4L 2 RS SRS T2 %4 J. Radiat. Res. Radiat. Process. Vol.41, No.2
2023 £ 4 A www.fs.sinap.ac.cn April 2023

L 07 U 5 43 4 7K o Ra S R B R R
B

Frosst gk o LR BT HHIE
U R I TR AR O A A 5% R A B T AR BT S A R R
r LB B s PG B S S8R = BET 100088)
> ORJRE g g G K5 030012)

P ORI S B A TR AR b5 100048)

THE @ SRR AR IL YO 7 BOK R R, AR N AR H BRI 245 -226 CPRa) 7772, SEILK
H2Ra 15 FEIR FE P 4T, SRR T VEAT & FE AT VA . SeBe g AR %7 IE BT K R 2 Ra SN
91.3%~98.5%, 7RI TR 0.01 Ba/L, AHXT A E N 7% (h=2), FESITHECRE ARG NIR
2 e KA > Ra AN 8 FE I E BORIR . %07 1E B RATIORE % FEFIUERGFE, & TR K R 2 Ra B PRE 4047
XHEIE WARINER R, K, PRa, AHIEE

HFESES R4

DOI: 10.11889/j.1000-3436.2022-0064

Method for determining ***Ra in water via liquid scintillation counting and

its uncertainty evaluation
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(China Institute of Nuclear Industry Strategy, Beijing 100048, China)

ABSTRACT An analytical method was developed for the rapid determination of **Ra in water through liquid
scintillation counting. The separation and purification of **Ra from water were performed by co-precipitation using
barium sulfate as the carrier; the direct measurement of **Ra was realized by using a liquid scintillation
spectrometer. Through sample analysis, a mathematical model for uncertainty evaluation was established and the
sources of uncertainty were analyzed. The results showed that the overall counting efficiency of *Ra is 91.3%
-98.5%, the detection limit is 0.01 Bg/L, and the relative extended uncertainty is 7% (k=2), indicating that the
proposed method is suitable for the rapid analysis of **Ra in drinking water. The uncertainty of the method for the
determination of **Ra in water is mainly caused by the errors of sample counting rate and overall counting efficiency.
KEYWORDS Liquid scintillation counter (LSC), Water sample, ***Ra, Uncertainty
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WAR N SR EOE B ERGR m, ARRES
& B RS I RE PR AL I S SR A T, I HLRE
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Mo B AN AR TN BR T £ 1 2 Ra 3 22T e
T JE BRI T RN B e R i i T
& C¥Rn. *"Po. MPo) (]3I & ¥ 77 VA 58 Kb
HEAL 5 T YA DR TR R T 50 ) 4 TR AL
R AR IEED

A BRI OO 2 o B = I, R BIE R
T, AFTEHAT /BRI, A KB
i — A~ £ 18 7 #r # (Multi-channel analysis,
MCA): TIFEA PR TN, WIRABAT o/p %
FEA, BRER et EE S . FRE s B alifl
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1 MR5ERE

1.1 E5RF

AR TN 45 1% X (Perkin Elmer Tri-Carb 3170 TR/
SL Base, & [H) ; K # K (16.3 Bq/g, I 5 %A
] ) RabrEIE (101.7 Bg/g, R36-02, 5 [EH £ 5
HRSLEGE0 s Am AR HETE R (2 442 Bg/mL, 1 [ JE 1
RERL BT 7B ) 5 TN 4Rk (Hisafe 3, Perkin Elmer) ; &
AL (NaOHD B R B W FRIR  — /KA & Zf& Y
PR L LB RS TR - VK S R A= 7K (NHL) 3
oM a1 b s Ak R R 9B . S = BT
K $41 3 MilliQ (Merck Millipore 2 & , 35 ) i 45 1)
ARt .

1.2 A&
121 e Bl

HLO.S LETEKFEZR M, B 1R, K
WHIN 2 mL B B2 &5 (15 mg/mL) . 2 mL &1L 90
(15 mg/mL)+ 4 mLIRFRIR A S g iR ¥, Tidk)a
BB I, B K R AR RN R A7 208 AR R AN L AR
FR A L UTE , 57 2 BIE W IR B UTUE - 43 7 F 10 mL
0.25 mol/L EDTA-2Na i £ ¥ WIS R UTUE, PN
5 mL 10% B BB i, F VKBS B 15 pH AE &2 4.2~
4.5, fh PUCABRER #h % 2QE BT 28 BLUTE, T 4Tk
B R, 72 BEW, Mk E4-210 T
Poo BRET SRR SR IX

S286 T, 0.25 mol/L EDTA-2Na Bl : i 1 70 %)
A 0.2 mol/L. 0.3 mol/L. 0.5 mol/L. 1.0 mol/L+
2.0mol/L. 3.0 mol/L. 40 mol/L ] NaOH I
0.5 mol/L NH, V¥R BCH, 737 A [RIA FE R A J5i o)
DUVE IV R o
122 R H &

FE SRS 4 ¥ BB 7 S Ak 5 15 2 DT
4K S G, BT 0.25 mol/L EDTA-2Na #4
TR, IO TR . 38 3% UUE 2270 B I 40 kL
YNk, HRBEUCH A, WG,
LRI

PRAEJRT B 2 mL BN 15 mg/mL (1)
FAEL. 3 mL it & 50 HON 10% B ER S i iUm A
rEaliK A, )% A B R BB T E o % FERE
Ps) £ 7 ) A PR FE S, 3 BN 10 Bq ' Am
FRUEA AN 10 Bq “K FR1EH, 7E 40 °CK it 2 /b
30 min, 33 aARiEIEF B ARAERE IR o
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/%J?KIE it EDTA-2Na {& i) & IR e s 40
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0.5 L of water sample

\

Ra/Pb separation

v

Purified precipitate

\

Source preparation

EDTA-2Na GEAKA D 6, 80 g5
EVE, {4k EDTA-2Na i& ¥ H & ﬁ%uaiﬁm mL
F116 mL Gold AB Al Hisafe 3 15 f A 4 VL Hi] 45 s
P, TR, RAGINERE R AT

Radium coprecipitates with barium sulfate

Dissolve the precipitate with alkaline EDTA-2Na
Adjust pH with glacial acetic acid and re-precipitation
Remove lead impurities

Repeat lead impurities removal

Add liquid scintillation cocktail, shake

l Disperse the precipitate with EDTA-2Na

Measurement by LSC

E1

TRAATNLRIZ 73 B **Ra i fE

Fig.1 Procedure of analysis of **Ra by liquid scintillation counter
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2.1  EDTA-2Na B4 9 B3t BRER $04E T A R AY
A1)
AT FE NaOH A4 7K A 5 Bie il i) EDTA-2Na
B, X IRPTTE 45 B B R DR DT VA i M 45
M1,

SIGHLR R, H o Eaif e, 0.5~
4.0 mol/L f¥J NaOH A 0.5 mol/L f] NH, 4" i 1 ,
EDTA-2Na ¥ ¥l BE W5 I # T UE - EDTA-2Na s —Ff
EBEEN, EARPE —EBERE, AT T
T, VSRR R BE pH RS N 4 K. 0.5 mol/L 11
NH, /M ge e i fotie, HHEES T4
Bk Y 2% BT S 56 1 pH T, DRk, S b gk 4 A
0.5 mol/L Z /KA 5 i EDTA-2Na iAW I R TTIE «

1  EDTA-2Na B kA5 JTie i A
Table 1 Effects on dissolution precipitation by EDTA-2Na in different alkaline mediums

R e A E / (mol-L™) Concentration of solution

Alkaline solution ¢ » 0.3 0.5 1.0 2.0 3.0 4.0

NaOH BRAER BRAEA VR i i i i
Incomplete  Incomplete Slow dissolution Dissolution ~ Dissolution  Dissolution Dissolution
dissolution  dissolution

NH, — — T TR — — — —

Rapid dissolution

2.2 EDTA-2Na A& BRFRFASTH iR E
470 o/ p ERL B AU 220G

TERE SR 4 H, T A R LR WO U 11
EDTA-2Na ¥ ¥ If1 A 57 R A4 B3 2 52 i ol 5 1) £ e
PE, FFRE o/B B BB F AR AL 7= AR o R Al KR A
[F) 7% 5 2 /KONT o/ B 3L 31 AL VR 23 26 R 5 0 D6 R
BI2Frx. MEI2 T LLE H, Bl 2K IREESE 0,
Mo, BA LA, AUk R, o M
B, RS R MR, EZKNTET,
EDTA-2Na 155 N R 2H R ) 1k 2R CE S5 25
Bor)E, JEHMERAKKRER N, 2EMRmE,
M AR AT, AR E . XU R
4R JTIE -EDTA-2Na 5 [N AR IR TE 51K B R AR R 1
Fese M, o B M A TR R ) o 4 SR v ik 1 11
R R, Fk, AL ik B8 2K i 0.25
mol/L ] EDTA-2Na fill £ £ i 5 o

SEIG Fp il F R AR R EDTA-2Na GEE 4t /K A
JD, IO TN BRI 25 B VR, SRR IR R,
5 mL [f] EDTA-2Na ¥ ¥ 5 [N BRI TP 511 207 74 &R
WONFEE, %\ EDTA-2Na ¥ ¥ 14K LK F
5mL I, BiERERITIE-EDTA-2Na 5 (A SR 25 7
A E. Bk, SAPRIERE SR E D 2 2 P R
sEME, 4% 5 mL ) EDTA-2Na VA Wk &4 s .

DL ESEoG o BRI, 7RIS, BRI

FRUTUE S INERI 5 K A5 /2, TAE R 3R 85 R
RN FEXT RS E o SCHERHRIE MY Ak RTE4 h 1A
W2 2% AN, A RBONTEE, SRR
— 3. HHMET P Ra L EN) A Rn (0 BEE
5.49 MeV) F1**Po (o RE#E 6.00 MeV) & INVEE
I E>Ra ) EETHAZ R, Wik, REEeaK
N 1) T8 B A3 K ) T PR B = AR e, B
pite N AE 1) 2% fE R AR 5

6.0

—+ aspillover
B spilover
—— o/p spillover

Spillover / %
N
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X o
o o
o/p discrimination facto
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2 EBAUKRIE KA B o/ B 5 B B IR
R LI 28 O
Fig.2 Effects on o/f discrimination setting and spillover by
concentration of ultrapure water and ammonia-water medium
(color online)

23 INERRIEFIIARFARS o/ B EIF M

DRI o R R0 A RO o/ 38 31 DR 1 F 1 B A AN
AT ZARIE R o S8 Hh 3% BRI AR TN AR A BT o k%
FOM B AZ 2 FH B R A 4R Gold AB #l Hisafe 3,
FEREAITIE () EDTA-2Na VR 290 70 IS [ 44
FREI PR N FRI,  EEIR #5565 o/ B 331 BRI - R A Ak
Kalp#Eora (o M) [fzm, 45 NE2.
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R2 INERERA SRR o/p 5543 3 K B BT R R
Table 2 Influence on a/p spillover and a/p discrimination factor by scintillation liquid type and volume

NPERITLEN NHRB AR / mL afH A % BHETE % B A1

Scintillation liquid type Volume of scintillating liquid a spillover(t,) B spillover(t,) Discrimination factor
Gold AB 14 41.40 3.37 151

Hisafe 3 14 3.52 3.29 153

Hisafe 3 16 3.38 2.61 154

KU AR R W, A AT Gold AB [N KKK Ra fig i Y0 24 4 500 ~5 000 keV, FEIRA A

Hisafe 3 (A RVBON T- i 44 200 & 1) o 55 40 FE8UIC,
5 i& & EDTA-2Na #& Z 1) Ra Il &, 1 H 34 0
Hisafe 3 [NARBIARN, o/ FIaeE 15 28 —25
etk

I DL BRI LS R, A RIAE Y Am. K AR R
thn N 16 mL Hisafe 3 [N ARIE I E o/ B, W45
FHNE T T o Mo WRIELIH, REMHBH
Ak ) o/B B3 IR FME N 154, BEE ¢, 08 3.38%, 1,
H2.61%, WE 3R,

90
80
701

= a spillover
=== B spilover

Spillover / %

= N w bh oo
00O O O O O O

S

60 80 100 120 140

Discriminaticn factor

3 o/BESHIL

Fig.3 /B discrimination parameter optimization

3

TR TS H 1) 22 T8 J3 B a4 o 0 I 1R 3 Ik X ) 105 ~
160, W& 4 frs.
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Fig.4 Spectra of *Ra in spectral analysis software

24 FEBRYUERBZE

FATEC 6 fr i AK A, B 0.5 L, Al
CLANE (1> Ra bR AEVA W, 4% Ra i N /3 M i fs
HEA R ELRR CRE L RICR AT 5L
R RGN LS R R 3 R .

Tk BB BRANGE AR

Table 3 Recovery and precision of the method

FPs AR R,/ min” IbRFEECR ny / min” INFRIEREERE A, / (Bq-L™D) e, / %
No. Counting rate of blank sample =~ Counting rate of spiked sample = Added activity concentration =~ Overall efficiency
1 0.20 27.58 1.0 91.3

2 0.20 28.44 1.0 94.1

3 0.20 29.75 1.0 98.5

4 0.20 29.52 1.0 97.7

5 0.20 28.17 1.0 93.2

6 0.20 28.63 1.0 94.8

ZT AN AR E R 2 (RSD) N 3.0%, J7 ik
SMRERTEEN 91.3%~98.5%. SLUGLEBRFE, %)

_ ﬁ . e/‘,z
Lo 4“J%6M%

(3

O R, MEREE B, R 2 K *Ra )
L K

PR TR
JHERN N IRIEE N (3) BT

2.5

KA ng AARIRITEER, min's ¢, AR TH
8], min; VAFEMAATR, L; e, NEZCR, %, 60
REP SR E R B ARIEE, MR
HON0.5L, & [A] 4 60 min i, *°Ra fHRM
FR°~0.01 Bg/L.
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26 IKFRa P AHEE
TRk

M T AN e A T DU Y, ARSI Y

EirTERITELE

AN BE EEERIE TR TR (g (n ) &
R (uy(ey))~ FERMAERRD (u, (V) ™RaFEA
WHEC (g (M) BFEIERE (o (2)) FE5INHIAH
SEJE o AN E FERUF R AR G 2R WL 5

Radium-226 decay correction

Sample count rate, n,

\

Sample volume, V

Overall efficiency, ¢,

Radium-226
activity concertration

BEl5  RIAIIE KRR 2 Ra AN E BE 2RISR OC &

Fig.5 Cause and effect diagram for uncertainty of ***Ra analysis

fE>Ra M€ PR A, i T2 8
RIS ST, L3 A ORI [8) 1) B 51N B AN A
SE JE AT RS ANTE, D] 2 Ra W JE IR AH 6 AN € B
ATPLRIE N (4,

Uu(A4) = Jluq(n)P

tlu(en)F + [ua(V) I
4

PUIndsEE s (1 Bg/L) M B e, k47 i%
DHTITEATERVEE, & A E 7> 8 X Ra
T BEAN € FE I DTk R 51 T 4

G 2 SR S O AN E BE LA (5D

Ug = [t (W) P+ [t (ea) P+ [0 (V) T

=4/ 0.026 + 0.023* + 0.003* = 0.035 (5

R4 IHEFERIR I TRE

Table 4 Sources of uncertainties and their contributions

AR & Variable {A Value

XA EE Relative uncertainty X u (A)ITTHRZE / % Contribution rate to u,(A4)

n, 28.95 0.026
&y 91% 0.023
v 05L 0.003

56.22
43.10
0.18

IFR 7K Hh 2°Ra 3% FE 1H H.45 R 8 1.06 Bg/kg s
I3 W 45 I B BRObR HE A HERR E BN U (AD=Au,,(4)
=1.06x0.035=0.037 Bq/L. ¥ REANHE KL N U=
kU (4, W, U=kU(4)~0.08 Bg/L, F*F§
JEANHHE BEN 7% kN AN € FE 1)L 8 R 7
— L2, MHREAEKTLH95%) .

IR 7K A Hh 2 Ra 17 FE I FE 45 R 3R 18 4 (1.06+
0.08) Bq/L, % e 17 FE AN o o1 ik EBCR (1) 2AE d ih
BOR A E FE u,y (n,)(56.22%) FUEBCER 5] N HIA
B E TS 1, (e4,)(43.10%)

3 4Hig

AW FLEE L T R RS LU - VR A TR T
EPGE AT KR P Ra B 753, K05 LAKFE, W&
ISFIA 9 1 h A5 201 Ra 48 N R 29 0.01 Bg/L, @it

FEK T E) 3k AT PRI R BR, PRk, i
RE A% 2 7K > Ra B PUE 4 B . 38— DAL 2
Sy BT AR A RE IR S A M, R O VAN E B A B
AT TRV E M EL, TR R AN 2
/NTF10%,  XF 7K o Ra (1) FLF R, 207 A
B, TRV D 3 A 2 43 A 7 32 R b A ) g A
PEHIARSCHE

EERBMFER FrrAihb B, HELIT
ATUR®RXES; k. LR, BRFKRAR
IRBEMBEERE, TREAFT IR T ERIT.
BXEEEE&K. 2hEFHCARARTREL
XA

SE R

1  International Atomic Energy Agency, [AEA/AQ/19.
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