediate value. The difference in the
behavior of the considered elements is more clearly
traced with the introduction of the “enrichment” factor
EMm of each actinide against uranium. The EMm value is
similar to the actinide enrichment factor in the cathode
product and is defined as

EMm ¼ CMm=CUm½ �= C0
M=C

0
U

� �
, ð8Þ

where CMm and CUm are the concentrations of reduced
actinide M and uranium in molten LiCl, respectively.

The “enrichment” factors of the elements in molten
LiCl are shown in Figure 6. The concentrations of Am

and Pu are greater than those of U and NP. There is an
indication that lanthanide oxides could not be reduced.
They dissolve easily into the LiCl melt. The oxychlorides
of these elements must form at the higher Li2O concen-
tration.36 Given that the chemical characteristics of lan-
thanides are largely similar to those of actinides, it can be
assumed that plutonium and americium dissolve into the
LiCl melt in the same manner.

The technological scheme for the electrochemical
reduction of SNF and MOX fuel assumes knowledge of
the behavioral characteristics both of the main (U, Pu)
components and of the minor elements. An indication of
the recovery process completion has been determined,
which is detected by a rapid decrease in the cathode
potential and in the content of lithium ions in the electro-
lyte. When MOX fuel is recovered, its composition main-
tains uniform, that is, a selective recovery of actinides is
not observed.

3.3 | Characteristics of the uranium
oxide reduction

The activity of Li2O in the process of uranium oxides
reduction is aLi2O ¼ 1 (in the reduction of U3O8). There-
fore, the concentration of Li2O, as a rule, is not a limiting
factor in the reduction of uranium oxides to metallic ura-
nium. The activity of Li2O in the reduction of Pu and Am
is much lower. It is predicted that for the reduction of
americium and plutonium dioxides, the Li2O concentra-
tion in the LiCl salt melt should be at least 5.1wt%, and
the solubility at 650�C should be 8.8wt%.37,38 The reduc-
tion of rare earth oxides, for example, Nd2O3, and Ce2O3,
in this melt was not observed. The data of a linear sweep
voltammetry and a cyclic voltammetry obtained for the
LiCl-Li2O and LiCl-Li2O-U3O8 systems were presented in
Reference 39.

FIGURE 4 “Enrichment factor” of actinides in the reduction

products36

FIGURE 5 Change in the actinide concentrations in the

molten salt36

FIGURE 6 “Enrichment factor” of actinides in the molten

salt.36
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Figure 7 compares the experimental and theoretical
Li2O consumption at applied currents of 0.8, 1.5, and
2.0 A. The theoretical Li2O consumption is proportional
to the applied current according to Faraday's law. At the
beginning of the reaction, the experimental consumption
of Li2O prevails over the theoretical consumption. This is
due to the formation of a complex corrosion product, for
example, Li (Fe, Ni, Cr) O2, which consumes
additional Li2O. However, at the final stage of the recov-
ery process, the experimental consumption turns out to
be less than the theoretical consumption. This is due
to the presence of a closed recirculation of Li2O in such
system as LiCl-Li2O-U3O8. At the beginning of the reduc-
tion cycle, lithium metal is deposited on the cathode sur-
face. The reaction between lithium metal and
U3O8results in the chemical reduction of the latter to ura-
nium oxide. At the same time, metallic lithium is oxi-
dized to Li2O, the concentration of which at the cathode
increases. Due to the concentration gradient, Li2O dif-
fuses into the melt.

When the applied voltage is sufficient to decompose
lithium oxide, chemical reduction of U3O8 is possible. In
this case, the mechanism of electrolytic reduction can be
represented as40

Li2O! 2LiþþO2� ð9Þ

O2� ! 1
2
O2þ2e� ð10Þ

2Liþþ2e� ! 2Li ð11Þ

U3O8þ16Li! 3Uþ8Li2O ð12Þ

However, the reduction of uranium oxide can be cau-
sed by the formation and electrolysis of lithium uranate.

In this case, the reduction mechanism without the forma-
tion of metallic lithium can be represented as41

yLi2O! 2yLiþþ yO2- ð13Þ

UxOyþ ze�þ zLiþ !LizUxOy ð14Þ

LizUxOyþ 2y� zð Þe�þ 2y� zð ÞLiþ ! xUþ2yLiþþ yO2�

ð15Þ

UxOyþ2ye� ! xUþ yO2� overallð Þ ð16Þ

Thus, the deposition potentials determine the reduc-
tion of uranium oxide in the molten LiCl-(3 wt%)Li2O
salt. Lithium metal is formed by the Li2O reduction when
the cathode cell voltage exceeds the decomposition
potential of Li2O. In this case, uranium oxide is chemi-
cally reduced to metallic uranium. At the higher anode
cell voltage than the decomposition potential of Li2O,
lithium uranate is formed in the reaction between the
lithium ion and uranium oxide, which is then reduced to
metallic uranium.

4 | RECOVERY OF FPs AND THEIR
INFLUENCE ON THE RESTORATION
PROCESS RATE

4.1 | Reduction of alkali, AE, and rare
earth metals oxides in molten salts

To investigate the reductive behavior of the elements
under mixed oxide conditions, electrolytic reduction was
performed using simulated oxide spent fuel.42 Analysis of
the resulting molten salt after the reduction of artificially
contaminated UO2 demonstrated that not all metals con-
tained in the accompanying mixture of Te, Eu, Ba, and Sr
metal oxides were detected. Ba and Sr were found in the
molten salt, but Te and Eu were not detected, although
they should have been dissolved during electrolytic
reduction. Only a small fraction of Te was found in the
sediment. However, Te and Eu were found on the plati-
num anode.43 It is assumed that there are two mecha-
nisms for the Te and Eu behavior during electrolysis in
the molten salt. On the one hand, they react with plati-
num and remain on the anode, and on the other hand,
they are oxidized by oxygen formed on the anode surface.
Both Te and Eu oxides precipitate, but Eu2O3 oxide in
molten LiCl can spontaneously reduce at 650�C. In the
molten LiCl salt, tellurium dioxide TeO2 appears to be a
more stable compound. The metal fractions of Pd, Rh,
Ru, and Mo detected at the cathode are supposed to be

FIGURE 7 Changes in the Li2O concentration in the molten

LiCl salt with time according to the applied current39
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present in the granules before the electrolysis and appear
during the granules sintering.

In the course of electrolytic reduction, the FPs of Cs,
Sr, and Ba present in the SNF (which was prepared arti-
ficially) are removed by dissolution in the LiCl + 3 wt%
Li2O salt melt at 650�C.44 A mixture of metal oxide pow-
ders was used as an initial material loaded into the cath-
ode basket to study the effect of FPs on the SNF
reduction. The walls of the cathode basket were made of
porous magnesia. Such wall material created a certain
hindrance to the penetration of the reducing agent into
the basket and delayed the release of oxygen from the
oxide powder contained in it. This led only to partial
reduction of the oxide powder. As a result, pure U3O8

was obtained as an output product. Alkali and AE
metals are present in the powder diffused from the cath-
ode basket and accumulated in the salt melt. Among
three elements considered in Reference 44, the most sig-
nificant solubility was found for Cs. This is due to the
higher diffusion coefficient and the coefficient of mass
transfer for this element. After 100 hours, portions of
Cs, Sr, and Ba were loaded into the molten salt
amounting 76%, 80%, and 99% of the initial value they
had in the cathode basket, respectively. Thus, it was
shown that the presence of unreduced oxides decreased
the degree of uranium dioxide reduction and the current
efficiency.

4.2 | Highly enhanced reduction of rare
earth and zirconium oxides

Rare-earth metal oxides in the composition of SNF are
practically not reduced to the corresponding metal during
electrolysis in the molten salt LiCl + 1.0 wt% Li2O salt.
This problem was solved in Reference 45 by using metal-
lic Li in LiCl salt without adding any transition metals.
Two oxide reduction runs (OR-1 and OR-2) were carried
out with the different lithium metal content in the mol-
ten salt at 650�C. In the operation OR-1, lithium in the
melt was produced using a high electrical charge, while
in the operation OR-2, it was produced due to a low elec-
trical charge.

The charge applied to the simulated spent nuclear
fuel (simfuel), in percentage terms, is defined as

Q %½ � ¼ Qapplied

Qtheoretical
�100%¼ Qapplied

nF
wUO2
MUO2

�100% ð17Þ

where the number of electrons (4) required for the reduc-
tion of UO2 in reaction (2) is denoted as n, F is the Fara-
day constant, wUO2 is the mass of UO2 in the simfuel, and
MUO2 is the molecular mass of UO2. As a rule, the

Q value exceeds 100%, because there are current effi-
ciency losses in the OR cell due to the resistance of the
molten salt and the electrodes.

The cathode potential during the runs was more neg-
ative than the Li/Li+ potential (�0.58 V),46 in order to
reduce UO2 to metallic U. The high content of metallic Li
in the molten salt not only promotes the reduction of RE
oxides (REOs), but also contributes to an increase in the
content of U in the melt. As a result, recovery time and
power consumption are increased. In addition, the pres-
ence of a large amount of Li in the molten salt can dam-
age the Pt anode and even cause a short circuit.27

Considering the above, Park et al42 revealed the function-
ality of lithium in LiCl without resorting to electrolysis.
The process uses Li dissolved in LiCl as a reducing agent.
The reduction was carried out by holding the sample in
an electrolyte saturated with lithium, without electroly-
sis. Moreover, the concentration of metallic lithium in
the LiCl salt initially was slowly increased due to the
slow dissolution of metallic Li. However, then the Li con-
centration began to decrease. It was shown that the
decrease in the concentration of Li was associated with
its evaporation. They also found that Nd2O3 did not
recover to metallic neodymium under the conditions of
successful reduction of rare earth oxide. The reduction of
the REOs in the oxide fuel occurs as a process of the
coreduction with U.

Thus, the addition of metallic lithium to the molten
salt LiCl + 1.0 wt% LiO2 can be used to reduce oxides of
rare earth metals in SNF.

A procedure similar to the reduction of rare-earth
metal oxides was carried out for the reduction of the
oxide compounds (ZrO2 and Li2ZrO3) with metallic Li in
the LiCl salt without Li2O at 650�C.47 Metallic Zr was
obtained by immersing ZrO2 into the LiCl salt with a
high concentration of metallic Li. In this case, the forma-
tion of Li2ZrO3 in LiCl without Li2O did not occur. Metal-
lic Zr was also formed when Li2ZrO3 was immersed into
LiCl without Li2O. Choi et al

47 believe that in the case of
damaged fuel, which consists of (U, Zr) O2 in metallic
form, reduction with metallic Li is more efficient than
electrolytic reduction.

The difference in the reduction potential between
UO2 and Li2O is small (70 mV).48 In practice, overvoltage
is required to achieve high electrolysis performance.
Increasing the voltage often leads to the cell potential
exceeding the required electrochemical window.49 This
results in the accumulation of metallic lithium in the
molten electrolyte.49,50 Changes in the chemical composi-
tion of the electrolyte can have a negative impact on the
passage of the electrolysis process and on the safety of
technological operations. The presence of metallic Li in
the LiCl-Li2O electrolyte affects the corrosion of
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materials. In particular, the destabilization of the protec-
tive oxide film occurs, which leads to significant damage
of the stainless steel samples, that is, to their inter-
granular corrosion.51

4.3 | Determination of E-pO2� diagram
for lanthanum in the LiCl melt at 923 K

Rare earth elements compile up to 30% of the decay prod-
ucts observed in SNF. The chemical properties of REs are
in many ways similar to actinides found during SNF
recovery. Lanthanum is a typical rare earth element. The
behavior of lanthanum in the LiCl-KCl eutectic at 450�C
is well known.52 However, in the LiCl system at 650�C
lanthanum behaves differently. Sakamura53 studied
experimentally the electrolytic reduction of La2O3 to
metallic lanthanum. La2O3 pellets were reduced in LiCl
without the addition of Li2O. The X-ray analysis showed
that LaOCl and not metallic La was obtained as the final
product of the reduction. The concentration of LiO2 in
the melt can be increased due to the reaction:

La2O3þ2LiCl msð Þ! 2LaOClþLi2O msð Þ, ð18Þ

where (ms) denotes the molten salt.
The presence of the LaOCl ! La transformation

leads to the dissolution of O2� ions in LiCl. In this case,
the cathode current is fully used for the reduction of Li+

ions to metallic lithium. At the low concentration of Li2O
(<0.2 mol%), LaOCl is reduced to metallic lanthanum
according to the reaction

LaOClþ3Li!LaþLi2O msð ÞþLiCl msð Þ, ð19Þ

and Li2O dissolves in the molten salt.
This is reflected in the diagram E-pO2� (pO2� = �log

[O2�]) (Figure 8).
The dissolution of LaCl3 in the LiCl + Li2O melt gives

the LaOCl precipitate. The increase in the Li2O concen-
tration in the salt melt results in the LaOCl transforms
into La2O3, and then into LiLaO2. Moreover, the concen-
tration of La in LiCl increases in proportion to the Li2O
concentration. It can be seen from the diagram that the
stability of LaOCl extends over a wide area. At the same
time, LiLaO2 occupies a narrow area with a particularly
high concentration of Li2O. The value pO

2� = 0.93 corre-
sponds to the solubility of Li2O. The stable compound
La2O3 exists in the range of 1.75 < pO2� < 0.98. Note
that in the LiCl-KCl melt at 450�C, La2O3 is not
formed,52 possibly because of the lower process tempera-
tures. The reduction with the addition of metallic nickel
forms stable alloys with lanthanum. This turns out to be

favorable for the reduction of La2O3 and LaOCl to the
metallic form.

Thus, during the reduction of SNF, REs, as a rule,
remain on the cathode in the oxide or oxychloride forms.
However, some of the REs can dissolve in the LiCl salt
bath to form complex oxide species. Decay products in
the form of precious metals form stable intermetallic
compounds with REs. Thus, some part of REs can be
reduced in the form of such intermetallics.

5 | SOLUBILITY OF LI2O IN
MOLTEN SALTS

The experimentally determined values of the Li2O solu-
bility in the LiCl, LiCl- (10 mol%) KCl, and LiCl- (20 mol
%) KCl melts at two temperatures (600 and 650�C) are
given in Table 2.54 As can be seen from Table 2, the solu-
bility of Li2O decreases significantly when KCl is added
to the salt melt. One can also note an increase in the sol-
ubility of Li2O from 14.1% to 24.4% with an increase in
the temperature of each of the melts by 50�C.

During the electrolytic reduction of UO2 and
UO2 + PuO2, the molten LiCl salt at the metal/oxide

FIGURE 8 E-pO2� diagram of lanthanum in LiCl-Li2O at

650�C with 0.1 mol% of LaCl3
52

TABLE 2 Solubility of Li2O in the LiCl-KCL melts at 600 and

650�C54

Melt

Temperature (�C)

600 650

LiCl 9.9 11.3

LiCl-KCl (10 mol%) 6.6 7.9

LiCl-KCl (20 mol%) 4.1 5.1
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interface is saturated with Li2O. The solubility of oxygen
ions (O2�) in the LiCl melt is very high (�12 mol%).37

The rate of oxide reduction turns out to be limited by the
diffusion of O2� ions through the molten salt.

During electrolytic reduction, soluble FPs such as Cs,
Sr, and Ba accumulate in the salt melt. Sakamura32 inves-
tigated the solubility of Li2O in the LiCl melt containing
dissolved NaCl, KCl, CsCl, CaCl2, SrCl2, and BaCl2.

This study showed a significant decrease in the solu-
bility of Li2O when the considered AM chlorides were
added to molten LiCl. For example, there was a 2-fold
decrease in the solubility of Li2O in LiCl-20 mol% KCl.
The solubility further decreases as the atomic number
AMs increases. The solubility of Li2O behaves somewhat
differently when the AE metals enter the salt melt. It
decreases slightly with the addition of BaCl2, but
increases when SrCl2 is added to the melt. At the same
concentration of Cs as that of other alkaline and AE ele-
ments, its transition to molten salt is most difficult.
Therefore, this element more strongly delays the reduc-
tion of actinide oxides. No statistically significant correla-
tion was found between the concentration of Li2O and
the solubility of Li in molten LiCl.55

Yoo et al56 proposed a kinetic model of the uranium
oxide reduction to metallic uranium in molten LiCl at
650�C. This model is based on the use of the following
equations:

Anode: 2Li2O!O2 gasð Þþ4Liþþ4e� ð20Þ

Cathode: UO2þ4Liþþ4e� !Uþ2Li2O ð21Þ

Overall electrochemical reactions:

UO2 !UþO2 gasð Þ ð22Þ

Cathode : 4Liþþ4e� ! 4Lið Þ ð23Þ

2Li2O! 4LiþO2 gasð Þ ð24Þ

Indirect reduction:

4LiþUO2 ! 2Li2OþU ð25Þ

When creating the model, the main focus was on the
oxygen behavior due to the electrochemical/chemical for-
mation, dissolution and diffusion of Li2O. Reaction (25)
shows that metallic uranium and Li2O are the resulting
products in the vicinity of the cathode. It is believed that
Li2O is electrochemically active and is the main carrier of
electric current in the model. Reactions (20) to (25) show

that oxygen is separated from UO2 and binds to Li+ in
molten LiCl. The formed Li2O at the oxide/salt interface
dissolves in the salt melt and is transferred to the LiCl
bulk due diffusion. It was experimentally shown that the
concentration of Li2O in the metallic layers of uranium
ranges from 26 to 46 wt%. This is much higher than the
limiting solubility of Li2O in LiCl (�8.8 wt%) at 650�C.57

The obtained estimate of the effective diffusion coeffi-
cient of Li2O in the structure of metallic uranium
(2-6 � 10�5 cm2/s) is consistent with the previously
established estimate (3.5-4 � 10�5 cm2/s).21,31

6 | DISCUSSION

This work is a brief overview limited to the pyr-
oprocessing of real SNF using industrial equipment. In
order to start the treatment and recycling of SNF by this
method, the SNF must be properly prepared. In particu-
lar, SNF is first crushed to the granules (UO2) of the
required size. Then, a vapor oxidation process is carried
out. During the volatile oxidation process carried out at
the elevated temperatures, most volatiles and semi-
volatile FPs are removed from the SNF. After the end of
this process, granular free-flowing UO2 is crushed and
converted into U3O8 powder, which is used for fabrica-
tion of pellets of desired size for the electrochemical
reduction process.

The aim of research on the electrolytic reprocessing
of SNF is to develop a technology for the recovery of
SNF. In addition, such studies allow optimizing the
design of the electrolysis cell, for example, to testing
alternative anodes. These efforts are aimed at increasing
the productivity of industrial plants and improving the
economics of nuclear fuel production. When designing
an appropriate industrial plant, it is necessary to scale up
the electrolytic reduction technology. The electrolytic
reduction implies the consumption of electrical energy.
The electrolysis is performed after loading the cathode
basket with solid oxides. To optimize the process, several
anodes are usually used. Oxygen ions diffuse from the
oxides to the anodes through the molten LiCl-Li2O salt
and release in the vicinity of the anodes in the form of
gaseous oxygen. This process can be represented by the
following reactions:

Cathode process: MxOy sð Þþ2y e� ¼ xM sð Þþ yO2�,

ð26Þ

Anode process:O2� ¼ 1=2 O2 gð Þþ2e�, ð27Þ

where M is the metal ion to be reduced.
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Actinide oxides and most lanthanide oxides, with the
exception of extremely stable oxides such as Y2O3, are
reduced to the base metal. The high purity metal (mostly
U) remains in the cathode basket along with some
unreduced rare earth oxides. Alkali and AE metals are
separated from metal products by converting to chlorides
and dissolution in molten salt. After passing through the
reduction process, about 15 to 20 wt% of residual salts are
still present in metal products. These salts are removed
by distillation and the resulting metal is sent to further
electrorefining. In addition, metal products are separated
from the cathode basket and the salt is extracted in the
form of a powder, which is more convenient for the salt
transportation.

The cathode deposit can contain various FPs. The
composition of these products depends on many factors:
their concentration in the molten salt electrolyte, the cur-
rent used, and also on the anodic and cathodic potentials.
The presence of decomposition products and rare earth
elements in the cathode deposits is highly undesirable.
They can pose problems during the fabrication of recov-
ered fuels due to their solubility in the U-Zr alloys. Thus,
the proportion of rare earth elements in the final product
intended for the nuclear fuel manufacturing should be
minimal (�1% or less).

The recycling of spent fuel from light water reactors
can provide 99.7% conversion of uranium oxide to the
metal.58 The industrial use of pyroprocessing of SNF will
reduce the amount of accumulated SNF and drastically
reduce the disposal load by recycling and destroying toxic
waste, including long-lived waste generated by FPs. In
the course of pyroprocessing, unprocessed FPs are sepa-
rated from SNF. This relatively small residue must be dis-
posed. As a result, the use of pyroprocessing leads to a
significant reduction of nonrecyclable FPs that are con-
sidered waste.59

There are certain requirements for the electrolyte
(molten salt) used for the electrolytic reduction of SNF.
These requirements are: (a) the possible lowest melting
point and the highest ionic conductivity, (b) low viscosity,
(c) low vapor pressure and large decomposition voltage,
(d) the highest possible corrosion-resistance, (e) readily
purified and nonpolluting, and (f) low cost.

So, the electrolyte must have a high degree of ionic
conductivity and low electronic conductivity to reduce
the current leakage. A high degree of electronic conduc-
tivity leads to large voltage losses and a decrease in the
efficiency of the cell. An important property of an electro-
lyte is its ability to carry oxygen ions. The liquid electro-
lyte must have high thermal stability in order to
withstand thermal stress. Since a large mass of electrolyte
is used in industrial production, it must have a low cost.
The platinum anode is not quite satisfactory even under

laboratory conditions due to its degradation under the
severe oxidizing conditions encountered during the elec-
trolytic reduction. Inconel (a superalloy based on nickel
and chromium) and elemental tungsten were also investi-
gated as anode materials.60 It has been shown that the
tungsten anode is the best in terms of achieving an
acceptable corrosive behavior and cost reduction.

For various systems of molten salts, the electrochemi-
cal stability of a number of electrode materials, such as
glassy carbon, platinum, stainless steel, molybdenum,
and tantalum, were investigated.61 The required charac-
teristics of the anode material are mainly related to two
determining factors: large surface area and the creation
of conditions for rapid gas transport. The first factor
allows a large surface area of the triple phase boundary
to be achieved, which helps to maximize anodic reac-
tions. Important properties of anode materials are stabil-
ity in an aggressive environment, high electronic
conductivity and electrocatalytic activity. In addition,
among the properties of such material must be thermal
efficiency with respect to the other components of the
cell. A candidate anode material should also have mini-
mal polarization losses and relatively low cost.

In principle, the cathode can be made of various con-
ductive materials. However, taking into account the need
to clean it from precipitated salt and lithium, when
selecting a material, its mechanical strength should be
taken into account. The shape and material of the cath-
ode influences the course of the UO2 and other oxides
reduction processes. Initial studies were performed using
single UO2 tablets. A nichrome spiral wrapped around
such pellets served as a cathode.62 The increasing mass of
the compound to be reduced, that is, the larger number
of pellets to be recovered, promoted the usage of magne-
sium oxide crucibles with holes for the penetration of liq-
uid electrolyte. At the bottom of the crucible, there was a
flat spiral made of molybdenum wire, along which the
current was supplied.62 However, subsequently, due to
the interaction between lithium and magnesium, the
magnesium oxide cathode crucible was replaced by a spi-
ral molybdenum basket. The cathode basket serves as a
container for loading the reconstituted tablets and at the
same time carries out a current supply. The use of a cath-
ode basket has two disadvantages. First, the lithium
release process takes place not only on the surface of the
pellets, but also over the entire surface of the basket. As a
consequence, nearly twice as much electricity is required
for the same degree of UO2 reduction. Second, there is no
rigid fixation of the basket relative to the current lead,
the basket can be deformed and the tablets may fall out
into the electrolyte. At the Institute of High-Temperature
Electrochemistry of the Ural Branch of the Russian Acad-
emy of Sciences, a steel mesh cathode basket is used in
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experiments for the oxides reduction. A parallelepiped
stainless steel mesh basket allows achieving a more com-
plete pellet recovery.

Nuclear reactors operate in Russia with a spectrum of
both thermal and fast neutrons. In addition to FRs, MOX
fuel is also used (to a limited extent) in thermal reactors.
Partial loading of the core of thermal reactors with MOX
fuel is carried out in the form of �9% Pu mixed with
depleted uranium. To date, Russia has accumulated
about 24 000 tons of SNF. Annually, up to 700 tons of
SNF are unloaded from NPP reactors, and about 15% of
this volume is processed.63

In the near future, the implementation of fast-
neutron power reactors and transition to a two-
component nuclear system with a single fuel cycle are
planned in Russia. Such system should combine the
needs both of the existing thermal reactors and of the
FRs. A closed nuclear fuel cycle is a means of obtaining a
sustainable and long-term source of energy. In addition,
the introduction of a closed nuclear fuel cycle with FR
will significantly solve the problem associated with the
accumulation of SNF and radioactive waste.

In Russia the irradiated fuel can be either stored or
processed, the underground disposal is prohibited. Stor-
age technologies are well developed and successfully
used. This raises a problem in the area of the fuel cycle
itself: what to do with the products separated from fuel
through the processing?

From the point of view of noninterference in the eco-
logical environment, the task is to approach the
radiation-ecological equivalent disposal. In other words,
it is necessary to create a technical guarantee that the
radioactivity of the waste within the specified time inter-
vals does not exceed the level achieved with conventional
fuel extraction. To this end, the currently existing norms
for losses of uranium, plutonium, americium, and curium
should be tightened by about 10 times.

The real hydrometallurgical production already
allows solving the problem of repeated usage of uranium,
plutonium, and neptunium, but the industrial separation
of americium and curium has not been implemented yet.
The main difficulty in solving this problem lies in the fact
that in the foreseeable future (Am—200 years, Cm—
18 years) these elements transform into the most danger-
ous alpha-emitters, namely neptunium and plutonium,
which have a half-life of millions of years. In addition,
americium and curium have a high neutron flux and a
strong heat release, when they are used as nuclear fuel.
At present, the problem of the industrial separation of
americium and curium has not yet been resolved, but it
is posed in the program for creating a power complex
with the BREST-OD-300 reactor being implemented in
Russia. The experimental isolation of americium (60 g)

from the fuel has been performed. Minor actinides have
similar chemical properties to rare earth elements and
must be separated during the SNF reprocessing.

The construction of a new generation BREST-OD-300
power unit with a capacity of 300 MW has begun in
Russia. In addition to the reactor, the unit includes a
complex for the production of mixed nitride uranium-
plutonium nuclear fuel, as well as a complex for the
reprocessing of spent fuel. As a result, a closed fuel cycle
will be implemented. In other words, in one territory not
only electricity will be generated, but new fuel will be
prepared from SNF discharged from the reactor.

7 | CONCLUSION

The currently existing fuel cycles, without any recycling,
are essentially wasting the natural resources of uranium
with an efficiency that is lower than 1%. This practice
yields a massive accumulation of SNF, which is trans-
ferred as a burden toward future generations. The need
to create a partially closed fuel cycle that includes
recycling strategies and Generation IV FRs is increasingly
felt. The main raw material for the electrolytic
reprocessing is SNF from light water reactors, and the
final products of this procedure are uranium, transura-
nics (Np, Pu, Am, Cm), and FPs. Moreover, the first two
products are fuel for FRs (with a certain amount of ura-
nium). Treatment and recycling involve extracting the
valuable elements, U and Pu, from the ultimate waste as
well as FPs and minor actinides. Until now, the main
task was to separate the U and Pu. However, recently,
the growing attention is paid to the extraction and sepa-
ration of minor actinides. The extraction of minor acti-
nides from SNF is carried out after their dissolution in
the molten salt. Once recycled, they can be incinerated in
nuclear reactors. Such processing will dramatically
reduce the residual toxicity and the subsequent lifetime
of the final waste. Recently, certain successes have been
achieved in the development of effective laboratory
methods for the selective separation of minor actinides,
taking into account their subsequent recycling. However,
several technological and scientific issues are still under
investigation to obtain efficient and relevant for the
development of relevant industrial scale processes, in par-
ticular with regard to understanding the actual molecular
processes and the origin of selectivity, chemical process
simulation, solvent cleanup, and so on.

The following problems accompanying the electro-
lytic process of SNF recovery still occur: the achievement
of highly efficient recovery of actinides, minimization of
the generated high-level waste, and effective corrosion
protection of materials of the SNF reprocessing facility.
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Solving these problems is a top priority for the implemen-
tation of a closed fuel cycle of modern nuclear power.

Thus, the ongoing search for recycling of the uranium
and transuranic actinide elements from SNF enable the
expansion of cheaper and more environmentally friendly
nuclear power production.

ACKNOWLEDGEMENTS
This work was supported by the State Atomic Energy
Corporation Rosatom (Government agreement number
H.4o.241.19.21.1070 dated 16 April 2021 «Development
of the technology and facility for the pyrochemical
reprocessing of the spent nuclear fuel of the fast neutron
reactors. 2021 stage»).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Alexander Y. Galashev https://orcid.org/0000-0002-
2705-1946

REFERENCES
1. Rodríguez-Penalonga L, Soria BYM. A review of the nuclear

fuel cycle strategies and the spent nuclear fuel management
technologies. Energies. 2017;10:1235.

2. Widder S. Benefits and concerns of a closed nuclear fuel cycle.
J Renew Sustain Energy. 2010;2:062801.

3. Gourishankar K, Redey L, Williamson M. Electrolytic reduc-
tion of metal oxides in molten salts. In: Schneider W, (ed.),
Light Metals. Warrendale, PA: The Minerals, Metals & Mate-
rials Society; 2002;1075-1082.

4. Galashev AY, Manzhurov AI, Zaikov YP. Computer modeling
of electrochemical processing of waste nuclear fuel. Int J
Energy Res. 2021;45:11664-11676.

5. Galashev AE, Stakhanov VV, Zaikov YP. Modeling the design
of an electrolytic cell for reprocessing spent nuclear fuel. High
Temp. 2020;58:342-351.

6. Galashev AY. Processing of fast neutron reactor fuel by electro-
refining: thematic overview. Int J Energy Res. 2021;45:11459-
11478.

7. Lee HJ, Im HS, Park GI. Modeling of oxide reduction in
repeated-batch pyroprocessing. Ann Nucl Energy. 2016;88:1-11.

8. Wilson PD. The Nuclear Fuel Cycle: From Ore to Wastes.
Oxford, UK: Oxford University Press; 1996.

9. Volkovich VA, Maltsev DS, Soldatova MN, Ryzhovand AA,
Ivanov AB. Application of low melting metals for separation of
uranium and zirconium in a “fused chloride–liquid alloy” sys-
tem. Metals. 2021;11:550.

10. Galashev AY, Ivanichkina KA, Zaikov YP. Computational
study of physical properties of low oxygen UO2-x compounds.
J Solid State Chem. 2020;286:121278.

11. Weibbach D, Sierchuła J, Dąbrowski MP, Czerski K,
Ruprecht G. Dual fluid reactor as a long-term burner of

actinides in spent nuclear fuel. Int J Energy Res. 2021;45:11589-
11597.

12. Mohandas KS. Direct electrochemical conversion of metal
oxides to metal by molten salt electrolysis: a review. Miner Pro-
cess Extr Metall. 2013;122:195-212.

13. Abdelkader AM, Kilby KT, Cox A, Fray DJ. DC voltammetry of
electro-deoxidation of solid oxides. Chem Rev. 2013;113:2863-
2886.

14. Xiao W, Wang D. The electrochemical reduction processes of
solid compounds in high temperature molten salts. Chem Soc
Rev. 2014;43:3215-3228.

15. Choi E-Y, Jeong SM. Electrochemical processing of spent
nuclear fuels: an overview of oxide reduction in pyroprocessing
technology. Prog Nat Sci Mater Int. 2015;25:572-582.

16. Merwin A, Williamson MA, James L, Willit JL, Chidambaram
D. Review—metallic lithium and the reduction of actinide
oxides. J Electrochem Soc. 2017;164:H5236-H5246.

17. Herrmann SD, Li SX. Separation and recovery of uranium
metal from spent light water reactor fuel via electrolytic reduc-
tion and electrorefining. Nucl Technol. 2010;171:247-265.

18. Abdulaziz R, Brown L, Inman D, et al. Electrochemical reduc-
tion of UO2 to U in LiCl-KCl molten salt eutectic using the flu-
idized cathode process. J Electrochem Soc. 2017;164:H5280-
H5285.

19. Jeong SM, Hur JM, Hong SS, et al. An electrochemical reduc-
tion of uranium oxide in the advanced spent-fuel conditioning
process. Nucl Technol. 2008;162:184-191.

20. Herrmann SD, Li SX, Simpson MF, Phongikaroon S. Electro-
lytic reduction of spent nuclear oxide fuel as part of an integral
process to separate and recover actinides from fission products.
Sep Sci Technol. 2006;41:1965-1983.

21. Choi EY, Lee JW, Park JJ, et al. Electrochemical reduction
behavior of a highly porous SIMFUEL particle in a LiCl molten
salt. Chem Eng J. 2012;207–208:514-520.

22. Choi EY, Kim JK, Im HS, et al. Effect of the UO2 form on the
electrochemical reduction rate in a LiCl–Li2O molten salt.
J Nucl Mater. 2013;437:178-187.

23. Hur JM, Hong SS, Lee H. Electrochemical reduction of UO2 to
U in a LiCl–KCl-Li2O molten salt. J Radioanal Nucl Chem.
2013;295:851-854.

24. Jeong SM, Shin HS, Hong SS, Hur JM, Do JB, Lee HS. Electro-
chemical reduction behavior of U3O8 powder in a LiCl molten
salt. Electrochim Acta. 2010;55:1749-1755.

25. Sakamura Y, Omori T, Inoue T. Application of electrochemical
reduction to produce metal fuel material from actinide oxide.
Nucl Technol. 2008;162:169-178.

26. Hur JM, Jeong SM, Lee H. Underpotential deposition of Li in a
molten LiCl–Li2O electrolyte for the electrochemical reduction
of U from uranium oxides. Electrochem Commun. 2010;12:
706-709.

27. Herrmann S, Li S, Simpson M. Electrolytic reduction of spent
light water reactor fuel bench-scale experiment results. J Nucl
Sci Technol. 2007;44:361-367.

28. Hur J-M, Cha J-S, Choi E-Y. Can carbon be an anode for elec-
trochemical reduction in a LiCl-Li2O molten salt? ECS Electro-
chem Lett. 2014;3:E5-E7.

29. Kim S-W, Jeon MK, Kang HW, et al. Carbon anode with
repeatable use of LiCl molten salt for electrolytic reduction in
pyroprocessing. J Radioanal Nucl Chem. 2016;310:463-467.

3904 GALASHEV

https://orcid.org/0000-0002-2705-1946
https://orcid.org/0000-0002-2705-1946
https://orcid.org/0000-0002-2705-1946


30. Merwin A, Motsegood P, Willit J, Williamson MA. A paramet-
ric study of operating carbon anodes in the oxide reduction
process. J Nucl Mater. 2018;511:297-303.

31. Sakamura Y. Effect of alkali and alkaline-earth chloride addi-
tion on electrolytic reduction of UO2 in LiCl salt bath. J Nucl
Mater. 2011;412:177-183.

32. Sakamura Y. Solubility of Li2O in molten LiCl–MClx (M =

Na, K, Cs, Ca, Sr, or Ba) binary systems. J Electrochem Soc.
2010;157:E135-E139.

33. Brunet L, Caillard J, André P. Thermodynamic calculation of
n-component eutectic mixtures. Int J Mod Phys C. 2004;15(5):
675-687.

34. Westphal BR, Bateman KJ, Morgan CD, et al. Effect of process
variables during the head-end treatment of spent oxide fuel.
Nucl Technol. 2008;162:153-157.

35. Song KC, Park GI, Lee JW, Park JJ, Yang MS. Fractional
release behavior of volatile and semivolatile fission products
during a voloxidation and OREOX treatment of spent PWR
fuel. Nucl Technol. 2008;162:158-168.

36. Iizuka M, Sakamura Y, Inoue T. Electrochemical reduction of
(U–40Pu–5Np)O2 in molten LiCl electrolyte. J Nucl Mater.
2006;359:102-113.

37. Usami T, Kato T, Kurata M, et al. Lithium reduction of ameri-
cium dioxide to generate americium metal. J Nucl Mater. 2002;
304:50-55.

38. Usami T, Kurata M, Inoue T, Sims HE, Beetham SA, Jenkins
JA. Pyrochemical reduction of uranium dioxide and plutonium
dioxide by lithium metal. J Nucl Mater. 2002;300:15-26.

39. Seo CS, Park SB, Park BH, Jung KJ, Park SW, Kim SH. Electro-
chemical study on the reduction mechanism of uranium oxide
in a LiCl-Li2O molten salt. J Nucl Sci Technol. 2006;43:587-595.

40. Usami T, Kurata M, Inoue T. Pyrometallurgical reduction of
unirradiated TRU oxides by lithim chloride medium. Proceed-
ings of the Workshop on Pyrochemical Separations, Avignon,
France, March 14–16, 2000:165-175.

41. Hauck J. Uranates (VI) and tungstates(VI) within the system
Li2O-UO3-WO3. J Inorg Nucl Chem. 1974;36:2291-2298.

42. Park W, Choi E-Y, Kim S-W, Jeon S-C, Cho Y-H, Hur J-M.
Electrolytic reduction of a simulated oxide spent fuel and the
fates of representative elements in a Li2O-LiCl molten salt.
J Nucl Mater. 2016;477:59-66.

43. Herrmann SD, Li SX, Westphal BR. Separation and recovery of
uranium and group actinide products from irradiated fast reac-
tor MOX fuel via electrolytic reduction and electrorefining. Sep
Sci Technol. 2012;47:2044-2059.

44. Jeong SM, Park BH, Hur J-M, Seo C-S, Lee H, Song K-C. An
experimental study on an electrochemical reduction of an
oxide mixture in the advanced spent-fuel conditioning process.
Nucl Eng Technol. 2010;42:183-192.

45. Choi E-Y, Lee J. Highly enhanced reduction of rare earth
oxides in simulated oxide fuel in Li2O–LiCl salt using lithium
metal. J Nucl Mater. 2018;511:367-374.

46. Jeong SM, Shin H-S, Cho S-H, Hur J-M, Lee HS. Electrochemi-
cal behavior of a platinum anode for reduction of uranium
oxide in a LiCl molten salt. Electrochim Acta. 2009;54:6335-
6340.

47. Choi E-Y, Heo DH. Reduction of zirconium oxide compounds
by lithium metal as a reductant in molten LiCl salt. J Nucl
Mater. 2018;512:193-198.

48. Park BH, Lee IW, Seo CS. Electrolytic reduction behavior of
U3O8 in a molten LiCl–Li2O salt. Chem Eng Sci. 2008;63:3485-
3492.

49. Park W, Kim J-K, Hur J-M, Choi E-Y, Im HS, Hong S-S. Appli-
cation of a boron doped diamond (BDD) electrode as an anode
for the electrolytic reduction of UO2 in Li2O–LiCl–KCl molten
salt. J Nucl Mater. 2013;432:175-181.

50. Park W, Hur J-M, Hong S-S, et al. An experimental study for Li
recycling in an electrolytic reduction process for UO2 with a
Li2O–LiCl molten salt. J Nucl Mater. 2013;441:232-239.

51. Phillips W, Chidambaram D. Corrosion of stainless steel 316L
in molten LiCl-Li2O-Li. J Nucl Mater. 2019;517:241-253.

52. Hayashi H, Minato K. Stability of lanthanide oxides in LiCl–
KCl eutectic melt. J Phys Chem Solid. 2005;66:422-426.

53. Sakamura Y. Determination of E–pO2� diagram for lantha-
num in LiCl melt at 923 K. Electrochim Acta. 2012;80:308-315.

54. Kado Y, Goto T, Hagiwara R. Dissolution behavior of lithium
oxide in molten LiCl–KCl systems. J Chem Eng Data. 2008;53:
2816-2819.

55. Burak AJ, Simpson MF. Measurement of solubility of metallic
lithium dissolved in molten LiCl–Li2O. JOM. 2016;68:2639-
2645.

56. Yoo T-S, Herrmann SD, Yoon S-J, Marsden KC. Analysis and
modeling of oxide reduction processes for uranium oxides.
J Nucl Mater. 2021;545:152625.

57. Herrmann SD, Li SX, Serrano-Rodriguez B. Observations of
oxygen ion behavior in the lithium-based electrolytic reduction
of uranium oxide. Glob. 2009 Adv Nucl Fuel Cycles Syst. 2009:
1199-1206.

58. Choi E-Y, Won CY, Cha J-S, et al. Electrochemical reduction of
UO2 in LiCl–Li2O molten salt using porous and nonporous
anode shrouds. J Nucl Mater. 2014;444:261-269.

59. Laidler JJ, Battles JE, Miller WE, Ackerman JP, Carls EL.
Development of pyroprocessing technology. Prog Nucl Energy.
1997;31:131-140.

60. Merwin A, Chidambaram D. Alternate anodes for the
electrolytic reduction of UO2. Metall Mater Trans A. 2015;46:
536-544.

61. Ambrosi A, Chua CK, Bonanni A, Pumera M. Electrochemistry
of graphene and related materials. Chem Rev. 2014;114:7150-
7188.

62. Zaikov YP, Shishkin VY, Potapov AM, et al. Research and
development of the pyrochemical processing for the mixed
nitride uranium-plutonium fuel. J Phys Conf Ser. 2020;1475:
012027.

63. Kovalev NV, Zilberman BY, Goletsky ND, Sinyukhin AB. A
new approach to the recycling of spent nuclear fuel in thermal
reactors within the REMIX concept. Nucl Energy Technol. 2020;
6:93-98.

How to cite this article: Galashev AY. Recovery
of actinides and fission products from spent
nuclear fuel via electrolytic reduction: Thematic
overview. Int J Energy Res. 2022;46(4):3891-3905.
doi:10.1002/er.7458

GALASHEV 3905

info:doi/10.1002/er.7458

	Recovery of actinides and fission products from spent nuclear fuel via electrolytic reduction: Thematic overview
	1  INTRODUCTION
	2  PROCESS OF ELECTROLYTIC RECOVERY OF SNF
	2.1  Electrochemical processing of SNFs
	2.2  Carbon anodes in the oxide reduction process
	2.3  Pyroprocessing as the most promising option for SNF reprocessing

	3  FACTORS AFFECTING THE DEGREE OF REDUCTION OF ACTINOID OXIDES
	3.1  Experimental study of the UO2 reduction mechanism
	3.2  Electrochemical reduction of (U-Pu-Np[Am])O2 in the molten LiCl electrolyte
	3.3  Characteristics of the uranium oxide reduction

	4  RECOVERY OF FPs AND THEIR INFLUENCE ON THE RESTORATION PROCESS RATE
	4.1  Reduction of alkali, AE, and rare earth metals oxides in molten salts
	4.2  Highly enhanced reduction of rare earth and zirconium oxides
	4.3  Determination of E-pO2- diagram for lanthanum in the LiCl melt at 923K

	5  SOLUBILITY OF LI2O IN MOLTEN SALTS
	6  DISCUSSION
	7  CONCLUSION
	ACKNOWLEDGEMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


