#37% ol BT % 2 ik Vol.37 No.2
201643 H Journal of Chinese Mass Spectrometry Society Mar, 2016

IC-MC-ICP-MS | & IR 18 7k £ f
SEIMNELREN T EHRHR

W . FEh AR Z.REGR,F A

Ob B E T 8RBT R B ST A2 BT 5T B, L3 102413)

WE: AT ELRRB B0 H A R ER R AR E, BT B F a0 52 8k s R
BB FET 1% (MC-ICP-MS) B A I 52 37 B8 /K R i BRI 3R LB Y vk . SEBR BN 7. 5 mol/L iR
PEN @R R AR, L 0. 35 mol/L HNO; # 0. 01 mol/L HF BB S B A MER, H Pu i ES
Bk (peak apex ratio) fE Ry B4 R 2 HE B9 8 5 8 S0 56 o R 4003 88 /K A% 30 47000 S, 00 &2 AR R A v
2N 0.50% .5 PubndE R LE R 2R 5. 7% 2R % 05 8 XF 52 B 38 BE K B B E 47 I 52
B AR R 2R 0. 97% . 54545 1) TBP-7402 (S iSHE B4R 45 B 3k B 5048 R 7 3 He (g #h 475t , 48
MmN 1. 3%, GRFW,ZITERRE B BB B R SRR, B WA R TR .
REW FBKEE 5B T A J0 ; 28I H RS F 8 T % (MCICP-MS)

hE 43S :0657.63 XEktrEE:A X EHE:1004-2997(2016)01-0173-07

doi: 10. 7538/ zpxb. youxian. 2016. 0001

Determination of Pu Isotope Ratio
in Environmental Water Samples by IC-MC-ICP-MS

HU Xiao-nan, LI Li-li, CHEN Yan, ZHU Liu-chao, CHANG Li
(China Institute of Atomic Energy, Beijing 102413, China)

Abstract: The environmental sampling (ES) analysis is one of important nuclear safe-
guards’ technologies of International Atomic Energy Agency (IAEA), which has been
used for detecting the undeclared nuclear activities. Plutonium is regarded as the signifi-
cant element in nuclear safeguards. In the aspect of ES, bulk analysis is adept at the
analysis of plutonium ratio in environmental samples. In this paper, the method of on-
line analysis of plutonium ratio in water samples was established by combination of ion
chromatography (IC) and multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS). The separation conditions of liquid chromatographic column, the
column acidity, eluent composition were optimized. The AS4A-SC anion chromato-

graphic column was made sure as separation medium. The separation conditions in
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which the acidity of column was 7. 5 mol/L and the eluent composition was 0. 35 mol/L
HNO; mixed with 0. 01 mol/L HF were determined by optimization experiments. The
concentrations of uranium in various types of environmental water samples were meas-
ured. The interface was determined in order to combine IC and MC-ICP-MS. The effect
was confirmed better when using PEEK two way valve to connect IC and MC-ICP-MS,
The technique of peek apex ratio was adapted as the method for the measurement of
dynamic plutonium ratio by MC-ICP-MS. The simulated water samples were measured.
The RSD is 0.50%, and the relative bias compared with the plutonium certified refer-
ence material is 5.7%. The actual water samples were also measured. The RSD is
0.97%, and the relative bias is 1. 3% compared with the typical separation methods by
TBP and 7402 chromatography column. This method has high efficiency and fast analyt-
ical speed, which can be used for the measurement of plutonium ratio in other environ-
mental samples with more complicated matrices.
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inductively coupled plasma mass spectrometry (MC-ICP-MS)

IR BURE 43 17 22 B B JRF BE LA (TAEA)
BRBEHEREARZ —, BRI ELHREES
MEBEFE" ., FEGRBEEE P LTENE
BIUER, SRR RSB H R R IR AR I R A
MmHPRFEIMRGEREMEE L., MR THAE
IR B BRI 20 BT D s (o L iR e 8 R i
G P FE AT B RS S, S
BRI A F B AR S (MC-ICP-MS) . A F
A3 HT R R R R DU A S A R
BN R PARFMR LEMEE TR, &
KRR TTRIRE R 1077 g/g BY 40T
RWE R 107° g/g B, H WD & it /&
X KB SR AT R G . SR R R I s IR R K R
i R B BUE R E AR AT, BR EAb AR T # 41
BPuflE S5 R EEZFERPHFUS HIE &
R U H #m, R 48 SCHk it ™, MC-ICP-
MS 5% FIE AT i, Z LI Pu [F] AL AR 5 0
FELBEORFME P4 'ENT 107 g/, HUK
IR KR G i BR AT R A B R LR AR T
HRBBHERZ—., BTEIEIOBMAE TR
B IR X R EFRM AR RE TR,
M F B 7R A X AR S P R SR, R
AEWBEAEERN B S, ¥ IC 5 MCICP-
MS B H, SE 3 IC /7 43 B ik 1 5 MC-ICP-
MS ) =5 43 HE B8 g B HE W8 1Y [F) L R L 0 &
e M & A, FT 8w H & W T R,
GUNTHER-LEOPOLD %07 % HPLC-MC-

ICP-MS Ji JH T B 488 B} 2 W80 14 58 85 23 B, 5F
FTeR L 3R EL B I % , SE 3 45 R B4 .

AWK IC 5 MCICP-MS B, @ it
BT O AL BB B, (TG A LI VAL B B AR
oy B TR AL S S A 1, SRR 5 HoA
PR T0 R 1 23 B AR B 5R [R) A2 R LG (B 50 o 9
SE » 18 3 X A VA i AU B TR K R
SRR A SE B A B K R el 2R AT I 5E 38U %
J7 I BT SR

1 XIGE4S
1.1 XA

Isoprobe # MC-ICP-MS. % H GV A &=
f 3 ICS-5000 #Y 5 - 5 3% Y (Ionpac AS4A-SC
RIS A B F A . EEBEZ AR
A Ak % 8 . 3£ H Millipore A 7 7 i ; BP211D
W R E 52 R AA 777 s
TDL 7Y% 2 85 .0 #L: 32 B Agilent 23 &) 7~ & 5
TBP ZE kW fig . 7402 ZE Wk W fiE: 60~80 H, ¥y
A% Lk Ak T 4 BF 55 B 32 4t 5 B R - 43 P 4
b B AR B BT 7™ 5 IR PR 4 L SRR - 43
Mot , ¥ b 5 25 FIDRS 40 £k 2 & A PR A 8] 77 5
U AR UE YA W (GBW (E)080173,100 X 107%,5%
HNO,) : ;1% Tl b T78 & B 55 B 2 41t ; Pu 45
HEVE VR, VUK B R SR AR HEVS WR (0. 1~0. 2 g/2),
SR TAEFRHE , n(P Pw) /n(** Pu) =0. 406 833
(0.088%,k=2),
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1.2 XBFEE

KR, Pu' RERERENNS, MEER
R BRI TR L EAR R SR .
HNO; Hy¥ K TF 7 mol/L B, Pu'™ 7] 5 A4 ER R
AR A N [Pu(NO,)s ]~ MLPu(NO;)s P, #E 1
B BH S €0 1% A W B, T AE SRR T, SR S
AR EN S EY, Wi kgl LB, A&
J& »FEFH 0. 35 mol/L HNO, ¥ W #5F BEL T 3k ,
SCERAH R WETR 4r B8 . AE A3 AT RE S BT, B
Fi NaNO, % %06 Pu i ZRE WM S, B ARIE
Pu DL Pu'™ JERFEAE , AL S 3 #h o =X 25 Bk
&R NO, M,

1.3 HaRfH&

T IC i1 MC-ICP-MS X R AH — &
RER, LA EEmP S ARERR, & T
Posh R 53 B BRI AL L AW E . R,
AL I N EAR R T, B SR AT SR AR HE TS
W5 B 558 , SR J5 #EAT B L3R B K A o 1
Ay B 5 , B 5 38 i SE BRI R KRR B Y B
55100 72 Sk B F S 56 7k I R SR
1.3.1 4. AFPruERE A4 B 1 mL £F4%
WA, AR F KBRS 5 mL, il 0.1 mL
4 mol/L NaNO, &% % Pu &4k F Pu't, &
B, RZR0NO” oG MA 4.9 mL #itR
HEVEW, 51 J5 A 10 mL 15 mol/L HNO,
BRI E R Z 7~8 mol/L,
WG, U B E R 25 X107° g/g, Pu KK
B R 5X107° g/g, 44 5] 20 mL 4l 55 bR
VW TR
1.3.2 BERZRMEEKERH S ML
06 2 85 W A O A A% 1R HE R K R BHE T
HLER I FEHBAHRE LHR, S &L
760 g/L. S LURS BR 1 A 403K, Bt 20 mL
L3, 135 HIAA B B SR AR HE VA W, I AL. 2 g R
B B PDUA U B YRR i R R AT AR IR RS T
035 FE X B 4 Y BB
1.3.3 SRR ACA SE 56 2 R KA o B I A 2

AT b 27 S 6 = BUAR T 4 2 KRR G R
1 & MC-ICP-MS # ) B 11 B2 3K , 45 40 A & B
50 L, iExd fin i & o RE i R 47 0k 5 Ah B, £F
WRZEZRIETH, A 15 mL 7.5 mol/L HNO,
BWRBULYE 15 min 5, L 2 500 r/min B0
5 min, B FEW;:; 5 mL 7.5 mol/L HNO,

BWWRBULYE 1K, I TR ZM4T HATE L
B, AIF 2R EER S 45 pm IR UE, U8
WZETRH MA 5 mL 7.5 mol/L HNO; F# ,
R R B S 6 R T R VE R — 2
0
1.3.4 TBP-7402 i H IR K RE & 20 A ad 7

3 FE 1 B B o TBP-7402 €8 3 4 %
W, B ETHE 12 h, A 1.3.3 BB AR
i K b BT B K B B4, A 15 mL 6 mol/L
HNO, V- TBP &%, 53 2 W% M,
Ve W LA 2 mL/min 3 3 i A E . H
30 mL 3 mol/L HNO; # 0. 02 mol/L & & i
PR 7KV VR 3 TR % T 8RB EE 1 mL/min, [f]
R R A0 A 0. 2 mL 4 mol/L NaNO, &4k
B, BB S8 4 J5 I i 2 AR B9 NaNo, , b
7402 @iER: . FH 10 mL 3 mol/L HNO, £k
VEBRJRBEAR, BE W LA 2 mL/min Ji 6
A, KWK 20 mL 6 mol/L HCI I 30 mL
3 mol/L HNO, k¥ 4 it , ¥ 2 5 W% M 9 3
#ME. H 10 mL 0.15 mol/L HNOQO,-0.025
mol/L ¥ ¥k Lk 0.5 mL/min i 2 fi# W 4R,
f R R L T I &
1.4 IC-MC-ICP-MS Ex 91

7.6 mol/L HNO, 1E J 5 T fa 1% k&
B B, R E A 1 mL/min, 10 min f5,
FE R R 3R B O RO A TR A
Hh, AR W VR Ot B AR R VR R B A O TR
F), EHESERE, L 0. 35 mol/L HNO, 5
0.01 mol/L HF KR & ¥ W 1E oy Ik Uk W K 58
WRUETT >k, W UE B EE 2 0. 1 mL/min, I £ Wk Uk
W. #H 20 mL W IN WL VEBW, 1 mL &
BEHEAE /N WS Pu iUk R, SR A IR B B2
BRSNS B FOAIEN. B THRERRES
Jo R 53 L A R R BE A W), W] B B AT MC-
ICP-MS 4R [RIf 2 LB A9 I &2 . B A7 00 2
12 W, R AR 10 s, JITE#E 200 pL #HHEW
B B B S T IR T # AT

BraikR%E 5 MCICP-MS R 4t 1] i1 £
H2BHBEARNCHE, EEE AT RE AT
WRENE B AR AERR, EOMNEERER
R H — R A X AL 4 i A B M AR, U
7] B 1 R i — AN X 3 R Y B SR AN ER T
PE&MEDT, | F IC Bk 5 MC-ICP-MS #
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i e S RYE

TE VR A0 2 B ], i 2 — B0, #0R A PEEK
MR EEREWM AN EEATAREKA.
PEEK 3@ & 68 4% Tf 52 58 B2 /) 4= 0l , H 38 1R AR
RN, TR+ 5% . BN, R F AR
YhR 0 VL B T T A I, e R P VAR DR O R W
T, 24 Yk U T 4 0 N €8 T AR A, S DA 1 3 IR
R B R RE R THE 1,

B 1 IC-MC-ICP-MSEXATREHE
Fig.1 Sketch map of IC-MC-ICP-MS

2 #RE5iFie

2.1 BFaEZSEHFNEGMRK

2.1.1 BTEEEAEE  RAESRS NS
BHLE, % BUR KA R AR AS4A-SC,
AST4A AS22A =M I & F Ei%HA/E N 55
R, BB HIT RSB m ., LHEREERH,
HA AS4A-SC RSS9 B B + 3% 43 AT LU 58
R AR 4> B T4E, T AS14A RIF AS22A #Y
BB B B T AR TE 1. 2. 2 TR AR
WU 2514, R BB B4R I 4 & B 7 0k
SRR B TAE. XATRERE AR FO
AT — 0 TAE SR o B, T AS SE30 Y b AT
Sy B I FE AR R R M AR T HEAT IR N 0 4
FEF=AE T IR . 5 B0 B M B B i A A
B REAR , X BB 1486 W 0 SR R0 T T I L S0 4l
R, itk ASLE R A AS4A-SC #l
55 581 B B 1 B R AT AT AR 4 S

2.1.2 EAFEAEEZGHHE  BHESCR
(117, #EWr e i 0% A B AW A HNO, ¥ & R
TE 7~ 8 mol/ L3t BBl PN , 5 fiF FH T 1 ) 4 6 o 1
FE GBS WBGHEAT EAE WA PR VR BE A5 L 5. 43
VR BEH 7.0.7.2.7.4.7.6.7.8 mol/L F
WRS B2 , 7 MC-ICP-MS Il & 54 B )5 4F 11
THEGERRTHE 2, WUEH, B R

PRV B S W7 A Ak, (H B B9 TR) 2 3R B TH 4o e
12 000ZE 47 » B A 8. 381k, B iA O 7~8 mol/L
i R B PRIE BF B A B B AE

14000
12000+

&
= 100001
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T T T
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HNO, % EE/(mol/L)

B2 EHEANHEBRESHBITBNXR
Fig. 2 Relationship between the acidity

of column and the counts of Pu

MTFLRSEBANMBRRER 7.5
mol/L, RN fF & MC-ICP-MS #f ¥ % 4, i Bt
1 mLAYEBL W, in A 15 mL £ B F K% K #
B ARYE 1.3 115 il M bR AR T RO B 1R
Hep gl i vk B 3. 906 3X107° g/g. 43 F il
£ 1.0X1072,2.0X107°,4.0X107°,6.0 X
107°,1.0 X 107° g/g ‘Bl b5 #E ¥ W, i F| MC-
ICP-MS HE47 4 M FE 1 I 2 , 4 1 40 VR 5 A9 A
WL, R EM X R R, R THE 3,

x107%

0o 2 4 6 8§ 10
Ui /(107" g/g)

B3 SEgsRA gk

Fig. 3 Standard curve of uranium

YEPEW E H 7.6 mol/L HNO, fEH E K
W, HEAT T A A ER 4 B SR I, ORI A2 Al R BE
RPN THR L, T, 4 BRI 94.9%
PL b, SEER R B Bl A T B EE R R DA T
R BRI B 2 R ARINEE R
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FOGRT 2X10°, o, BF % W Hh 5k B R B
Bl 22368 8RR 2 2K EG (R ARG I R 7= AR 2R, AT LA
I E R EEse, EHACRRE.

F1 HEKERBNE

Table 1 Recoveries of uranium

TR vk /(1070 g/g) Bl 2R/ %
U-1 3. 9482 101.1
U-2 3. 8128 97.6
U-3 3.7088 94.9
U-4 3. 7744 96.7
U-5 3. 8695 99.1
U-6 3. 8172 97.7
U-7 3. 8261 97.9

2.1.3 mAEBBBARNTEE LREVX
JH 0. 35 mol/L HNO, ¥ ¥ 1E Jy 3 it W&, % ¥
Ji5t VBRI LK BR R 50 (LR 1 3 ORI ; Bl S R A
SCHR[ 1273820/ A 0. 35 mol/L HNO, 5 0. 01
mol/L HF #IR & ¥ W AE o bk Y& WK , b B BF 1Y
HHAEPEERA. I TR HNO, ¥EHM HF
W X PR AR B, BE I T 0. 35 mol/L
HNO,; +0.01 mol/L HF.0. 2 mol/L HNO, +
0.01 mol/L HF, 0.35 mol/L HNO, + 0. 05
mol/L HF 3 H Y , #| F MC-ICP-MS X 4ifi
BR 43 B5 J5 8RR AL 2 19 BT O AT I, 45 2R R
FHE 4, AU, 24 HNO, ¥ & FELsL HF % &
FHiE B SR TR0 A B AR, U B R R

140001
120001

ﬁ 10000+ '\.\.
8000+
60001

T T T

1 2 3

IR B

7 :1. 0. 35 mol/L HNQO3+0. 01 mol/L HF;
2. 0.2 mol/L HNO;+0. 01 mol/L HF;
3. 0. 35 mol/L HNO; +0. 05 mol/L HF

B4 FREREEARSHITBHXER

Fig. 4 Relationship between the eluent

composition and the counts of Pu

WhVREE S TR

3 TP 2L 8 K R VR BT T G P 9 D Ty £ 0 TR R
FH 5, XF L RB, ER IR & A WA AL,
W, 4 S 5 2% SCHk (1213 A 0. 35 mol/L
HNO; +-0. 01 mol/L HF 1B-& ¥ B AE Rk BEK .

80000 -
u]
o2
a3
50000
&
=
20000 -
_I 0000 T T T T T T

1 2 3 4 S 6
ke AR/mL
B 5 kSt A R R R R, 5 g xS g R
Fig. 5 Intercomparison of elution curves

with different eluent compositions

2.2 EBRABESEMELRENERSZ

i 1IC 5 MC-ICP-MS B F 43 #7 k¢ & o
BRIF A 2 H(E B, MC-ICP-MS 1] L) 5] B X 2%
AR R T RS SAEW, f# T
mER e, BT RFER MR ZEF
RESHEARERNZENEW., B2, fT4H
TR IBE B B A VR B R R T AR A o AR R Y TR 2
REAWIAES, JP , 72 1K vk B 3 43, SR Rl 2 R LR
W sh K s 26 R R BE TR 43, R IR L 3% LB I 3 3R
AN, MR ETEFEEERA3IM. D A
Pu T80 B AL R0 3K (R R 22 JR) 3 3
OB 32) DA BBV BE AR fh A R0 2% L A8 1 F 48
Sy B A R 2 Al 5 3) FH TR 3R g T AR At
BN R HED,

Xof 3 204 R b o AR S R AT R IR L 3 LL B Y
FELR I & , 7E AL AR 250 T L I A5 1 R R 12
HHLES T 2.

Sy AR 3 Al 7 vk e BT I A 4 TR 6 K LA
HEATAL R, WP LA SR T3 3. WRAIE W MY
BIESRER BER 1.2),3 FlJ7 ik T8 146
N HEARE B MBS 5 7= A B sh i (e
3 HEDDSHTFEENENT=ERK
B DR 22 5 T 15 1D IS B9 R [ 6 R HL M A R R
FE . R, XEF 3 FhRE &, 3 o v B A A vk
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RH) Pu AR ILES B L2 B0EE 2 50
FEAE (0. 384 )8 MR ZEX/NF 10%, AT IR K
IR 1 A 4 TR o2 3R 4 800 S 52 e U o 45
R, MALHRAFTE DA Puitfii®
b B TRl 7 2 AR R B A IR L R LU AE
2.3 ERZE HEE K BT E

o ThC ] P R 00 A T8 e I 7K R i AT E R
FE LR WA BT L E 12 KB ETT
BRAPutfiEmAMFEMZLED, S
ERR AR VS TR L B B LB A L3, IR R R
FFR 4. AT, HEXAR DR 25 (RSDY B2 1%
DIF, &4 R R, TAT R, BIkA]
A, AS4A-SC #I 185+ €4 1% 4 7T LU 32 TR 5%

IR B R ER Y

FEmMEMENTEEEUT AL —2
BEDLER 358 7K B v B A9 v B B — R £
BN, SRR BB S B R, LR BRAES, AT
VLI o 384 o0 B B8 R 4 L 0 2 I 1) R 4 s
B,
2.4 SEBREIBLAL L E B OK @AY E

b 81 Ak B A A ST 2 R K R i AT T
e, [ 5R A TBP-7402 @354 7 k5
2 %E (19 8K [ 2 K EE R BEAT X B, I B A X A
WD 22 978 106 DL, HL7E 20048 9 56 [ L R
FOAEL 5 4% 48 07 vk I 45 59 6K [ 7 R L E AR, 45
RINTES,

£2 FEME BB Po/ Pu B R

Table 2 Counts and isotope ratio of Pu in standard samples

-I/«I»ﬁ Z40Pu/239 Pu
W& S
B g 2 A3 B 1 e 2 A3
1 3150 17500 16000 0. 3304 0.4144 0. 3822
2 16500 15000 11000 0. 3486 0.4151 0. 3647
3 3660 30000 2000 0. 3507 0.4179 0. 1547
4 3550 - - 0. 3479 - -
K3 IMBBTAMELENETEREHNER
Table 3 Results of determination of % Pu/?*° Pu with three methods
e HiED FE2 3 BRAETWE
1 0. 3486 0. 3444 0. 3472
2 0.4179 0.4158 0. 4165 0. 3842
3 0. 3822 0. 3003 0. 3598
T4 ERREBAHERUELER
Table 4 Determination results of simulation environment water
B 240Pu/? Pu RSD/ % 240 Pu/29 Pu HRHE(E M2/ %
1 0. 3836 0.74 5.7
0. 4067
2 0. 3822 0. 50 6.0
R5 EERBAERHNUESER
Table 5 Determination results of actual environmental water with different methods
240Pu/239Pu 240Pu/239Pu
B RSD/ % RSD/ % R 22/ %
(IC-MC-ICP-MS) (TBP-7402-MC)
1 0. 393 0.9653 0. 388 0. 3395 1.3
2 0.374 0. 0877 0. 375 0.1208 0.3
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3 #ig

ASLE gy T IC-MC-ICP-MS i il & 3
BeoKBE S Pu R & HL(B . 3 23 T 5 4 46 A
TR T B LR B K B, B0 UE T ¥k B AT 2
Mo BT v HE 4T 5 bR 3R 5% KRR & 1 I 5E
HAHH 5 TBP-7402 55 H: B 4R 2 B vk i 45 31
ML, A BB RIFM—3E., @i
ICMCICP-MS 7R £kl & Kk 5 %0 & K
2, BT IC-MC-ICP-MS ¥ B # & il &b 22
a7 B L o3 B TP AR AR A O RN E R T3
BEKBE S AR R AR &, A BT
HARZRERGIFTFRES, I+ Pu [F AL
WA E
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