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Abstract In order to detect 13 elements in soil, such as vanadium, chromium, manganese, cobalt, nickel,
copper, zinc, arsenic, strontium, molybdenum, antimony, thallium, lead and uranium accurately and
efficiently,a method of ultra-microwave digestion-inductively coupled plasma mass spectrometry (ICP-MS)

was developed in this study. The acid system and heating time of ultra-microwave digestion were
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optimized,and then the digestion effect and detection results were compared with conventional microwave
digestion. Under optimal conditions, the method limits of detections (LODs) and limits of quantitation
(LOQs) of 13 elements were 0. 000 2—0. 2 mg/kg and the 0.001—0. 6 mg/kg, respectively. The multi-
elemental results of ICP-MS determination showed a favorable agreement with that of the established
method with regression coefficients (R*) 0.999 6—1.000 0 in the range of 0—500 ug/L; the spiked
recoveries were 76. 3% —126% , proving an acceptable accuracy for the simultaneous determination of 13
elements in complex soil matrices. This ultra-microwave digestion instrumentation enables 18 samples
preparation for one time with the advantages of safety,efficiency,less acid consumption and environmental

friendliness vs. the conventional digestion methods. Therefore, this proposed method can provide a reliable

analysis tool for the identification of soil heavy metal pollution.
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A AN e A 2D F R L TP 3% TE T AR HL 45 IS JC TR R
WD T RER T AR AR D IR — e R B TR
Ab 3 ) AR v AT A R R ST G

TEZ JC R A B A 5 UL 3 B J5 A H Ik
HEA S8 TR B (ICP-MS) ¥k L B & & 5 T 1A
J6H% (ICP-OES) 1 %, ICP-MS i P H: i R U %
G RS ) A s A B T R e T AR 5
VA G i il T A S A AL 3 vk S —F R
HE L U Z K ICP-MS ¥, A 7 1 5 % I i ik 1
fif R AT X L o R R ) T Ak B AR SR B AE AR
AT D R D 8 O R A o R A 45 2R TR
3L 2 mL 1 RO A 2R 2 8~12 mL, B/
AR AR T A, T Ho /D T R HE ORI 8
M5 g, 2Bl TAE &L BRI T 91 A 05 32 i XUR
O T i T 38— R A U 9 W TH R 1B
B R T RKES AR AT E AR 0255, > T 4
VED B FLEE 1R 5 L AT BEME

1 SLIGERS

1.1 KFE5XEE

SUPEC7000 # 1) it J&Hl & 55 55 7 & It 1% X
(BUM 1% & RH & A IR FD s EXPEC790S 1Y
PR AL CHUIN 3 B BHE & R A R 7DD s MDS-
15 2 P41 3 3 fl D T A/ 2 T AR i C i X
W Ak 2 B A BR A R Millio# 4l K L
(Millipore) ; Sartorius BSA124 S Bl J7 4y 2 —®H, F
R (FEZ R B A R A FD

AR R R SRR o SR (4D 5 i 2l <
(99.999% .,V = V My ZE /R R P SMAT BRA /D 5 =5 4k
AK(99.999% .V 2 VL BTH B 40 IR A AR A BR 2
A]) ;s GBW07456 (GSS-27) , GBW07358 (GSD-15) |
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I 5E 1 8 rh 13 Rt R 3

GBWO07405(GSS-5a) Fl GBW07401 (GSS-1a) + 13
K FR UURR 53 43 BT b 1 ) 5T (i 35k 4 381 b 35K 16
SEEIAE I s LB VR VBN VER A LB B LA LB
BEVHY VBT E AR MR TR G 100 pg/mL L HAx ok
1000 pg/mL, B A 45 8 M v bR 3 A il i o
O s 0B Bk VEE VB B S BRI A5 T (1 000 pg/mlL,
%A 48 Sl R A i )
1.2 #REB R ES

W PR IT 2 bR 1V VROF A R (2 00) 38 A R A
TR A PR HEAS 2 5 W T BE IR B R IV W . A3
AR (1 000 pg/mL) W B B K A7 6 4 )8 K+
AR AT DU e o o P B RS 1 P A A R
FHAH R (2 20) 7 TR FE
1.3 ftFmuribiE
1.3.1 K& AL 2

SR T ACBURE SR AR PE A A 0T 100 g,
Fu 50 AT 5 B i 2 AT i 0. 150 mm bk #E i, T4
JE RN B A AR . AR UE W R A 0 R
57 FLAEFR I R
L.3.2 B HLIIOIE I

HERFREE 0. 1 gOREAA 2] 0. 000 1 @) #F 5 TR Y
AR (PTFE) I i & v o [m] B A 590 0 i 25 1 4
SRR R O Y R SRR R R KT
ik 6 I LY O TG R AT A AR i A D i

B AR KR INA 6 mL fl2 .3 mL £H88 .2 mL

SRR e R OR - JRE i 5 R TS IR ). A
T 0] B0 O P S A A e P i R T A
SR b I R A R R ) AR AR S A
PR AL . FEIRER 1 vp T ARy 2 AT Bl 1 9
T G5 AU v 10 28 42 3 U5 f 9 WU B 7% = PTEFE 3t
By AR A T A O I 1 R RS BT R P PR |
WS . RS RS TESR A 1 mL 5 SR
BT A R A R AT RE R L RE R MR A R AR
JFEHEZR,ZJE%A 50 mL B0 % b RIS
W2V ERZE 50 mL %,
®1 BHRMEAEBERRF
Table 1 Heating program of conventional

microwave digestion

PER VUG S (CTEMD JH 48 h A 1 mL @ 4liK
TR S5 43 A — & R 5 B . SRRzl
SN J o bR AR T A e AR I R
T AR AVE LG, e ZE AT A P i AL 150 mIL M 4l
KRS mL il B2 A Ry B AR 5 FE T A T N A
A T R A T A I R PN AR A AN BE T AR TG K S A
R, &EHME 4 MPa, ¥ 21 2K 60 C,
R 2 BE BT T IR IS . T R 18 2
BVERE BB B0 TP ERE 50 mL, 7EFE
T L R P BRI R R B AR B L 2
[i] R 22 90 e R X R R R A SR R AN T A 3
SR LU 38 5 2% T AAS I 98 22 3 1 = Al R R R 2R AT
WA, B3 F KRR (3 mL A2 .1 mL #hi2) W F
K- R R (1. 2 mL iz .0. 4 mL 52 .0. 4 mL
SRR A R A A A R AR & (1.2 mL Y
iz .1 mL it 5L A 0. 8 mL AHIR) .

x2 BEMEFARER

Table 2 Heating program of ultra-microwave digestion

JHEZE  THERE/min BARRE/C O PHER ] /min
1 5 120 3
2 5 180 3
3 7 240 30

1.4 (UBEXEHESHITE
AT R SUPEC7000 & ICP-MS 1Y 2% i3k 7
LR K SSHLE 3,
x3 ICP-MSUREHESHIEE
Table 3 Instrumental conditions and

parameters of ICP-MS

Tt il i ] /min TH R RLE /°C PRAF I ] /min
7 120 3
5 160 3
5 190 25

1.3.3 MR IR
ERIFRE 0. 1 g% 0. 000 1 @) FE S B F ik

EEE 24 WE
RF Ji#/W 1 600
AR/ (L min D 15
WBR /(L s min ) 1.0
FALR P/ (L - min 1) 1. 274
ilf 488 S o7 AT AR He
lf 48 S5 0 S/ (mL » min~ 1) 1.83
FAL/ FHE )0 25 AL 2
SRR/ I e
EEER T/ €1 V873 3
FI R Bk e
3F BA B[] /ms 30
FAERE /mm 2.7
SV 52Cr %Mn Co %ONi
Tril {3 % 5Cu %Zn As Mo 121Sb
205°T]  208pp 2387
PR 7 W Sc Ge Re Rh In Bi
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2.1 BRHMBERMNERE

SR LI035 i R R X L GBW-07456 + 3 b
) J5 A R A0 7 R VRN BRI R I T A R . S
[ 12 1A 22 B %o L5 SRt 4 R . 3% F KK & R
SRR 25 L VR TRV I A ULTE » UL TE TP IR A K B 5
K R e R o R RERR ER U R E A TE
R st TEIET NG NN & N 7 e G R =5 e
AT A 8 L LR L A5 O 2 I (E IR . 1 T K-
SR R 22 T 1 57 WS 7 V000 T (HURS A et K A
YLTE . 20t EALK IS & BLBR L. 86 48 = Fhoo &R
S RSN A T B A A v A S A Y
SEI LT RART LA 390 T 7K SRR M R T A R
Hif . AR E AL E-E R IR AR R H I RO 5
K-SR TR R 35 R AR AL V8 RV N O A
TUVE B LV W E AT ML DU & B FE DL AR R TS
Bl VRESE HORP TR S bR (A AH LE AR . 33 F K-SR
MR 1 R U 2R e 1A 5 0 2 (B AH A B0 9 b T i
iR - 3eb AL Ak S-SR 7R R 00 3N A 1H 5 A 2 (B AH 7°F

BOEE D 7l R 50 T K-SR TR R A i 22 T R B
LUl R - 48T - U IR R 1R 3% A i 22 0 3% T T ik
PobrE (H 0 EK-HFAR (1. 2 mL iR .0. 4 mL £
2 .0. 4 mL Z IR M ZR A 5w 0 i 5 (A It
T PR30 K-SR R AR R X b R R AT AL B
2.2 HBRREBMRL

G R B A 8 LA B i 22 1) Al R 1) T i 22 4
P o B 1 SR R ) T 7 A pa B AR A i
R TR B LA R R I I 18] 5 A 35 TU AR I Tl 7 A
4 BT A R AR AR HEAT 1IE A 1) [] I 3 6 396 K-
SRR AR 28 00 T fifp 26 i PR35 3l B2 2 47 D0 1 L B 4% 220,
240 “C BEATIF AR AR A0 LSS R WL 4. 1 220 °C
ST IR R A T T (R A B UL [l I e BT
TE AL P 2 PR A B OB AR I A . LA IS AT LA
B B RN Z Ah H A TR K 4. 506 ~48. 8% . Hhx
HEY) AR SE (EAH 25 BOR . 3X R WITE 220 “CA&MFT B
AT R . MIAE 240 C&MTA 9 MR
Ak TR A TR AN SE T R e 4 RHOCR BRERST
Sibra (E R 2 At 16,420, Ptk 3E 8 240 “CHER
T ifp 26 R DR AR U B2 X L AR i R AT AR 3

x4 BREREMAERKE

Table 4 Optimization of ultra-microwave digestion method(n=6) /(mg -« kg™")
¥ F K R MR- A AR IR R 3 K- EURIR IR R (240 °C) 8 FOK-SURIR MK & (220 °C) LA T

e wen "0 wen e T e weec T e oman U0 P wen e 00T
Vo112 120 6.7 123 120 2.5 110 120 8.3 95 120 20.8  112.6 120 6.2
Cr 78 92 15.2 86 92 6.5 96 92 4.3 72 92 21.7 118 92 28.3
Mn 947 956 0.90 960 956 0.42 976 956 2.1 913 956 4.5 989 956 3.5
Co 15.4 19.0 18.9 18 19.0 5.3 18.2 19.0 4.2 15 19.0 21,1 18.5 19.0 2.6
Ni 35 43 18.6 43 43 0 42 43 2.3 33 43 23.3 44 43 2.3
Cu 44 54 18.5 54 54 0 51.7 54 1.3 10 54 25.9  50.7 54 6.1
Zn 106 127 16.5 121 127 4.7 127 127 0 97 127 23.6 144 127 13.4
As 13.1 13.3 1.5 15 13.3 12,8 11.8 13.3 1.3 13 13.3 2.3 12.4 13.3 6. 8
Mo 0.78 0.81 7.1 0.89 0.84 6.0  0.75 0.84 10.7  0.51 0. 84 39.3  0.99 0.81 17.9
Sb 112 1.21 7.4 149 1.21 23.1 144 1.21 19.0  0.62 1.21 48.8  1.45 1.21 19. 8
TI 0.49 0.67 26.9  0.56 0.67 16.4  0.56 0.67 16.4  0.41 0.67 38.8  0.53 0.67 20.9
Pb 39 41 1.9 39 11 4.9 43 11 1.9 34 11 7.1 42 11 2.4
U 2.9 2.9 0 2.8 2.9 3.4 3 2.9 3.4 1.6 2.9 44.8 3.1 2.9 6.9

DN %, FIA .

2.3 HEKRHRSEMETERE

AR TS B 5 TR T it 5 R BB T e A T
METTELE B EEIH RN £ 5, 7 0~
500 pg/L Y P 8 A0 7 ¥k 45 o0 2 Il e
ZHCRHE 0.999 6~1.000 0,32 B 7F UL ¥k & 35
FINZME X R R4, & R (LOD) BL 11 Wt
2 bR AER 22 5 1485 (LOD=3s/b, Hivh s Jy 11
Y 5 A5 5 (8 W bR R 25 . 0 2 LOD # o i
LR RFR) ERR(LOQ L 3.3 %77 ¥ LOD it

B, BIERBRMGE .1 gFERERE 50 mL),
13 Tl oo & MR WCBH % 7 2 LOD 2y 0..000 2~
0.2 mg/kg, /% LOQ H 0.001 ~ 0.6 mg/kg.
ORI I R 5 s LOD R 0.000 4~ 2 mg/kg,
FiE LOQ M 0.001~7 mg/kg. UL AT UL, #8 %
LI T i J7 1 AR BT R RO O R AR 1Y K
MR, X FEREH TG &R T
80 %0 , 7 4% 11 Y 1 S AL A AT 3R A8 4
(49 43 A 2R ARG S RE
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Table 5 Detection limits of 13 elements and their linear regression coefficients R
TH i 7 15 JLER i [ ) R % R? PR/ (mg « kg™ EEMR/(mg -+ kg™

\ y=0.003 68c+0.001 062 0.999 9 0. 05 0.2
Cr y=0.005 5¢+0.001 985 0.999 9 0.1 0.4
Mn y=0.003 565¢+0.016 94 0.999 7 0.01 0. 05
Co y=0.008 629¢+0. 003 334 0.999 9 0. 004 0.01
Ni y=0.002 192¢+0. 001 005 0.999 9 0. 06 0.2
Cu y=0.003 001c+0. 002 275 0.999 9 0.2 0.6

R A T i Zn y=0.001 077¢+0. 002 366 0.999 6 0.09 0.3
As y=0.020 18¢+0. 004 208 1. 000 0 0. 04 0.1
Mo y=0.073 57¢+0.002 021 0.999 9 0.02 0. 06
Sb y=0.006 787¢+0.000 136 2 1. 000 0 0. 005 0.02
Tl y=0.047 58¢+0.000 037 09 0.999 8 0.001 0. 004
Pb y=0.061c+0.087 35 0.999 7 0.01 0. 04
U y=0.088 74¢+0.002 399 0.999 7 0. 000 2 0.001
\% y=0.107 2¢+0.018 56 1.000 O 0.6 0.2
Cr y=0.156 9¢+0.047 55 0.999 9 2 7
Mn y=0.074 72¢+0. 007 139 0.999 8 0. 04 0.1
Co y=0.252 9¢+0. 046 35 0.999 9 0. 004 0.01
Ni y=0.062 82¢+0.021 77 0.999 9 0. 04 0.1
Cu y=0.058 42¢+0. 034 55 0.999 9 0. 06 0.2

H FAR T R Zn y=0.001 001¢+0. 002 15 0.999 6 0.4 1
As y=0.020 69¢+0.005 794 0.999 9 0.1 0.4
Mo y=0.122 3¢+0.001 556 1. 000 0 0.03 0.08
Sb y=0.007 631c+0.000 267 0.999 9 0. 01 0.03
Tl y=0.087 47¢+0. 002 404 0.999 9 0. 001 0.003
Pb y=0.046 82¢+0.043 61 0.999 2 0.02 0.08
U y=0.098 15¢+0.002 535 0.999 9 0. 000 4 0.001

2.4 AERBEESHEWRE

AHF SR A5 T R A 2 E iR a1 R 1
85 5y AR AT R GV I i D7 s A R
TH i J7 2 b 3L, 2 SR 0 v [ WS A7 32 o A 2 OF
B AR ACSE g 1~100 mg/ kg, X 5 5 45 iy B RE it
B FEEAT AR A I o b [ Wi 8 KRR R A o D 2
(RSDYZER VL 6.7, A Ty ik I A [l s = 78
76.3% ~126% ,RSD Jy 0. 57% ~3. 3% ; & $I0 e 97
BB AR R AE 79. 5% ~112% .RSD A 0. 47 % ~

AN

3.5% . PRI B bR ISR DL & RSD X F 4 1
FEBTRE S Z U R R I S AR B T DR Z R . b,
PEHL GBW07358 . GBW07405 I GBW07401 = Fh + 4
FK R DU B3 53 AT b HE D) S5 o 6 AR [R] 38 ff i 72
AT I E 25 R L3 8, rill 13 FpoTE WA 8
Fit DL E TR AL T AR E (I P AR TE A 2
BN IIC R S5hrE 2 AL 16. 7%, 25 LTk,
B A T A 1 LA R AR 8 RN L T LA
Tl FE A B 22 Fh o 21 i 2 AN oK

x6 BRAMEBITENROKESHEEE

Table 6 Spiked recoveries and precision of 13 elements by ultra-microwave digestion ICP-MS /%
o FEh 1 FE il 2 Rl 3 Rl 4 FEdh 5
e [EEES RSD I g RSD I g RSD I g RSD Ie] g 2 RSD
\% 77.0 0. 65 79. 4 0. 88 80. 6 1.1 80.5 1.3 82.0 1.2
Cr 76.3 0.57 78.8 1.4 78.3 0.79 79.9 0. 64 80. 3 1.1
Mn 89.2 0.61 91.9 1.3 92.1 1.0 92.2 0. 94 93.5 0. 75
Co 85.1 1.1 87.9 1.5 86.9 0.72 87.6 1.0 88. 6 0. 99
Ni 82.0 1.0 85. 6 2.1 86.1 1.4 85.9 1.5 85.8 1.1
Cu 82.4 1.0 85.1 1.2 85.4 1.0 85. 6 1.6 85. 7 0. 94
Zn 81. 4 0. 97 81.7 1.5 83. 2 1.6 88.5 1.2 86. 6 1.2
As 98.1 1.5 104 1.5 101 1.5 100 1.3 98. 6 3.3
Mo 117 2.9 121 2.4 118 2.5 119 2.1 116 2.4
Sb 116 1.9 120 1.9 120 1.0 118 0.78 119 0. 60
Tl 97.6 1.0 101 0. 96 101 0. 69 101 1.1 102 0.71
Pb 126 2.3 124 0. 74 123 1.4 124 0.59 124 0. 84
U 111 0.73 114 0. 81 114 0.52 113 0. 57 114 0.67
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Table 7 Spiked recoveries and precision of 13 elements by conventional microwave digestion ICP-MS /%
. 1 2 3 4 5
H Ja] i RSD A ES RSD ] i RSD AL ES RSD mEvES RSD
\ 82. 8 1.7 87. 17 0. 69 88. 3 2.1 89. 6 1.4 91.4 1.6
Cr 79.5 1.4 80. 5 1.0 84. 2 1.9 85. 4 1.1 84.5 1.3
Mn 91.3 1.0 89.9 1.1 86.9 1.3 90. 7 0. 86 87.3 1.4
Co 88. 6 1.0 90. 5 1.2 91.0 1.7 90. 8 1.3 93.0 2.0
Ni 89. 8 1.1 89.9 1.4 90. 4 2.2 83.0 1.6 93.0 2.2
Cu 88.1 1.5 85.1 2.0 81.1 0.79 85.4 1.4 82.2 1.9
Zn 99.7 1.3 98.1 1.2 93.7 1.0 104 1.5 96. 1 0.76
As 97.3 1.3 96. 1 1.0 97.1 1.5 98. 4 1.2 98. 4 2.0
Mo 94. 3 2.5 91.2 1.9 92.1 3.9 92. 8 1.6 95.5 0. 85
Sb 105 1.7 112 1.7 102 1.8 105 0.76 103 1.7
Tl 97.7 1.3 93.1 1.6 92.0 1.1 94. 1 1.2 94. 3 0.47
Pb 102 1.4 97.3 1.3 93.6 1.3 96. 1 0.74 97.9 0.75
U 99. 8 1.4 98. 2 0.79 97.3 0.43 98. 7 0.93 99.0 0.51
*8 BRNERAEYRNE
Table 8 Measured values and certified values of 13 elements by ultra-microwave digestion ICP-MS
/(mg« kg™")
. GBWO07358(GSD-15) /K &RV GBWO07405(GSS-5a) 1 1 GBWO07401(GSS-1a) -3
LR W 7 {8 P E {H A AR 22D I P E fH A AR 22D I i E fH H X A A 25
\% 80 77 3.8 149 136 9.6 63 61 3.3
Cr 58 61 4.9 118 113 4.4 44 44 0
Mn?" 0.138 0. 142 2.8 0. 05 0.051 2.0 0.128 0.131 2.3
Co 10.2 10. 2 0 19 18 5.6 10. 6 10. 3 2.9
Ni 17. 4 18. 9 7.9 40 38 5.3 17 16. 9 0.62
Cu 135 132 2.3 163 147 10.9 43 42 2.4
Zn 232 209 11.0 169 172 1.7 454 475 4.4
As 15.4 14. 3 7.7 242 242 0.0 36 33 9.1
Mo 0. 94 0. 94 0.0 2.4 2.3 4.3 2.2 2.0 10.0
Sb 1.27 1.18 7.6 15. 4 14.9 3.4 2.6 2.4 8.3
Tl 0.8 0.91 12.1 1 1.1 9.1 1 1.2 16.7
Pb 208 210 1.0 271 245 10. 6 354 339 4.4
18] 2.1 2.2 4.5 3.8 4.0 5.0 6.8 6.0 13.3
2.5 BEMEHEBRESERMRHEBRENIEE TSR Al AETE
77 0 B GBWO07456 (GSS-27) + 3 B 43 43 3 B
‘alk

b 1 SV D Jo 4 A5 it 6 9 9 A 200 46 5
T Ak B e A [] ) i R0 3 A 1T 20 A i At D7
TEREATALBE D0 (E AR SE (WL R 4. 2
PBCRTAL BRI AE 13 Fhon R A 9 Fhon R AEIE B EE
BBl A Ay 4 b T 35 40 58 (LD 22 L /e 1906 LN
O A A B AR i 22 J0 3R () I I R 1 T L 4
2o AHE TR T R D 2 B A S RO R AE
UEAS 96 BN, Ho4 8 Fh oo R i e 22 f & 7T 3k #)
28. 300, HoP U R 25 MRl v A B sy L X
BFRAT RE 32 B 1T G o I IR AR R A R X I R Y T
B AN oy Ik 3R T R A T A A A e 1
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