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Abstract  [Background] LiF-UF, and LiF-ThF, are used as addition salts in thorium-based molten salt nuclear
reactors. Monitoring the product quality during the preparation of molten salts necessitates the analysis of the
contents of the main metal elements in LiF-UF, and LiF-ThF,, namely, lithium, uranium, and thorium. [Purpose]
This study aims to establish effective, rapid analysis methods for determination of primary metal elements in LiF-UF,
and LiF-ThF, molten salts. [Methods] Firstly, the LiF-UF, samples were treated with nitric acid and hydrogen
peroxide whilst the LiF-ThF, samples were dissolved in aluminum nitrate. Then, inductively coupled plasma atomic
emission spectrometry was used as rapid analysis methods for measuring these two molten salts, and manganese was
employed as the internal standard element to reduce the effect of signal drift. [Results] In the analytical method of
LiF-UF,, the recoveries of Li and U are detected to be 99.6%~102.4% and 99.6%~101.8%, respectively. The relative
standard deviations (RSDs) of Li and U are 0.2%~0.7%, and 1.1%~2.0%, respectively. In the analytical method of
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LiF-ThF,, the recoveries of Li and Th are detected to be 99.6%~102.3% and 99.6%~102.4%, respectively. The

relative standard deviations of Li and Th are 1.9%~2.0%, and 0.3%~0.4%, respectively. [Conclusions] The proposed

methods are simple, time-efficient, accurate, and suitable for rapid analyses of large numbers of samples.
Key words LiF-UF,, LiF-ThF,, ICP-AES, Lithium, Uranium, Thorium

J% £h #E (Molten Salt Reactor, MSR) & & JUAC %
A RS0 6 P ik HER 2 — IR E 1E 2011 4F 7 3)
7 R A B g 1 e T R R T R R S it i
A% Be - &L B A 2 i B8 & 48”7 (Thorium-based Molten
Salt Reactor, TMSR)™, TMSR ¥ F| — Je i AL W ks £
LiF-UF, ( L F f&f 5 FLiU) F1 LiF-ThF, (L T fii 5
FLITRO{E AN &, 5 %5 £ BeF,-LiF-ZrF, TR 4 il i
BRELER o FEASINER AR P i R, R T RUES S A
wEmE R EESE TR S 2T oM.

HET 0T is sh i E 8T R M i ik
KL IE , AH S FL B A A ECE R
X 2 B 3 BT AR Ak 25 M T B R R
M. GB 11841— 1989 KL flf (111 2 K FH i R
VAR Ji - B A R AR A TR e v BE s 2 5 H
Tt R 7 Rt (VD 3 J5 21l (TV)D 5 FH B 8% R B Vi o
BICIV) A (VD , DAL € € 14 1. GB/T
17863—2008" % Fl EDTA (£ &V .18 i s 12
SE K%L, 76 pH 1.65~1.70 FI 82 I 1% 7 , EDTA
HE IR G, IR R R E & S. GB/T
11064.1—2013" v 1) 5 P& Bl i 7 125 DN e T L 1) 25
i, DL R AL IR By 4 AR s ), FH 2R R AR E T
TR ORE DUYHFE R SR R I T R ER A
. HTHSERAR, DL E RS AEH T FLiU
MFLITh R ERSE TR M. BEIRM CEAET
FE i, A TR BRI L B ERARE R A R K,
FEMITIE R BRI — PR E JeER . S N AR PR
TR TR, A 22 2R (R I s AT g RS I v
R R RN EH . BB G E B TRk
St & #% % (Inductively Coupled Plasma Atomic
Emission Spectrometry, ICP-AES) J& ilT 4F K K J& fix
PRI TEHLBE L3 W 2 R 22—, ICP 43 # i 75 1 ot 1
b H 2 R FII 73 A e Bd AR . ICP-AES H |
FEHTMEAIRRICREINE, FE AR
() e AR A2 , A BE 0 R FH ICP-AES X4 %) rp 32
BT HEAT 7M. Winchester 257 3% F] HP-ICP-AES il
TE AR EY) A A B (58 : SRML 1877) R Bk 1 it &
G380, 38 I bR AR TS R T R R T v L, A
KPR BESD 7 IR AR )4 22 RIS 8 14 - Salit &1
K Fl ICP-AES Wl 52 LiAlO, H 4 R4 1) 5 43 40, 18
AN FR TR RIEBR BT, BFAE 55
sz, K15 7 A E AN R . igis

EURF ICP-AES #F 5T T 4 F0#% 5 AL ¥ 7E RS IR
[PV AR5 3l Ik ICP-AES [ BIE 4T, v & X s
T FACI (P4 R T VAR BT A B AR SR AR S E
. A TAE R ICP-AES 45 & P bR, [R5
FLiU H 48l 4f & & FLiTh o 48 R0 4L & & 1) 7 1%
5T

1 SRSy

1.1 RF

BEARE T W (10 mg-mL™', 3¢ [E SPEX 2~ &) ) , 8l
FRAEA I (1 000 pg-mL™, 55 [E SPEX A #]) , &k bx ifE
(10 mg-mL™, 35 [§ SPEX A &) ), &k A 1 ¥
(1000 pg'mL™, 35 [ SPEX 24 @ ) , 45 br #E V& W
(1000 pg'mL™", 3£ [ SPEX 2 @) , 4 b5 #E ¥ W
(1000 pg'mL™", ZEE SPEX A F)) , A4 (i g4
SV A R A 465 KT 99.99%) , VU g Ak 4l (i 1
AL B AL 3R & 7B » 465 KT 99.99%) , VU Gt
Bt Crp [ B 2 B K A5 B Ak 22 F 5 BT, 4K T
99.99%) , JL/K A s R (1 25 S 4k 2l A IR A
"], AT 4D, R AR AR 4 5 (SRM 924a, 3£
NIST) , AL =Bl AR #EY) Jii (GBW 04205, 1% Tl
b 54 TR & 72 B8 ) , FLIULFLiTh 2 I8 % F|" 5
o S0 AT AR SRR i A S (30%) ¥ A
o (EAERFRAARAFD , LR FKF &
GB/T 6682 FH 2K Z HL5E -

AR A 20 pg g Mn-2% (V/V) HNO, 1E
N7 AR AT TR FE S R R R
1.2 {4&

Spectro Arcos 7Y HLUIEFE & 55 B 1A J5 1 R SO
B, M E BT E R e R A AR A A, TETAESH
W1,

1.3 HmEEE

H T3 7 AL 19 FLIU F0 FLiTh 72 5, oSz
W0 5 B, AR SO BRI R o 1 A D % TR
] EL A AR S LR B L2 2.

1.4 HmALIE

FLIU i FE A AL PR . HERAFK 2 (0.200 0+£0.000 5)
FLiU-2## 84 T 100 mL % VU 06 VE e v, N
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%1 ICP-AESTEETESH
Table 1 Operating parameters of ICP-AES

RS BEME | IERSE BEME
Parameters Settings | Parameters Settings

RF I % 1350 W |55 B 1/ 13.0 mL*min”"
RF power Plasma gas

A5 5 e A 0.8 mL'min"'
Observation mode Axis Nebulizer gas

HERME S 3 LI 0.8 mL-min”'
Replicates Auxiliary gas

10 mL 20% (V/V) HNO,, 2 mL H,0,, % & j5 & T
120 °C 1 M f# 1 (HotBlock 100, %

Environmental Express 23 7)) _F, IN#A &R 5 58 2
fif, BEEHKERES50 go MHEMHFRIC] gl #
FEAER 2100 g, B850, A3 2R IA R AL

FLiTh i #£ /9 4 B2 . #E #f AR & (0.200 0+
0.000 S)FLiTh-2#F¢ i T 50 mL 5 P J 8 Al o,
N 2.0 g lER %S, 10 mL 10% (V/V) HNO,, % $} J5
90 CCM#MEFEMIE M T2, EREHKEER
50 go MERAFREC 1 g kvl H A RE 77 E 25 32 100 g, H&
51, A3 BRIV A2,

JEA AR ERE S BR T I N R -1 A Ak &
b 38 T WIS AT VA

*2 AEECELHIZFHH R

Table 2 Samples with different mass ratios

FEdn FLiU LR i i b it 5 FLiTh SR & b

Sample number Element mass ratio of FLiU / % Sample number Element mass ratio of FLiTh / %
Li U Li Th

FLiU-1# 3.87 64.89 FLiTh-1# 4.43 62.93

FLiU-2# 4.73 62.50 FLiTh-2# 5.44 60.11

FLiU-3# 5.84 59.35 FLiTh-3# 6.80 56.31

1.5 REWERREIBCH

LR 1 i 2 VA VL D T 1) < 9 5 % X 1.00 mL £
FRAEF T 100 mL 25 &=, H 2% (V/1) HNO, &
HRNZIEE, $2 5], Be I A R FE o 100 ug-mL™s

Bl VR A b AV VR ) TC ) < 29 ) R HX O mL
1.00 mL.2.00 mL.3.00 mL.4.00 mL )28 5 7 % 4%
T 5 /> 100 mL PET i+, 43 % N 0 mL.
1.00 mL+2.00 mL+3.00 mL+4.00 mL 1 000 pg-mL™"{]
A A R R R AR R e A B 100 g, $R AT .
1 2R BT A s v A Y P B R IR B 43 i < O g -
g'.1.00 pg-g"2.00 pg'g"'~3.00 pg-g'4.00 ug g
0 ugg's 10.00 pg-g's 20.00 pgg's 30.00 pgg'.
40.00 pg-g'. TEAXHS BN SKAE N il brifE Hh 42, 15
FITCER LM K R E 3 9: L1 0.999 9.U 0.999 9.

B L VR A b AR VA VR TRC R < 23 ) R HXL O mL
1.00 mL.2.00 mL+3.00 mL.4.00 mL 43 #p 1 % % V4
T 54 100 mL PET jff * , 23 % in A 0 mL.
1.00 mL+2.00 mL.3.00 mL.4.00 mL 4%fFr 3%,
P B ERD 100 g, 5. ILRVIES bRk
TR R A A IR BE 4 0 9 : 0 pgg ' 1.00 pgegs
2.00 pgg's 3.00 pgg's 400 pgg' O ugg's
10.00 pg-g'+20.00 pg-g'+30.00 pg-g”'+40.00 pg-g'-
FEA S B R 26 A T 2 AR v H 42, 15 31 0 3R S M AH
KRB A N:1Li0.9999.Th 0.999 9.

2 HFER5R

2.1 T RELEMEF AR

FLiU Y8 fif 77 15 L : BREX FLIU-2#0FF , K H 4
FhTVEWE M, SRR LK 3. 5k L N IR
HNO,, NS5 , ST 3 A, 1K 0 #ng
8,24 h G RIB MR 5E 4. J7152: K K HNO, Al
H,0,, BT Al 56 4%, 15 A2 B2 P OK = s e )5 4 1CP i3t
FER ZAL R, T EE FRA FE 2 18 in 40 # i 1), AT ot
DR T B S R R . ik
3: % 20% HNO, 120 °CHi i i (MARS 7, £ [H
AR AFTD h AT, k4 S
JEHA S2E MRAC, 120 °CHI# 3~4 h, il FE A il 2 42
WP o ER IR T T, SR FH R il R A XU K T A A
M TSI, 7 3 TR B T MR A B TR vk
ATEH T N HAT VA RIS TR RS K 5 78 SE R4 T AR
P S0 AR AT B, AR SR H U7 4 AT
SER .

FLiTh ¥ i 77 v LA« DU SR A R Ak 21 i R e
55 50E F AR e W EUCN 22.315, BT DL ThE, XV T
W OLRIIR o G SCHERIERE , AP RI FR] DAJE A 24 &
SE B4 G BB 1 ALF, ATALF 1Y, A TAF SR F s 2
BEAE VAR, R Th M F 2 6] AL 2 . %
FE B AC LS TK, WA TR, 28 & AL AL AN 1k
B2, AT T A RNE AR R IO AL, S5 R W
4. WTULE M, MRS HRIKT 1.5 g, LUK
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Table 3 Comparison of four FLiU dissolution methods

itk SERRAT DEEE
Method Experimental condition Experimental phenomena
1 FRHEL 0.2 g FLiU-2#, I 5 mL HNO,, Z 5} , S i Ao #4 JRIBA KB

A mixture of FLiU-2# (0.2 g), and HNO, (5 mL) in a closed Tefon beaker (50 mL)
was heated (MARS 7) at 120 °C insoluble material

2 FREL 0.2 g FLiU-2#, iT A\ 5 mL HNO,.2 mL H,0,, % %}, {0 v i hn # AR oE 4 IV TS
A mixture of FLiU-2# (0.2 g), HNO, (5 mL), and H,O, (2 mL) in a closed Tefon beaker (50 mL) Completely dissolved
was heated (MARS 7) at 120 °C

3 FRHEL 0.2 g FLiU-2#, i 10 mL 20% HNO, -2 mL H,0,, %3, i i i Uhn#4

Large amount of

R TR

A mixture of FLiU-2# (0.2 g), HNO, (10 mL 20%), and H,O, (2 mL) in a closed Tefon beaker Completely dissolved
(50 mL) was heated (MARS 7) at 120 °C
4 FREL 0.2 g FLiU-2#, i1\ 10 mL 20% HNO,.2 mL H,0,, %3}, f7 S il in 4 AR 64 WV TE
A mixture of FLiU-2# (0.2 g), HNO, (10 mL 20%), and H,0, (2 mL) in a closed Tefon beaker Completely dissolved
(50 mL) was heated (HotBlock 100) at 120 °C
FLiTh 56 4 ¥ fi# s TR B8 & &= 1 2.0 g, FLiTh 5% 3ThF, + 2AI* — 2AIF;~ + 3Th** )

VRAR %N AP Th* F 354+ W B F-, Th* FR 1A A
FEBE AP UK LT N . 1% SN ] BE A e N A R

ThE, + AP* — AIF; + Th** (1)

4 FLiTh O#EfE A et

Table 4 Comparison of four FLiTh dissolution methods

MR BL b s g a5 R, 16 #5577 7% 4, BE T DL
FLiTh 5 4=V fif , ST A e/ st e

TiE SRR IR
Method Experimental condition Experimental phenomena
1 FREL0.2 g TN 0.5 g FERER 10 mL 10% HNO,,90 °CHl#k JRIBA KRB
FLiTh-2# AI(NO,), (0.5 g), and HNO, (10 mL 10%) in a closed Tefon Large amount of insoluble material

A mixture of

beaker (50 mL) was heated (HotBlock 100) at 90 °C

2 FLiTh-2# (0.22)  fin A 1.0 g 4510 mL 10% HNO,,90 °CHl# JEHA KEAEY
AI(NO,), (1.0 g), and HNO, (10 mL 10%) in a closed Tefon Large amount of insoluble material
beaker (50 mL) was heated (HotBlock 100) at 90 °C

3 TN 1.5 g fBR%R + 10 mL 10% HNO,, 90 °C i1 JERIBA D RAEY
AI(NO,), (1.5 g), and HNO, (10 mL 10%) in a closed Tefon Small amount of insoluble material
beaker (50 mL) was heated (HotBlock 100) at 90 °C

4 BAN 2.0 g iER4E < 10 mL 10% HNO,,90 °Cii#i TAARTE 4 IS
AI(NO,), (2.0 g), and HNO, (10 mL 10%) in a closed Tefon Completely dissolved
beaker (50 mL) was heated (HotBlock 100) at 90 °C

5 TN 2.5 g ilBR%R 10 mL 10% HNO,,90 °C 1 IRIR R4S IR TS

AI(NO,), (2.5 g), and HNO, (10 mL 10%) in a closed Tefon
beaker (50 mL) was heated (HotBlock 100) at 90 °C

Completely dissolved

22 IBLIERE

ICP-AES W] [F] il 58 2 Al e 25, XF S AN L 2 AT
DLESE 2 250 28 . FLIU RRIIRE & b 32 B2 o) 2 2
A, Ao R & WK, AAEERA T2 T
AT N WRIE R, W T 1% 07121020 b i 2%
J9:Li 670.780 nm, U 385.958 nm.

FLiTh % FH A5 B2 56 v 78 fd 050, A DUV 51N
AVFEAER, S B N29 pgmL™, Al & 5 Th & &A1

4, ALK Th il 7€ i 52100 o] 20 ANt o Rl Al
TRILLITES —NEER, N 7 HLE AL Lilli
g5 LK S , LA A AR Li AR S, 70 A &6
RIWE S, IWERSTE, FFIHE W+ Al S E1E
20~40 pg-mL' i, 2 pg-mL™" Li i IaME 5 31 1
FXT IR 22N T 1%, 07 ALY Li B 45 Rk &
. WA RBE, BE T il Li
670.780 nm,Th 401.913 nm.
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Table 5 Effect of Al content on Li test results

AlE & Li & -HRE Li & i - E FHXT 1R 22
Content of Al/ ug'mL™"  Theoretical value of Li / ng'mL™"  Measured value of Li / ug'mL™  Relative error / %
20.00 2.000 2.013 0.6

30.00 2.000 1.995 -0.2

40.00 2.000 2.015 0.8

23 FHEREEE
HERAFR AL 0.2 g FLiU Ff & 10.2 g FLiTh £ %

T IES 1.4 HIALFR 73, BRI EE B TR o MK 7. H
FE ]G0, W b IR T v R AR A HE AR 25 2 T 2%
(n=7), I LIRS = e o

#*6 FLIUMBHEERNZER(UFLIUT, %)
Table 6 Sample precision test results (using FLiU, %)

ERE RS JLER e AE T fE FER o e 22
Sample number  Elemental Measured value / %(w/w) Average value Relative standard
/% (wiw) deviation / %

FLiU-1# Li 382 379 385 392 389 385 383 385 1.1

U 64.75 6498 6502 65.04 6495 6469 6497 6491 0.2
FLiU-2# Li 459 468 475 462 481 482 464 470 2.0

U 6293 6246 6285 62.08 6297 63.14 63.52 62.85 0.7
FLiU-3# Li 593 591 578 582 589 597 596  5.89 1.2

U 59.52 5946 59.58 59.12 5937 59.42 59.67 59.45 0.3

&7 FLIThEEERNER(LUFLIThiT, %)
Table 7 Sample precision test results (using FLiTh, %)
AT TR JER MEfE FEE FER o fi 22
Sample number  Elemental Measured value / %(w/w) Average value  Relative standard
/% (wiw) deviation / %

FLiTh-1# Li 435 4.56 4.52 4.39 435 437 4.48 443 2.0

Th 6298 6276 6256 6296 6248 6237 62.65 62.68 0.4
FLiTh-2# Li 5.58 5.62 5.42 5.51 5.54 5.32 5.41 5.49 1.9

Th 60.23 6035 6041 6021 60.07 6045 60.05 60.25 0.3
FLiTh-3# Li 6.92 6.72 6.68 6.75 6.91 6.65 6.59 6.75 1.9

Th 56.38 56.68 5627 56.15 5642 5659 5621 56.39 0.3

24 fnfREWER

i ¥% 45 FLiU A FLiTh (65 #E4 53, 38 3 b
[ SR UE TV A SEVE . AR SR F bR HEA 5T Bk
FR A AT )\ Ak = Bl AR FLIU 3 FE , X4 FLiU 23 #r J7
T R P AT S0 . MERR R IUIK FR £ 0.106 0 g+
J\EAL =4110.290 0 g, Wi 2 Ja F 25 B 1 7K E 45 3
100 g, 5 FI9A W Bl. HU1 g B1, B 7 & 245 31
100 g, 73 2 ¥ W B2, 1Z ¥ W #L KR E R
2.000 pg-g™, Bl IR FE N 24.566 pg-g”s X LA Fad
FEHEAT 10 IRAMAL LSS, 25 R W% 8. A 8 1] A, Li
[E] AR AE 99.6%~102.4% , “F- 3418 N 100.8% (n=10) ,
U [\ Y 2 1 99.6%~101.8%, “F 21l 9 101.0% (n=
100, LA A B E A3 %A bR UED I,
1 Ab3E 3 4E FLITh AN Li A Th bR 7, HoAt [

FLiTh §i &b B AR , 34T 10 YRIM ST 256, e 1 % Li
N N2.00 pg-g' Th NN & N 24.00 ug-g™' I £F
W S5 RT3 9. 9 R AL, Li iids BIUCHRAE
99.6%~102.3%, “F-#J{H 4 100.9% (n=10) , Th Ji ¥z [A]
I AE 99.6%~102.4%, “F- ¥J 5 H 101.1% (n=10) -
DL 5286 A 4, FLiU A0 FLiTh 1 [RIUCR B3

3 45E

1) A TAE R RS BR - WU K AL BE FLIU K, 2
SRR A AR R R R T . T VRIS AR
T 2% (n=7) , 2K FH A Y40 0 i B A R )\ S A = A A
PR AR, JEAT B0 Z S5, Li 8] U R 7E 99.6%~
102.4%, U [ it ZA1E 99.6%~101.8%, % J7 15 (A 4 25
FEE ANUERS BT =, S A B, R R 2 A A
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#*8 FLiUEMEMIRLE R (n=10)
Table 8 Content accuracy test results of lithium and uranium (»=10)

JLER A WEAE EIL &S ae2cliEs
Elemental Theoretical value ~ Measured value / pg-g™ Recovery / % Average recovery
/ugg” /%
Li 2.000 2.002,2.012,2.013, 1.996, 2.047, 100.1, 100.6, 100.7, 99.8, 102.4, 100.8
2.018,2.024,2.031,2.019, 1.992 100.9, 101.2, 101.6, 101.0, 99.6
6] 24.566 24.871,24.890,24.951, 24.476, 24.534, 101.2,101.3, 101.6, 99.6, 99.9, 101.0

24.912, 24.897, 24.965, 24.689, 24.998

101.4,101.3,101.6, 100.5, 101.8

9 FLiTh EREMIXLE R (n=10)
Table 9 Content accuracy test results of lithium and thorium (7=10)

TR BRI D 5E1E EIL &S a2EllE
Elemental Theoretical value Measured value / pg-g™' Recovery / % Average recovery / %
/ngg’
Li 2.000 2.046, 2.008,2.017, 2.021, 1.995, 102.3,100.4, 100.9, 101.1,99.8, 100.9
2.023,2.008, 1.992,2.041,2.019 101.2, 100.4, 99.6, 102.1, 101.0
Th 24.000 24.452,23.897,24.213, 24.089, 23.998,  101.9, 99.6, 100.9, 100.4, 100.0, 101.1

24.568, 23.858, 24.567, 24.421, 24.531

102.4,99.4,102.4,101.8, 102.2

2) AT AR R AL FE FLITh A 5, &t £
WSS 1078 n(AD tn(F)>1.5 1, A6 FLiTh i FE 528
SEVE MR, 07 T ICP-AES %F FLiTh H 8 04t 1 58 )
JiiFe SITIERIREE R T 2% (n=1) , R H bR HEE
T 5 3 3 AT 1R S G, Li 8] i AE 99.6%~
102.3%, Th [ W FEAE 99.6%~102.4% , Il & 45 5 1 H
AIEE, BRETRT R, 0] B 0 R AR P i R R A3 T 4

EZTIRRAERE #3050 SE e 7 BT, BB AT
WXERRU, XENR; ERERAAXECR:E
BT UF ] 5 I ST SRR R X B R
T X BRI, XEFH, L5 XH
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