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ABSTRACT

The extraction and recycle of thorium is an essential step in the thorium-uranium closed fuel cycle designed for
Thorium-based Molten Salt Reactor system (TMSR), and the separation of thorium from FPs especially lantha-
nides is a key issue in the thorium recovery. In this paper, the electrochemical behaviors of Th(IV) and Ce(III) on
Mo electrode were studied by cyclic voltammetry (CV) and chronopotentiometry (CP) techniques at 773K in
ThF4(3 wt%)/CeF3(0.3 wt%)-LiCl-KCl ternary melt and CeF3(0.3 wt%)-ThF4(3 wt%)-LiCl-KCl quaternary melt,
respectively. The reduction peaks of Th(IV)/Th(0) and Ce(III)/Ce(0) were at —1.83V and —2.21V (vs. Ag/
AgCD) in the respective ternary melt, respectively, which were same with the values in the quaternary melt;
however, the oxidation peaks in the CeF3-ThF,-LiCl-KCl melt shifted negatively about 0.1 V. Pulsed potential
electrolysis of quaternary melt revealed that 98.9% of Th(IV) can be electrochemical separated from the melt
with almost all cerium remaining in the melt, based on the inductively coupled plasma atomic emission spec-

trometer (ICP-AES) results.

1. Introduction

The effective utilization of thorium resource is an important goal for
the Thorium-based Molten Salt Reactor system (TMSR) under devel-
oping in China, [1] and in the fuel reprocessing flowsheet for TMSR
proposed by Shanghai Institute of Applied Physics (SINAP), fluoride
volatility, low-pressure distillation and electrochemical separation
methods were selected to recover uranium, carrier salt and thorium
accordingly [2,3]. The residues of the fuel salt after fluoride volatility
and distillation were mainly thorium and fission products (FPs) in the
fluoride form. In this case, the electrochemical separation of thorium
from fission products (FPs) especially lanthanides became a key issue in
thorium recovery in the above flowsheet. Among the molten salt elec-
trolytes, LiCl-KCIl melt was more promising than fluoride melts because
of its lower melting point and the larger gap in the reduction potential
between actinides and lanthanides [4-12]. Therefore, LiCl-KCl melt had
been proposed as the medium for the electrochemical separation of Th
from fission products in the TMSR fuel reprocessing flowsheet [2,3].

In our previous works, we studied the electrochemical behaviors of

Th(IV) and Ln(Ill) in ThF,/LnF3(3 wt%)-LiCl-KCl ternary melt, and
found that the existence of F~ had no significant influence on the re-
duction reaction of Th(IV) and Ln(III) on the inert electrode under ex-
perimental conditions [3,13]. Compared with pure chlorides melts, the
diffusion coefficients of Th(IV) and Ln(III) reduced in varying degree
due to the strong Th-F/Ln-F interaction and the larger size of fluoride
complexes, and similar results could also be found in other literature
[14,15]. The difference of deposition potential between Th(IV) and Ln
(II1) in ThF4/LnF5-LiCl-KC]l melt was more than 0.35V (vs. Ag/AgCl),
[3,13] which was well over the minimum potential difference (0.19 V)
required for separation of An(IV) and Ln(III) [16]. So, it was reasonable
to believe that ThF, can be electrochemically separated from LnF3 in
the LiCl-KCl melt.

In the present work, the electrode process of Th(IV) and Ce(IIl) in
ThF4-CeF3-LiCI-KCl quaternary melt was studied by cyclic voltammetry
(CV) and chronopotentiometry (CP), and the electrochemical separa-
tion of thorium and cerium from ThF4;-CeF5-LiCI-KCl melt was also
conducted by pulsed potential electrolysis.
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2. Experiment
2.1. Agents and materials

The LiCl, KCl and CeF5 used in the experiment were purchased from
Sigma-Aldrich, and the purity was 99.99%. ThF, (99.9%) was provided
by the Changchun Institute of Applied Chemistry (CAS) and dehydrated
at 200 °C for 20 h before use. The Mo wire ((p1&1.5 mm, 99.99%) used
as working electrode (WE) was purchased from Alfa-Aesar company.
The counter electrode (CE) was spectrum pure graphite rod
(3 x 50mm) and purchased from Mersen Co., Ltd. The Ag/AgCl
(5mol%)-LiCl-KCl reference electrode was fabricated following the
patent protocol [17].

2.2. Melt preparation

All the experiment were carried out in an electrical furnace which
was connected with an argon glove box, and the maximum temperature
of the furnace was 1273K [18,19]. The preparation of LiCI-KCl
(59:41 mol%) eutectic was performed following the procedure as re-
ported in our previous work [3].

ThF,/CeF5-LiCl-KCl ternary melt preparation: a certain amount of
ThF, or CeF3 powder and LiCl-KCl eutectic powder were mixed evenly
and put into an alumina crucible, and then placed in the furnace. The
concentration of ThF,; and CeF5 were fixed at 3 wt% and 0.3 wt%, re-
spectively. After that, the furnace was sealed and heated to 573K for
2h, and then heated up to 823 K in 1 h and kept for 5 h. At last the melts
were cooled to 573 K and solidified. The process of melting and soli-
dification was repeated to make the dissolution of ThF, and CeF;
completely. The prepared melt was kept at the experimental tempera-
ture for electrochemical analysis, or naturally cooled and grinded to
powder for further use.

ThF4-CeF3-LiCl-KCl quaternary melt preparation: a certain amount
of CeF3 was added into the prepared ThF,(3 wt%)-LiCl-KCl powder, and
the CeF; concentration was 0.3 wt%. The mixture was heated to 573 K
for 2h in an alumina crucible under argon atmosphere in order to re-
move the trace water, and then heated to 773 K and kept 12 h before the
following electrochemical experiments.

2.3. Electrochemical analysis and electrolysis of the melts

In the electrochemical analysis, the working electrode was inserted
into the molten salt and the insertion depth was 5-10 mm. All the
electrochemical experiments were carried out by an AUTOLAB
PGSSTAT 302N workstation with the software Nova 1.9. The electro-
chemical behaviors of Th(IV) and Ce(Ill) in ternary and quaternary
melts were investigated by the cyclic voltammetry (CV) and chron-
opotentiometry (CP) methods. The potentials in this work were mea-
sured by the Ag/AgCl (5mol%) reference except those specifically
noted.

The electrolysis of Th(IV) in ThF,-CeF3-LiCl-KCl quaternary melt
was carried out by pulse potential method [3,20]. Each pulse process
consists of four stages, and the mechanism of them had been described
in the literatures previously [3]. The concentration of Th and Ce in the
molten salt before and after electrolysis was analyzed by the inductively
coupled plasma atomic emission spectrometer (ICP-AES, Optima 8000
produced by Perkin Elmer), and the electrolysis products were char-
acterized by the X-ray diffraction (XRD, X’PERT PRO MPD produced by
Panalytical).

3. Results and discussion

3.1. The electrochemical behaviors of Th(IV) and Ce(IIl) in the ThF,/CeFs-
LiCI-KCl ternary melt

Fig. 1a was the CV curves of LiCI-KCl and CeF3(0.3 wt%)-LiCl-KCl
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Fig. 1. Cyclic voltammograms of LiCI-KCl eutectic & CeF3(0.3 wt%)-LiCl-KCl
(a) and LiCI-KCl eutectic & ThF4(3 wt%)-LiCl-KCl (b) melts on a Mo electrode at
773 K. Electrode area S = 0.23 cm? (a) and 0.30 cm? (b), scan rate: 100 mVs ™},
auxiliary electrode: graphite rod (®3 x50 mm), reference electrode: Ag/AgCl
(5mol%).

melts in the potential range of 0 to —2.65V at 773 K. In the illustration
of Fig. 1a, the black dotted line was the CV curve of the blank LiCI-KCl
melt, and only a pair of reduction and oxidation peaks at about
—2.60V were observed. The red solid line was the CV signal obtained
from CeF3(0.3 wt%)-LiCl-KCl melt. Compared with the blank melt, an-
other pair of reduction and oxidation signals located at about —2.21V
(I) and —2.08V (I,) appeared in the CV curve. As the reduction oc-
curred, the current rapidly increased and slowed down, which was a
typical reaction of new phase generation [21]. This phenomenon was
consistent with that in the CeF3(3 wt%)-LiCI-KCl melt, [13] and based
on the peak potential against Ag/AgCl, the relationship between peak
potentials and their attributions in this work had been listed and
compared with those in the literature, as shown in Table 1. The results

Table 1
The relationship between peak potentials and their attributions in cyclic vol-
tammograms in this work (Fig. 1) and literature.

Peak attributions Peak potentials (V)

in this work (vs. Ag/AgCl)

Peak potentials (V)
in literature (vs. Ag/AgCl)

Ce(Il) +3e~ —Ce I —-2.21 —2.21 [13]
Ce — Ce(IIl) + 3e~ I, —2.08 2.00 [13]
Th(IV)+4e™ —Th Im. -1.87 —1.83 [3]
Th—Th(IV) + 4e~ 1, —1.44 —1.46 [3]
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revealed that peak I. and I, in Fig. 1a should be attributed to the re-
duction of Ce(III) to metal Ce and the dissolution of metal Ce to Ce(III),
respectively.

Fig. 1b was the CV curve of the ThF4(3 wt%)-LiCl-KCl melt obtained
in the potential range of 0 to —2.65V at 773 K, and a pair of reduction
and oxidation signals located at about —1.87 V (II.) and —1.44V (IL,),
which were also consistent with our previous report [3]. Similarly,
according to the data in Table 1, the reduction (II.) and oxidation (IL,)
peaks corresponded to the Th(IV) reduction to metal and the Th metal
dissolution to Th(IV) on the Mo electrode, respectively.

In the process of electrolysis, the theoretical extraction rate of ele-
ments, the deposition potentials and the transfer electron number of the
electrochemical reduction reaction have the following relation [5]:

@

Among them, AE is the difference between the electrolysis potential
and the standard deposition potential of the ions, R is the gas constant,
F is Faraday's constant, n is the number of transfer electron reaction, T is
the temperature in K, and 7 is the theoretical extraction rate of a certain
element. For Th-Ce system, the theoretical extraction rate and the dif-
ference of their deposition potentials have the following relation (in
which a is the activity of ions):

RT
AEp_ce = Efgvym—Ecoamyce = Eln%e(m)(l—ﬂc‘z)

—%1110% avy(1=7g,) @

According to Eq. (2), on the condition of the assumption that chqv)
and Ocem are 1 and #¢. is 0.01%, when the potential difference of two
elements is more than 0.19V and the temperature is 773K, the theo-
retical extraction rate of 4 electrons transfer electrochemical reaction,
such as Th(IV) + 4e™ — Th, can reach a value as high as 99.999% (for a
3 electrons reaction, this value will be 99.98%) [12,16]. As discussed
above, the difference between the reduction potential of Th(IV) and Ce
(I1D) in the LiCl-KCl melt is about 0.38V, so it is feasible to realize the
separation of these two elements by electrolysis.

3.2. The electrochemical behaviors of Th(IV) and Ce(IIl) in the CeF3-ThF 4
LiCl-KCl quaternary melt

In order to optimize the electrolysis parameters, CV measurement of
Ce(III) and Th(IV) in the CeF3-ThF,4-LiCl-KCl quaternary melt was car-
ried out before the implementation of electrolytic operation, and the
results were shown in Fig. 2. Compared with the results of CeF5-LiCl-
KCl and ThF,4-LiCl-KCl ternary melts, the CV curve of the CeF5-ThF,-

Fig. 2. Cyclic voltammograms of CeF3(0.3 wt%)-ThF4(3 wt%)-LiCl-KCl melt on
a Mo electrode (S = 0.35 cm?) at 773 K before and after pre-electrolysis. Scan
rate: 100mVs ™', auxiliary electrode: graphite rod (®3 x50 mm), reference
electrode: Ag/AgCl (5 mol%).
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LiCI-KCl quaternary melt was more complex, as presented in the black
dashed line in Fig. 2. In the cathodic scan of the CV curve from 0 to
—2.60V, except for the reduction peak of the electrochemical window
of LiCl-KCl melt, there were four obvious reduction peaks labeled as
IV, I, II. and I., which were located at about —0.61V, —1.30V,
—1.81V and —2.20V, respectively. II. and I. corresponded to the re-
duction of Th(IV) — Th and Ce(III) — Ce on the Mo electrode, respec-
tively, and the peak potentials were consistent with the individual so-
lute in the ternary melt. In the anodic scan, four oxidation peaks
appeared, namely I, IL,, IIl, and IV,. The oxidation peak I, (~ —2.18 V)
was related to I. and could be assigned to the oxidation of Ce metal;
similarly, II, (~ —1.56 V) was related to II. and could be attributed to
the oxidation of Th metal. Compared to the ternary melts in Fig. 1, I,
and II, in Fig. 2 had a negative shift of about 0.1V, which could be
ascribed to the reduction products dissolution on the deposited Th-Ce
alloy layer of the Mo electrode; in the more positive potential range,
there were two intense oxidation peaks near —1.17V and —0.43V,
namely III, and IV,, which corresponded to III. and IV.. The unsorted
couples of III./III, and IV./IV, might be caused by the impurities in the
melt.

In order to exclude the interference of impurities and confirm the
attribution of III./III, and IV./IV,, the melt was pretreated by a po-
tentiostatic electrolysis purification for 2h at the potential of —1.6 V
(slightly positive to the reduction potential of Th(IV)). The CV curve of
the pre-electrolyzed CeF3-ThF4-LiCI-KCl quaternary melt was also
shown in the red solid line of Fig. 2. Compared with the curve before
pre-electrolysis, the peak IV. decreased and IV, almost disappeared,
indicating the couple of IV./IV, were assigned to some impurity except
Ce(III) and Th(IV) in the melt and the concentration decreased re-
markably after pre-electrolysis. Also, the couple of III./III, decreased
and their peak potential shifted negatively after pre-electrolysis (III.
shifted from —1.30V to —1.48V (IlI.’), and III, shifted from —1.17V
to —1.28 V (III,")), revealing that this pair of peaks might be related to
the reduction deposition and oxidation dissolution of the alloy formed
by the co-reduction of Th(IV) and impurities. However, the oxidation
peak of Th after pre-electrolysis (II,") was higher than that before pre-
treated (II,), implied the generation of Th metal increased while the
concentration of impurities and the formation of Th alloy decreased
after pre-electrolysis. According to the literature, [22] the potential of
the reduction of Cu(I) on the Mo electrode in the CuCl-LiCl-KCl melt
was near —0.6 V. In this experiment, Cu metal was used as the fixture
of the electrodes and conductor wire, and could be oxidized and then
dissolved in the melt at the high temperature. Actually, the ICP-AES
analysis of the melt showed that the Cu concentration decreased sig-
nificantly after pre-electrolysis (from 14.3 ppm to 0.2 ppm). As a result,
it can be concluded that IV./IV, in the CV curve probably corresponds
to the redox process of the Cu(I) impurity from the corrosion of Cu
accessory, and III./IIL, is assigned to the generation and dissolution of
the small amount Th-Cu alloy deposited on the electrode.

Fig. 3 was the CP curves obtained from the above three kinds of
melts. For ThF,-LiCI-KCl ternary system, a platform (II) appeared near
—1.81V, indicating the reduction of Th(IV) occurred at this potential,
which was coincident with the results of CV. Similarly, the platform (I)
near —2.18 V in the CP curve of CeF3-LiCl-KCl ternary melt implied the
reduction of Ce(IIl), also very consistent with the above CV results. In
the CeF3-ThF,-LiCl-KCl quaternary melt (after pre-electrolysis), two
obvious platforms near —1.81V and —2.18V were observed, which
corresponded to the reduction of Th(IV) and Ce(IIl), respectively. The
potential values of platforms location were almost the same as those of
the ternary melts. Furthermore, two smallish platforms between
—1.90V to —2.16 V were found, as shown in the insert of Fig. 3. This
result suggested that reduction reactions occur in this potential range
between the reduction of Th(IV) and Ce(III), which could be inferred to
the deposition of Ce on the surface of metal Th or the generation of Th-
Ce alloys. However, no significant correlative reduction peaks were
observed in cyclic voltammograms in Fig. 2, which could be due to the
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Fig. 3. Chronopotentiograms of CeF3(3 wt%)-LiCl-KCl, ThF4(3 wt%)-LiCl-KCl
and CeF3(0.3 wt%)-ThF,(3 wt%)-LiCl-KCl melts (after pre-electrolysis) on a Mo
electrode (S = 0.23 cm?, 0.30 cm? and 0.35 cm?, respectively) at 773 K. Applied
current: 50mA, auxiliary electrode: graphite rod (®3x50mm), reference
electrode: Ag/AgCl (5 mol%).

relative lower concentration of Ce(IIl) in the melt and these reduction
peaks were covered by those of Th(IV) deposition in the CV curves.

3.3. The electrolysis of Th(IV) in CeF3-ThF,-LiCl-KCl quaternary melt

3.3.1. Determination of electrolysis parameters

As shown in Section 3.2, the possible co-reduction of Ce(IIl) and Th
(IV) and generation of Th-Ce alloys will lead to positive shift of the
reduction potential of Ce(III), resulting in adverse effects of the se-
paration of Th and Ce. Therefore, it is very important to choose the
appropriate electrolysis procedures and parameters. In our previous
work [3], an electrolysis method of pulsed potential was employed for
the separation of Th from the LiCl-KCl melt and good results were
achieved. In the present work, a similar pulse potential electrolysis
procedure was employed for the Th(IV) separation in the CeF3-ThF,-
LiCI-KCl quaternary melt and the parameters were optimized some-
what.

To maximize the separation rate of Th and minimize the extraction
of Ce from the melt, the pulse electrolysis process was improved: the
pulse potentials of the electrolysis (enrichment, electrolysis, dissolution
and stabilization) were optimized and adjusted to —2.00V, —1.90V,
—1.60V and —1.70V, respectively (see Fig. 4). Compared with the
electrolysis procedure in ThF,;-LiCI-KCl melt, [3] the potential of

Fig. 4. Parameters applied in the pulse potential electrolysis of Th(IV) in the
CeF3(0.3 wt%)-ThF4(3 wt%)-LiCl-KCl melt.
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Fig. 5. Cyclic voltammograms of CeF3(0.3 wt%)-ThF,(3 wt%)-LiCl-KCl melt on
Mo electrode (S = 0.35 cm?) at scan rate of 100 mV s~ ! before and after elec-
trolysis at 773 K. Auxiliary electrode: graphite rod (®3 x50 mm), reference
electrode: Ag/AgCl (5 mol%).

enrichment stage in this work increased from —2.35V to —2.00V,
preventing the deposition of Ce on the electrode; the potential of dis-
solution stage shifted negatively from 0.40V to —1.60V, which was
slightly more positive than the deposition potential of Th(IV)
(~—1.80V) and could reduce the excessive dissolution of deposition
from the electrode surface to the melt; the potential of stabilization
stage was adjusted from 0V to —1.70 V, which was near the half-wave
potential of the electrochemical reaction of  Th(IV)
(Er2 = (Epa + Epe)/ 2= —1.69V) with the balance of deposition of Th
(IV) and dissolution of Th metal.

3.3.2. Monitoring of electrolysis process

CV measurements were performed before and after electrolysis for
the monitoring of the reaction progress in CeF3-ThF4-LiClI-KCl qua-
ternary melt. Fig. 5 was the CV curves of the melt before and after
electrolysis. Before electrolysis (black solid line), the redox peaks of Th
(IV) (II.&II,) and Ce(III) (I.&I,) of CV curve were obvious and the signal
intensity of II.&II, were large. Furthermore, the signals of impurity (the
couples of II.&III, and IV &IV, as described in Section 3.2) were also
clearly visible.

As the electrolysis continued, the signals of Th(IV) decreased gra-
dually, and the peaks of impurity also weakened over time and finally
disappeared, as shown in the red dashed and blue dotted line in Fig. 5.
At the same time, the signal of Ce(Ill) became clearer and had little
intensity changes. When the electrolysis proceeded to 6 h, the Th(IV)
signals (IL.&II,) almost disappeared, and only the Ce(III) signals (I.&I,)
could be observed in the whole CV curve. The onset reduction poten-
tials of Ce(III) were slightly shifted negatively with the duration time of
electrolysis, and the detail changes were shown in Table 2. Meanwhile,
the melt was sampled at different stages of electrolysis. The con-
centration of Th and Ce in the melt was analyzed by ICP-AES, and the
results were shown in Table 3.

According to the results of Fig. 5 and Table 3, the concentration of
Ce remained in the melt was almost the same during the electrolysis

Table 2
The onset reduction potentials of Th(IV) and Ce(IIl) of CeF3(0.3 wt%)-ThF4(3 wt
%)-LiCl-KCl melt before and after electrolysis.

Electro-pairs Onset reduction potential (V)

Oh 2h 6h
Th(IV)/Th -1.75 -1.75
Ce(II)/Ce —-2.13 —-2.14 -217
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Table 3

The concentration of thorium and cerium in the CeF3(0.3 wt%)-ThF4(3 wt
%)-LiCI-KCI melt after different electrolysis time and the calculated separation
ratio of thorium.

Electrolysis Concentration of Th  Concentration of Ce  Calculated

time (h) (mol kg™ 1) (mol kg™ 1) separation ratio
of Th (%)

0 7.92 x 1072 1.46 x 1072 0

2 3.98 x 1072 1.48 x 102 49.7

4 6.21 x 1073 1.51 x 1072 92.2

6 9.17 x 107* 1.47 x 1072 98.9

process, while the onset reduction potential shifted about 40 mV to the
negative, which could be attributed to the relative increased con-
centration of F~ in the melt. As the electrolysis went on, the Cl~ was
oxidized on the anode [15] and the concentration of F~ in the melt
maintained stable. So, when Th(IV) was electrochemically deposited on
the cathode and its concentration continually decreased, the fluorine
ions complexed with Th(IV) were released into melt. After a 6 h-elec-
trolysis, only 1% Th(IV) was left in the melt and the ratio of F/Ce was
increased to about 25. This result led to the coordination of Ce(III) with
F~ and the formation of more CeF,® 3~ complex, and the decrease of
diffusion coefficient of Ce (III),[23] just like the Th-CI-F system in
chlorides.[15,24] As a result, the concentration of free Ce®™ ion as well
as the activity of Ce(IIl) decreased in the melt, and according to the
Nernst equation the reduction potential of Ce(Ill) shifted negatively (a
is the activity of ions):

E“=E"+ 2.303§—§logoc@(m) 3)

From Table 3, the separation rate of Th reached up to 98.9% when
the CeF3(0.3 wt%)-ThF4(3 wt%)-LiCl-KCl melt was electrolyzed up to
6h, which was much higher than that in a similar melt (86.8% in
ThF4(3 wt%)-LiCI-KCl melt with a duration time of 10h) by the non-
optimized pulse electrolysis procedure.[3]

3.3.3. Characterization of electrolysis products

The cathode deposition of CeF3(0.3 wt%)-ThF4(3 wt%)-LiCl-KCl
quaternary melt after 6h electrolysis was identified by XRD, and the
cling film was employed to prevent the entrained molten salt from
moisture absorption during testing. As shown in Fig. 6, the XRD pattern
of untreated deposition indicated that it was mainly composed of Th
metal, LiCl and KCl. However, due to the large amount of molten salt
entrained in the deposition, the signals of Th metal were not clear en-
ough to some extent. Therefore, a cathode product processing of

Fig. 6. XRD pattern of cathodic deposit obtained from CeF3(0.3 wt%)-ThF4(3 wt
%)-LiCI-KCI melt on a spiral molybdenum electrode at 773K for 6 h electrolysis
(before distillation).
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Fig. 7. XRD pattern of cathodic deposit obtained from CeF5(0.3 wt%)-ThF,(3 wt
%)-LiCl-KCl melt on a spiral molybdenum electrode at 773 K for 6 h electrolysis
(after distillation at 900 °C and 10 Pa).

distillation was employed at 900 °C and 10 Pa, and most of the molten
salt was distilled from the deposition. The product after distillation was
also characterized by XRD, as shown in Fig. 7. After distillation treat-
ment, only few molten salt remained and the product contained two
major substances namely Th metal and ThO,. The occurrence of ThO,
probably arose from partial oxidation of Th metal during sample
transfer and high-temperature distillation.

4. Conclusions

The electrochemical behaviors of Th(IV) and Ce(IlI) in ThF,4(3 wt
%)/CeF3(0.3 wt%)-LiCl-KCl ternary melt and CeF3(0.3 wt%)-ThF (3 wt
%)-LiCl-KCl quaternary melt at 773K on Mo electrode were in-
vestigated by CV and CP techniques. The reduction peaks of Th(IV)/Th
(0) and Ce(III)/Ce(0) were at —1.83V and —2.21V (vs. Ag/AgCl) in
the respective ternary melt, respectively, which were same with the
values in the quaternary melt; however, the oxidation peaks shifted
negatively about 0.1 V in the quaternary melt, which could be ascribed
to the reduction products dissolution on the Th-Ce alloy layer of the
electrode. The separation rate of Th reached up to 98.9% when the
duration time of electrolysis was up to 6h by the optimized pulse
electrolysis procedure, and the cathode product contained Th metal and
ThO,. The concentration of Ce in the quaternary melt remained almost
the same during the electrolysis process with the onset reduction po-
tential negative-shifting of about 40 mV, which could be attributed to
the relative increased concentration of F~ in the melt. From the above
results, we can conclude that ThF, can be electrochemically separated
from CeF3 (very likely including other lanthanide fluorides) in the LiCl-
KCl melt, which will provide a scientific basis for the further research
and development of effective Th electrolysis separation in the re-
processing of MSR fuel.
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