Nuclear Engineering and Technology 54 (2022) 653e660

Contents lists available at ScienceDirect

Nuclear Engineering and Technology
journal homepage: www.elsevier.com/locate/net

Original article

Interaction between UN and CdCl2 in molten LiCleKCl eutectic. II.
Experiment at 1023 K
Alexander Zhitkov a, Alexei Potapov a, b, *, Kirill Karimov a, Anna Kholkina a, c,
Vladimir Shishkin a, Alexander Dedyukhin a, Yury Zaykov a, c
a
b
c

Institute of High Temperature Electrochemistry of the Ural Branch of the Russian Academy of Sciences, Akademicheskaya Str. 20, Ekaterinburg, Russia
Ural State Mining University, Ekaterinburg, Russia
Ural Federal University, Ekaterinburg, Russia

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 20 February 2021
Received in revised form
2 July 2021
Accepted 25 August 2021
Available online 31 August 2021

The interaction between UN and CdCl2 in the LiCleKCl molten eutectic was studied at 1023 K. The
chlorination was monitored by sampling and recording the redox potential of the medium. At 1023 K the
chlorination of UN with cadmium chloride in the molten LiCleKCl eutectic proceeds completely and
results in the formation of uranium chlorides. The melts of the LiCleKCleUCl3 or LiCleKCleUCl4 compositions can be obtained by the end of experiment depending on the presence of metallic cadmium in
the reaction zone. The higher the concentration of the chlorinating agent, the faster the reaction rate. At
[CdCl2]/[UN] ¼ 1.65 (10% excess) the reaction proceeds to completion in about 7.5 h. At [CdCl2]/[UN] ¼ 7
the complete chlorination takes 2.5e3 h.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
One of the ways to dissolve nitride spent nuclear fuel (SNF) in
the molten LiCleKCl eutectic is “soft chlorination”. By term “soft”
we consider the use of other chlorinating agents than chlorine gas.
Cadmium chloride is one of the possible chlorinating agents. In this
case, the reactions will proceed as follows:
UN þ 1.5CdCl2 ¼ UCl3 þ 1.5Cd þ 0.5N2[

(1)

PuN þ 1.5CdCl2 ¼ PuCl3 þ 1.5Cd þ 0.5N2[

(2)

NdN þ 1.5CdCl2 ¼ NdCl3 þ 1.5Cd þ 0.5N2[

(3)

Other actinide and lanthanide nitrides dissolve the same way.
In our previous article [1], we demonstrated that the reaction (1)
does not proceed completely at 773 K. The conversion degree
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UN/UCl3 substantially depends on the excess CdCl2. At low excess
CdCl2 (~10% above stoichiometry) the UN / UCl3 conversion is
only ~ 20%. At a molar ratio of CdCl2/UN ¼ 15 the conversion UN /
UCl3 reaches ~53%. The rest of the uranium forms a precipitate
consisting of a mixture of UNCl and stoichiometric and nonstoichiometric nitrides U2N3, U4N7, UN2.
The purpose of the present work is to determine conditions of
the UN chlorination by cadmium chloride, at which a 100% conversion of uranium mononitride into its chlorides is achieved
without formation of any precipitates.
Temperature dependences of the changes in the Gibbs energy
during the chlorination of initial UN are given in Fig. 1.
As it is seen in Fig. 1, UNCl and UCl3 form simultaneously over
the whole temperature range examined. However, starting from
the temperatures of about 1000 K UNCl begins to interact with
excess CdCl2 forming UCl3. Thus, we may assume that the UN /
UCl3 conversion will reach 100% at the temperatures above 1000 K.
Nevertheless, at 1000 K the Gibbs energy of the reaction between
UNCl and CdCl2 only changes a sign from positive to negative. For
the experimental veriﬁcation, we chose the temperature of 1023 K
(750  C), at which the Gibbs energy change exceeded 20 kJ/mol.
The formation of UCl4 is also thermodynamically possible, but
DG of this reaction is signiﬁcantly more positive than DG of the UCl3
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A sample of the initial salt was taken before every experiment.
Then, the UN container was immersed into the melt. Samples
(50e300 mg) were taken periodically with a quartz capillary.
Before sampling, the melt was stirred with the capillary. The
samples were analyzed for Li, K, Mo, Be, Cd, and U content. The
elemental analysis was carried out by the emission spectral method
with inductively coupled plasma using an Optima 4300 DV Perkin
Elmer instrument (ICP). All samples were examined in the Shared
Access Centre “Composition of Compounds” of the Institute of High
Temperature Electrochemistry. In some experiments, the potential
of the container with UN was controlled. The potential record
allowed assuming whether the dissolution proceeded, the process
was ﬁnished or obstructed.
3. Results
Fig. 1. Changes in the Gibbs energy during some reactions, according to which the
interaction of UN with CdCl2 occurs.

The results of two typical experiments are presented in
Figs. 2e10. Summarized results of all tests are illustrated in Fig. 11.
In Fig. 2, one can see the results of the experiment performed in
a hermetically sealed cell (experiment 2.1). As the chlorination (1)
proceeds, the UCl3 concentration increases. After about 5 h, it
reaches its maximum value and does not change further. This
concentration corresponds to the maximum possible concentration
of UCl3. The concentration of CdCl2 decreases accordingly and after
5 h reaches an almost constant value. Then, it decreases very slowly.
According to equation (1) the formation of 1 mol of UCl3 requires
1.5 mol of CdCl2. A dashed line (a theoretical curve) denotes the
stoichiometry of the CdCl2 consumption. The difference between
theoretical, by reaction (1), and experimental curves increases with
time.
The color of initial salt sample, prior to the immersion of the
container with UN into the melt, was white. Further samples were
purple. The longer was the experiment time the richer the color
became. Several samples of such type are shown in Fig. 3aed. The
last sample and the melt ingot after cooling had the same purple
color. The pictures of crucible and solidiﬁed melt after the experiment are also presented in Fig. 3. The obtained sample did not
contain any precipitates and had a homogeneous purple color. The
XRA pattern of the salt illustrated in Fig. 3e is presented in Fig. 4. For
this analysis the salt sample was taken from the bottom of the
solidiﬁed ingot in order to ensure that there were no precipitates,
which were formed at 773 K, as described in Ref. [1]. According to
the XRA data, the sample consists of a lithium, potassium and

and/or UNCl formation. Therefore, at the initial stage, the fraction of
UCl4 is negligible.
2. Experimental
2.1. Chemicals
The reagents used and their preparation are described in the
previous article [1]. LiCl and KCl were dried under vacuum and, at
the last stage, were puriﬁed by four-fold zone recrystallization.
Cadmium chloride was dried, treated with chlorine, and distilled in
vacuum.
The UN tablets of 6.0 ± 0.2 mm diameter, 5.3 ± 0.1 mm height
and 12 ± 0.7 g/cm3 density were taken for the experiments. The
tablets composition according to the analysis was: U - 94.1 wt%; N 5.2 wt %; O - 0.18 wt%; C - 0.43 wt%; Fe - 0.35 wt%, Mo - 0.13 wt%;
the total content of impurities (elements other than U and N) was
1.03 ± 0.30 wt%. One unbroken single-part tablet was used in each
experiment. An X-ray diffraction analysis of the original UN sample
revealed no peaks of impurities.
2.2. Experimental cell
The experimental cell is described in detail elsewhere [1]. It
consisted of a quartz tube with an internal diameter of Ø 62 and a
height of 330 or 500 mm. The cell contained a BeO crucible of
~50 cm3 volume. To monitor the dissolution reaction, the potential
of the molybdenum container with UN inside was recorded during
some experiments. The potential was measured with respect to a
reference electrode (RE), which was a silver wire immersed into the
LiCleKCl þ 5.00 wt% AgCl melt kept in a 7 mm diameter BeO tube.
The potential of the reference electrode was calibrated against the
chlorine reference electrode.
2.3. Experimental procedure
The experimental procedure did not differ from that described
in Ref. [1].
All preparatory work, which included weighing and loading the
cells, was carried out in a glove box with dry argon atmosphere. A
part of the experiments was performed in hermetically sealed cells
outside the glove boxes. Another part of the tests was carried out in
the glove boxes. In this case, the cells were covered with nonhermetic covers, which mainly served to ﬁx the electrodes, and
the cells themselves were higher than those used in previous
studies (500 mm versus 330 mm).

Fig. 2. Time dependences of the UCl3 and CdCl2 concentrations in experiment 2.1. For
CdCl2 a solid line denotes the experimental data, a dotted line denotes the theoretical
curve. Initial masses: m(UN) ¼ 1.842 g; m(CdCl2) ¼ 4.05 g; m(LiCleKCl) ¼ 50.0 g
[CdCl2]init. ¼ 7.49 wt% ¼ 2.40 mol.%. Initial molar ratio CdCl2/UN ¼ 3.02.
654

A. Zhitkov, A. Potapov, K. Karimov et al.

Nuclear Engineering and Technology 54 (2022) 653e660

Fig. 3. Samples taken from the melt during experiment 2.1: a e the sample taken before the UN immersion into the melt; b e 110 min after the UN immersion; c e 435 min; d e
1205 min.
e  Illustrates the pieces of salt in the crucible after the experiment.

Fig. 4. XRA pattern of the salt presented in Fig. 3e (experiment 2.1).

entirely composed of metallic cadmium. Cadmium chloride was the
main impurity.
It should be noted that in some experiments the solidiﬁed salt
melt had a slightly different hue, see Fig. 6.
Fig. 7 presents the results of the experiment performed in a
glove box, using the cell with a non-hermetic cover (experiment
2.9). As reaction (1) proceeds, the concentration of uranium chlorides increases. After about 3e3.5 h, it reaches its maximum value
and does not change further. This concentration corresponds to the
maximum possible total concentration of uranium chlorides. The
concentration of CdCl2 decreases accordingly and after the same

cadmium chlorides mixture. A small impurity of UO2 was contained
in the initial UN. Uranium oxide could have been also formed when
taking the X-ray diffraction images in air.
At the end of the experiment, the entire upper cold part of the
test tube and especially the heat screens were covered with sublimates. The sublimates were collected (with little loss) and
analyzed. The following was found: Cd - 1.23 g (99.6% of theoretically possible); LiCl - 0.636 g; KCl - 0.761 g (in the amount of 2.8% of
the LiCleKCl loading); CdCl2 - 0.342 g (8.5%); 29.9 mg UCl3 (1.2%).
The XRA diffraction pattern of sublimates can be seen in Fig. 5.
Analyzing Fig. 5, one can conﬁrm that the sublimates were almost
655
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Fig. 5. XRA diffraction pattern of sublimates formed during experiment 2.1.

Fig. 6. Solidiﬁed ingots after experiment 2.3 (a) and experiment 2.4 (b). They are brownish and reddish, respectively.

is shown in Fig. 9. The reﬂexes corresponding to the LiCl, KCl,
K4CdCl6 phases were found. The presence of metallic cadmium was
not detected.
The potential dependence of the Mo container with UN inside
was recorded during experiment 2.9. The results are presented in
Fig. 10.
During the experiment, the potential shifts to the positive direction from about 1.65 to almost 1.3 V. The value n ¼ [UCl4]/
[UCl3], that is, the average valence of uranium ions calculated from
the potential is shown in Fig. 10. At the end of the experiment,
besides the total uranium content, the ratio U(IV)/U(III) in the
samples was analyzed by means of oxidimetry [2]. At the end of the
experiment the average valence of uranium turned out to be
n ¼ 3.8 ± 0.1. The dotted line demonstrates the value of the cadmium equilibrium potential. It is obvious that the Cd/Cd(II) pair is
not potential-determining. The potential of the U(III)/UN pair is also

time reaches an almost constant value. However, it continues to
decrease slowly afterwards.
Samples taken from the melt during the experiment, as well as
the solidiﬁed ingot after the experiment, can be seen in Fig. 8. The
sample taken before the UN immersion into the melt is presented
in Fig. 8a. The sample taken 2 h after the UN immersion is shown in
Fig. 8b. The sample taken after 8 h of the experiment is illustrated in
Fig. 8c. Fig. 8d demonstrates the sample taken 20 h after the UN
immersion.
Thus, during the experiment (30 h), the color of the melt
changed from white (there is no uranium in any form in the melt) to
purple and then to indeﬁnite gray or black and, ﬁnally, green by the
end of the experiment. In Fig. 8e, the solidiﬁed ingot formed after
the experiment is presented. It is uniformly green and does not
contain any dark inclusions as well as traces of metallic cadmium.
The X-ray diffraction pattern of the solidiﬁed ingot after Exp. 2.9
656
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Fig. 7. Time dependences of (UCl3 þ UCl4) and CdCl2 concentrations in experiment 2.9. For CdCl2 a solid line denotes the experimental data, a dotted line denotes the theoretical
curve. Initial masses: m(UN) ¼ 2.13 g; m(CdCl2) ¼ 7.86 g; m(LiCleKCl) ¼ 50.15 g [CdCl2]init. ¼ 13.5 wt% ¼ 4.54 mol.%. Initial molar ratio CdCl2/UN ¼ 5.07.

Fig. 8. Samples taken from the melt during the experiment 2.9: a e the sample taken before the UN immersion into the melt; b - 120 min after the UN immersion; c - 360 min; d 1215 min.
e  Illustrates a solidiﬁed ingot after the experiment.

are sufﬁcient for the complete chlorination.

far from the observed one.
For oxidimetric analysis, a sample of the quenched melt was ﬁrst
analyzed for total uranium content. Then the sample was dissolved
in excess NH4VO3 (0.01e0.025 N solution in 10 N H2SO4). In this
way all uranium was oxidized to U(IV) and the excess oxidizing
agent was then back-titrated with the Mohr's salt solution (0.01 N
in 10 N H2SO4) in the presence of N-phenylanthranilic acid. More
details are provided in Ref. [2].
The dependence of the time, during which the UN /
(UCl3 þ UCl4) conversion reaches 100%, on the initial [CdCl2]/[UN]
ratio is presented in Fig. 11. The excess CdCl2 signiﬁcantly accelerates reaction (1). For example, at 10% excess CdCl2, the chlorination
is completed in about 7e8 h, while at [CdCl2]/[UN] z 7, about 2 h

4. Discussion
In all other experiments, the time dependences of the CdCl2 and
UCl3 or (UCl3 þ UCl4) concentrations in the LiCleKCl eutectic melt
are substantially similar to the dependences shown in Figs. 2 and 7.
In Figs. 2 and 7, the scattering of experimental points exceeds the
chemical analysis error (±4%), because the salt samples were taken
from the nonequilibrium melt. During the process of interaction
between UN and CdCl2 the bubbles of nitrogen formed at the surface of UN and metallic cadmium evaporate from the melt. That is
why, during the experiment there is a somewhat non-equilibrium
657
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Fig. 9. XRD pattern of the solidiﬁed ingot after experiment 2.9. No peaks corresponding to metallic cadmium were detected.

Fig. 10. Time dependence of the potential of molybdenum container with UN in experiment 2.9. n ¼ [UCl4]/[UCl3] is the average uranium valency, calculated from potential and
taken E*(U4þ/U3þ) ¼ 1.454 V [4]. A dashed line denotes the calculated equilibrium potential of cadmium in the melt. For comparison, the conventional standard potentials of three
probable potential-determining pairs are listed in the diagram [3,5].

reaction products were not observed, we have no reason to draw a
conclusion regarding the reaction mechanism.
The kinetic curves shown in Fig. 2 correspond to reaction (1),
which is also indicated by the color of the samples and solidiﬁed
ingot, see Fig. 3, as well as by the XRA data, see Fig. 4. The melt of
the LiCleKCl - UCl3 composition without any insoluble inclusions is
formed. In Fig. 2 one can observe two lines for the CdCl2 concentration. The solid line is the approximation of the experimental
points, whereas the dotted line is the theoretical curve corresponding to the CdCl2 concentration, which is necessary for the
UCl3 generation according to reaction (1).
It is seen that the observed consumption of CdCl2 is higher than

distribution of the elements in the crucible.
In particular, in Exp. 2.1 (Fig. 2) and in Exp. 2.9 (Fig. 7) the
concentration of uranium chlorides reaches its maximum value
after 3e5 h and then does not change signiﬁcantly. However, in
Figs. 2 and 7, there is an obvious "hill" in the inﬂection area. It
manifests itself in almost all experiments. This “hill” is associated
with the still non-equilibrium distribution of the melt components’
concentrations. In our previous work, the chlorination was revealed
to proceed through several parallel reactions, and two stages of the
process were distinguished [1]. It is quite possible that this mechanism persists even at 1023 K. However, since the kinetic curves in
Figs. 2 and 7 are smooth without any breaks and intermediate
658
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Fig. 11. Time during which the conversion UN / (UCl3 þ UCl4) reaches 100% vs. initial molar ratio [CdCl2]/[UN].

UCl3 þ 0.5CdCl2 ¼ UCl4 þ 0.5Cd[ DG ¼ þ27 kJ/mol at 1023 K (4)

the calculated one. The difference seems to be due to the evaporation of CdCl2. The boiling point of CdCl2 is Tb ¼ 1237 K [6] and the
vapor pressure reaches 60 mm Hg at 1023 K [7,8].
The kinetic curves presented in Fig. 7 look similar to the curves
in Fig. 2. However, the color of the samples from experiment 2.9 is
signiﬁcantly different from the color of the samples in experiment
2.1. It changes smoothly from purple, typical for U3þions, to dirty
indeterminable color (a mixture of U3þand U4 þ, intervalent electronic transitions) and, ﬁnally, to green, typical for U4þions.
Fig. 10 illustrates the change in the melt potential during
experiment 2.9. The potential was measured between the molybdenum container with UN (indifferent electrode) and the Ag/AgCl
reference electrode. During the experiment, the redox potential of
the melt shifts to the positive range from 1.63 to almost 1.3 V
against the chlorine electrode. This corresponds to the almost
complete smooth oxidation of uranium U3þto U4 þ. Thus, judging
by the color of the melt and the value of the redox potential of the
medium, the dissolution of UN is complete in 3e4 h after UN immersion into the melt. This results in the formation of the melt
containing only trivalent uranium ions.
The boiling point of cadmium is 1040 K [9] and its vapor pressure is 600e650 mm Hg at 1023 K [9,10]. With such a high vapor
pressure, cadmium evaporates from the melt and deposits on the
screens and in the upper part of the cell. This is conﬁrmed by the
analysis of sublimates. Obviously, the geometric dimensions of the
cell and especially its height will signiﬁcantly affect the rate of
cadmium removal and the residual pressure of cadmium vapor
above the melt.
The disagreement between the results of experiments 2.1
(Fig. 2) and 2.9 (Fig. 7) is associated with a difference in the design
of the cells, in which the experiments were carried out. In experiment 2.1, the quartz tube was 330 mm long and was closed with a
hermetic cover. Experiment 2.9 was performed in a dry box, in the
500 mm long cell. The cell cover was not hermetic and served
mainly for ﬁxing the electrodes. In the long cell cadmium evaporated from the melt and deposited on screens located far from the
surface of the melt. As cadmium left the reaction zone, the reaction
(4) proceeded as follows:

This reaction is thermodynamically forbidden; however, the
equilibrium of this reaction shifts to the right as cadmium evaporates, according to Le Chatelier's principle. Since there always was
excess cadmium chloride UCl3 was oxidized to UCl4.
In experiment 2.1 (Fig. 2), cadmium also evaporated, but the
screens were heated more in the shorter cell and the cadmium
vapor pressure above the melt was sufﬁcient to prevent reaction
(4). This non-equilibrium state maintained for several hours. Only
after approximately 25e30 h all cadmium deposited in the cold
zone and then reaction (4) started. Samples shown in Fig. 6
correspond to experiments, in which the oxidation process UCl3
/ UCl4 has just begun.
The difference between the experimental and theoretical curves
of CdCl2 in experiment 2.9 (Fig. 7) is greater than that in experiment
2.1 (Fig. 2). This is due to the fact that in experiment 2.9 cadmium
chloride not only evaporated, but was additionally consumed for
the oxidation of UCl3 to UCl4.
The dependence of the UN chlorination rate on the excess CdCl2
(Fig. 11) is quite consistent with the theory of the rates of chemical
reactions. Equation (1) corresponds to the kinetic equation (5):
v ¼ k$[CdCl2]1.5

(5)

where v is the rate of reaction (1); [CdCl2] is the CdCl2 concentration; k is the rate constant.
According to equation (5), the rate of reaction (1) should substantially depend on the CdCl2 concentration. This is what we see in
Fig. 11.
5. Conclusions
It is established that at 1023 K the chlorination of UN with
cadmium chloride proceeds completely and results in the formation of uranium chlorides. No precipitates, including UNCl and
other uranium nitrides, were formed.
In hermetic cells, some pressure of metallic cadmium over the
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melt can remain for several hours. This time depends on the position of screens and other design features and can vary from 5 to
30 h. Cadmium is a reducing agent that prevents the oxidation of
UCl3 to UCl4. When some metallic cadmium is present in the melt
bulk or cadmium vapors are present above the melt, the melt has a
purple color and corresponds to the LiCleKCl - UCl3 composition.
In non-hermetic cells (experiments in a glove box), cadmium
evaporated and left the reaction zone. In this case, an excess CdCl2
oxidizes UCl3 to UCl4. The melt becomes green and corresponds to
the LiCleKCl - UСl4 composition.
Thus, by keeping cadmium in the reaction zone or removing it, it
is possible to obtain the melt of different compositions: LiCleKCl UCl3 or LiCleKCl - UCl4.
The reaction rate increases as the excess chlorinating agent increases. At [CdCl2]/[UN] ¼ 1.65 (10% excess) the reaction is complete in about 7.5 h. At [CdCl2]/[UN] ¼ 7 the complete chlorination
takes about 2 h.
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