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Table 1 Working parameters of ICP-MS.
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Table 2 Isotope and interference information.
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A—Digested with 1.5mL nitric acid and 1.5mL hydrofluoric acid; B—Digested with 1.5mL nitric acid, 1.5mL hydrofluoric acid and 0.5mL sulfuric acid;

C—Digested with 1.5mL nitric acid, 1.5mL hydrofluoric acid, 0.5mL sulfuric acid and 0.5mL perchloric acid; D—Digested with 1.5mL nitric acid and

1.5mL hydrofluoric acid, and redissolved by 50% hydrochloric acid.
B AR TR R

Fig. 1
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Recovery rates of REY under different digestion systems.
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DABEAG 45 8 AR B AR IR | 551000 L 7ERAFHE
F2 RN ES B BEAL 1) 23 [R] L fa W A IR 5 R
PR, R B AT A 80K 1E 23 BT A5 5 0 e 30 R R 0T
B, Ff X HE RO A B B AMEE T 0 L 0 TR R
SR TR, WAL T T TR IE (R 2) . 7
il 340 7 sk, AR 3 AT [R5 28 T WA 3R Y
KR, T H TR IEA I A BT, 1
AL Ao [ s 2 JFC b A O TR 2 s A shifE 4k
RIE, B 40" **Nd 52 'Ce f B & T30, 1T LA i I
Ce A FEITE M PCe BT TTR . ZIRTFE TR
ICP-MS Wl E R H e Eg T4k Y, B kmh
KR Y/ e AR 7/ POE =Y e s ivy- D e D W& 23 i
LR AAY R AL R LR TR
X T 2 R, AT LA e e A T
PLICR LW, SR TR B b, B LT ot 2Rk
IREIE . T5 BB AL IE R T340 F: Ba Xf Sm, Ba
X Eu, Ce ¥ Gd, Pr X Gd, Nd ¥} Gd, Nd %} Tb, Nd
XF Dy, UK Nd X Er (948 THHREALN:
P = Pzt — kX0 i

T2 gy AR S AR T 2 0 B S R s & T
PE R B page e o R SRR DN T 28 1) ELHE I VR
& pry AR ST HEIC R BT

Table 3 Determination results of certified reference materials by different digestion systems.

it E(ng/e)
Femvg's R

Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Z%(H 336 549 108 136 558 112 310 9.60 148 770 133 3.60 054 330 051
MGS1 M 361 493 106 13.0  53.8 107 3.03 958 141 734 127 362 053 342 048
EEEME 383 544 111 134 569 115 318 971 139 736 138 372 055 344 049
Z%(H 519 820 158 175 633 11,5 190 100 170 980 1.90 540 090 560 0.80
MGS2 A 493 796 149 165 592 115 196 101 172 974 179 541 083 551 078
EEBMIE 292 486 108 976 373 680 114 553 093 543 106 311 051 330 049
Z%(H 215 368 67.6 730 241 420 080 3.80 070 390 077 220 035 220 034
MGS3 A 198 323 587 666 233 392 080 341 063 370 069 209 033 217 030
FEBME 700 131 428 256 965 165 031 128 022 135 027 079 0.3 088 0.13
Z%(H 510 803 164 207 813 154 360 125 200 100 1.80 500 077 470 0.68
MFH1 FEHEE 498 827 164 197 774 150 347 124 189 996 177 504 077 465 0.5
HEEME 602 886 174 210 831 163 385 133 204 114 216 604 091 578 0.80
Z%(H 682 114 210 236 862 159 275 137 234 130 237 680 107 7.00 1.04
MFH2 B 682 111 205 231 835 160 276 133 231 133 246 738 115 773 109
EERME 780 928 202 188 710 145 257 127 215 131 264 785 128 845 121
Z%(H 523 110 193 213 751 13.0 247 111 182 103 197 560 090 570 0.90
MFH3 A 541 104 189 208 723 133 252 107 184 103 191 575 089 581 082
FEEME 387 965 187 176 642 113 211 883 140 766 149 422 065 422 0.60
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TN £ i o v DA 07 A= [ D N [ = 471 e s
FICR 2 5 5 HRAER S SR 1B A
K JH XRD il SEM B AN R A 5 oo 3R B AR
BAT TR S5 AR, B 3 258 W iy
TG R A A A MGST R E BT YR
W, A = s 5 A, MGS2 I
MGS3 ) FEZH YR TR A R = A
MK MFHIL, MFH2 . MFH3 f4 355 4 il 43 o0 i
AF . ARA . AR

Seredin 25 134 | Dai 45 13 A, B R LT R
FEHT YA X, DA /NS T AT
ARSI BT BEMRERE (8 =B S D A S R i
A, HA IR o R AL AL A28 A
HL#, X 5 Shao ZEMRTSTEE F—8 0 o RAIMR-
SRR e 1 285 P R 175 BV T i DR HE v B 2 AR
SERAIICER /A M AL A7, B TR AR ot 4

PR AT MGS1 Fl MGS2, MGS3 i) =58 ¥ 41
BEASTR], 8 4% A R s e ot LA - e R R AT
TEMFEER ., G5 I0E BETEE (3 )M, 5
BRI 2 18 R T Oe 2RV R 2R R . /D
4 7 3R A R T2 AR T R L
R riz45e.

IR A RS =1 . BEAE = iR bt A
PRI TRORIURL A/, PR R R AR S I Y BROR
PR, B PR A /), bR AR, HoR WL E0% A i
BRI ZE G, X B TR 4 5 40 PR A R i, B
H R LT R ) i
2.5 JiikEiE
2.5.1 ik R

P MR R A R IR R (1.4.1 5071k 1) 25 1]

F4 BAPENMPRERDTR LR

Table 4 Total amount of silicon and aluminum elements in coal-

related samples.

PR (1.4.2 0736 )4 Al 11 R 28 LR
TRIEATAGIN, AT 2 25 09 3 Rbm o 224 0 5 i
K R, A2 1 A vk 2 M RS T35 5. hsh
JEATAL D5 1 s Ju K FRAE 0.01 ~ 0.03pg/g 2
[E), 77k 2 s ouEZ A BRTE 0.02 ~ 0.05pug/g Z[H] .
2.5.2  Jy K EE A AR

VEBUEFRUEDI BT SRM1635a 2 18 55 1R 35 P IR 15
() 5 s R AT AL B, A 562725 I o s - T R ARG 4
FUERHRE (R 6) o 5 7 RGBT BT A il i 45
W AR AR 2% (RSD) FIAEN IR ZE . i 0
KB EIFF S GB/T 274172017 B8V E ey
M5 2 A TESS ) 23K, A hr A (E R T R
TEVR2E SRV

K 2 58 A R s v XA AT (MGS T, MGS2) Fil
MK (MFHL, MFH3) 5 #ERE 5 2EAT 20 Bl 2, 45
BT PRE B IR . I g5 (& 7)nl Fn, P
FE 45 J %) A0 X6 Bk v 22 (RSD) 7E 0.05% ~ 8.45% 2.
6], 525 B4 & GB/T 27417—2017 198K . AR
FEE-10.2% ~ 7.44% Z [a], 1 & CHL BT 7 52 36 == )
TR BRI 5 A A A R R
J3HE)(DZ/T 0130.3—2006 ) Xof A A Bk
2,53 SEBRAE A E

VEREN S TR M L bR R 54, RS
5 PR R U VA X IR A TRIT AL B, SR > 25 P R
ORI A RV RO S B AT 43 fif i 4, B TR
(I 25 3 L35 8. TN SR ES I (M) G ot
(B TR B (M2, M3), Hiffs oo & i it
k1 337.3pg/g, T SRR o R R T R 1
Ko (68.4pg/g. 138ug/g) ¥ BT RM L TR S
BRI BECIRNE I IR be =, AR £ T R AE
BRI TN E A o DR R AR BURG - T B e S
BRI ARG RR 28 B Y BB AR

%5 TiikKHER

Table 5 Detection limits of REEs.

- ‘ o ALO, it Sio, i
ﬁun%ﬂﬁ ﬁ%*iun?’@iﬂ (%) (%)
SRM1635a B 1.03 —
MGS1 JERF A 11.76 29.14
MGS2 JERF A 26.10 30.53
MGS3 JERF A 32.80 41.10
MFHI JERIK 19.50 43.60
MFH2 JERIK 31.80 36.37
MFH3 IR 34.50 46.90

JrEl JE2 L k2
BELE o e | FECR g g
(ng/g)  (ng/e) (ng/g)  (ng/g)
Y 0.02 0.05 Tb 0.01 0.02
La 0.03 0.05 Dy 0.01 0.02
Ce 0.03 0.05 Ho 0.01 0.02
Pr 0.02 0.05 Er 0.01 0.02
Nd 0.03 0.05 Tm 0.01 0.02
Sm 0.01 0.02 Yb 0.01 0.02
Eu 0.01 0.02 Lu 0.01 0.02
Gd 0.01 0.02
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%5 SRIK, S5 BRI - A SR 45 55 B T MRS I i R R R i v AR T 3R B o W42 %
6  BFRUEPIRR (SRM1635a) K& ERNERIE 53 b s R
Table 6 The analytical results of precision and accuracy of coal standard sample SARM1635a.
L, MEE FrAfEfE AR 22 RSD L, MEE PrifEfE AR 22 RSD
Witk M+ %
(ng/g) (ng/g) (%) (%) (ng/g) (ng/g) (%) (%)
Y 2.6 - - 4.24 Tb 0.08 - - 7.54
La 2.8 - - 7.05 Dy 0.45 - - 7.81
Ce 5.31 5.45+0.10 —2.57 6.57 Ho 0.09 - - 8.20
Pr 0.61 - - 8.43 Er 0.28 - - 7.61
Nd 2.38 - - 7.57 Tm 0.04 - - 9.78
Sm 0.50 0.483+0.017 3.52 8.00 Yb 0.27 - - 9.98
Eu 0.12 0.1115+0.0021 7.62 6.92 Lu 0.05 - - 6.31
Gd 0.48 - - 8.74
27 BERPARE CRAE SR R0 o4 R
Table 7 The analytical results of precision and accuracy of coal gangue and coal fly ash samples.
MGSI1 MGS2
WLTR W B HXTBeE RSD W T S HxT Bz
! S5 (H 2= M AH 2% = xR 2E RSD
(ug/g) (ng/g) (%) (%) (ng/g) (ug/g) (%) (%)
Y 36.1 33.6+7.2 7.44 443 49.3 51.943.2 =5.01 1.93
La 493 54.9+£3.3 -10.20 2.65 79.6 82.0£8.0 -2.93 0.10
Ce 106 108+7.5 -1.85 2.08 149 158+17 =5.70 0.32
Pr 13.0 13.6+0.5 —4.41 2.30 16.5 17.5+0.9 =5.71 0.18
Nd 53.8 55.84£3.8 —3.58 3.26 59.2 63.3+4.5 —6.48 0.15
Sm 10.7 11.240.32 —4.46 2.51 11.5 11.5+0.7 0.00 2.49
Eu 3.03 3.1+£0.2 —2.26 2.26 1.96 1.940.1 3.16 0.82
Gd 9.58 9.6+0.8 -0.21 3.68 10.1 10.0£1.1 1.00 1.90
Tb 1.41 1.4840.14 —4.73 5.20 1.72 1.7+£0.2 1.18 0.40
Dy 7.34 7.7+£0.8 —4.68 5.18 9.74 9.8+£0.9 —0.61 0.47
Ho 1.27 1.3340.10 —4.51 6.71 1.79 1.94£0.2 =5.79 0.20
Er 3.62 3.6+0.5 0.56 7.95 5.41 5.4+0.5 0.19 1.37
Tm 0.53 0.5440.08 -1.85 8.25 0.83 0.9+0.1 =7.78 1.01
Yb 3.42 3.3+0.4 3.64 8.45 5.51 5.6£0.5 —1.61 0.45
Lu 0.48 0.51+0.07 —5.88 7.70 0.78 0.8+0.1 -2.50 0.91
MFH1 MFH3
i1+ ItHR WE B 2% A5 22 RSD MEHE Sl XSRS RSD
(ug/g) (ng/g) (%) (%) (ng/g) (ug/g) (%) (%)
Y 49.8 51.0+£9.2 -2.35 2.72 54.1 52.3+6.8 3.44 0.18
La 82.7 80.3+£12.0 2.99 0.94 104 109.5+8.6 —5.45 3.12
Ce 164 164+27.2 0.00 0.47 189 193+18.8 -2.07 1.26
Pr 19.7 20.7+1.4 —4.83 0.34 20.8 21.3%1.5 —2.35 0.84
Nd 77.4 81.3£2.1 —4.80 0.58 723 75.1+4.8 -3.73 1.80
Sm 15.0 15.4+0.8 —2.60 1.01 133 13.0+0.8 2.31 1.71
Eu 3.47 3.6+0.2 -3.61 1.03 2.52 2.47+0.26 2.02 0.98
Gd 12.4 12.54+0.6 -0.80 1.09 10.7 11.1+0.4 -3.60 0.26
Tb 1.89 2.0+0.2 =5.50 1.12 1.84 1.82+0.05 1.10 0.73
Dy 9.96 10.0+1.9 -0.40 1.54 10.3 10.3+1.2 0.00 0.28
Ho 1.77 1.8+0.4 -1.67 2.03 1.91 1.97+0.27 -3.05 1.44
Er 5.04 5.0+0.9 0.80 0.79 5.75 5.6+0.7 2.68 1.00
Tm 0.77 0.77+0.14 0.00 0.26 0.89 0.9+0.1 -1.11 0.33
Yb 4.65 4.7+0.9 -1.06 1.28 5.81 5.7+0.7 1.93 0.05
Lu 0.65 0.68+0.11 —4.41 1.25 0.82 0.9+0.1 —8.89 0.81
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Table 8 The analytical results of coal-related samples.
Wt Ml M2 M3 GS1 FH1
T (e RSD MEfE RSD Wz RSD M fE RSD M RSD
(ng/g) (%) (ng/g) (%) (ng/g) (%) (ng/g) (%) (ng/g) (%)
Y 29.6 5.89 7.36 430 5.75 9.43 10.5 1.41 68.2 2.16
La 72.0 491 7.08 4.94 2.07 3.11 7.92 2.66 111 2.22
Ce 137.1 1.81 14.4 2.01 4.93 0.13 18.3 1.07 205 2.80
Pr 14.5 0.32 1.71 1.29 0.68 0.62 1.76 6.41 23.1 3.04
Nd 49.7 1.51 6.98 1.44 3.08 1.84 5.83 4.51 83.5 3.00
Sm 8.93 2.88 1.42 3.95 0.73 1.92 1.23 5.49 16.0 1.76
Eu 1.46 2.81 0.23 12.2 0.15 0.18 0.21 1.38 2.76 1.89
Gd 7.43 6.08 1.51 14.8 0.91 12.7 1.42 6.61 133 3.11
Tb 1.21 4.95 0.22 5.81 0.14 5.60 0.30 1.00 2.31 4.25
Dy 6.60 5.68 1.42 2.00 0.95 1.65 2.17 2.63 133 3.98
Ho 1.23 5.05 0.29 1.15 0.20 0.76 0.44 0.88 2.46 3.55
Er 3.39 4.40 0.91 2.11 0.60 0.94 1.30 3.38 7.38 3.72
Tm 0.48 5.92 0.14 2.74 0.09 2.25 0.19 0.03 1.15 4.57
Yb 3.18 5.07 0.91 2.40 0.58 1.11 1.25 0.74 7.73 4.56
Lu 0.45 3.53 0.13 6.63 0.08 0.42 0.17 5.05 1.09 4.55
3 g XRD Fl SEM H AN B i e K i RAR IR 3k

BEXTRE, BT A7 ORI R A 15 B
BRI, PR TR RETT SR I PR AR 2R 25 2 ME S
W5, 7347 1 ICP-MS JE R T IOCRMAFAER T K
T BRTTIE, ST 1 AR - U AR o 1 2 PAT IR ¥ Tt
T RE AR PR £ G ER (8208 50k R R~ S P R
TR I 7 ROBE MR A7 S 2R R At P A TR
PN T o XEARIED) A S PR dh I 0 AT SR A, B
S 5 VRN S TR R A 2 3 RE Gl I e T 20K . AT

13 T WA, 4878 T w0 W) i AT £ S AR
FREdh R ORI ARG 2R, S SR Ty
F A E ML st T RIS HE

AR SCHEST B P RR T 0 75 AT L SEBUBE A i o
i 2GR ZI0RME, 18 H T RAL AR o P i £
JLER M XT3 m R A P A L R
i, IR A 0 3R VA 0 5 AT 75 O SR IR A 5T
TAE.

Determination of Rare Earth Elements in Coal-related Samples

by Inductively Coupled Plasma-Mass Spectrometry with Acid Dissolution

ZHANG Xin, SUN Hongbin, AN Ziyi, QIN Jing, ZHAO Jiujiang, YU Tingting, WANG Lei
(National Research Center for Geoanalysis, Beijing 100037, China)

HIGHLIGHTS

(1) The simultaneous determination of 15 rare earth elements in coal can be realized by ICP-MS with nitric acid-

hydrofluoric acid high-pressure closed digestion.

(2) Five-acid semi-closed acid dissolution method can be used to completely digest rare earth elements in coal-

related samples such as coal gangue and coal fly ash.

(3) High-alumina minerals are the main reason for the low leaching rate of rare earth elements in coal gangue.
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ABSTRACT

BACKGROUND: Coal and coal-bearing rock series can enrich beneficial elements such as rare earth under specific
geological conditions, forming coal-related key metal deposits. In recent years, highly enriched rare metal elements
such as gallium, germanium, uranium, gold, silver and rare earth elements have been successively discovered in
coal. The fly ash produced by the combustion of coal and gangue has a higher enrichment degree of rare earth and
other elements. These highly enriched metal elements will become one of the alternative sources of rare earth and
other strategic key metals. In order to realize the comprehensive utilization of rare earth elements in coal-related
samples, it is necessary to objectively evaluate the content level of rare earth elements in coal-related samples.
Therefore, it is of great practical significance to establish a set of multielement quantitative analysis methods

suitable for rare earth elements in coal-related samples.

OBJECTIVES: To establish a set of analytical methods for the determination of rare earth elements in coal-related
samples, and provide theoretical basis for the formulation and optimization of experimental schemes by analyzing

the occurrence state of elements.

METHODS: The method research of rare earth elements in coal-related samples was carried out by using a high-
pressure closed acid dissolution method and semi-closed acid dissolution method respectively. The sample mass,
dissolution mode, acid decomposition system and extracting solution were analyzed experimentally. The recovery
rates of rare earth elements by different methods were compared and analyzed, and the optimal dissolution method
was determined. The interferences and interference elimination methods in the mass spectrometry determination of
rare earth elements were discussed in detail. The occurrence state of elements in coal-related samples was analyzed
by using XRD and SEM techniques, and the reason why the high-pressure closed acid dissolution method could not

completely decompose coal gangue, coal fly ash and other samples was explained.

RESULTS: Through experimental analysis of conditions such as the sampling weight, the sample dissolution
method, the acid digestion system, and the redissolving solution composition, an analytical method for the
determination of rare earth elements in coal by ICP-MS with nitric acid-hydrofluoric acid high-pressure closed acid
solution was established. The detection limits were between 0.01pg/g and 0.03pg/g. This method could be used to
achieve accurate determination of 15 rare earth elements in coal, but the rare earth recovery rate for coal fly ash and
coal gangue was unstable, with the rare earth recovery rate ranging from 37% to 123%. Adding sulfuric acid and
perchloric acid to the original acid dissolution system, and switching to hydrochloric acid solution for redissolution,
cannot effectively improve the decomposition efficiency of rare earth elements. In order to solve the problem of low
dissolution rate of rare earth elements in such samples, further experimental research on semi-closed acid dissolution
digestion method was carried out. The analysis method of rare earth elements in coal-related samples was
established by using semi-closed acid dissolution, which determined the accurate resolution of rare earth elements in
coal fly ash and coal gangue samples. The detection limits were between 0.02pg/g and 0.05pg/g. The occurrence
state of elements in coal-related samples was preliminarily analyzed by X-ray diffraction and scanning electron
microscopy. It was revealed that high aluminum minerals were the main reason for the low dissolution rate of rare
earth elements in coal-based samples such as coal gangue, which provided a theoretical basis for the formulation and
optimization of experimental schemes. Method verification was carried out using standard materials and actual
samples. The developed method had good precision (relative standard deviation was 0.05%-9.98%) and accuracy

(relative error was from —10.2% to 7.62%).
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CONCLUSIONS: The two analysis methods investigated in this paper have low detection limit, high precision and

accuracy, can realize simultaneous determination of rare earth elements in coal-related samples, and are suitable for

large-scale analysis and testing of rare earth elements in samples.

KEY WORDS: coal; coal gangue; coal fly ash; rare earth elements; high-pressure closed acid dissolution; semi-

closed acid dissolution; inductively coupled plasma-mass spectrometry
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