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W OE: MR EHMR Tz, BEE ] 7O 2 0 0 BN T M7k, PRREERW R T E S EY RO
GYEM 7 Pl W R E IR R E B mEAE M E R Lo R FE R AX LR A TR IR
W, IR, A8 R840 fe bRk ) 2 - 3 b R 0 2R BT LA B SR 1 00 2 096, XHVE A9 A KR S G FRoR
HAEEEMEM, ASCHE T U BRYE 5% P TH AR o T e Ao 45 4 i e S i b By 32 | e 2 i o SR AR
fiff—rL B A A5 B TR BT E (1CP-MS) PRl 2 -3 b i # £ 50 28, I8 kO Al Al 8 e 1) 2% 1, 1 85 338 150
FHEE TH IR T AR BRT IE] , 0T J7 vk e th PR RS 9% B MERA | IR AT 1 S0, 45 2R Wb /s HC U 8 S8 (8 5 s (i 4
AW AIXHRZE (RE) 453HEN 0. 16% ~ 3. 39% , K& % % 1 0. 27% ~ 5. 09% , ¥ /NF 10% , IiAr FHCR A 93, 1% ~
106. 0% , 1ZJ7iEHERG B e e PERg, vT LA R0 b L 35 h s 1 oo R o el o

KA W EouE,; MRS B TR TR (ICP-MS) 3 HHEHTAb3E 5 S0k W i

FE S ES . S151.9°3 XHkERIRTD . A XEHS: 1000 - 6524(2021)03 — 0605 — 09

Optimization of microwave digestion inductively coupled plasma mass
spectrometry for determination of rare earth elements in soil
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Abstract: The widespread use of rare earth elements has attracted increasing attention. Studies have shown that
rare earth elements play an important role in such aspects of the crop as photosynthesis, yield, stress resistance,
quality, development and nutrient absorption of crops. Therefore, effective decomposition and rapid determination
of rare earth elements in soil can reasonably guide the application of rare earth elements and play an important role
in crop growth and soil nutrition. Methods of digestion such as acid digestion, closed acid digestion, microwave
acid digestion and alkali melting were studied in this experiment. Microwave digestion-ICP-MS method was adopted
which can rapidly and effectively determine rare earth elements in soil. The experiment optimized the digestion con-
ditions including microwave digestion program, dosage of chemical reagent, digestion temperature, and digestion

time. The detection limit, precision, accuracy and recovery were tested, which shows the method is effective and
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feasible. The value was 0. 16% ~3.39%, 0.27% ~5.09% and 93. 1% ~106. 0%.

Key words: rare earth elements; ICP-MS; pretreatment method of soil; microwave digestion
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4502018 FIRTE, 2019), CEMIGHE, TEKF .
INAE RRAE K R KT BRI G B i
i o0 R SR FHIFER o0 R 19 TR e kT 5
SR SEVED AR 25 A9 2E K 15 B R A A £ it
(B EZES, 2007; BR5E, 2009; 5K AE, 2010;
SFRESE, 20165 HARK &S, 2017) , fEWH ARG 0T
2 gk A xF bR e R R, R, s A
B A A BRI P s 3 R Lot R n]
PAFE S O K AT, SR Y 2 K
FRARSEEA AR R AGESE, 2015)

AT 3 b o0 3 00 2 1 1T R VS A ik 12
FBRE 3 1 TR A3k v i RV | 4% 1A
TH A k. WD BRIV TR BT oA (B
TR FH R R T A R TR R o R I L KRR RO
I FEICE SR B AR AN 1 5 T AN
HE b LA CRRE i A T A A T)— 30 TH A AR
URES SR i o7y 3 BORE i T e S AT A i
Pt s R D W e AR e AR ) SR 3
PR IR, REAR T XA St 43 A B8 7, (FL T A o) [) <
(PSR AE, 2004; #/Nii A, 2016) o ik I gk
S R e e R B AL S E AT BLAM R R A
A2 45 v B T A A i B R 34 50 32 I HL T UL
P, AR /N AR A S sl D
TCRA GG P S0 (B A REE, 2018) Bl
TR RN A o8 R, (0 HAR AR B, R R
Z= R K, S B RN & $h i & A T g
B EAL S I AE R G, 77 AR J AR T4 (I T8 1R 4
2020) .

i TR I AT A ek OO R
T P AL X SR T ik vk | A
B TR & B TE I (ICP-AES) | L R A 45 5

TR (ICP-MS) 4%, {1 T ICP-AES il ICP-MS
TNy 3 EL A ) BRARG  45 E a7 B ) 3l 3 e |
AR B 22 0 2 40 BT AR, 264 o0 R 10 i
PR )7 (R4 20115 BRBH, 2012; 22 D5
%, 2017; 5KME, 2018) , SR ICP-AES L H T
FICR AR EE B T ICP #UR e
PIEFG En R EE LRSS R LR
] () e o, PR s ok T (RO R
%, 2013; 5KSCA, 2014) , A 1CP-MS #E47 0 22
My AR OGS T30, AL e 3 24805 , N
PRHEATIEAE , AT SRS A 1) 50 Rz R B VRS il
IR 25 SR o M A, B N T R R e R
B E (X AR S 20055 FUREE, 2016; L,
2020) .
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1.1 FERFMIREBRR

TR EL R (HCL) 4R (HNO, ) | R
(HF) &5 (HCLO,) (it A k4N (Na,0, ) %35 i
Geali, = L WENE EGTA 0 G R PR IR 55 34 4 43
Mrals | S5 FH K Sk SRR 4l 4k 25 1 7K 2% 4 T 11 B
M2k, HIEE FRMEY BT GBW07423 (LR
Yr) . GBWO7446 (N 5l & fi 4F 5 T v 4k 1) |
GBWO07457 (i1m 78 % FH i WV DTS ) .GBW07449
CHrgmEraeEhmi + ) A1 GBWO07451 (LU A48 H B %
TEMELR DAL ) Sk th Rk ) B b Bk 1k 2 A 5 5%
(IGGE) il 4% .

fi H 0 E 15 WARHEN & W [p (6 + 15 Til) =
100 peg/mL ] F [ 54 (0 4 J@ e i 44 6 23 B il
WL, 95 9 GSB 04-1789-2004, F H % H & 4%
i T 1 ) 28 A 1 T R AR E T AR, 15 2N A An i
TRV W FE Y 0..00,5. 00, 10. 00, 20. 00,
50. 00 F1100.00 ng/mlL,
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X Series [ HL %A G 55 25 1K BT 3% AL (36 H
Thermo A H]) AN 7% H S5 B L3 1, ETHOS UP
T T AR AN (7 KR milestone 723 A ) {45 1 2 50%
B2,

#z 1 ICP-MS (U FEHITIESH
Table 1 Parameters of ICP-MS instrument

TAESHL TAESM: TAESH TAESM

LIpPTIES 1250 W W77 =X Bk
VIR 13.0 L/min EEETR/ €Y 60
BRI 0.75 L/min 5= BRI ] 18 s
FAR IR 1.0 L/min R~ R IA S 3
FAEHELR 1.0 mm SaSRAERT(A] 30 s
RHEFLAZ 0.7 mm R it ) o e s i) 12s

R2 RONHBMHITIESH

Table 2 Parameters of microwave digestion instrument

PO PERIE THES R N
P® T B/min /min W
1 150 5 5 FRR 1800 W,
2 185 5 30 2% A SRR oy

1.3 XWHE

ENS e - N T 8 1 N T e s i
BUS AR EE b 200 H 9+ 58 E 2 4R WY R
GBW07423 . GBW07446 ., GBW07449 . GBW07451 .
GBWO7457 k5 5 X5 42, 43 5l FH Wi 1 BR 3 | %% 1A U
it SO T NaOH B8 2 6 R S EA T 40 M, 45 B R
DUES Y 10 AN TAE A5, X RR DU b s £ 15
TG AT ICP-MS il 5 , [F] B bifi 52 56 I o 25
37

(1) WiHFRYE 535 B 0. 100 g £, & F 50
mL RVUH A bett b, i 22 B8 FK IR AL A
BIA 8 mL HNO, .8 mL HF .2 mL HCIO, % 0.5 mL
H,S0, , il T HL M I 160°C AR 43 #% 1 h, F 220°C
O3 3~4 h, BEEME R BUFJEEH, A 8 mL £
K, B PR AR 10 min, FH/0 B 228 T K mhisk
PERREE ARSEIMB 10 min B WIE R, BUF A,
FETKERZE 25 mL BOGE P, B G E
ISR R R e (201455, 2012)

(2) % MIH A J7 3% B 0. 100 ¢ #E 5, & T
Teflon Ij\]ﬁ%rh,j][]/\ 1 mLL HF 2 mL HNO,, = F
Teflon I3, MANE D, FFBEWE T, ¥ HikA
185°C HEAH 40 24 h, LR E, JF 35 BUH P EE, T
AR ZE L Z T+, B A 1 mL HNO, f1 0. 5 mL

HCIO, ZZ R T (KL B|EE 1 ), A 3 mL
HNO,(1+1) , F-RE G 130°C BEA R 3 h, BUH
WA, A B FAKESRZ 50 mL SR £25)
Ja 5 (DZ/T0279-2016, 2016)

(3) TR AR 5 s B 0. 100 g FESL, B T
#Erk A 5 mL HNO, .2 mL HF 2 mL H,0,, ##&
0.5 h RFRIZUR NS5 o5, HEA T80 T f . TH R o8 e
REIRN R K T R 55 4T IF, T 150°C 317 R
EIHMRGE T, IMA 3 mL HNO, (1+1) % f@3h 35, 5%
JERENEER, 228 T KB 2R T 50 mL %
P, EIEWOH 1CP-MS AT E

(4) BIETTHE B 0. 100 g BESY, B T RIEHR,
A5 g Na,O, , BiE45], BB 3% — )2 Na,0,,700C
LRI 10 min, B H0, KB, i = & Wik
FEGTA il , i i B UTVERT T 2 mol/L HCL H, 22
BH B Ac 4R A 43 29 5 5, 11 3.5 mol/L HCI BE4E,
P VR VR AT T e 20 F YRR, R AR ST ) R DU
(DZ/T0279-2016, 2016) .
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2.1 H@RABHENRAE

S 30 o W RIS B P T A | O T A A R
4 FORTRIN TS B0 5 A E R bR Y b4 T T IH
fift, P2 3 AN, fF R DR I B, GBW07423
GBWO07457 .GBW07449 .GBW07451 w ({)#% + 15 I
JCE R ARAL, 5hrE(E R 22 5K, i GBW07446
) La Ce .Pr Nd .Sm Eu Dy SHriEMEAH R
Z AT e R SR a3 AT RER i T Rk
1T 3l AR AN N R HL RV R 55 F S AE e IR R R0 5
BEME KBRS , TR T 25 4 Hh 2 it e D oe
ZIHR (W24, 2004; HE5E4E, 2020) . 1%
VAT i ORI T A B TR A B0 3 R B D &5
T 55 M (B 2 5 SR — 3, D A A i gk
s £ ICEREF, S5 3 Fho vk R T RS O Al
1L 525 DAY T 4 00 A i TR A, T SIE B 43 A, PR
TG S B 5 v B N B T Y R T S
5%, 5 X R ik A, OB A T B B
B TH ARG R S (P O A, 19955 Bt
B4 2019) , PRI AR SCEE B I i AR o 1 4
i TR
2.2 RUEEBRFIRIERE

IR A — G HCL, HNO, | HF (HCIO, H,0,
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5 H,S0, #H B Y 1R IR I . HNO, J2 1M i b i
B, A TR AR R T A RT BA R
EhEHE S H,0, [FEH AT LU RE & A HLE
fift ot 4>, HF BT LU S50 A & REAE 5, BE R $h 78
HF AOVEF T 748 R SiF, 1ii AARE b P 43 285 s ok (A
B AR 20045 EBESE, 2018) , LR R
i+ & IR K 2 A HNO,-HF HCI-HNO,-
HF ., HNO,-HF-H,0, ., HCI-HNO,-H,0, . HCI-HNO,-
HF-H,0, fil HCI-HNO,-HF-EDTA %, T+
LRI ARE 2, Hrh kL A AIE S
IMBEAGESR A HF (H,0, A B T4k iR h 48
A, AT B2 = Fl 1 o0 R B 3R (BRK KA,
2011) ., HRHE B AT oY SCHRBORH B Rk, 20125 =i
3 2013; BMRASE ) 2015; A%, 2016; T
2020; BEEER, 2020) LKA BT B £ 43k 1 52
PR UG ARSI PE P HNO,-HF- H,0, 15 A ik 1% it
EoF= w8
2.3 EEEATAEMNIEE

MR HI 832-2017 , A= SCRF GBI A I 5
{8 180°C , W f#INH ] 15 K 30 min, 4 T ke FHET
SN BN B8O J SRR T SR 2 B Be IR B
X, 51 BBLS min THELE 150°C IR 5 min, 26 2
BrBE 5 min JHiR 2 185°C I 444 F 30 min, JI A )
HNO,-HF- H,0, &l 55350 2.5 mL -1 mL -1 mL
(i3 1) .5 mL -2 mL -2 mL(i&5] 2) .8 mL -3 mL -3
mL (3) il R4 m A WK L FRRAHEA

* 4 AEIXFIAEREH GBW07457 G+
TESE wy/(pg+g')
Table 4 Content of rare earth elements in GBW07457
with different reagent dosages

JLHR FRiE( ) 1 1A 2 1R 3
Y 34.0+2.0 25.1+0.9 33.3+0.9 33.6+1.3
La 50.0+2.0 36.9+1.0 47.7+0.6 48.0+0.8
Ce 107+4 76+3 103+3 103+3
Pr 11.0+0.3 8.1+0.1 10.2+0.2 10.4+0.2
Nd 43.0+2.0 30.4+0.7 40.3+1.3 40.9+1.0
Sm 7.40+0.20 5.21+0.14 7.19+0.11 7.27+0. 14
Eu 1.38+0.03  0.98+0.02 1.31+0.01 1.32+0.02
Gd 6.60+0.20 4.71+0.14 6.31+0.32 6.33+0.13
Th 1.11+£0.03  0.77+0.02 1.02+0.03 1.03+0.02
Dy 6.30+0.40 4.49+0.29 5.98+0.25 6.02+0.21
Ho 1.27+£0.08 0.94+0.05 1.17+0.05 1.16+0.01
Er 3.70+0.20 2.72+0.14 3.41+0.12 3.48+0.15
Tm 0.60+0.04 0.44+0.02 0.56+0.02 0.57+0.01
Yb 4.80+0.40 3.49+0.29 4.61+0.25 4.61x0.22
Lu 0.59+0.04 0.44+0.02 0.58+0.02 0.59+0.01

i ol 3 AR S R LT R SR 5
WEEA B IR 2, ki) 2 A7) 3 45 2 i 1
JCE e SR EE R T, Y e £ = D IR
F 2 AR A S5 (A e T A k) 2
2.4 FURHBEERNRK

O AL S A SO e 8 S B 4 SR i 4
I o3 R it I W D 282 R A Ve B PR AR 1 5
TR S ANE GRF BME HEsm , ARSCR A 2
BB i 2CT R, AT Ak B B T i B N ) B BUR
IR T R o AT SEER e O + 0 2 % i A
GBWO7457 fE A WFFERT 4, SCH MR i 4 5 mL
HNO,-2 mL HF -2 mL H,0, , 3= 503 1 i (1) 4 3%
2 BT AR AL, A FE AR T B ( S5 1~3) R
T AR AR ] (S50 4~6) o A2 2 f I P Ao Uk
i TAEIRE A 200°C, DA N B i o B 15°C S —
A TARR B B2 BUR BE 170 185 ,200°C #4710 4k
SR BARERALAS LR S5, 6 R I i 4k 1h 45 5
FIRES G fon R R RS R IR 6, WK 6 K
1~ 3 FLHT, S0 0 M A TAR RSy 170°C B # 1
JCE I E (AR , 185°C 1 200°C HIME S hRAE(EHE
VEH 185°C i & Lt 200°C i £ B ALK, A#H N %) BE FE
1%, [ 3 3 5 36 4t 180°C T4 AR 45 S L, 185°C 4%
SRR E T A, PR e B 185°C 1 M st 1 i
B TAEREE . M 6 25 4~6 Al 1, MR ERI ] Ky
10 min Hﬂ‘,%iﬁ%(ﬂ”%ﬁﬁ{&ﬁg, M 30 min A
50 min XK, ShRfEE T, AT HEZ H T 10 min
BB, R s 5 370 S R BRI AN IR 3R R 5E 4
Sy, AR SE B PO (] 8 30 min,

®5 6 MBBHERSEY
Table 5 Conditions of six kinds of microwave digestion

HH2

WATE AW BIRL TR THRES (R
JE/°C  [a]/min  [A]/min
%M1 B ok oy THEEE 170 5 30
k2 1800 W, 150Cc, F+ 185 5 30
S I - R TR 5 30
Zftk 4 UGk S Sme,‘ I3 185 5 10
Fr s
%15 min 185 5 30
%16 185 5 50

2.5 FiEKRHR BEERERE
F BRI A5 0y e 07 2 (R 5 mL HNO, -
2 mL HF-2 mL. H,0, ,ﬁ’({ﬂi{ﬁﬁ@%ﬁ:/ﬁﬁ 145 min 7}
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IR 150°C IH444% 5 min, %5 2 2 5 min THEZE 185C
FEAREFE 30 min) T 58 BUR ZE SN2 25 1 12 R, L
FL 3 FEREA KR 25 (B AR Mz 0T ik R BR, JEXT 6
By FATHE i GBWO7457 AT 455 L3R 7, Mk

&6 6 MRIKIAEMKRHFEIR GBW07457T PRI TR E

7 AL, L 3 5 AR (S S AW G A X R
(RE) 45 %HE M 0. 16% ~ 3. 39% , K5 % B (RSD) N
0.27%~5.09% , ¥1/NT 10% , 3 W% )5 B HERA 5
o T

wy/(pg g )

Table 6 Content of rare earth elements in GBW07457 obtained under six microwave digestion conditions

JLER FRifE( FHE %12 %113 114 #1015 %16
Y 34.0+2.0 26.5+1.3 34.7+1.3 35.0+1.4 24.4+1.5 34.7+1.3 35.2+1.1
La 50.0+2.0 41.6x1.3 48.9+0. 8 52.0+1.4 38.3x1.5 48.9+0.8 49.1+1.0
Ce 107+4 92+3 106+3 107+3 81+3 106+2 108+2
Pr 11. 00+0. 30 9.11+0. 19 11.20+0. 03 10. 70+0. 18 8.25+0.15 11.20+0. 03 10. 90+0. 21
Nd 43.0+2.0 36.2+1.4 42.3+1.3 41.3+1.3 31.7+1. 1 42.3+1.3 44.8+1.5
Sm 7.40+0. 20 6.39+0. 11 7.46+0. 12 7.25+0. 14 5.38+0.15 7.46x0. 12 7.57+0.13
Eu 1.38+0.03 1.19+0. 01 1.39+0. 01 1.36+0. 02 1.12+0.02 1.39+0. 01 1.43+0.01
Gd 6.60+0. 20 5.85+0. 10 6.67+0. 12 6.53+0. 14 4.67+0. 15 6.067+0. 12 6.95+0. 13
Th 1.11+0.03 0.96+0. 01 1.12+0.01 1. 14+0. 02 0. 86x0. 02 1.12£0. 01 1. 14£0. 02
Dy 6.30+0. 40 5.39+0.30 6.29+0. 25 6.36+0. 26 4.95+0.22 6.29+0.25 6.25+0.28
Ho 1.27+0. 08 1.15+0. 05 1.28+0. 05 1.22+0.05 1.01+0.04 1.28+0.05 1.24+0.05
Er 3.70+0. 20 3.21+0.13 3.71+0.12 3.55+0.12 2.94+0. 10 3.71+0. 12 3.76+0. 14
Tm 0. 60+0. 04 0.53+0.02 0.61+0.02 0.58+0. 02 0.45+0. 02 0.61+0.02 0.60+0. 03
Yb 4.80+0. 40 4.16+0.27 4.91+0. 25 5.03+0.25 3.67+0.21 4.91+0. 25 4.96+0.29
Lu 0.59+0. 04 0.54+0. 02 0.61+0.02 0.59+0. 02 0.46+0. 02 0.61+0.02 0.61+0.03
®7 FERARERENEEE  w/(pg-g') 8 MLEMTEITTR ST EBE N, % ki

Table 7 Detection limit, accuracy and precision of the

method

JTLE  E(E WE A RE/% RSD/%  faHikR
Y  34.0:2.0 34.7£1.3 2.06 3.69 0.03
La  50.0+2.0 = 48.9+0.8 -2.20 1.74 0. 06
Ce 1074 106+3 -0.93 2.42 0.05
Pr 11.0£0.3  11.2+0.2 1.82 0.27 0.01
Nd  43.0:2.0 42.3£1.3 -1.63 3.03 0.05
Sm  7.40£0.20 7.46x0.12 0.81 1.61 0.02
Eu 1.38+0.03 1.39+0.01 0.72 0.72 0.01
Gd  6.60£0.20 6.67+0.12 1.06 1.80 0.05
Tb  1.11£0.03 1.12+0.01 0.90 0.89 0.03
Dy 6.30£0.40 6.29+0.25  -0.16 3.97 0.02
Ho 1.27+0.08 1.28+0.05 0.79 3.91 0.03
Er  3.70£0.20 3.71+0.12 0.27 3.23 0.01
Tm  0.60£0.04 0.61=0.02 1.67 3.28 0.03
Yb  4.80+0.40 4.91x0.25 2.29 5.09 0.01
Lu  0.59£0.04 0.61=0.02 3.39 3.28 0.02
2.6 JNEREU LI

R TR T R AT 5 5% T S g AT
(A5 A X SRR T R AT ISR S5 AR AR R I A
TR W, HEAT A TR bR L LG Horp
Y .La Ce .Pr .Nd.Sm Eu,Gd.Th Dy Ho TLEWNSGE
Fb AR SR B B R A0 S5 1)tk v 3 AR DA
B LTRSS R 93. 1% ~106. 0% (£

B, A W17 1 A5 SRR T 5

* 8 [EIRELKHLER
Table 8 Result of recovery test

wy/(pg-g)

JTER % {5 SR i % {5 [F 3R/ %
Y 37.3+£2.2 50 87.1+£3.5 99.7
La 65.7+3.0 50 112.0+£2.9 96. 8
Ce 130+5 100 234+4 102. 1
Pr 14.3+0.1 20 31.9+0.2 93.1
Nd 55.9+1.8 50 102.0+2.0 96.0
Sm 10.20+0. 23 10 21.10+0. 26 104.2
Eu 1.63+0. 09 1 2.62+0.04 99.7
Gd 8.33+0.12 10 18.90+0. 21 103.1
Th 1.27+0.01 1 2.21+0.01 97.1
Dy 7.25+0.21 5 13.11+0. 19 106. 0
Ho 1.38+0.03 1 2.33+0.04 96.5
Er 3.69+0. 09 5 8. 88+0.28 102.2
Tm 0.56+0. 02 1 1.54+0. 04 98.5
Yb 3.73+0. 14 5 8.21+0. 31 94.1
Lu 0.57+0.01 1 1.62+0. 05 103.0

3 25

e ORI R s DA A IR T e A el
XX 4 B A 05 1 00 i e R B £ OO0 Bl E R
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TR TH Ff-1CP-MS Y5 PRl 2 49 v (i # o0 % il
T SR T A 0 2%, e 4 3 A7) P o i
T TH A BT ) XoF 7 3k P G o B K % R Y B
WORPEAT T 5250, B T fefE 7 S0 - S50
#1295 mL HNO,-2 mL HF-2 mL H,0, , i i i 1
5 min FHEZE 150°C IFAREF 5 min, 55 2 28 5 min F+
TE 185°C IHARAFRF 30 min, & %] LAAG R H
F i TR T E
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