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In this work, a new method with the assistance of NH4Cl to directly separate UO2 and Ln2O3 in Ar atmosphere that does not require an electrochemical
process is reported. The separation is achieved by dissolving Ln2O3 with NH4Cl into the LiCleKCl molten salt, while UO2 is not reacted with NH4Cl and still
exists in a solid form.
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a b s t r a c t

For UO2-based spent fuel, it is usually electrochemically reduced and then refined in molten salt with
respect to the so-called pyrochemical reprocessing approach. In this work, we report a new method with
the assistance of NH4Cl to directly achieve convenient separation of UO2 over La2O3 in Ar atmosphere
which does not require an electrochemical process. According to the results from both powder and pellet
samples, the separation is achieved by dissolving La2O3 into the LiCleKCl molten salt with NH4Cl, whilst
UO2 cannot be dissolved and remains in solid form. It was found that the dissolution kinetics of La2O3 in
the powder sample was fast and its removal efficiency in the mixture of La2O3 and UO2 was high, but a
specific amount of UO2 was also dissolved, which lead to a low recovery efficiency of UO2. In contrast,
when the pellet samples after sintering at 1473 K were used, the recovery efficiency of UO2 can be
increased. Nevertheless, the dissolution kinetics of La2O3 was correspondingly reduced, and more NH4Cl
was required to complete the dissolution reaction. By improving and optimizing the experimental
conditions, the UO2 recovery efficiency of 92.0% can be achieved, while the removal efficiency of La2O3
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was 94.4%. More importantly, this novel separation method may be also useful for the separation of UO2

over mixed lanthanide oxides.
© 2020 Elsevier B.V. All rights reserved.
Fig. 1. (a) The Mo crucible and (b) Mo basket as the container to load the powders or
pellets.
1. Introduction

It is well-known that uranium dioxide (UO2) is the most
important ceramic component of nuclear fuel [1], and therefore is
also a main product in the spent fuels [2]. Up to now, a lot of
research efforts have been made on the pyrochemical process of
UO2-based spent fuel for the advanced fuel cycle of Generation IV
reactors [3e5]. In general, UO2-based spent fuel is reduced to metal
U in LiCleLi2O melt [6e11], and then purified by the following
electrorefining process to remove lanthanide (Ln) fission products
(FPs) [3,5,12]. However, since the deposition potential of the Ln is
more negative than that of U [13e17], the separation of U over Ln
can be achieved by selectively depositing U on the cathode
[1,8,18e20]. Actually, the proportion of Ln-FPs in the spent fuel is
low, with the total percentage of about 1% [21e25]. Thus, recov-
ering a large amount of U and removing a small amount of Ln-FPs
by electrorefining strategy is somewhat uneconomical from
perspective of energy consumption. In recent years, some re-
searchers have been seeking for more convenient and economic
methods to strip small amounts of Ln-FPs out of spent fuel rather
than directly electrolyzing a large amount of U. For example, the
separation of Nd2O3 and UO2 in ionic liquid [Hbet][Tf2N] in a simple
mannerwas studied based on the solubility difference of Nd2O3 and
UO2 in this media [22].

In our previous work, we found that the dissolution of lantha-
nide oxides (Ln2O3) in LiCleKCl molten salt can be achieved readily
by using ammonium chloride [23], and the dissolution of Ln2O3 is
much easier than that of UO2. Therefore, if the difference of solu-
bility between UO2 and Ln2O3 is properly utilized, separation of UO2

from Ln2O3 with assistance of ammonium chloride should be
possible. According to the thermodynamic analyses, we believe
that UO2 will not react with NH4Cl in an inert atmosphere at 723 K
[23]. Therefore, a new approach for separating UO2 over Ln2O3 is
proposed in this work by dissolving Ln2O3 in molten salt under
argon atmosphere assisted by NH4Cl. In this way, the Ln2O3 is
converted into corresponding chlorides and dissolved in the
LiCleKCl molten salt, whilst UO2 is insoluble and can be recovered
directly in remnants. It may generate a new opportunity to signif-
icantly simplify the so-called pyrochemical process by overriding
the use of electrochemical method and may provide a new design
idea for recovering actinides over FPs in molten salt media.

2. Experiment

2.1. Materials and equipment

Lithium chloride, potassium chloride, and ammonium chloride
(anhydrous, AR grade, Aladdin Reagent (Shanghai) Co., Ltd) were
used in the study. UO2 was purchased from CNNC North nuclear
fuel element Co., Ltd. La2O3, Sm2O3, and Nd2O3 of >99.99% purity
were purchased from Baotou Rare-earth Co., Ltd. Mo basket and
crucible (as shown in Fig.1) were used to load themixture of NH4Cl,
UO2 and Ln2O3. The molybdenum crucible was 15 mm in diameter,
50 mm in height, and with several small holes of 1 mm diameter on
its bottom. TheMo basket is compiled by dense Momesh (record as
1#), which was purchased from Anping ChenYi Wire Mesh Prod-
ucts Co., Ltd and the filter aperture of the mesh is 40 mm. When the
separation experiments were carried out with molybdenum cru-
cibles, a layer of 2# Momesh (filter aperture 87 mm, 200 mesh) was
placed on the bottom of the crucible for sample 1 and two layers of
molybdenum mesh (one layer 1#, one layer 2#) were placed for
other samples, to prevent UO2 powder from leaking from the small
holes.

The tube type resistance-heated furnace (FNS-Beijing electric
Furnace Co., Ltd) is used for sintering pellet samples. Inductively
coupled plasma atomic emission spectrometer (ICP-AES, Horiba, JY,
2000-2) were used to monitor the extent of the separation process.
Agilent Cary 5000 UV-Vis-NIR spectrometer was used for in-suit
electron absorption spectrum measurements. The obtained prod-
ucts were analyzed by XRD (Bruker D8).

2.2. Preparation of LiCleKCl eutectic, oxide powders and pellets
mixture

A mixture of LiCleKCl (44.8: 55.2 wt% mixed) was placed in the
graphite corundum crucible and then dried in a vacuum drying box
at 373 K more than 72 h. After that, the graphite crucible was
removed to the electric furnace in the glove box heating at 773 K for
48 h (the heating rate is 10 K/min), and then naturally cooled down
to room temperature.

The UO2 and Ln2O3 powder (total mass about 0.50 g) with
different mass ratio of Ln2O3 was mixed by a vortex mixer for
10 min. The pellets were prepared as follows [26,27]: first of all,
Ln2O3 and UO2 powder with different mass ratio was ball-milled
with PVB (1 wt%) for 10 min. Then about 0.5 g of mixture was
pressed into cylindrical pellets (10 mm in diameter, 0.8 mm in
thickness) in the hydraulic press under 10 MPa. Then the pellets
were subjected to sintering at 1473 K for 10 h under 4% Argon-
hydrogen mixed atmosphere in a tube type resistance-heated
furnace.

2.3. Separation methods

The schematic illustration for the separation of powder mixture
in Mo crucible is shown in Fig. 2, similar separation steps were
conducted for both powder samples and pellet samples. First of all,
the prepared LiCleKCl quenched salt was placed in the cylindrical
corundum crucible (60 mm in diameter, 120 mm in height) and
heated to 723 K in the electric furnace placed in a glove box with a
heating rate of 5 K/min. Then the prepared Ln2O3-UO2 samples
were loaded in the Mo crucible or Mo basket, and then covered
with NH4Cl powder. After that, the Mo crucible or Mo basket with
themixed powder was placed into LiCleKCl molten salt at 723 K for
further separation experiments. During the separation process, a



Fig. 2. Schematic illustration of UO2 separation over Ln2O3 in the Mo crucible.

Fig. 3. The relationship between DqGm and temperature of reaction (1), (2), and (3).
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cool corundum tube was regularly inserted into the molten salt and
instantly removed out, thus some of the salt was adhered onto the
corundum tube, and these quenched salts were then stripped from
the corundum tube and collected for subsequent analysis [23]. The
salt samples were collected at 30, 60, 120, 180 and 300 min,
respectively. The collected salts were then dissolved in ultrapure
water, filteredwith a syringe filter (MCE, 0.22 mm), and used for ICP-
AES analysis.

When the reaction of Ln2O3 is completed, the Mo crucible or Mo
basket was taken out directly from molten salt to recover UO2. The
recoveredUO2waswashedwithultrapurewater, vacuumfilteredand
then dried in a vacuum oven for further weighting. Then a portion of
eachdried samplewas dissolved in concentrated nitric acid, and then
dilutedwith ultrapurewater for ICP-AESmeasurements. The residual
amount of Ln2O3 in the recovered UO2 products was analyzed to
calculate the removal efficiency of Ln2O3. All separation experiments
wereperformed ina glovebox, inwhich the level of oxygenandwater
was strictly controlled to be less than 2.0 ppm.

3. Results and discussion

3.1. Thermodynamic evaluation of the feasibility for the separation
of UO2 and Ln2O3

As reported in our previous study [23], the reactions related to
the dissolution of UO2 and Ln2O3 with NH4Cl in the LiCleKClmolten
salt are as follows:

UO2ðsÞþ4NH4ClðsÞ ¼ UCl4ðlÞ þ 4NH3ðgÞ þ 2H2OðgÞ (1)

2UO2ðsÞþO2ðgÞ þ 4NH4ClðsÞ ¼ 2UO2Cl2ðlÞ þ 4NH3ðgÞ
þ 2H2OðgÞ (2)

Ln2O3ðsÞþ6NH4ClðsÞ ¼ 2LnCl3ðlÞ þ 6NH3ðgÞ þ 3H2OðgÞ (3)

Fig. 3 shows the standard Gibbs free energy changes (DqGm,
obtained by software HSC chemistry 6.0) of reactions (1), (2) and (3)
as a function of temperature. It can be found that for all the three
reactions, the DqGm decreases with the increase of temperature,
indicating that a higher temperature will promote all the three
reactions. Reaction (2) corresponds to the dissolution of UO2 in air,
and the DqGm value of this reaction is about 0 kJ mol-1 at 437 K.
When the temperature is higher than 437 K, the reaction proceeds
spontaneously, which has been confirmed in our previous study
[23]. Similarly, reaction (3) corresponds to the dissolution of Ln2O3,
which is also spontaneous above 437 K. As the melting point of
LiCleKCl eutectic is about 625 K, reactions (2) and (3) may occur
simultaneously in this molten salt. Therefore, it is impossible to
separate UO2 and Ln2O3 in an air atmosphere by using NH4Cl.

Conversely, the DqGm value of reaction (1) corresponding to the
dissolution of UO2 in an inert gas atmosphere is > 0 when the tem-
perature is below 789 K. Therefore, UO2 is theoretically insoluble in
LiCleKClmolten salt below789K,which allows the separation ofUO2
over Ln2O3 based on their difference in solubility, as envisioned in
Fig. 2. Inorder toachievea fasterdissolutionkineticsofLn2O3, ahigher
temperature of 723 K was selected over the feasible temperature
range. At 723 K, the DqGm value of reaction (1) is 52.59 kJ mol�1,
thereby ensuring that UO2 does not react with NH4Cl to form UCl4. In
contrast, the DqGm of reaction (3) for La2O3, Sm2O3 and Nd2O3,
respectively, is�322.15,�224.77 and�256.04 kJmol�1, respectively,
whichmeans it is possible to dissolve La2O3, Sm2O3 and Nd2O3 easily
by forming corresponding chlorides.

3.2. Separation of UO2 and La2O3 powder

Fig. 4 shows the dissolution of powder samples in LiCleKCl
molten salt, and the specific details of experiment conditions are
shown in Table 1. The dissolution efficiency here is obtained by
measuring the concentration of La3þ ions in molten salt by ICP-AES.
The dissolution efficiency of Ln2O3 (or UO2) is determined by the
following formula:

hdissolution ¼
CM �m0

a�m1
� 100% (4)

where CM is the concentration of M (M ¼ U or Ln) ions in molten
salt, m0 corresponds the mass of LiCleKCl salt, m1 represents the



Fig. 4. Dissolution efficiency of UO2 and La2O3 for powder samples at 723 K: (a) sample 1, (b) sample 2, and (c) sample 3; and (d) the quenched salts after separation.

Table 1
The experimental conditions and separation results of UO2 and La2O3 at 723 K.

Sample No. Sample form La2O3 content
/wt%

m
(UO2þ
La2O3)/g

m0

(LiCleKCl)/g
m
(NH4Cl)/g

CU in melt
/wt%

CLa in melt
/wt%

m2 (recovery sample)
/g

m3 (residual
La2O3)/g

hrecovery

(UO2)
hremove

(La2O3)

1 powder 1.3 0.503 80 2.0 0.0186 0.0042 e e e e

2 powder 1.1 0.499 100 2.0 0.0243 0.0028 0.077 0.0000 15.4% 100%
3 powder 1.1 0.498 250 2.0 0.0124 0.0013 0.327 0.0000 65.6% 100%
4 pellet 1.0 0.480 40 2.0 0.0000 0.0015 0.455 0.0018 95.4% 63.1%
5 pellet 5.4 0.476 40 2.0 0.0023 0.0210 0.451 0.0046 99.2% 82.0%
6 pellet 10.8 0.470 40 2.0 0.0028 0.0467 0.364 0.0218 81.6% 57.0%
7 pellet 1.0 0.476 76 3.5 0.0019 0.0018 0.434 0.0003 92.0% 94.4%

Fig. 5. In-situ UVeVis spectrum of the molten salt for operating sample 1 at 723 K.
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mass of Ln2O3 (or UO2), and a designates the mass fraction of M in
its corresponding oxide.

As shown in Fig. 4aec, the dissolution efficiency of La2O3 in
samples 1, 2 and 3 were 64.9 ± 2%, 58.0 ± 3% and 56.3 ± 5%,
respectively, for the dissolution time of 0.5 h. When the reaction
proceeded to 5 h, the efficiency was 62.4 ± 1%, 60.9 ± 3%, 68.8 ± 4%,
respectively. It is clear that the dissolution efficiency of La2O3 does
not change much between dissolution time of 0.5 and 5 h, which
indicates that the dissolution kinetics of La2O3 is fast, and the
dissolution reaction can be completed in almost 0.5 h. Therefore,
the dissolution time of 5 h should be absolutely sufficient for La2O3
transformation.

It is envisaged that when La2O3 is completely dissolved, and the
Mo crucible or basket loaded with UO2 is lifted from molten salt,
the separation of UO2 and La2O3 should be achieved. Nevertheless,
for sample 1, when we lifted the crucible (a layer of 2# molybde-
num mesh was placed in crucible bottom) from molten salt, it was
found that almost no UO2 powder was collected in it. As shown in
Fig. 4d, all of UO2 powder leaked out from the crucible through the
molybdenummesh and floated on the surface of molten salt, which
should be related with the tiny size of UO2 powder particle. In
addition, it was found that UO2 was partially dissolved in molten
salt with the dissolution efficiency of 21 ± 2% and 3 ± 0.3% at 0.5 h
and 5 h, respectively. In order to determine the dissolution of UO2,
the salt of sample 1 was analyzed by in-situ UVeVis measurement
and the result was shown in Fig. 5. The absorption spectrum has a
small absorption band at around 430 nm, and a strong absorption
band below 360 nm. The absorption observed here was very
different from that of U(IV) species which have a conspicuous band
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at 600e700 nm [28e30], but was similar to that of UO2
2þ dissolved

in the LiCleRbCl molten salt or LiCleKCl molten salt at 673 K
[31,32]. Thus, it is reasonable to believe that UO2 is dissolved and
converted into uranyl species in molten salt. The formation of
uranyl is due to the small amount of oxygen contained in the melt
or the glove box. UO2 is oxidized to a high-valent oxide (UO3 or
U3O8) at high temperature and then reacts with NH4Cl to form
UO2Cl2. This process can be expressed in reaction (2) that has been
reported in previous work [23]. Therefore, although the concen-
tration of O2 in the glove box is strictly controlled, the UO2 powder
can be still partially oxidized and dissolved due to the trace amount
of O2 in the glove box.

However, when the UO2 powder was pressed into a pellet and
immersed into the molten salt, almost no dissolution of UO2 was
observed. The possible explanation is that the oxidation and
dissolution of UO2 can only occur on the surface of LiCleKCl molten
salt due to the presence of trace amount of oxygen in glove box, and
the UO2 pellet sample in molten salt is less likely to be exposed to
trace amount of oxygen than that of UO2 powder sample. In addi-
tion, it was found that for the samples 1e3, the measured disso-
lution efficiency of UO2 decreased as the dissolution time increased.
This may be correlated with the sampling process which was
conducted on the upper layer of molten salt. It should be noted that
soluble UO2

2þ ions are formed on the surface of molten salt, and the
concentration of soluble U(VI) in the upper layer melt should be
higher in the initial stage of the dissolution process due to the
limited diffusion coefficient of U(VI) in molten salt. Subsequently,
the soluble UO2

2þ ions continuously diffused to the bottom of
molten salt, and the concentration of U(VI) was ultimately the same
in the total molten salt system.

The leakage of UO2 powder from the crucible was unfavorable
for the recovery of UO2. To decrease this leakage, for the separation
experiment of sample 2, two layers of molybdenummesh (layer 1#
and layer 2#) were placed on the bottom of Mo crucible. As shown
in Table 1,15.4% UO2 was recovered, the recovery efficiency was still
too low, and most of UO2 was still floating on the surface of molten
salt (Fig. 4d). The recovery efficiency of UO2 was determined by the
equation (5) as follows:

hrecovery ¼
m2 �m3

m4
� 100% (5)

Where m2 is the mass of recovered sample, m3 corresponds to the
mass of residual Ln2O3 in the recovered sample, andm4 is the initial
mass of UO2 in each sample.

Subsequently, for the separation experiment of sample 3, a
basket made of a denser molybdenum mesh was used to load the
powder of UO2 and La2O3 to prevent the UO2 leakage. This time, the
recovery efficiency of UO2 was significantly elevated to 65.6%. Our
results suggest that effective recovery of UO2 can be achieved if an
appropriate filter was used. Nevertheless, in our experiments, as
Mo crucible and Mo basket were used, some UO2 powder still
leaked and floated on the surface of molten salt, which obviously
decreases its recovery efficiency. For samples 2 and 3, the dissolu-
tion efficiency of UO2 were 21 ± 1%, 8 ± 1% at 0.5 h, and 5 ± 1%,
7 ± 0.03% at 5 h, respectively.

In fact, we also tried to promote the separation by changing the
amount of salt to reduce the volatilization of NH4Cl, but found that
if the amount of NH4Cl is sufficient, the separation efficiency is not
closely related to the amount of salt, which can be proved from the
results of samples 1e3 (Fig. 4aec).

Then the recovered products of samples 2 and 3 were charac-
terized by XRD, as presented in Fig. 6. It is obvious that the recov-
ered products of samples 2 and 3 only show the characteristic
diffraction pattern of UO2. It is worthmentioning that no diffraction
peak of La2O3 was found in the samples before and after the sep-
aration, which should be due to the low content of La2O3.

Finally, the obtained UO2 products were analyzed by ICP-AES to
determine the content of residual Ln2O3. The removal efficiency of
Ln2O3 was calculated according to the equation (6).

hremove ¼
m1 �m3

m1
� 100% (6)

Where m1 is the initial mass of Ln2O3, m3 corresponds to the mass
of residual Ln2O3 in the recovered samples.

The results showed that no residual La was detected in the
recycled UO2 products from sample 2 and sample 3, producing a
removal efficiency of 100% for La2O3.

However, according to the La2O3 dissolution efficiency calcu-
lated from the La concentration inmolten salt, it seems that La2O3 is
not completely removed. This is due to the large error in the La (III)
ion concentration obtained by ICP measurements. During ICP
measurement, the salt sample is weighed in the air and easily ad-
sorbs moisture, resulting in a concentration lower than the actual
concentration. Therefore, we did not further calculate the separa-
tion factor based on the distribution of U and La in molten salt and
recovered products.
3.3. Separation of UO2 and La2O3 pellets

In order to prevent the diffusion of UO2 into the molten salt, the
mixed powder of UO2 and La2O3 was further pressed into pellets
and sintered at the temperature of 1473 K. The experimental con-
ditions and results are displayed in Table 1 and Fig. 7. The contents
of La2O3 in samples 4e6 were 1.0 wt%, 5.4 wt% and 10.8 wt%,
respectively, and all the pellet samples were loaded in Mo crucible.
It was found that the dissolution kinetics of La2O3 decreased after
the powder was compressed into pellets. As shown in Fig. 7b and
7c, the concentration of soluble La3þ gradually increases within 5 h,
indicating that the reaction proceeds if the amount of NH4Cl is
enough, which may be due to the fact that the reaction of La2O3
with NH4Cl is diffusion controlled and depends on the diffusion of
NH4Cl from the pellet surface to the pellet bulk.

It is worth noting that the results of sample 4 differ from sam-
ples 5 and 6. As shown in Fig. 7a, the concentration of La ions does
not changemuch and slightly decreases. This may be due to the low
content of La2O3 in sample 4, in which the reaction of NH4Cl with
internal La2O3 is difficult to proceed, so that most of NH4Cl is
decomposed without chlorination effect. For samples 4e6, UO2 is
not found dissolved in LiCleKCl molten salt from the ICP-AES
determination. Further, the recovery efficiency of UO2 in samples
4e6 (95.4%, 99.2%, and 81.6%, respectively) is greatly improved
compared to that of powder samples, as shown in Table 1. In
addition, the recovery efficiency of sample 6 was reduced
compared to that of samples 4 and 5. The reasonable explanation is
as follows: when the content of La2O3 in the pellet reaches 10.8 wt
%, themechanical strength of the pellet reduces much, and it breaks
into several small pieces with powders during the separation pro-
cess, as presented in Fig. 8c. In contrast, other pellets roughly
remain intact during the recovery process (Fig. 8a and 8b), and the
recovery efficiencies of these samples are relatively higher.

Unfortunately, despite the high UO2 recovery efficiency, the
removal efficiency of La2O3 was reduced. As displayed in Table 1, the
removal efficiency of La2O3 in samples 4e6 is 63.1%, 82.0% and
57.0%, respectively. Compared to samples 1e3, the decrease in
La2O3 removal efficiency in sample 4 is mainly due to the difficulty
in reaction between NH4Cl and La2O3 in the pellet bulk. On the
other hand, as the content of La2O3 in the sample increases, the
amount of NH4Cl used for the reaction is not sufficient, resulting in



Fig. 6. The XRD results of (a) sample 2 and (b) sample 3.

Fig. 7. Dissolution efficiency of UO2 and La2O3 for pellet samples at 723 K: (a) sample 4, (b) sample 5, (c) sample 6, and (d) sample 7; the inset in each figure is the corresponding
quenched salt of the sample after separation.

Fig. 8. The recovered pellets of (a) sample 4, (b) sample 5, (c) sample 6, (d) sample 7,
(e) sample 8, and (f) sample 9.
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the incomplete reaction of La2O3. Just as shown in Table 1, although
the removal efficiency of La2O3 of sample 5 appeared to be higher
than that of sample 4, the residual amount of La2O3 in the recovered
product was 2.6 times that in sample 4. Further, when the content
of La2O3 reached 10.8 wt% (sample 6), the residual amount of La2O3
was 4.7 times that of sample 5. These results indicate that the
amount of NH4Cl must be increased if higher removal efficiency of
La2O3 is expected.

In the end, we selected the sample 7 with composition (1.0 wt%
La2O3) close to the real spent fuel for verification. This time, the
amount of NH4Cl was increased to 3.5 g, and more LiCleKCl
quenched salt (76 g) was added to increase the depth of the salt
for hindering the rapid volatilization of NH4Cl. It can be seen from
Fig. 7d that the concentration of La3þ ions in the molten salt
gradually increases during the 5 h of dissolution. Finally, for sample
7, the recovery efficiency of UO2 reached 92.0%, while the removal
efficiency of La2O3 reached 94.4%. This shows that after a series of
improvements, the separation method proposed in this paper is
feasible.



Fig. 9. The XRD results of (a) sample 4, (b) sample 5, (c) sample 6, and (d) sample 7.

Table 2
The experimental conditions and separation results of UO2 and La2O3 at 723 K for the pellets sintered at 2023 K.

Sample
No.

La2O3 content
/wt%

m
(UO2þLa2O3)/g

m0

(LiCleKCl)/g
m
(NH4Cl)/g

CLa

in melt
/wt%

m2

(recovery sample)/g
m3

(residual
La2O3)/g

hrecovery

(UO2)
hremove

(La2O3)

8 1.0 0.473 50 3.0 0.0002 0.459 0.0043 97.0% 8.5%
9 5.0 0.443 50 3.0 0.0003 0.440 0.0195 99.9% 11.9%

Fig. 10. (a) Dissolution efficiency of UO2 and Ln2O3 for sample 10 at 723 K, and (b) the XRD result.
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As shown in Fig. 9, due to the low content of La2O3, only
diffraction peaks of UO2 were observed in samples 4e7 before
separation. Even though the amount of La2O3 in sample 6 had
increased to 10.8 wt%, it is still small relative to the amount of UO2.
After the separation, the XRD results of the recovered product also
showed only the diffraction peak of UO2, which was almost the
same as before the separation, which showed that no obvious
crystal transformation occurred in UO2 before and after the
separation.

To further realistically simulate the uranium dioxide pellet nu-
clear fuel, we increased the sintering temperature of the pellets to
2023 K, with La2O3 content of 1.0 wt% (sample 8) and 5.0 wt%
(sample 9). Obviously, as shown in Fig. 8 (e and f), the sample
sintered at 2023 K is denser than that sintered at 1473K [33]. The
high density of the pellets, which can reach 97% of the theoretical
density [34,35], makes it difficult for the NH4Cl to contact the La2O3
inside the pellets, resulting in poor separation. As shown in Table 2,
La2O3 in sample 8 and 9 hardly reacted with NH4Cl. The results
show that for real fresh UO2 fuel pellets, NH4Cl is difficult to interact
with Ln2O3 inside it. However, in the real pyroprocessing of UO2
spent fuel, in order to remove the cladding, a voloxidation process
is required to convert it into U3O8 powder [36]. U3O8 can be
reduced to UO2 again with Ar/H2 mixed gas [37]. Therefore, this
separation method still has a certain possibility.



Table 3
The experimental conditions and separation results of UO2 and Ln2O3 for sample 10 at 723 K.

Ln2O3 Ln2O3 content
/wt%

m
(UO2þLn2O3)/g

m0

(LiCleKCl)/g
m
(NH4Cl)/g

CU

in melt
/wt%

CLn
in melt
/wt%

m2

(recovery sample)/g
m3

(residual
La2O3)/g

hrecovery

(UO2)
hremove

(La2O3)

La2O3 1.2 0.694 80 3.5 0.0048 0.0034 0.638 0.0031 93.7% 61.7%
Sm2O3 1.1 0.0040 0.0038 52.0%
Nd2O3 1.1 0.0026 0.0033 55.2%
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3.4. Separation of UO2 and mixed Ln2O3

Further, we studied the separation of UO2 and mixed lanthanide
oxides (ie, sample 10). The sample was sintered at 1473 K, and the
contents of La2O3, Nd2O3, and Sm2O3 were 1.2 wt%, 1.1 wt% and
1.1 wt %, respectively. As shown in Fig. 10, with the increase of
dissolution time, the concentration of La and Nd in the molten salt
gradually increased, and the concentration of Sm reached the
highest value at 1 h and then fluctuated in a small range. The
measured dissolution efficiency of La2O3, Sm2O3, and Nd2O3 was
39.7 ± 1.7%, 48.3 ± 0.5%, and 33.7 ± 2.9%, respectively, while UO2
was insoluble. Subsequently, analysis of the recovered sample
showed that the removal efficiency of La2O3, Sm2O3, and Nd2O3 was
61.7%, 52.0%, and 55.2%, respectively. The relatively low Ln2O3
removal efficiency is mainly due to the insufficient amount of
NH4Cl, because the Mo crucible used can only load a maximum of
3.5 g NH4Cl. If the amount of NH4Cl is increased, it can be predicted
that the removal efficiency of Ln2O3 will be improved. Nevertheless,
the recovery efficiency of UO2 is as high as 93.7%, which proves that
this method can also be used for the effective separation of UO2 and
mixed Ln2O3(see Table 3).

4. Conclusion

We propose a new method for separating UO2 and lanthanide
oxides without electrochemical techniques in LiCleKCl molten salt,
and La2O3 was used as a representative of lanthanide oxides to
verify this method. Both powder and pellet samples were con-
ducted. The La2O3 in the powder sample can be quickly dissolved in
molten salt in 0.5 h, but some powder of UO2 will react with trace
amount of oxygen to form UO2

2þ, and the recovery efficiency of UO2
powder is very low. For the pellet samples, the big advantage is that
UO2 after reaction can be readily recycled, but the removal of La2O3
becomes more difficult than powder samples. Finally, after opti-
mization, the pellet sample can achieve high recovery efficiency
and satisfactory La2O3 removal efficiency. Taken together, the pellet
sample is more advantageous as it is less affected by residual ox-
ygen in the glove box. Theoretically, if U3O8 is reduced to UO2, this
method is also expected to be applied to the separation of U3O8 and
Ln2O3. In conclusion, this work can greatly simplify pyrochemical
process without the electrochemical methods used, and it is
promising to be further optimized and scaled up.
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