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Table 1 Working parameters of ICP-MS.

TAESH WEH TAESHL BEAA
ICP % 1400W LR 1.1mm
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Table 2 Isotope and interference information.
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A—1.5mL fi§f#+1.5mL S BN % ; B—1.5mL fil§fia+1.5mL S IR+0.5mL BRER TN % ; C—1.5mL fi§fR+1.5mL S FFER+0.5mL HifiR+0.5mL 255

BRI ; D—1.5mL fil§fR+1.5mL SRIRINIR, 50% $hIR B

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.
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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 AMEAE T 0 L % TR R
SR TR, WAL T AR E (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 PR H e E B g T4k Y, B kmh
KR Y/ e AR 7/ POE =Y e s ivy- D e D W& 23 i
LR AAY R AL E 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
IR 2 5 5 HRAAR 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 13*) | 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
B4, X 5 Shao ZEMRTSTEE F—8 >0 o RAIM MR-
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 I0EBEEE R (E )M, 5
BRI 2 18 R T Oe 2RV R 2R R . /D
4 D37 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 BR, A2 1 A vk 2 M RS T3 5. hss
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
FUE#HEE(GR 6) o ¥ 7 RGBT BT A il 5 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
TER2E RVFEEIN .

K 2 58 A R s v XA AT (MGS T, MGS2) Fil
K (MFHL . MFH3) AR ERE S 247 3Bl 22, 15
BT PRE B IR . I 255 (% 7)al 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
(R0 S5 3 UL 3% 8. TN SR ES I (M) G T
(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.

- ‘ g ALO, it Sio, i
ﬁun%ﬂﬁ k%%*iun?’éiﬂ (%) (%)
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

ZH K
(1] ZREpey, G, AT, 5. 00 A e HEBCR E 2 10

[2]

[3]

[4]

[5]

[6]

[7]

ERAG 22 R i S B IRAL A (0] B B2 R, 2022,
50(3): 1-38.

Qin S J, Xu F, Cui L, et al. Geochemistry characteristics
and resource utilization of strategically critical trace
elements from coal-related resources[J]. Coal Science
and Technology, 2022, 50(3): 1-38.

Wi, fbsE, REIe, 45, TSR ACHE H R 2 e i &
BRIC R (9 3 A FRAE B A DL PR (7). Moy i 4%,
2018, 25(4): 76-85.

Chen L, Shao P, Xiong W H, et al. Discussion on
distribution and occurrence mechanism of gallium in the
middle Jurassic coal-bearing strata of the Eastern
Junggar Coalfield, Xinjiang[J]. Earth Science Frontiers,
2018, 25(4): 76-85.

i, Ak, b ERERL R R 0 B A TR A E
JUER: WRAFRAIE S BT AR (1], 2741, 2020, 45(1):
296-303.

Wei Q, Dai S F. Critical metals and hazardous elements
in the coal-hosted germanium ore deposits of China:
Occurrence characteristics and enrichment causes[J].
Journal of China Coal Society, 2020, 45(1): 296—303.
Ren WY, Cao Q Y, Yang L, et al. Uranium in Chinese
coals: Concentration, spatial distribution, and modes of
occurrence[J]. Journal of Environmental Radioactivity,
2022, 246: 106848.

Wang W F, Sang S X, Hao W D, et al. A cut-off grade
for gold and gallium in coal[J]. Fuel, 2015, 147: 62—66.
Hao H D, Li J Z, Wang J X, et al. Distribution
characteristics and enrichment model of valuable
elements in coal: An example from the Nangou Mine,
Ningwu Coalfield, Northern China[J]. Ore Geology
Reviews, 2023, 160: 105599.

Di S B, Dai S F, Nechaev V P, et al. Mineralogy and
enrichment of critical elements (Li and Nb-Ta-Zr-Hf-Ga)
in the Pennsylvanian coals from the Antaibao surface
mine, Shanxi Province, China: Derivation of pyroclastics
and sediment-source regions [J]. International Journal of
Coal Geology, 2023, 273: 104262.

— 912 —

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Wang Z, Dai S F, Zou J H, et al. Rare earth elements and
yttrium in coal ash from the Luzhou power plant in
Sichuan, Southwest China: Concentration, characte-
rization and optimized extraction[J]. International
Journal of Coal Geology, 2019, 203: 1-14.

Zou J H, Chen H'Y, Zhao L, et al. Enrichment of critical
elements (Li-Ga-Nb-Ta-REE-Y) in the coals and host
rocks from the Daping Mine, Yudongnan Coalfield, SW
China[J]. Ore Geology Reviews, 2023, 152: 105245.
AR, EERLL, SR, A CHE S IR TR S T i
ATTEERL A BERE (1], a8, 2020, 39(5): 658-669.
Li C, Wang D H, Qu W J, et al. A review and
perspective on analytical methods of critical metal
elements[J]. Rock and Mineral Analysis, 2020, 39(5):
658—669.

Wang W W, Peng Z K, Guo C L, et al. Exploring rare
earth mineral recovery through characterization of
Riebeckite type ore in Bayan Obol[J]. Heliyon, 2023,
9(3): 14060.

Hower J C, Eble C F, Backus J S, et al. Aspects of rare
earth element enrichment in Central Appalachian
coals[J]. Applied Geochemistry, 2020, 120: 104676.
PR, TR T D BEMSCBOR B9 28 A P 3R 1R L 5
PRI REE R SR [I]. A1 (g w5 TR, 2012,
3(4): 100-107.

Zhong L, Liang M. The sustainable development
strategy of China’s REE resources from the perspective
of rare earth export taxation policy changel[J].
Nonferrous Metals Science and Engineering, 2012, 3(4):
100—-107.

Bragg L J, Oman J K, Tewalt S J, et al. U. S. Geological
Survey Open-file Report[R]. 1998: 97-134.

BETEVK. DA R e — % TR B B IR vh i T 2%
BRAE“EATSE D] b st dr a7k R 5 b a), 2014:
21-39.

Luo Y B. Geochemical study of trace elements in late
Permian coal and tuff in Eastern and Southern
Sichuan[D]. Beijing: China University of Mining and
Technology (Beijing), 2014: 21-39.

Seredin V V, Dai S F, Sun Y Z, et al. Coal deposits as


https://doi.org/10.13745/j.esf.yx.2017-12-23
https://doi.org/10.13745/j.esf.yx.2017-12-23
https://doi.org/10.1016/j.jenvrad.2022.106848
https://doi.org/10.1016/j.fuel.2015.01.066
https://doi.org/10.1016/j.oregeorev.2023.105599
https://doi.org/10.1016/j.oregeorev.2023.105599
https://doi.org/10.1016/j.coal.2023.104262
https://doi.org/10.1016/j.coal.2023.104262
https://doi.org/10.1016/j.coal.2019.01.001
https://doi.org/10.1016/j.coal.2019.01.001
https://doi.org/10.1016/j.oregeorev.2022.105245
https://doi.org/10.1016/j.heliyon.2023.e14060
https://doi.org/10.1016/j.apgeochem.2020.104676
https://doi.org/10.13264/j.cnki.ysjskx.2012.04.009
https://doi.org/10.13264/j.cnki.ysjskx.2012.04.009
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn

% 5 3

SRR, 45 PRI - RO 3 25 B T PR L U A R dh P TR D7 k7

a2t

[17]

[18]

[19]

[20]

[21]

[22]

[23]

promising sources of rare metals for alternative power

and  energy-efficient  technologies[J].  Applied
Geochemistry, 2013, 31: 1-11.

Bagdonas D A, Enriquez A J, Coddington K A, et al.
Rare earth element resource evaluation of coal
byproducts: A case study from the Powder River Basin,
Wyoming [J].
Reviews, 2022, 158: 112148.

AREEAE, TR, BRIT, 5. BYHER TR 4 oT AR ORI
FHWFsT R (0], #i £, 2022, 43(4): 11-19.

Zou J H, Wang H, Chen H Y, et al. Research progress of

Renewable and Sustainable Energy

rare earth elements recovery from coal fly ash[J].
Chinese Rare Earths, 2022, 43(4): 11-19.

ERT, 22, B, A o EDRY R i SR AL T
W 75 ok e 5 r s (0], Ak mR AR 8 R, 2018, 37(12):
3834-3841.

Wang J X, Li J, Zhao S B, et al. Research progress and
prospect of resource utilization of fly ash in China[J].
Bulletin of the Chinese Ceramic Society, 2018, 37(12):
3834-3841.

JAE T, K&, &, & R R i TR
) Ay Ak By vk B 5T 25 R (0] 4R T, 2021, 49(5):
86—90.

Zhou J L, Yue D L, Tang Z K, et al. Summary of
research on pretreatment method for detection of trace
element in coal and coal ash[J]. Coal Chemical Industry,
2021, 49(5): 86—90.

WS, kN R A TR B I E S
11 FIGE [T]. 1R 4:53HT, 2013, 33(9): 8—11.

Yang J H, Zhang X Y. Determination of eleven elements
in coal by inductively coupled plasma mass
spectrometry[J]. Metallurgical Analysis, 2013, 33(9):
8—11.

VRt BRI, TS, A5 OB A -t 2 P B S A
B TR (HR-ICP-MS) L€ s 35 FiR 4
JEIEER (1], hETEHHTEE, 2022, 12(2): 26-34.
Shen J, Zhao Y W, Wang B, et al. Determination of 35
trace metal elements in coal by high resolution
inductively coupled plasma mass spectrometry with
microwave digestion[J]. Chinese Journal of Inorganic
Analytical Chemistry, 2022, 12(2): 26—34.

ORAil, ThRERR, XA, S T DA - R S
T BT E A 17 A B T R (7). Bk 5
(fk2E481), 2014, 50(8): 960—963.

Zhu J, Ma C C, Zhao L, et al. ICP-MS determination of
17 metal elements in coal with high-pressure closed
digestion[J]. Physical Testing and Chemical Analysis

(Part B:Chemical Analysis), 2014, 50(8): 960—-963.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Ths i, TR B, AR, 5. v 2% P S - FL B
B FIRBTE (ICP-MS) B e B s ooz [I].
FEITCHL M2, 2019, 9(4): 27-30.

Ma L B, Zhang D Y, Tenger, et al. Determination of rare
earth elements in coal by inductively coupled plasma-
mass  spectrometry  with  high-pressure  closed
digestion[J]. Chinese Journal of Inorganic Analytical
Chemistry, 2019, 9(4): 27-30.

frLr 2, 29K, BREN SR, 55, 3P R TR ES-ICP-MS 43
Br o B AE b 47 AT R B (0], e b il 5
2002, 21(5): 8-12.

He HL, Li B, Han L R, et al. Evaluation of determining
47 elements in geological samples by pressurized acid
digestion-ICP-MS[J]. 2002,
21(5): 8-12.

KRG, FiR i, JB SCU, A5 i 1 DA - v S 5 55
BT R BRI A R (0] fk2EiRa], 2021, 43(12):
1707-1710.

Song X, Xie X C, Tu W T, et al. Determination of

Analytical Laboratory,

lithium in coal by high-pressure closed digestion-
inductively coupled plasma mass spectrometry[J].
Chemical Reagents, 2021, 43(12): 1707-1710.

SR T AR, B, S ARG A R TR BRI BT
VRN E R IR B R IC R [T, 63 5 6% 4,
2023, 43(7): 2074-2081.

Zhang H Y, Fu B, Wang J, et al. Determination of trace
rare earth elements in coal ash by inductively coupled
plasma tandem mass spectrometry [J]. Spectroscopy and
Spectral Analysis, 2023, 43(7): 2074—2081.

TR, B A, PRI, 55, 22 P IR VA - v Il 75 25 5
AR (ICP-MS) Y& I 5E AL HORE ity T A % . B 40
BEL R 5 6 4R [T, P ETTHLMTIRE, 2023,
13(4): 318-325.

Sun M H, Jin Q, Chen Q Z, et al. Determination of
chromium, nickel, copper, zinc, cadmium, lead in
geological samples by inductively coupled plasma mass
(ICP-MS)
solution[J]. Chinese Journal of Inorganic Analytical
Chemistry, 2023, 13(4): 318-325.

2B, B, 5K B IR R B A A T
PRSI 5 A M b s o R s 0] 4
43T, 2018, 38(6): 31-38.

Lan M G, Lu Q S, Zhang X C. Influence of sample

dissolution method on determination of rare earth

spectrometry with  semi-closed acid

elements in rock and soil by inductively coupled plasma

mass spectrometry [J]. Metallurgical Analysis, 2018,

38(6): 31-38.

NI, SRR, D7, A5 LB TR T
— 913 —


https://doi.org/10.1016/j.apgeochem.2013.01.009
https://doi.org/10.1016/j.apgeochem.2013.01.009
https://doi.org/10.1016/j.rser.2022.112148
https://doi.org/10.1016/j.rser.2022.112148

55 3

HO

i

2023 4E

http: //www. ykes. ac. cn

[31]

[32]

[33]

[34]

— 91

(ICP-MS) YETE M 143 B v ity i ATk J& (0] o = 2L
SFrkEE, 2023, 13(9): 939-949.

Sun M H, Su C F, Fang D, et al. Application progress of
inductively coupled plasma mass spectrometry (ICP-MS)
in rare earth analysis[J]. Chinese Journal of Inorganic
Analytical Chemistry, 2023, 13(9): 939-949.

T, AT, AT, S R PR S B A
T2 A2 Ml B PR TR e TR D],
SR, 2013, 32(4): 561-567.

Wang G, Li H L, Ren J, et al. Characterization of oxide
interference for the determination of rare earth elements
in geological samples by high resolution ICP-MS[J].
Rock and Mineral Analysis, 2013, 32(4): 561-567.
ek, Dy AU S B TR (ICP-MS) A 1E
FC -y v DU T A Y N (). v E TR
Bk, 2023, 13(8): 802-812.

Feng X J, Ma L. Application of inductively coupled
plasma mass spectrometry (ICP-MS) for the detection of
rare, rare earth, rare scattering and precious elements in
minerals in China[J]. Chinese Journal of Inorganic
Analytical Chemistry, 2023, 13(8): 802—812.

Dai S F, Finkelman R B, French D, et al. Modes of
occurrence of elements in coal: A critical evaluation[J].
Earth-Science Reviews, 2021, 222: 103815.

Seredin V V, Dai S F. Coal deposits as potential

4 —

[35]

[36]

[37]

[38]

alternative sources for lanthanides and yttrium[J].
International Journal of Coal Geology, 2012, 94: 67-93.

Dai S F, Yan X Y, Ward C R, et al. Valuable elements in
Chinese coals: A reviewlJ]. International Geology
Review, 2018, 60: 590—620.

Shao L Y, Jones T, Gayer R, et al. Petrology and
geochemistry of the high-sulphur coals from the upper
Permian carbonate coal measures in the Heshan Coalfield,
Southern Chinal[J].
Geology, 2003, 55: 1-26.

W/, Z5/NPE, ARKRAR. A T 100 A B B A5 RS 1
MR A 58 - T R R OC R B T, 16 4 4
Hr, 2016, 36(7): 56—62.

Yang X L, Li X D, Zou L H. Influence of sample

International Journal of Coal

dissolution method on determination of rare earth
elements in bauxite by inductively coupled plasma mass
spectrometry[J]. Metallurgical Analysis, 2016, 36(7):
56—62.

AT, X8, B5R, &5 P ER RO R IR &
M5 704 [T]. Bl i, 2020, 65(33): 3715-3729
Dai S F, Zhao L, Wei Q, et al. Resources of critical
metals in coal-bearing sequences in China: Enrichment
types and distribution[J]. Chinese Science Bulletin, 2020,
65(33): 3715-3729.


https://doi.org/10.1016/j.earscirev.2021.103815
https://doi.org/10.1016/j.earscirev.2021.103815
https://doi.org/10.1016/j.earscirev.2021.103815
https://doi.org/10.1016/j.coal.2011.11.001
https://doi.org/10.1080/00206814.2016.1197802
https://doi.org/10.1080/00206814.2016.1197802
https://doi.org/10.1016/S0166-5162(03)00031-4
https://doi.org/10.1016/S0166-5162(03)00031-4
https://doi.org/10.1360/TB-2020-0112
https://doi.org/10.1360/TB-2020-0112
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn

	1 实验部分
	1.1 标准溶液和主要试剂
	1.1.1 标准溶液
	1.1.2 主要试剂

	1.2 仪器及工作参数
	1.3 标准物质和样品
	1.4 实验方法
	1.4.1 高压密闭酸溶法
	1.4.2 半密闭酸溶法

	1.5 ICP-MS测定

	2 结果与讨论
	2.1 消解样品量的确定
	2.2 溶样体系结果分析
	2.2.1 高压密闭酸溶法
	2.2.2 半密闭酸溶法

	2.3 质谱干扰与校正
	2.4 赋存状态分析
	2.5 方法验证
	2.5.1 方法检出限
	2.5.2 方法精密度和正确度
	2.5.3 实际样品测定


	3 结论
	参考文献

