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Uncertainty evaluation of heavy metal content determination in
water by inductively coupled plasma mass spectrometry
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ABSTRACT: Objective To evaluate the uncertainty of content determination of six heavy metals (chromium,
copper, nickel, manganese, cadmium and lead) and arsenic in water by inductively coupled plasma mass spectrometry
(ICP-MS). Methods According to the relevant requirements of JJF 1059.1-2012 Evaluation and expression of
measurement uncertainty and CNAS-GL 006: 2018 Guide for evaluation of uncertainty in chemical analysis for
measuring uncertainty, a mathematical model for uncertainty assessment was established, the main sources of
uncertainty were analyzed, and the components were synthesized. Results When the arsenic concentration was
9.68 ng/L and the confidence interval was 95%, the expanded uncertainty was 1.39 pg/L (k=2). It was found that
standard material and standard curve fitting were the most important components to introduce uncertainty component.
In the process of the experiment, the standard material which was approved by the state and given with less
uncertainty of relative extension should be selected. Appropriate standard curve range could improve the accuracy of
measurement results. Conclusion The uncertainty evaluation study can provide reference for the uncertainty

evaluation of ICP-MS in the determination of heavy metal content in water.
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AR, TR EKIRE S RIS YN H 3™ E, Ee R
JUE DIKCAHEK, W&, W, W, IS ERK B B
0 N RO 1'% 0 N 1 2. L g i - e
VIR, AHRHREE YRR AEM ORI T 4%, &5
BEAME, FHARIER EBINRE, 65 ARl L
SIEICE GRS AR I S AEI RN A —E A
g ohfe, e BIEAREA D, — e d . 5
el IRITRR . SHAWKRMEYSE, &8ENEN
Seitl W R fE P

HHT, W 7K v 4 Ja & s 5 F G 007 1 2 K
R e RN S oty SN SE: Y ) i 214G 7 N
S TR R O 0 VR H R A S TR RS L
(inductively ~ coupled  plasma  mass  spectrometry,
ICP-MS)!" "M% | i 5 BRBE (47 TR H 25 IRA, 4t
TR . ERE O ORBESE AT R R R,
TR A 5 1 A T DL PR | e R U R A
SRR R, HAE e R IR iR %
1, LT R BT o R,

I AT S I R AR AE A PR M R T ) =2 {0
BICE, 50045 AR R A S MR A A e
FINTZE 5145 CNAS-CL 07:2011 ¢ I AN o B (SR )
HRRG I 512 56 2 17 A B 0 X — A B (R i e S gk
AT AN A, ASBF TR JIF 1059.1-2012 (il
TAHE EIEE 5#R ) PRI CNAS-GL 006:2018 (k2%
SIMTERORHE B PR A RS ) 1Y, S Hr i A ICP-MS il
E K A S AN E BE, 3 TSI BE e, PP R
AR, PR R . AR, IR IR A5 R 1A 5L
P, DA SRR TAE AP A3 21 547 04 v FH o

2 MHEREE

2.1 FENUSEMIKT

Agilent 7800 7 H A G-45 B TR (BC MicroMist
ZAb4s, 3&[ Agilent A F]™ i), MDS-6G 7 Z 38 i (U A/
ARG 8 AN, I U bR A FRA D).

8 Fh 4@ IR A bR iR (100 pg/mL, BW30001-100-
NC-100, FHX" A E R (=2)K 5%, JtLatinss ekt
FARRAT); KA il 50T 29 AR W 5T (1000 pug/mL,
GBWO8S611, ¥ BAHIEE (k=2)0 1 pgmL, *EiHER
WFIEBE); ARSI (100 pg/mL, £ Agilent 237 h);
SR (MOS 2%, Rurii BHa B AL 2= 04T B2 ), 30%3d

il

AR W al, KR AL 7RG A PR A\
2.2 ICP-MS T{F&#

JH ICP-MS JHTS O A dr i BT B4l . RBUEE . Ak
Wy U T R BEAR A TR, (A I bk S K

&1 ICP-MS TE&#
Table 1 Parameters of mass spectrometer

ZH BEE SR WEME
RF TR 1550 W AR 1.05 L/min
I B % 0.10 t/s Al B S 0.90 L/min
FALE R 2°C B ARR 15.0 L/min
Hlik s 100 ¥ A IR R 3
M= ik e

23 LWHE
23.1 HsEra

AHFERE I AR E bR v HI 678-2013 (UK 4@ &
RO O ) USSR HI 700-2014 (K 65 Fhot
FEME HIEBRE A SR T ARTEL ) U7,

I 25 mL RE S B T RO TE A RET, A
1.0 mL 30%3d 84L&, 5.0 mL #RAHER, WMEIRW, WA KiE
AT, T R P R, RSO RS N e
BT AN T A T T

WHfREE, BTFERNERRHEER, A, JFE,
ML REIE IR, SR VR ARENEE 2 R, BUETA
VST 50 mL 25 REH, K AR, FE .

FH A AR R4 b A IR S5 4 R 25 647 T 1
B8 [0

3 HBRE5SM
3.0 THEETERFHE

pP=pi=pP)xf
K p—HRPITRIKE, pg/L;
p— R RRIGFEA R OC R RE, ng/L;
po— R E LR E A AR TP R MR,
ng/L;
S—RRRAEEL
32 THWEERESH
R 5 FVBCA B, AN 2 BE 43 i 2 2k I
THTHAGEEL . AEY . AnrfE &G . FEAE D
FE R g
HRH% GB/T 12808-2015¢ 520 s g {8 BAKREZR W ik
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) U8 GB/T 12806-2011 (LI EPEIEIAE PbR 2t
L) VR 1IG 646-2006 (B #i ) POREIR, n]HIBERLE
WA . AR A RIS TR A8 A i 22 5 IR AT 2
JiE, BN =M (k=~6), FREERTIERE u(Vo)=45
Hfe2/6 o IR AT A AN E R B W
AR V)T B 5 T B PR BE AN TR) 5 A A AR RS
(2 AT 5 °C 1M, KRB AL a=2.1x107Y/°C),
R A3 A0 (k=3 BB, FREAHE JE u(Vy) =V x AT x
o I\ AR HE R BE FE g (V) =2 V) + 2 (Fp) 1V
FE W AT B AR 5 | AN 2 B 4l L3 2 Fnk 3,

R2 WHBMUEINNTHER

Table 2 Uncertainty introduced by glassware

PR AR A Easeiin
LA ) ImL S5mL 25mL 50mL 100mL

AEEfZ+ml  0.007  0.015 0030  0.05 0.10
FRIEA B E

" 0.0029 0.0061 0.0122 0.0204  0.0408
BE u(Vy)/mL
B2/ C 5 5 5 5 5
PR RE 0.0006 0.0030 0.0152 0.0303  0.0606
u(Vr)/mL
AEXTHR A
" 0.0029 0.0014 0.0008 0.0007  0.0007
WEE ua(V)
R3 BRBSINNTHEE
Table 3 Uncertainty introduced by pipettes
it Bk AHA BRI B AT
— NS Yy =1 2
*/,T;Mﬁ BumL TRZ w(Vo)mL  u(Vy)/mL AR
H/uL +/% urei(V)
0.025 3.0 0.0003 0.00002 0.0123
100 0.050 3.0 0.0006 0.00003 0.0123
0.100 2.0 0.0008 0.00006 0.0082
200 0.200 1.5 0.0012 0.00012 0.0062
0.250 2.0 0.0020 0.00015 0.0082
1000 0.500 1.0 0.0020 0.0003 0.0041
0.800 1.0 0.0033 0.00048 0.0041
1.00 1.0 0.0041 0.00061 0.0041
1.50 1.0 0.0061 0.00091 0.0041
2500 1.60 1.0 0.0065 0.00097 0.0041
2.00 0.5 0.0041 0.00121 0.0021
2.50 0.5 0.0051 0.00152 0.0021

3.2.1 i MR BT 5N 8 AR
R it T 7 25 5 LB AS 0 2 T2 B R ) AN 1
JE I R AL 25 mL FARAIK A L 1000 pL B AR .5 mL
BRI AT 50 mL ARG ARATEE, dik 2 #
F 3 AL, FERL TR E 255 A AR HEAS B 22 B
iy () =30.0008 +0.00412 +0.00147 +0.0007> = 0.0045 -
322 BRI THEE
OFCHITRAFRHEM R 1 (10.0 pg/mL)A X FR AR
T E

FH 5 mL FRARZ IR B8 (A )RS L 5.00 mL 8 Fh4x 8 iR
BPRUEVE (100 pg/mL), F 2%MMIEREAZE 50 mL 4
EI(A 90 HECFERLN poVs=p 1 Vso, FTLL p1=poVs/Vsoo

K po MPRME TR BE(100 pg/mL); py JRHERS
FHWE 1 I (10.0 pg/mL);

Vs J R PR VA TRAR AR (5.00 mL); Viso b vhEfS FH ¥k 1
TE AR50 mL).

P H TRV AR bR v AN R A 2R

Uy () =12 (Po) + 12, (V5) +1a2, (V) -

FREE FR 1ML p) IARGTBRIEASHRE RS MRIETR AR
HEW) T (BWT30001-100-NC-100)iEF545 H# R 100 pg/mL,
AEXS 3 AN R BE (k=2)°H 5%

U VA VA8 P R ST s A AS B 5 EE

U, (Py) =5%/2=0.025 .
SR 2 P, PTAS bR VR 1 AR AR A

I

E

g (0) = N2 (o) 4l (V) + 2 (Vi)
=~/0.025% +0.0014% +0.00072 ~ 0.0250 )

QEC R A RS P 2(1.00 pg/mL) A FR AR
1 7E E

FH 1 mL (A Z0) SRRk & 5B 1.00 mL 8 i 4 JE iR
BFRME (100 pg/mL)T 100 mL (A AT, FH 2%
TR IRE 25 AR, $85). HORM & iy 3.2.2
HOMIE], HBEEREREY paVic=poVi, FTLA: pr=poV1/ V1000

P py MARERT I 2 B (1.00 pg/mL); po Aks
HERE AR FE (100 pg/mL);

Vi AR BURR HEIR B AATR(1.00 mL); Voo A FRAES
2 ERAKFR(100 mL),

ARG I R AIOE EROE 7R N DTed - R RN W

U (P2) = \/“rzel(Po) + ”rzez(Vl)“‘ ufel(VlOO) °
SR 2 B, AR U VA A X AR AT

i

E

g (92) =120 (P9) +142, () + 42 (Vigg)
=~/0.0257 +0.0029% +0.00072 ~ 0.0252

OB 1 72 0 VA VL 1A R B A A 2

AT BB BUR AR T 50 mL 252
t, H 1%AS RS BOE 5 220, 5], 195 3 MRiERS
WRE, Wk 4. FAHE IR 3.2.2 F1O.

o v R 9] 8 VL A o 3 A e PR R TR 8 S BB o £ P Vi
TR, EF 8 WK, TARMED 5| I AR X B AN 0 2 43
il H

Uy (F51) = \/7”rze1 (P2)+uuryy (V) + 8ur, (Vso)

—J7x0.0252% +0.0214> +8x0.0007 ~0.0701°

o
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Table 4 Relative standard uncertainty of pipette introduction when preparing standard series solution

PRUERIIRIE (ng/L)  BFEARYmL  BHGE BRI/ (mg/L) AP/l B S AR HEA I E L ura(V 5)

0.00 0 1.00
0.50 0.025 1.00
1.00 0.050 1.00
o 2.00 0.100 1.00
RS 1 4.00 0.200 1.00
10.0 0.500 1.00
16.0 0.800 1.00
20.0 1.00 1.00
0.00 0 1.00
0.50 0.025 1.00
1.00 0.050 1.00
e 4.00 0.200 1.00
BHRT 2 10.0 0.500 1.00
20.0 1.00 1.00
32.0 1.60 1.00
50.0 2.50 1.00
0.00 0 10.0
10.0 0.050 10.0
50.0 0.250 10.0
— 100 0.500 10.0
WREES 3 200 1.00 10.0
300 1.50 10.0
400 2.00 10.0
500 2.50 10.0

/
100
100
100
200
1000
1000
1000
/
100
100
200
1000
1000
2500
2500
/
100
1000
1000
1000
2500
2500
2500

0.0214

0.0199

0.0167

Uy (F52) = \/7”rze1 (P2)+uuryy (V) + 8ury (Vso)
=~/7%0.02522 +0.0199% + 8 x 0.0007° ~ 0.0696 °
o (853) = \[Tu (py) +12, (Vi) + 802, (V)
=~7%0.02502 +0.0167% +8x0.0007 ~ 0.0682 °
323 HEMERMETIANNTH TR
3 AN BETE R IR A AR R ANE R, BEE W E R
¥k 3, LIARiE RPN WO B R AR bR, DARES S5 5N
FRAR 5 14 Lo AEL Ry 0 A8 b 8 57 R ofiE il 2k, A5 il ko R R
Y=a*C+b, LIARHERNZETE ] 0~50 pg/L HFHICE N HI, Al
G PO E AR I 5, Hrh 0=0.0221, 5=0.0005,
HRIEZR 5 BTVEHE, Bk LG M AE X AR AN 2
BERTH DAF BB 3
TV LR BB B L B A
0.0005 +0.0120 + 0.0222 + 0.0866 +

7 02232+04402+0.6943+1.1138 _ ., |
8
MY =0.3241 I, AR A 2R 304 B A

Y'—b _ 0.3241-0.0005

Co= ~14.64 .
0.0221
REHE I 2 T e - 3 (A
c, - 0+0.50+1.00+4.00+10.0+20.0+32.0+500 _, o

8
R A 2 AU TR A 22

Hirr:

Sy _\/i(yi —-Y)?/(p-2)=0.0178 .

i=1
e 2 DL B ME AR B2 FE
Sy L 1, (G-Cy)
YT YE-6
i=1

0.0178 \/l 1 (14.64-9.68)
= Xy —F—F————
0.0221 V24 11 2315
~0.3052 pg/L

p AINE TAEMZ RS SR —8 MR,

u(¥)=

SMFEREL 3 IR, p=24;

324

*6:

n R B ST I RERE S UL, n=11;,
C i IBBRUE RGN WA TR E
R, PR AR R 5 LA R AR X AR A8 2
u(Y) 03052
U (Y) Cr
L - R AP RN V-
JKRERR IR HE 7 1 HIT 700-2014 8 R4S 585 T T

~0.0315,

1% 6 Bl al A5, R i 5 A s v v 22

D (G —Cy)
i=1

~0222 pg/L,
n—1
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Table 5 Contents of standard series solution
C i i(ng/L) H& v, SEHIE Y i £ A PR LAY Y (YY)**107 (Cri-C )

0.0004 0.1256

0.00 0.0005 0.0005 0.0005 0.0125 215.7
0.0005 0.0045
0.0120 1.617

0.50 0.0122 0.0120 0.0116 3.697 201.3
0.0119 1.230
0.0219 4.435

1.00 0.0235 0.0222 0.0226 8.009 187.3
0.0212 20.53
0.0850 151.9

4.00 0.0862 0.0866 0.0889 72.95 114.2
0.0885 1.832
0.2224 7.910

10.0 0.2300 0.2232 0.2215 715.5 21.97
0.2173 175.1
0.4446 42.08

20.0 0.4379 0.4402 0.4425 210.8 28.22
0.4382 186.3
0.6897 3236

32.0 0.6947 0.6943 0.7077 1692 299.7
0.6985 847.1
1.1514 21111

50.0 1.0507 1.1138 1.1055 30044 1247
1.1392 11371

n
Z(yi -v)? . - - 69905 -
i=1
D (Cpi—Cpp)? ; ; . - 2315
Fz6 KPHEEMNELER

Table 6 Determination of arsenic content in water

TEEELm)  H% RESRBOREE Cpy, /(ng/ L) A8 IR C o/(ng/L) FERTERIREE Cwi/(ng/L) FEARTE W I Cy /(ng/L)

0.1121
0.1069
0.1087
0.1097
0.1106
0.1056
0.1103
0.1088
0.1082
0.1034
0.1074

TS 0 0N n bW —

5.050
4.814
4.896
4.941
4.982
4.756
4.968
4.900
4.873
4.656
4.837

0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041

10.018
9.547
9.710
9.800
9.882
9.429
9.855
9.719
9.665
9.230
9.592

9.68

11 CE A I S S R R B AN R

u(Cy

s 0222

—r

-

~0.067 pg/L

DRI, A A S 5 L A B AR AN R S

urel(cﬁf) =

w(Cy)  0.067

C

. 9.68

3.2.5  AeARELICE G| N RA R

SEATREL 6 3 25 mL WA AT AR T R T
b, 4rBIA 0.02 mL 10.0 pg/mL HTR-AFRUEME W 1, H
AL BRIR] 2.3.1 RESRRTAL R,

~0.0069

T RIS S ZE A A PR AR b S R BTE e, AR
FEAHE 100%H9HE AN E W, Ml BRAT LG ks mhiicge
PR X 2.3.2 & A nbRAE S b A T E, AR R 3
B BRI R R, W 7, Hd uP)=SP)/m
u (P)=u(P)/ P .

¢ WIS, AR N =] P-100%|/u(P), HIKF
RN AHBEMNZR IR BRI =0.92, B JJF
1059.1-20 12 A 2 BEPE 5 5 32m )U B s B Al A
MEERER 95%, M v=m—1=5 I, =2.57, KT 0.92,
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Table 7 Results of standard addition recovery

WhR gD W R A
s oy UK R W R
Pl%  S(PN% UP%  U(P)
1 96.8
2 102.2
3 936 98.9 2.88 1.1751 0.0119
4 96.7
5 100.5
6 101.7

33 THEESELR

ZM 323, 3.2.4 M 3.2.5, iHEHA 6 fh 4@ L
FrRuE M ZR LA . BE S EE A E FUINAR [BDRCR B AR A X AR
HEAHE E, BHRC AR 8,

H% 8 B AT N, AR TS | AE R AR AN
BE SR BE Y B BORUE, FLARHE 265 BRI S, Ak
GAUA T I AH R AR AN 2 B

HAMESA R R R A CHE, LI B, brifEfhkis
FEl R 0~20 pg/L, TUI-& BSRH X HR vEAS B 2 B R -
g = U2, () +ul (FR) + 2, (V) + 12, (Cp) + 12, (P) = 0.072

211 WERNERS MR AR R 9.68 pg/L,
DU LA VAN A S A

u=9.68x0.072~0.697 pg /L .

THREY RAE K : AEGFKTERN 95%, U HT

k=2, W ESR Y RAEE U A:
U=2u=2x0.697~139 ng/L .

34 FREMRX A HEE S

e e FE K P AR AR AEY T (1000 pg/mL, GBWOS611,
AT b TR R AR ) AR R, AR IE A 45
HWePEH 1000 pg/mL, FHXY A E B (k=2) 1 pg/mL.
] 3.2.2 W oA, Al A5 AR R 3T 5 | A AR X A HEAS B
B, SIRAGERh RN, WE 9.

4 & 1

K ICP-MS e /K4 @i &, gl EAHE
FERIESHTRT LA, ARuER BT AbR it 2l G R 5 I A
FEFE R E VR B i X 2 NS EAR HEY T (100 pg/mL
8 Fh 4B IR-AFRMEATR BWT30001-100-NC-100 F1 1000 pg/mL
FK AT B ST R A AR MEYI R GBWO08611)5] A B AR 5 e
AN AE BE, RS20 3 AR Hp b 5 FH R ZROA AT (R bR o ) 5 R
AETEIARER T, FLZ R IR R AN S B /N .
¥ 3 ASAEAREHTZE 0~20. 0~50 i 0~500 pg/L 5 AR
AEXSARAEANB A B, PR T (s v A A A A ) e 23 SR o
TR o R SR S N 51 B T U AN 2 A DU 1 2
W, VA IE MRS e d ZeAa L, AR R RO i v
P [RISE A BN HLA AR A S B0 i B fE, Wb
2Pk 22 SRR S AR B R AIC S | A BT E B, AT 63000 o
SRS . L, IEAHE B R X ICP-MS i
FE K 4 A O R R E B R S H R L

=8 THESELR
Table 8 Summary of uncertain components
ura(f) o) (1) wa(Cr)  wa(P)
0~20 pg/L 0~50 pg/L 0~500 pg/L 0~20 pg/L 0~50 pg/L 0~500 pg/L
& 0.0077 0.0303 0.3793 0.0007 0.0146
il 0.0153 0.0322 0.2552 0.0029 0.0081
i 0.0068 0.0303 0.3254 0.0063 0.0159
o 0.0045 0.0701 0.0696 0.0682 0.0075 0.0300 0.2696 0.0032 0.0133
i 0.0079 0.0299 0.2917 0.0069 0.0119
% 0.005 0.0296 0.2041 0.0056 0.0049
i 0.0032 0.0274 0.1684 0.0044 0.0048
#z9 FRMREMRSINNTHEEXTL
Table 9 Comparison of uncertainty introduced by different standard substances
K R ) 5 IR PR PR
0~20 pg/L 0~50 pg/L 0~500 pg/L 0~20 pg/L 0~50 pg/L 0~500 pg/L
FRUEDIT e () 0.0233 0.0219 0.0186 0.0701 0.0696 0.0682
B AR AR AT E B 1ty 0.029 0.040 0.293 0.072 0.077 0.300
A BB EA B 52 BE u/(ng/L) 0.281 0.387 2.84 0.697 0.745 2.90
T RAWEE U 0.56 0.77 5.68 1.39 1.49 5.80
455 /(ng/L) 9.68+0.56 9.68+0.77 9.68+5.68 9.68+1.39 9.68+1.49 9.68+5.80
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