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Abstract: Dry reprocessing technology has advantages of irradiation resistance, proliferation resistance and
simplified waste treatment, thereby rendering it a preferred technology for reprocessing of spent fuel of advanced fast
reactors. Molten salt electrolytic refining serves as the core technology of dry reprocessing, primarily capitalizing on
the difference in redox potential between actinides such as uranium and plutonium and other fissionable elements
within a molten salt system. This technology facilitates separation and recovery of actinides. During the electrolytic
refining process, lanthanide elements and fission elements, such as Sr and Cs, tend to accumulate within the molten
salt, which can change the physicochemical properties of molten salt, thus seriously affecting the efficiency of
electrolytic refining. In addition, fission products such as *Sr and "*’Cs are water-soluble and long-lived nuclides,
posing significant environmental hazards if inadequately managed. Therefore, effective purification of fission elements

such as Sr and Cs from molten salt is imperative, not only to improve the efficiency of dry reprocessing via molten salt

s B 2025-03-08; KBS BHE: 2025-04-16; MAEHAMBR: 2025-05-09
ESTIH: FHFEAARREEIE4 (52172254, U23A2093)
National Natural Science Foundation of China (52172254, U23A2093)
fEEE A X —(2001-), 5, fiLHF 54, E-mail: liuzhanyi@nimte.ac.cn
LIU Zhanyi (2001-), male, Master candidate. E-mail: liuzhanyi@nimte.ac.cn
BE1EE: 4 M, W5 5. E-mail: limian@nimte.ac.cn; ¥ JK, 70 A. E-mail: huangging@nimte.ac.cn
LI Mian, professor. E-mail: limian@nimte.ac.cn; HUANG Qing, professor. E-mail: huangqing@nimte.ac.cn



%24 K —, & TEE BT Sr/Cs £ BRITIERIE Tk e 151

electrolysis, but also as a crucial strategy to reduce the discharge of radioactive waste. This paper summarizes the

current research status of Sr and Cs removal methods in molten salts, comparatively analyzes the separation principles

and separation effects of different methods, such as electrolysis, crystallization, decompression distillation,

precipitation, and ion exchange. Furthermore, it explores prospective direction of development and potential

applicability of various material systems.
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Tablel Available methodsfor removing Sr and Csfrom molten salts and their advantages and disadvantages

Method Working salt Nuclide Advantages Disadvantages Ref.
Physical  Cold finger separation LiCl Sr, Cs  No impurities introduced Difficult to scale application [31]
method Zone-refining LiCl Sr,Cs  No impurities introduced, Long processing time [34]
process . high removal rate, easy
LiCI-KCl accessibility [35-36]
Chemical Precipitation LiCI-KCl1 Sr,Cs  Short processing time, low cost Low removal rate of Cs, [11, 49-50]
method introduction of impurities >
Electrolysis LiCl-KCl Sr High efficiency Low removal rate, high [27-28]
NaCL-KCl corrosivity to equipment [29-30]
Ion exchange LiClI-KCl/  Sr,Cs  Good  selectivity, = high Introduction of new 5758 61
NaCl-KCl removal efficiency impurities [57-38,61]

B AL, P ERA AR A 4R 0 5 X ORI,
H 4 T0 7 I A6 0 BLAS 5EN 0 Be i A,
AAFAEGT AAERT L B AR IR B, & T K
RPN N R g S A S OR UK SN Y RS
RT3k, WX St/Cs B3R B BUF i
EERAES), (EAATAE — LSRR WIVEVA T ™ % 1
VOUER A, BB G SIN iG22I TIE R
IR SERN (AP LR UR L ARk R WP
G PR OIS YA, R B D A AR
MRS RETZ, By RN ERDER, &
T SN AR BR L, BOE T H AR St Cs )
KEANGT S o 45 b, SEBRRF o i B 25 i £ 15
HITVE H SR RORERE GG I BT Bt

FEXT LA I 1AL TR R R, ATEA LR P
AT (DRGEMAL. EE R RS, T
SRR EHERE, R R BACR . Q) AR
Fe BT A0 TR AF AR A SR BB, N
e [ 52 R ME DA Al P, ARORR AN R 7 i
IR P A g 22 B SE AP 8RBl 45k ik-
B IR T &, B Gl AR PRI X BRS
SRR LR, BRSNS T A B A oy Bk
RIGER, 7 ST AL JE A BRI (A I R iE > ik
PR 0TI, NEVE-ZRIBNAIR N 7 5, B2k
SEIVIER I EE P St/Cs B R B AL B IR 2h AN
BEER AL, WOKHS TR (0 LiICI-KCDINZEUE
%2, WRJEBIL IR R T B R R, U7 RAAE SR
AR, N 7 B AT PRI R 25 B A
He T SR A AR

3 #RIE
s L A T b B AR SR S R R

TEIAR R B BEIATT, HPk 2 — 75 F 4l = 2 &
BaIas £h A B Sr/Cs 25U VERZ K IR AR R, &1 X Sr/Cs

g b I VERE S A 1 R E B, B N )
BORE LA 2y B R e . LT W B o) B AR LA (X
SR R 5 SRR AN 4R 7 BIESE, AR EIIAFRIML
FART, H AL HRI AU o A5 B 2 N TTE
EANE T AL, HARGEMBME R, 7283
RAFAEZER . BT, 15270 B I A e 5 R R
fie. R E R RFEY .

FEIEER T Sr/Cs R IFAL T, RRAAIFRUE
AR5 (DIFR R R R R R, IR
WEA L WP A AR E VB R e
s BT AZHGUA AR, PR Sr/Cs KRR
MEZEFE. QNN LE5KEIMEAR. BT
ML A B et ), DA Je 2 T T ik A IR
FHEAR (NS fbih- 8 7 5k DLIR-Z8187%), W]
Lhidt— 2D 4R Sr/Cs 1) 2 BRACR I B IR T2 A
) InsE R FR B, 7S T2 K. AR
St/Cs {EMGE I AIBE . RN AL AL BT AL,
NIT R A T TR BB S

B2, TUEEAEEIE R Sr/Cs #Z R I 2 bR 1%
W7 CS E LR, (EASIH 78 2 P RoRT 2
LR XA, TPR R Ut MRKITEFALHOR,
PSZRFSE IR R R T T 35 8 R

5% 3HK:

[1] THEws, MEaruE, FRATe, &5 B UBL G BE 4R BLBR HERE.
#Ik A, 2025, 54: 12.

[2] FEZIM. BRE P P R EHE I A R IR S 2. el T
T, 2013(5): 8.

[3] TRAME, E-F, AR RERMENGH S KR, gRly5T
T2, 2024, 44: 980.

[4] ARbmly, F7RE, REGEM, 5. JREZ R E AL PR S
WERE. BT RERFEEEIR, 2020, 54: 115.

[5] YINTQ, XUEY, YAN Y D, et al. Recovery and separation of rare
earth elements by molten salt electrolysis. International Journal of
Minerals, Metallurgy and Materials, 2021, 28(6): 899.

[6] MIRZA M, ABDULAZIZ R, MASKELL W C, et al.
Electrochemical processing in molten salts—a nuclear perspective.



%2

K —, & TEE BT Sr/Cs £ BRITIERIE Tk e

157

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

Energy & Environmental Science, 2023, 16(3): 952.
WILLIAMSON M A, WILLIT J. Pyroprocessing flowsheets for
recycling used nuclear fuel. Nuclear Engineering and Technology,
2011, 43: 329.

YIN T, LIU Y, JIANG S, et al. Kinetic properties and electrochemical
separation of uranium on liquid bismuth electrode in LiCI-KCl
melt. Journal of the Electrochemical Society, 2021, 168(3): 032503.
fRRGE, Mhan, 5k, % PR eBE S iR R TR
TRtk . JEhLE Tk, 2022, 54: 81.

IIZUKA M, UOZUMI K, OGATA T, et al. Development of an
innovative electrorefiner for high uranium recovery rate from
metal fast reactor fuels. Journal of Nuclear Science and
Technology, 2009, 46(7): 699.

VOLKOVICH V A, GRIFFITHS T R, THIED R C. Treatment of
molten salt wastes by phosphate precipitation: removal of fission
product elements after pyrochemical reprocessing of spent nuclear
fuels in chloride melts. Journal of Nuclear Materials, 2003, 323(1): 49.
SIMPSON M F. Projected salt waste production from a
commercial pyroprocessing facility. Science and Technology of
Nuclear Installations, 2013, 2013(1): 945858.

CHOI E Y, WON C Y, KANG D S, et al. Production of uranium
metal via electrolytic reduction of uranium oxide in molten LiCl
and salt distillation. Journal of Radioanalytical and Nuclear
Chemistry, 2015, 304(2): 535.

KIM S W, JEON M K, CHOI E Y. Electrolytic behavior of SrCl,
and BaCl, in LiCl molten salt during oxide reduction in
pyroprocessing. Journal of Radioanalytical and Nuclear Chemistry,
2019, 321(1): 361.

CHO Y Z, PARK G H, LEE H S, et al. Concentration of cesium
and strontium elements involved in a LiCl waste salt by a melt
crystallization process. Nuclear Technology, 2010, 171(3): 325.
VANCE E R, DAVIS J, OLUFSON K, et al. Candidate waste
forms for immobilisation of waste chloride salt from pyropro-
cessing of spent nuclear fuel. Journal of Nuclear Materials, 2012,
420(1/2/3): 396.

WANG D D, LIU Y L, JIANG S L, et al. Separation of uranium
from lanthanides (La, Ce, Nd) and purification of waste salt via
aluminum electrodes with different structures in LiCI-KCI eutectic.
Separation and Purification Technology, 2025, 353: 128328.
WANG D D, LIU Y L, YANG D W, et al. Separation of uranium
from lanthanides (La, Sm) with sacrificial Li anode in LiCl-KCI eute-
ctic salt. Separation and Purification Technology, 2022, 292: 121025.
YANG D W, JIANG S L, LIU Y L, et al. Electrochemical
extraction kinetics of Nd on reactive electrodes. Separation and
Purification Technology, 2022, 281: 119853.

YANG M C, ZHONG Y K, WANG D D, et al. Rapid and efficient
extraction of cerium by forming Al-Ce alloys in LiCl-KCI molten
salts. Separation and Purification Technology, 2024, 341: 126868.
FIGUEIREDO B R, CARDOSO S P, PORTUGAL I, et al.
Inorganic ion exchangers for cesium removal from radioactive
wastewater. Separation and Purification Reviews, 2018, 47(4): 306.
VINCENT T, VINCENT C, BARRE Y, et al. Immobilization of
metal hexacyanoferrates in chitin beads for cesium sorption:
synthesis and characterization. Journal of Materials Chemistry A,
2014, 2(26): 10007.

CHEN S, HU J, HAN S, et al. A review on emerging composite
materials for cesium adsorption and environmental remediation on
the latest decade. Separation and Purification Technology, 2020,
251: 117340.

LIZAGA I, GASPAR L, QUIJANO L, et al. NDVI, *’Cs and
nutrients for tracking soil and vegetation development on glacial
landforms in the Lake Paron Catchment (Cordillera Blanca, Peru).

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Science of the Total Environment, 2019, 651: 250.
MENENDEZ-DUARTE R, FERNANDEZ S, SOTO J. The
application of '¥'Cs to post-fire erosion in north-west Spain. Geoderma,
2009, 150(1/2): 54.

KIM G Y, JANG J, PAEK S, et al. Electrochemical removal of rare
earth element in LiCI-KCl molten salt. Science and Technology of
Nuclear Installations, 2020, 2020: 2392489.

JANG J, LEE M, KIM G Y, et al. Cesium and strontium recovery
from LiCI-KCl eutectic salt using electrolysis with liquid cathode.
Nuclear Engineering and Technology, 2022, 54(10): 3957.

NIGL T P, LICHTENSTEIN T, KONG Y, et al. Electrochemical
separation of alkaline-earth elements from molten salts using liquid
metal electrodes. ACS Sustainable Chemistry & Engineering, 2020,
8(39): 14818.

CHEN X, ZHANG Y, QU J, et al. Integrating preparation of
borides and separation of alkaline- and rare-earth ions through an
electrochemical alloying approach in molten salts. Separation and
Purification Technology, 2022, 285: 120391.

YUAN Y, ZHANG Y, CHEN X, et al. Electrochemical purification
of waste salt from pyro-processing of spent nuclear fuels.
Separation and Purification Technology, 2023, 326: 124805.
VERSEY J R, PHONGIKAROON 8§, SIMPSON M F. Separation
of CsCl from LiCl-CsCl molten salt by cold finger melt crystallization.
Nuclear Engineering and Technology, 2014, 46(3): 395.
CHOIJH, CHO Y Z, LEE TK, et al. Inclusion behavior of Cs, Sr,
and Ba impurities in LiCl crystal formed by layer-melt crystallization:
combined first-principles calculation and experimental study.
Journal of Crystal Growth, 2013, 371: 84.

LEE B, KIM G Y, CHOI J H, et al. Reactive-crystallization
method for purification of LiCI-KCl eutectic salt waste. Journal of
Radioanalytical and Nuclear Chemistry, 2024, 333(12): 6331.
LEEH S, OH G H, LEE Y S, et al. Concentrations of CsCl and
SrCl, from a simulated LiCl Salt waste generated by pyroprocessing by
using Czochralski method. Journal of Nuclear Science and Technology,
2009, 46(4): 392.

SHIM M, CHOI H G, CHOI J H, et al. Separation of Cs and Sr
from LiCI-KCl eutectic salt via a zone-refining process for
pyroprocessing waste salt minimization. Journal of Nuclear
Materials, 2017, 491: 9.

CHO Y Z, LEE T K, CHOI J H, et al. Eutectic (LiCI-KCl) waste
salt treatment by sequential separation process. Nuclear
Engineering and Technology, 2013, 45(5): 675.
RODRIGUEZ-LAGUNAM D R, TOLMAN K R, KROPPM T, et al.
Separation of fission products from high-level waste salt systems
by partial crystallization: CsCIl-NaCl-LiCI-KCI study. Separation
and Purification Technology, 2024, 332: 125602.

WILLIAMS A N, PHONGIKAROON S, SIMPSON M F.
Separation of CsCl from a ternary CsCl-LiCIl-KCl salt via a melt
crystallization technique for pyroprocessing waste minimization.
Chemical Engineering Science, 2013, 89: 258.

CHOI H G, SHIM M, LEE J H, et al. Numerical analysis of
impurity separation from waste salt by investigating the change of
concentration at the interface during zone refining process. Journal
of Crystal Growth, 2017, 474: 69.

DIVAKARAN S, JOSEPH J, MANOHARAN M, et al. CsCl
enrichment during solidification of molten LiCI-KCI-CsCl salt
mixture. Nuclear Engineering and Technology, 2024, 56(11): 4716.
s, BKIRE, #it, . ZHOREIR G AL BE A A SR 26
PREOR. 4K, 2018, 41: 5.

EUN H C, YANG H C, CHO Y Z, et al. Vacuum distillation of a
mixture of LiCI-KCl eutectic salts and RE oxidative precipitates
and a dechlorination and oxidation of RE oxychlorides. Journal of



158

WL MR

i %415

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

Hazardous Materials, 2008, 160(2): 634.

EUN H C, CHOI J H, KIM N Y, et al. A reactive distillation
process for the treatment of LiCI-KCl eutectic waste salt containing
rare earth chlorides. Journal of Nuclear Materials, 2016, 480: 69.
EUNH C, CHOIJ H, KIM N Y, et al. A study of separation and
solidification of group II nuclides in waste salt delivered from the
pyrochemical process of used nuclear fuel. Journal of Nuclear
Materials, 2017, 491: 149.

WESTPHAV B R, MARSDEN K C, PRICE J C, et al. On the
development of a distillation process for the electrometallurgical
treatment of irradiated spent nuclear fuel. Nuclear Engineering and
Technology, 2008, 40(3): 163.

CHO Y Z, PARK G H, YANG H C, et al. Minimization of eutectic
salt waste from pyroprocessing by oxidative precipitation of
lanthanides. Journal of Nuclear Science and Technology, 2009,
46(10): 1004.

CHO Y Z, LEE T K, EUN H C, et al. Purification of used eutectic
(LiCI-KCl) salt electrolyte from pyroprocessing. Journal of
Nuclear Materials, 2013, 437(1/2/3): 47.

GRIFFITHS T R, VOLKOVICH V A, YAKIMOV S M, et al.
Reprocessing spent nuclear fuel using molten carbonates and
subsequent precipitation of rare earth fission products using
phosphate. Journal of Alloys and Compounds, 2006, 418(1): 116.
HAN W, ZHANG Y, LIU R, et al. Purification of spent electrolyte
by sequential precipitation method and its on-line monitoring.
lonics, 2021, 27(11): 4829.

HAN W, ZHANG Y, LIU R, et al. Removal of RE*, Cs*, Sr*', Ba*
from molten salt electrolyte by precipitation and solidification of glass-
ceramics. Journal of Non-Crystalline Solids, 2023, 606: 122208.
UOZUMI K, IIZUKA M, OMORI T. Removal of rare-earth fission
products from molten chloride salt used in pyroprocessing by
precipitation for consolidation into glass-bonded sodalite waste
form. Journal of Nuclear Materials, 2021, 547: 152784.

LONIN AY, LEVENETS V V, OMELNIK O P, et al. Removal of a
mixture of Cs, Sr and Co cations from an aqueous solution using
composite sorbents based on natural and synthetic zeolites. Journal
of Radioanalytical and Nuclear Chemistry, 2022, 331(12): 5517.
HAO W, YAN N, XIE M, et al. Origin of the exceptional

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

selectivity of NaA zeolite for the radioactive isotope °°Sr*".
Inorganic Chemistry Frontiers, 2022, 9(23): 6258.

YANG H M, PARK C W, KIM 1, et al. Sulfur-modified chabazite
as a low-cost ion exchanger for the highly selective and simultaneous
removal of cesium and strontium. Applied Surface Science, 2021,
536: 147776.

LEXA D, JOHNSON 1. Occlusion and ion exchange in the molten
(lithium chloride-potassium chloride-alkali metal chloride) salt
plus zeolite 4A system with alkali metal chlorides of sodium,
rubidium, and cesium. Metallurgical and Materials Transactions
B-Process Metallurgy and Materials Processing Science, 2001,
32(3): 429.

SACHDEV P, SIMPSON M F, FRANK S M, et al. Selective
separation of Cs and Sr from LiCl-based salt for electrochemical
processing of oxide spent nuclear fuel. Separation Science and
Technology, 2008, 43(9/10): 2709.

PARKH S, KIMIT, CHO Y J, et al. Removal behavior of Cs from
molten salt by using zeolitic materials. Journal of Radioanalytical
and Nuclear Chemistry, 2010, 283(2): 267.

SHALTRY M, PHONGIKAROON S, SIMPSON M F. Ion
exchange kinetics of fission products between molten salt and
zeolite-A. Microporous and Mesoporous Materials, 2012, 152: 185.
YOO T S, FRANK S M, SIMPSON M F, et al. Salt-zeolite
ion-exchange equilibrium studies for a complete set of fission
products in molten LiCI-KCI. Nuclear Technology, 2010, 171(3): 306.
SIMPSON M F, GOUGAR M L D. Two-site equilibrium model for
ion exchange between monovalent cations and zeolite-A in a
molten salt. Industrial & Engineering Chemistry Research, 2003,
42(18): 4208.

PHONGIKAROON S, SIMPSON M F. Equilibrium model for ion
exchange between multivalent cations and zeolite-A in a molten
salt. AICHE Journal, 2006, 52(5): 1736.

TANG J H, JIN J C, LI W A, et al. Highly selective cesium(I)
capture under acidic conditions by a layered sulfide. Nature
Communications, 2022, 13: 658.

QIU K, ZHANG Y, LI S, et al. Water-stable S-functionalized Ti;C,
MZXene for high-performance Sr and Cs adsorption. Surfaces and
Interfaces, 2024, 53: 105072.



