5 ikE REPOATS

ICP-MS M E&:FNRMEEBRBIERSHRIERZ LGS
;‘,]J }%1,2, }"lj «{il’z, 7)’]‘5/‘1\5/‘1\1’2, :’J’J\ %1,2, %éﬂﬂl’2’3’4

(1. FEPB R BEVIR g ILE AR P, IR F5 266071; 2. FEBFEEE BRSSP, IIER
B 2660715 3. HBEFEERELEE BHEASSHERAIIRERE, LR &5 266237, 4. HEBLFE
WP T A SRR E SR E, (LR F5 266071)

WE: FANTHELABNTELREALENESE, ST THREREFOEN., SPFcB iR
BT, ALIRE T B AABESE B FRR L% (CP-MS) R B 0l 2 i Ay b 4R, 4. A LE
Bk 55 W) K MR At 0 B SR IS AR e, 1B R B SURER R, IR Lig(4) ERK, A B EwWRP2HRE,
BRI B BEAR B Ao BL b T, VAR B O H IR A TR S b R R, B E SR T ENHT)E,
RE)iEE RIS EREE A 0.05 g £EGFHE|£0.000 1 g)F LT, RN MEMH A HNO,(RA2 54k
69%)A & 6.0 mL. H,0,(#h #2554k 30%)H & 3.0 mL. HF(RAR 4L 49%) F & 3.0mL. % = HE 5%
BE 190 C. ARIBRET R 15 min, 4R KW, ERRABH T R EFHE S, s A IEEERBRIIREY
TR # MR AT AR B A BEAF, AL EEEE 91.52%~107.55%Z 1] ; #EE &, &AM,

F M AATAT R E A 1.29%~8.21%; FiEM B IRAK, &AL EFELETMRA 0.005~0.057 pg/g. %
FEERT R, HAEEARMESE T, 4. ARAEFAETSEEANZHNRE K.

KEEIR: ERGRIAL; BORH AR, 4B, HEIRARY; ICP-MS M &

HRESES: 0657.63
DOI: 10.11759/hykx20200824003

4G R R P R BE ), AU
K, W EER BRI, 58 e R, T i
TR AR 2 Y BE ) B R A = I, UG
TR AR AR ARG, T E R R S Y A i
FRE Y P ITURR R SR T A 25 2R G 1) T A A
oy, BAeRIEEIL, RIS E SR 15 YR 4R
RO A I s R DU D A R TR A i
X TR PR A M B A PHLELAT B 4R R

W TR YR TR & A A s
EEA T IOUEHE, oL, REmE S
THIET RGDEHE, X TN, BB 5E
TR, Ho AU g S 55 B AR % (ICP-MS)
HAT PR iy o, RABRE R, At BRAK, AT,
T, HEWEL, ShABLPEIERIR, TR 200
FPHAHT, TR AT, oy EE N
PLOCER T T H, ARG TR POk i A, 18
Pt SRS ROT R AT RS Tz L

o ol AT AR B AR AT A 0 BT A5 R A AT, ATAL
Hih A TR 22 ] BRI IR 22 60% L L.
P BA BRI . AR R A GG
VERERS IRVRL T AR DRSO Y, EAE R ALY

XakFRIRED: A

TEHE: 1000-3096(2021)04-0106-08

M. PR RN A G 2 Tz A . EEETTR
YIRES N B 2%, DARERRER M &, [ABTE &4 H Ak
VI ML, — IR T TR I i, 2
HZTRMAEG . ®HRRIEGE R EZEaE
HNO,;-HCI-HCIO,, HNOs-HF-H,0,, HNO;-HF-HCIO,,
HNO;-HCI-HF, HNO;-HCI-H,0,, HNO;-H,0,-HCIO,,
HNO,;-HCI-HE-HCI0,, HNO;-HCI-HF-H,0,!"-1345 |
X T O v T A UURR A, TE AR TR RS R . TR
T RO T A R R RN IR S ] 6 T R RICR R )
#RELA, (HE H AT E N HRiE 2 25 8 R R xR
5 25 S 1 5% ) mi LA e B R Ty 28 9 AT B L AL,
W= RGBTSR

XX ZHE(m) . ZKFRE(n), 5875

Wik H 39 2020-08-24; &l H #: 2020-10-09

BT H: op E R BRI SE S R L 0 H (XDA23050501); 1
A H KRB TR L I H (2018SDKJ0504-1)

[Foundation: Strategic Priority Research Program of the Chines Academy
of Sciences, No. XDA23050501; Key Science and Technology Innovation
Program supported by Shandong Province, No.2018SDKJ0504-1]

YE# WA XIEE, 2(1987—), Wi+, TRIW, WARMEE A, FEAFE
PEALATIFSE, HLiE: 0532-82898809, E-mail: liuyao@qdio.ac.cn; A4
(1964—), WEEIEE, W4, BEFEG, BFZJ . MR, E-mail

jmsong@qdio.ac.cn

106 TEFEERL ) 2021 4F /55 45 4 1 55 4 1Y)



HEIRkE REPOATS

A a" MR, TAERE RS EACE A
Gt R, AR R, R
B PR B0 1 I M PR A 1, AR A R EROE
7, SRR T R L R AR a5 R U [,
RSO RS ICP-MS 454, LG vEii By b
B LOBE L BYVRVERS DU EE A R U R A S N XA,
W IE R IR, PR A RRIA R ME LT, L
R TR T it 25 A ORI i 1 T A R, L
AU AR T A A5, (AR A5 300 P 100 DS 1 30 o,
TR I 25 R &, @57 ICP-MS [RRHIAE 4 Fb 8 4
JEICE W, NI 1 M T TR TR
(R0 5, 3 SR TV O R v A R B i R
VPN PR UK

1.1 5 RA

ICP-MS ICap Qc HLBGHE G4 B TR (L
Thermo Fisher /A #]); ETHOS UP {4 i X (B KA
Milestone 23 F]); Milli-Q Direct 8 #H4li7/K RGL(FHFHR =
18 MQ-cm, FE[E Millipore /A ); MS105Du Hi, 7R3
(3= 0.01 mg, Mettler-Toledo /A #]).

A g oK R 4lik, HNO; . H,0,, HF .
HCIO, AR 4E; 1 000 ug/mLIEA bR e R (H XA
4 I8 S F MR BTl ot ), B R — bR ifE
Y1 GBWO07314. GBW07333, GBWO07334([H % I
PR R AE AT) o X0 BT A SR 28 LY R

#1 ICP-MS MEHIIESE
Tab.1 Working parameters of the ICP-MS

(1+1)HNO; ¥ i =210 48 h, FH#AZIK e 3 Wk, HET,
#Hs
1.2 #FEHRGLH

W IR A FR ARSI 2% Tl TR Vs T R T ok
FER 100 pg/L WUARUERERE, 105 W Am Rk 0 B ik
JEH 0. 0.5, 1.0, 2.0, 4.0, 10.0 pg/L, M 5E 52
P4k
1.3 k¥FH &
1.3.1  HiALE T

AR I E K — AR YT GBWO07314 1EH
IR, o TERIFREL 0.05 g 247 CRS A6 51)£0.000 1 g) T
P PO TR R DR R S TR U 0 A e oy, R S
JCE TR, WEREAZI AR . IR AR
TH AR, T ORI TR A 38 5T, i A 1 T
it o T SR URE S A% 2R RS T ALy, e TR P T A AR
FEHEAT I . THIR S AR, RETH IR E NV A S B,
PHEMRE R BRI, JFES, A 0.5 mL S5,
F 180 CHNFAGERR . >4 T A e 2 2 w2 K/ IR 457 1k
I, AT mL (141 FE RIS R B, 12554

frmEe 2 25 mL AR, H 2% WbH IR e
HERL.

1.3.2  {ERE &4

ICP-MSill3E W TAEZSEN R 1 s, MRIRAE 1.2
HA VR B AR VA RIS T A2, Al bR £, 4500
R REAAHOC R BN 3% 2 iR .

RF DJZ/W KA E /mm (/%fﬂ%mtf]i/ %Hﬂ%(}?ﬁ/ ﬁ%{ﬁ:i;/ He ”ﬁif] A (140Ce(0)/l40Ce)/
(L'min™") (L'min™") (L'min™") (mL-min™) %
1550 5 14.0 0.8 1.02 0.49 He KED <0.02
F2 BREMZLMARE. BXREY
Tab.2 Linear equation and correlation coefficient of each element
JLHR vt LEES %14 J A

Cu f(x)=21174.321x+71.961 0.999 7 63

Zn f(x)=4217.312x+1 060.461 0.999 6 66

Pb f(x) =147 783.784x+253.441 1 0.999 9 208

Cd f(x) =8 579.394x+1.004 0.999 9 114

A BT B 3% T A0 I 5E B 520, K ICP-MS i 2
He KED BT . o TR ' Cd 52 5]
Zr. Mo ¥k, '"cd Rz Sn ik, 2+

DUBRIRE L Cd & RARAL, Ze W& i T
Cd, FrAFRATR A "Med, FEHnER T AR E 7 R
C(Cd) = C(""*M) — 0.027 x C(*'*Sn).
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1.3.3  ERREEIT

HNO;. HF. HCIO, fll H,0, ()£ 4l & 4
FHTR T AR 2R o SRR A B i e, (R
T T A R 2 A e T AR AR R, R SRR AE S T
ff e P AR L A, DA G RN R ) AR AR G R A
FRNE o SRR LA R A v, Re VA R DR
P RERR R, MR A% Th i 4 8 T & WRASR e
FRAbtER, 2T IEMUOBRYRE S b i A PR,
A H,0, AT DLtk — D4 S s i Ak . IRtk
W R h BEHL HNOs-H,0,-HF 1A TR T R BE DT
YT A, 2 SO T A AR A N 2R 3 TR

S AV R TR 0 A AR Y R R B T B R 1Y

R3 WMKHBER

Tab.3 Conditions for microwave digestion of samples

FHEAR Y HE/C FHE R A /min AR AHA] /min
B 120 7 3
5k 160 5 3
W= e 5 A HfiE
B R — —

Fhk, AT FRAY PR | I AL IEE B AU IR 8] 252, AR K6
BHIERIRETE, I Lig(4)IEE 3R, M E LK
TR R 4). LISTTE & BNRESSE R AE b
TR T AR 0 % WA, IR A . F— 2%
T3 RER, . ERRE R 5.

x4 WHHBEXRBERSKE
Tab. 4 Factors and levels used in orthogonal array design
KA M
A(HNO; < BUmL)  B(HCI {ABUmL) C(HF fAB/mL) D(IfiLJE/C) E(PRI T[] /min)

1 3.0 1.0 1.0 170 15
2 4.0 2.0 2.0 180 20
3 5.0 3.0 3.0 190 25
4 6.0 4.0 4.0 200 30

x5 WHHBERRBAERMRABER0N=3)

Tab.S5 Orthogonal test scheme and results of microwave digestion (n = 3)

W & GE/(pggh)
A B C D E Cu Zn Pb Cd

1 1 1 1 1 1 26.76 82.90 20.42 0.20
2 1 2 2 2 2 29.20 83.03 19.07 0.18
3 1 3 3 3 3 32.76 90.26 24.01 0.24
4 1 4 4 4 4 27.81 82.36 22.82 0.22
5 2 1 2 3 4 33.23 85.66 22.61 0.25
6 2 2 1 4 3 30.81 80.21 20.13 0.21
7 2 3 4 1 2 31.39 84.34 22.74 0.22
8 2 4 3 2 1 33.96 89.97 23.06 0.25
9 3 1 3 4 2 31.44 90.96 27.23 0.26
10 3 2 1 3 1 31.45 84.31 22.53 0.19
11 3 3 4 2 4 30.93 86.48 24.42 0.20
12 3 4 2 1 3 30.16 88.78 24.27 0.22
13 4 1 4 2 3 32.77 84.39 27.23 0.24
14 4 2 3 1 4 36.92 89.79 28.35 0.26
15 4 3 2 4 1 37.35 91.24 22.82 0.27
16 4 4 1 3 2 33.86 84.42 24.90 0.23
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1.4 EXFEBXH

Bk SPSS 19.0 AR F! I gEAT IE A B 22
MR 25087 .
2 ER5%®
2.1 BESH

M 6 2 R 5B AIH, X F CutX, fL
(R 28 X306 48 A A9 52 M 4K Yk i HNOs FH # >HF H &
>H, 0, FH > fff i B2 > O B |, B 4,>C5>By>Ds>
Ey; XF Zn JuE, FEE X T AR A5 A IR

#£6 EXRBMRENTER (ngg)

Tab. 6 The results of orthogonal array design

b HF & >HNO; f &#>H,0, F &> i 6 e >
HERREE, B C>45>Bs>E>D;; X T Pb ou&, fi
PR 2R X0 1 30 48 Bk 52 I Rl HNOs F & >HF ]
> PR R I (8] >H, 00 B> iR B2, Bl A4>C3>Dy>
Bi>Esy; XFF CdInZE, R XK K48 bR 0 52 i 4Kk
N HF FH&E>HNO; H&=>H,0, HE>H iR E>
PRIEEFE, B C>44>B\>D>E,\ . %54 V0 R XK
B 6 bR 45 JC R B R AR S ), A T A Y A A SR A
A A4B3CsDsE,, Bl HNO; H& 6.0 mL., H,0, H &
3.0 mL \HF A% 3.0 mL 55 =R 190 C |
PR BT E] 15 min,

Cu Zn
A B C D E A B C D E
ki 29.133 31.050 30.458 31.308 32.513 84.638 85.978 83.329 86.453 87.279
ky  32.348 32.228 32.485 31.583 31.473 85.045 84.509 87.178 85.794 85.688
ks  30.995 32.975 33.770 32.958 31.625 87.633 87.906 90.245 86.336 85.910
ky 35225 31.448 30.988 31.853 32.090 87.460 86.383 84.024 86.193 85.899
R 6.093 1.925 2.782 1.650 0.888 2.995 3.398 6.916 0.659 1.591
Pb Cd
A B C D E A B C D E
ky 21.580 24.373 21.296 23.945 22.889 0.205 0.238 0.209 0.225 0.229
ky 22.135 23.446 22.193 22.519 23.485 0.233 0.211 0.230 0.216 0.223
ks 24.613 22.571 25.663 24.439 23.910 0.218 0.231 0.253 0.229 0.228
ky 25.825 23.763 25.001 23.250 23.869 0.250 0.225 0.214 0.235 0.226
R 4.25 0.32 3.71 1.92 0.38 0.205 0.238 0.209 0.225 0.229
22 FEMT JE (R E A TR R R E AT B, CH TR B

BRI i 25 7 Wik BB R | Wi 5 1, (H

JEMR2E 3 M AN REAE I 6 1 7 v A X 2% 1 A i 2 (T
BV AR ) i 5 A A 830 182 3 45 1 % 22 i 5
AR BCHE 0 50 X 43 TP, AL TE 1 0 [RT 3R 2 Wi ) o A

R7T In EXHBERFENE

Tab.7 Variance analysis of Zn orthogonal test results

IIBTRIA R, AU ISR 45 RO 22 00 B, ARS8
BEPE RS 5 22 A/ NE Ok i 22 0,

X Zn BT SRR A R — L AT IE I T
ZE0HT, BRI T,

K% 101 BU5F- 5 F A e ¥ 75 F{a P1{H
e IERLRY 183.016a 12 15.251 65.858 0.003
i) 118 869.801 1 118 869.801 513 305.544 0.000%*
A 29.660 3 9.887 42.692 0.006%*
B 18.277 3 6.092 26.309 0.012%
C 120.247 3 40.082 173.085 0.001%*
E 4.235 3 1.412 6.095 0.086
D(R%) 0.695 3 0.232
BT 119 053.511 16
B IE I Bt 183.710 15
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WIELL FJrik, % Cu. Pb, Cd Wgkfs )y 2243
Mr, 758 P {H, Z5HRWFE 8.

&8 Cu.Zn.Pb. Cd ORREXRBERAENNER
Tab. 8 Variance analysis of orthogonal test results of
Cu, Zn, Pb and Cd

P1a Cu Zn Pb cd
A 0.009 0.006 0.011 0.013
B 0.163 0.012 0.160 0.072
C 0.042 0.001 0.014 0.011
D 0.332 — 0.169 0.064
E — 0.086 — —

T = AR IE R 7 224 W R 2.

MFE 8 ATLLFE i, A(HNO; HIE)X} Cu #l Zn (195
M 52 3 (P<0.01), X} Pb il Cd #2 M g 3 (P<0.05);
C(HF )X Zn MYsZmaM 25, X HAh =T & i
i) & 3%, B(H,O, FHE)BEXT Zn AU 200 235 2k, X HAl
ZICE LMK T DM B ECDR IR A ),
W SZE SR AN I, R 4 f1 C R FE
MK, HE B, D, E AREHNE, KFHERMHER
WA A>C>B>D>E, R} HNO; f#& . HF f& . H,0,
R . 55 =20 R R IR BE RO A )

F IR 227 T B0 A, R S0 I 2 5 il ) A
R PRI AR, 17 At X 28 56 245 5 5% e 45 /N 1 BRI
R, W ATARHE A . BFTE) AR S O T P G IR
PEREIE MK, B EAR I, &R RER
£ A4B3C3D:Ey, 33X 5 Hii T EOULK 22 71 B 19 45 2R

=10 EFRRMIRED RGNS R

—5,
2.3 FkWERAE
231 HEEETR

PEE—~78 AR R AT 48 RIS, XX — R
SPATIE 10 K, 58RI 2E S, JriAa R MDL=
S#(n-1, 0.99) (Hirh #(6, 0.99)=3.143), FiEE# TR
MQL=3MDL!"", 2 9 41 T ks AR g i
FREEE, Al Cu. Zn, Pb, Cd PUFICRM T ESH
K 0.024~0.253 ng/mL, J7 & & T RKK K
0.005~0.057 pg/g.

&9 Cu.Zn, Pb. Cd MMTHEMAZ=AMAEEE
TR
Tab. 9 Blanks and method quantification limits for Cu.
Zn. Pb and Cd elements

JLE Cu Zn Pb cd
2/ (ugl™y  0.141 0.253 0.064 0.024
MQL/(ugg™)  0.038 0.057 0.020 0.005

2.3.2 HEWHEIEEERR

ARSI, ORI R A SR N AuB3CiDsE),
R4 I SR R B AR IE 2SR 1 16 YRS T I
S, PR B AR, AR S Y 3 T
DUBRY RPEFRAEYI R GBWO07314 FE 5L R R4 T AL
PR 5E o SEATINGE 6 ¥k, HEH 6 A FATREZ B Y
Priffin2: SD FIAHXTARifE(R 25 RSD B, #4745
R, 5 Rk 10 iR,

Tab. 10 Analytical results for reference materials of marine sediments

GBW07314 GBW07333 GBW07334
R FRufEfd/  WME/  SD/ RSD/ I/ BRMEME/ DERME/ BICR/ BRdEE O TEK{E/  BhiCR/
(hgg!) (ngg!) (gg) % % (ngg)  (ngeh) % (nggh)  (nggh %
Cu  31+4 3334 134 40 107.6  29.11.1  28.54 98.1 20714  19.82 95.8
Zn  87+2 8733  1.13 13 1004 1146 11720 1028 904443  93.17 103.1
Pb  25¢#4 2288 0.89 39 915 29.0¢1.6 3003  103.6 168421  16.85 100.3
Cd 0.20£0.04 021 0018 82 1050  0.28£0.03  0.27 96.4  025:0.03 0.6 104.0

WHGLE TR, £ T0FE I E 45 R TE AR S
JEHEIN, IFH RSD AHXFRMEM 2 7E 1.29%~8.21%Z
6], BiPHIZT kR e, AR ML, HIESCIE
ARAT B TR BB T e 2 A IR Y o SR BRIy ik
()T, S 31 3 BT o AN () e 3 ) Vg AR
(GBWO07333 i) . GBW07334 w1

TR, RAS IR (9 e A A VR T A, 25 R 3R
W, ZrisE A LR R IR AL, H£on R N
WK 91.52%~107.55%, I3, Wl B 4T
2.4 RN RSB HEE AR R

Shy 6 UE T ) S A SRR S I S 4 1 AR
B, BRBUIE HITE 6 A3l 37 1 22 )2 M PR TRV RE A, 1%
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FEEL T 2016 4E 8 A#T ] Van Veen RAE#S3CHL, w7
PPN 1 iR . FHIEAS IR 3RS A9 58 25 140 2

45°

MRS PEF Cu, Zn. Pb. Cd PUFITTER S

N
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Fig. 1 Sampling stations in Jiaozhou Bay. The black tiangle indicated six surface sediment samping stations.

11 RMNERRBFIRYNESR
Tab. 11 Analytical results for surface marine sediments
of Jiaozhou Bay

SEICR TR (ngg )
S3 S4 S5 S6 S7 S8
Cu 1480 31.73 42.03 33.08 3396 35.00
Zn 25.74 65.82 89.45 60.03 66.14 76.11
Pb 27.05 2793 30.35 2840 30.06 33.23
Cd 0.14 0.21 0.24 0.15 0.18 0.20

JLE

S3 uf i 4% T R & i AT AL 5 AN, &2
BRI N S3 A EE T KT T, AR R M T i
e KA TRT R, A8 2 T ke (1% RELASURE 40 S5 B 3] 11 3%
GEIRTN R I TS A T TR, ORL DRI AS R, T B 555
S5 Wi oA TUER i O O e, 3R B R O A T
. W R A O RIEAL, KBl T S8 SRFEAR, DT
YRR AN, W RS, PRE TR AR RN Y 32 S

6 MU LTURIRE iR Zn, Pb Al Cd & B
fil.F GB 18668—2002 (MUY it ) 5 —Jhs
WE, FIUURY T R4, S3. S4. S6 Ml S7 #Edh
Cu &L T QBFETIEWIR ) 5 —25brifE, (A2 S5
Fl S8 FESL Y Cu &t TH —2hnifE, (IRT =2K4r
e, RPWFAELEREISYL, vl AE R A3 7 55 4
X FLAGE A RR, T B INIZ TR Cu %

A

g

AR SCHIESE T O A - R BG4 R RS Ik
(ICP-MS)[F] B 2 W PE TR Cu. Zn. Pb I Cd
DU Fh 4R OC Y vk, A 1E 3R 50 X U T
fife A AT, BRRANRIRR IR R R LL T, LR
IFi) e D0 0 0 2% A T DR RE T ) T AR BR, el 22
SN BT TG, 53T B 45k o St T i
B IE B2 HNO; F 4 6.0 mL \H,0, FH & 3.0 mL .
HF f 3.0 mL. 55 AP MEE 190 C LUK
HRETTE] 15 mine #0CER MIbRIE R et A OGP ELr, U
BRBIIRT 0999, F£IonE ks FIRA 0.005~
0.057 pg/g. XHFHFDIRYIFRAEY) BT GBWO07314
GBWO07333 & GBW07334 p47 8 42 P56 (1)K % 1
RMERRE 558, 45 03 0 50 25 SR 1 76 b o 31 FB
N, WICRTE 91.52%~107.55%2 8], H & & AT
FRUEDG 224 1.29%~8.21%, Jr ikl &, ERE ML,
RETE 2 H A 2K

AR SO 3 B i ICP-MS 8 Vi B DT RR
FEfH Cu., Zn, Pb, Cd WURNITER MM ik, ROF
. ERAERIE . MERREE S . WME L. ke R
FRAL, HieZoo KRB, 7T 3 E TR
(R 2B R LA T R S8, XTI VR
W R 45 P B R T
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Abstract: Accurate determination of heavy metals in marine sediments is of great significance for monitoring,
maintaining, and managing healthy oceans. In this paper, the orthogonal test results of microwave digestion condi-
tions for the simultaneous determination by inductively coupled plasma mass spectrometry (ICP-MS) of copper,
zinc, lead, and cadmium in marine sediments have been reported. Using the orthogonal test method, Ly (45) or-
thogonal table was selected to study the digestion effect of sediment samples under different acid systems and ratios
and under different microwave digestion conditions. After range analysis and variance analysis, the optimal diges-
tion conditions were as follows: the added volume of HNOs, H,O,, and HF were 6.0 mL, 3.0 mL, and 3.0 mL, re-
spectively; the digestion temperature was 190°C, and the digestion time was set to 15 min. The results showed that
the accuracy of the method after orthogonal optimization was high, and the test results of three certified marine
sediment reference materials were all within the standard value range. The recovery rate was good, and the recovery
rate of each element was 91.52%—-107.55%; High precision and good repeatability, the relative standard deviation of
repeatability was 1.29%-8.21%; Low detection limit of the method, the quantitative limit of each element was
0.005-0.057 pg/g. The method is accurate and reliable and can meet the requirements for accurate copper, zinc, lead,

and cadmium determination in samples of marine sediments.
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