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Abstract  [Background] An electrolyte waste salt containing LiCl and various products is generated during the
pyroprocessing of spent nuclear fuel in metal fast reactors. Separating metal impurities from waste salt can purify
molten salt, facilitate salt recycling, and reduce the amount of waste salt, achieving waste minimization. [Purpose]
This study aims to investigate the effects of key factors on the application of the cold finger crystallization method
used for removal of Sr and Ba from molten LiCl salt. [Methods] A homemade cold finger experimental apparatus
was applied to the experimental removal of two alkaline earth metals, Sr and Ba, from molten LiCl salt, and Fluent
software was employed to simulate the application of cold finger crystallization equipment during dry reprocessing.
The effects of crystal growth time, initial crystallization temperature, and initial SrCl,/BaCl, concentrations on the
removal ratio of the crystalline salt during the process were analyzed. [Results] The initial temperature of molten salt
is a critical factor that influences cold finger separation efficiency. When the initial temperature reaches 660 °C, the
removal efficiency improves. Moreover, when the impurity contents of Sr and Ba in molten salt are lower than 0.55%
(w/w), the removal efficiency of the cold finger crystallization method can exceed 80%. Further analysis shows that
the removal effects of different parts of molten salt crystals differ. The solvent salt at the top of the molten salt crystal
is better, and the removal ratio of the bottom and inner salts is lower. Therefore, the optimal conditions for removing
Sr and Ba from LiCl crystalline salt require an initial temperatures of 660~670 °C, an airflow intensity of 10 L-min”',
and a growth time of 20 min. Under these optimal conditions, the removal ratio can reach 90%. [Conclusions] The
proposed approach is feasible for purifying solvent salts from electrolyte waste molten salt via cold finger

crystallization. This study provides a reference for purifying waste salt and reusing molten salt.

Key words Molten LiCl salt, Cold finger, Alkaline earth metal, Separation

RLBEVE D — P int i R REDR , FE A AT AR
BRI A RN REIR K R B 7 1) . 21 EAL WIS
VUARE BRiZ e 1842 (Gen TV 2 H 4 J& TR HE R 55 DUAX
S HERZ BE R GE Y 6 M S HETY 22—, R A A AR
BHEIR , FTAEH 5 il 26 A8 T is 4T, fe i ROtk
LB R O R MR A AT R R, BT
DL SRAE BE AT J /K HE Z S0k Hh K 75 i U 2 e
o JE AL R TR K BRI ke T IRHERZ
RE R GE AL K HE S DR Jim AL B S ot DR IRRH R
PR SRBEIA T o PRAME Z ORI AT ARG v B B
e JBURH R 9 SR A BT N G KR
ReEETT A LR BE . AR, DU Eh AL 2 R
(T2 A0 3 5 AR Y T AL B AR RORL IE 52 3 2 156
VER, TR T 2R A AL A, B B 4
MRS E I, 1 5 AL B R AAR R PR HE Z IR, U H 2 &
JEZ IR o, i BACRYE 1A 1Y WA e B
BIF TR AR R SE A0 F AR LT ORRU R S [ ] i ST 36 = O F
BRI TR <5 B PR AR R

FL A 340 J5 U 2 T DL LiCL-Li,O 4 #h 14 2 O L i
0I5 AE R R AR T B B A Z R SR
&R Z R AR SR R A L e R R
T WV A A SRt B AR AT, AR
TR B BB, R R AR R S R AR, R

T E R s L. T R B B
Fe, MU AL E AT R b A0 EE . H AT R SRR A Ty
SO IR 3h 5 6 A B A R HE A AR R e 1) M # Ek
PEE, BEAT B AL AL ERS X PR AR T KRR S E A .
R IR RN RSO s £, & B TR T 2 g ER
AT B, it A B 1A kS e iR s R AR
Pl BRI, 4l LiCL A B 0 ks IR A
610 °C, i A 7 Ll B N 45 8 2 B il 3R, e A
s YUE Y S Ba S5 B E 8 M DL S UTTE A K
Az ST R AT DA RIS RR 4y ) M 2k HLAR 1
ol R e ARE B AR AR T A, R R E ST,
BRI B R 1000 °C A2 A7 5 1 Ho B+ 4 & SrCl,
BaCl, 5 LiICIf£7E 3L 8 R I %, S B0l g 36 4 4
1B R AR Jamh st AR AR A2
N AN 51N HT AR, 1T AF SR IR 52 B SHEN Y. Lee
SO TF R T Czochralski v , 51 FH g 5% 1) & J& 45 LA
PR J7 20, LiCLIG 3675 4 J8 M 3R T 45 &, AT
¥ LiCl 5 CsCl I SrCL 73 55 . Choi 5™ & T )2 4T
g 12, LICI SR 7E I #Aus v s d , Bk 4 2R
S b e, A8 LiCHAE A HIBR R A2 K, AT 43 25 SrCl,
CsC1 F1 BaCl,, % 7 ¥ % 15 i 2 i (1 i FEHEAT T 38
NSRS TESHEAT I — DT . Shim &K
FH DX 380K 5 445 fily 45 & 1) 5 325 5 a8 3 A LiCl-CsCl-

030302-2



MOBREE: R IREE SE LR LICUE 2R BB 1 5 )% Sr.Ba

SrCL E VR &9 A K46 LiCl 2558 43 # Sr A1 Cs 11
WPE , IR BE W 4G X 3801 St Al Cs W FE UK, 7E £
BE I e 4 VR 45 X 3R B AH . 74, Versey 25674
H 7 —Fh A 45 4 B CsClL AT LiCI-CsCL## 25 I AR o
TEAN[E B CsCLIR FE VA HVS MR 5 R0 43 85 1 [ 455
BN IT R SES, RAF T RAF AR, R HE 0 3 5L
ORI AT M . ARG SRR — M A A R R
(R 65 4k 75 A0 B AT M AR B 2 ke .

ASCHE A TR &5 ik 4 B LiCHE 36 i+ 4
J&Sr-Ba L HZ M L2 7. B Fluent 244, i1
SIS SR 45 AT H S AN RSO AL AR AR R B T
FARMIE BRI E S S MK R IREBEA R 4 AT
T LICHE R BT i . RIS T & A b 1 4 8
SrCl,BaCl, [¥] LiCl 1% 5 ¥ 45 i 73 B8 S0 56, SRR A
I R 5 AL 4B AR A B, R LiCI 4tk 5 S
2 HEAR TR -

1.1 RFN5{UEE

IR 7 : LiC1 (4l F 99.9%) , sigma-Aldrich; SrCl,
BaCl, (415 99.9%) , [ 255 A4k AT PR 2 7] 5 Gl
A 99.999% LR AAT R A A o

A% - RO & S5 & TR R 6 X
(Inductively Coupled Plasma Optical Emission
Spectrometer, ICP-OES) : Optima 8000, 3
PerkinElmer /A ] .

1.2 SCRE

AR 2 S SEI6 R H AR /N A Fie 45 i 2
B, wE R, BEERE A BB AR IR
Rt HVRE VIV AR R . B BE R 4 B
U, B R 800 °C o FIT A SILIG S b il B 38 1 AT
BEEAZIE, R ZE+1 °C. SRIGHE B AR E A A M
FERN, FERRFFRAA5099.99%), H,0f1 0,
FEMET 1.0x10° gmL ",
1.3 SKWHE
1.3.1  LiClEh IR &R e fl

EEEE r N 3 em AR IR, IE BICIR & R 46
LiCl 25 5 p N 1.502 g-em™, T WA R Eh = h Ay
4cm, HHEPTFE R E N 169.87 g FER AN
T BN PRE T LICL & LiCL B T2t in
PL 10 °C-min" (Y38 FE THE 22 500 °C, 7355 h, B 25 5
B 7K 4, B LiC1HIT i J5 2 5256
1.3.2 4l LiCl1Ehacs

BRI N N — 52 TR B £, e 35 7E A BE A

Inlet Pipe —

T _—Outlet Pipe

L

Resistance Furnace
Crucible

Thermoelectric Couple

(v

1 SRER B IR
Fig.1 Diagram of experimental setup

. W B HRAR T A R R Rl . T
Ja TEBEAL, AT AL B PRAFE R T DA B2
lemo NOFGA TR, 2920 min A FREE R FFfa €. 4k
T AE 7248 H I8N R 46 2, R 4 AR I 2 7 Y
0~30 L'min™'s BE— D FRARA4R & B2, A SRR NG
LT o A KB RIS W S, ST A TR A 2 i
Wi . Frafer a2 =g, e, T E40
3T
1.3.3 &4 SrCl,/BaCl,-LiC1 /3 &

B & A — % R 1 SrCl/BaCl, 5 LiCl 44 25 &
&, 28132 TP L. kG Hheaesis, H
BT A &, D AR N SLIR AT IS R . SR
SR Ja WSS S DU [FE AL RE o, B4R
P , B2 0.1 g W5 f# T 2% (9 HNO, 1, #E4T ICP-
OES 731 AHIRI &A1) 5250 35 B 55 — I, B ik S5
B3 ANSPATRE il HLAENRE S SPAT I 3 0, AR i
ZE1E 5% LT, Sr/Ba 75 & BN 25 S~ 24 1H
1.3.4  FUEAAITT AR

RS — AR S A TR Sh 4 iR
D QO I T I S - S i = A/ TR N
(Computational Fluid Dynamics , CFD) 3 £F3E47 ${E
B, . IS SRR B ARSI 2 IRAF I T B A
R TS50 45 R n i

YDER AR - BT Fluent F00F &2 37 AH RIS, 4]
2FiR. HhAFEEAA N 20 mm, 4K EH 4% 60 mm,
LT 5445 B 60 mm, PRI N IR S 10 mm. B
AN TET DA B RS54 A ST, T8 TV e 50 2 9 v
FRIZNF o A FA T, A5 % 142 2 mm.

BRI SR [22-23 13R85 ) 5 2, 3L
HOE SR TR

o(pu) , 9(pv)
0x ay

A p IR (kg m™) suv 28 58 xoy BHE B

=0 (1)

030302-3



% AR

2024, 47: 030302

—

Cooling
Surface

Heating Heating
Surface Surface

B2 Fluent 52 (157
Fig.2 Schematic of the modeling in Fluent
(m-s™ o xvy 77 17 B 2h & 75 #2251 an 2D
(3D
a(pu) N a(puu) N a(puv)

at 0x ay
oP d du ad ou
=t —|u— |+ —|pu— |+
0x ax(ﬂ ax) ay(’“‘ ay) S )
a(pv) N a(puv) N a(pvv)
at ox ay
aP 9 ( 6v) a [ av
=— —+—|u— |+ —|u— |+
ay  odx\ ox ay\" ay
pgﬂ(T_ Tm) + Sy (3)

A e IS E] () s e NS ER BN IR (kg m™ =87 5 P
NIETT(Pa) s NI R BUK™ 5 T, )9 EhJ 5
(KD ;S F1.8, 5 & BT (m) .

1 _fL ’
5. — (ﬁ +€) A(u-u,) )
_ (1 _fL)2 _
Sy— ﬁTAm(V Vp) (5)

A A, ARIR DX B, N 2.5%10° £ I 3 A A4
A8, F B A SR T R e .

fi=0 (T-T) (©6)
fL=1 (T>T1) (7)
fi=g g (n<T<T) ®)

T TR T, 53 Sl A s A i P8 0 A SR VR UL P
ReE R INE(9):
o(pH)  (putt)  o(put)

at ox ay

_ 0 (AT, o, eT

a ax(k 8x)+ By(k ay)
A ONIE R S IR E(W -m™ - KD s H G ER I
Ja (kI kg™ o S HRSCHR[24-25 10 5 LiClJE 25 i AH
KYMESH, F TR

€

SR E EFE 3D R S EO WA KRS, R H
Soildification&Melting 5 A1 (& [ - ) AL AR AL, 22
T S BE SR TN FATHD , R AR 0 R P R FAs =ik B
TR R 4 1A Sh 5 SR A S i N
B FFLH A RS R RN EE (M B 316L) [H]
ST RO E N 163 W m? k™', SN
FEBEE R H IR 25 °Co TER MR HI S Bk B 1
BRI s T IE E (R4S A K H Coupled.

2 HR5VE

2.1 S LICHRRRLE R &M RSN

2,00 A KA

IR G KT (A4 48 1 25 & 3 i = R,
P8 15 28 AR IR FE 640 °C , 45 4 RS AR IR N
10 L-min™, B HI SR A ER . SCBARR NG
ER I 1] 23 %124 5 min. 10 min. 15 min. 20 min, H %
e b&E M E. R IE T Fluent 5 8L TF
S, A5 24 B B S A 3. AT BLUCATR
FEAK T 610 °CHY , LiCl H 4 Rl &S F AL R [ 2, X BT
Pl 3 i (0 X da . I o A K R TR F 386 o, S €2 % [
T8 2R 1A 5 i B A R R [ AR R T K.
Ik ) AR AL SR e R A RS TR R KR
S EAR AR AR AR, 4 22 R B I AU = T, ek 2
A FE o RS = M HETAS 2 45 i B AR AUE
ZAE 5 LiCl % B AH 243 25E [ ) £h I L &, 5 5850
RS A AR R BB, IR 1 A 4, WTRLE
W AEAA EL T UG TR A HV SRR R E e I, 2

Temperature / °C

&3 Fluent SEUAN ] A=A 18] L 3 7313 11 CR2 B AL A
2RO
(a) 5 min, (b) 10 min, (c) 15 min,(d) 20 min
Fig.3 Temperature field distribution using Fluent simulation
under different crystal growth times (color online)
(a) 5 min, (b) 10 min, (c¢) 15 min, (d) 20 min
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Table 1 Effect of crystal growth time on crystal mass (airflow intensity 10 L-min', initial temperature 640 °C)
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Table 2 Effect of initial temperature on crystal mass (airflow intensity 10 L-min”', growth time 20 min)
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(a) 640 °C, (b) 650 °C,(c) 660 °C,(d) 670 °C

Fig.5 Cold finger temperature field distributions using Fluent simulation under different initial temperatures (color online)
(a) 640 °C, (b) 650 °C, (c) 660 °C, (d) 670 °C
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Table 3 Effect of growth time on SrCl, removal ratio

(temperature 640 °C)
AR KR (] Joi &7 BT e PN S
Growth time / min Mean mass fraction / % Removal ratio / %
0* 1.32 —
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15 0.50 62.16
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Note*: SrCl, content in bulk salt at 0 min
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Fig.7 Crystalline salt at flow rate of 10 L-min" and crystallization temperature of 640 °C under varying growth time
(a) 10 min, (b) 15 min, (¢) 20 min
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Table 4 Removal ratios of SrCl, in crystalline salt at
varying initial crystallization temperatures

I YR 4 ENES
Temperature Mean mass fraction Removal ratio
/°C /% /%

¥4 Eh Initial salt ~ 1.08 —

640 0.71 18.60

650 0.63 27.33

660 0.27 68.60

#=5 A ESrCLYIRIRELERER P SrCL A RBRE

Table 5 Removal ratios at varying initial concentrations of

SrCl,
W46 SrCL K 5 FE N
Initial concentrations ~ Mean mass fraction Removal ratio
of SrClL, / %(w/w) /% ! %
0.05 8.2x10° 83.31
0.55 0.09 84.16
1.22 0.50 58.92
3.44 2.04 40.68
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Fig.8 Diagram of different regions of crystalline salt (a), and
the photograph of crystalline salt (b)
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45 dhnT LAAS 21 SrCL, 25 B3 90% e A4 I Al A .
K6 ITHIGERERE(9.540.5) g, AR E 670 °C,SrCLE
B 1%wiw)iIEBRE

Table 6 Removal ratios of 1% (w/w) SrCl,in LiClwith
crystalline salt mass of (9.5+0.5) g at 670 °C

Y 252 Removal ratio / %

No. TR JEERR JRHD THME
Top Waist Bottom  Average

1# 94.15 91.22 82.04 89.14

2# 91.84 88.68 88.12 89.55

3# 90.90 86.92 88.04 88.62

SPHIME Average  93.30 88.94  86.07  89.10

2.3 LiClH BaCLEID

2.3.1  REXIASEIERA A BaCl, 2B R A0 52
P SrCL SEIG A, FRIT 1 45 i SR AN [R5 67 F 25 [k
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Ko NP BER T Ta 4 S dox 4 i R AN R 6
Bt 4R B R A5, HAR R B ROR i
S %, Bt 1%(w/w) BaCl-LiCl 4 £f JF & 18 X
20 min. S AKFIE 10 L-min™, A [E ) 4676 S A E
AT 1) 25 B 2R S

ICP-OES 7 #r &5 i 7, 45 R W, AR S H
FAET 4 R ER T 1) 25 B 2 A i » IR I B R i
s 4 Efem, WERMK. EWIIGEE N 650 °C.
660 °CHY , i 660 °C4H it £h N 28843, HAR ER 4> 22
RIIEF]90% LA _F o MR E N 640 °CHY , 45
RT3 [ xRk 5] 96.19%, T N 2 B T 2265
R FE BRI B, AU 34.91%. HT45 ik

KAEAFRRI, 7EA 4R 518 Sh e (X 7 8], J5 3k P 356
(1) LiCl 5 BaCl, 3 [F] 25 ff » 7ESLIH LT % LiCl 5
BaCl 3L [F ¥ 41, R e 70 B, 241 B A AR i b I R B
N . 2 E IR R, FECEBRR N
58.49%. BHWIGE I E T e s SR AR K IE 2R PG, LiCl
5 BaCl, 58 70 A B 7 56 4%, JIG 36 BaCl, & 46 7r 1%
RN S R BB PRI R B ok . kT I,
AR & AT 5 25 & 3R AN [R5 7 BaCl, & S AN A, T
A E 4 iR B R s, N E AR AR 25 Bk
RAG, A TR IR B, )RR E S 2R
FEAR A ik o

R7T TEWEEE 1% w/iw)BaClL Lt & &R IR LR R
Table 7 Removal ratios of 1% (w/w) BaCl,in LiCl at different regions and initial temperatures

MR & 2[4 % Removal ratio / %

Temperature / °C Mass / g Ti# Top  JEHS Waist  JiK# Bottom  #MZ Outside  H12 Middle 42 Inside
640 29.69 96.19 79.71 58.49 99.37 87.51 3491

650 20.56 99.22 92.03 92.17 98.09 91.27 90.30

660 9.76 96.22 96.51 91.66 99.40 94.90 80.20

2.3.2  AFEWIEGHE BaCl, Y520

7E LiCl 1 LT AR K E 0.5%(wiw) < 1%(w/w) < 2%
(w/w)F1 4%(w/w) ) BaCL 14T 5258 , 7 670 °C R XA
7] BaCl, W46 £ 1 4% 2R 32047 A48 K I ] 20 min S Ak
I 10 L-min™, 8 FL W) 46 BaCL iRk FE X4 $5 145 5
TN P i A PDVIE ~3 5| EAgt S 1% N M
— R ENR . WSS dn L, IR E 4T ICP-OES
I3HTe AR 8 P, SEEG 26 A1 N BaClL I £ Fr %
135 31 88% LA L, i BaCl, W) 4A I FE i 18 K, 26 &
RA AP, 7T WL Ba Je BV 46 R XA 18
V- RPRE R E AL SR

%8 TEBaClL¥IHERE ML REL KRR

Table 8 Comparison of removal ratios with different
initial concentrations of BaCl,

W46 BaCl ik B ET e NI PN S

Initial concentrations Crystal mass Removal ratio
of BaCl, / Y%(w/w) /g /%

0.54 6.03 88.24

0.82 6.35 88.99

2.33 7.30 91.38

4.43 6.39 91.77

2.3.3  SrCl, .BaCl, L7 iy LR %

4 BaCl,. SrCl, [A] B} 7 7£ T LiCl #; , BaCl, 5
SrClL & & AH A, =5 BN 1% (wiw) I, 165 28 iR 2
670 °C,SARIIE 10 L-min™, Yt 8EAE 45 5 &, of
VEIS) JE , B3 APAT AR A, 64T ICP-OES 730 #r . 45

i 26 B0 N 10.27 g A1 5.77 gk, Sr/Ba R L
BN 9, S ZE R Srot &R M BR RN 91%-~
95%.Ba JG % 1 % P2 % N 95%~98%. A I, Sr.Ba 3t
TR, e 45 SR LiCHI AR BRI R AL R

9 670 °CZ R BaClL 5 SrCL &R R G =R
Table 9 Removal ratios of BaCl, and SrCl, in LiCl at

670 °C

'y dimibiE TR PR
No. Mass/g Species Removal ratio / %
#1 10.27 SrCl, 91.55

BaCl, 95.27
#2 5.77 SrCl, 95.95

BaCl, 98.22
4 5B

A TAERFH B ATHHR A 5 45 f 25 E , DLLIC
K Z NS, R T i+ 4 )8 6 % Sr.Ba & Sr.
Ba JLA7 I 0 R R 9286 . %% 1 A K [A] . Sr/Ba
TCERAMIURT P 5 ER AR FEAE VA 48 73 B 7 vh 5 Bk
T & B TR BRI . SEIR R I AE K (R
10~20 min B}, SrCl, 2 F %64 63% /47 . SrCL K L
KT 0.55% B, Ho 2 [ %4 31 83% LA | s BaCl, 7E 4]
AR FETE 0.54%~4.43% I} , 53508 90% /2 47 . it
— ¥ 2 R o XS AT 2 M, R BT 5 A1 2
Oy LR A E S 2 B R A, R A
IOAF T4 ERIRE 670 °C, SraBa 3L 12N, — 1 £

030302-8
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iff bt S B R 485 s (P 2 T (R 2R B A . AR AR IE SK
T TR 45 SVEAE LiCHR & 3R 4T SraBa B A2 (I AT AT
P, RS2 LiCHIA £ 1 55 82 R F 3 10 s 06 FN B i
X FFo

EZETTEAERE Mot L e 208, b AR AL, X
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AT s I T E W AE IR X E AN RAB BT
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