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Table 1  Chemical occurrences and extraction methods of REEs
Number  Modes of occurrence

sE<=2=2=—

water soluble state
exchangeable state
organic state
carbonate state
silicate state

sulfide state

4 g coal sample +30 mL water 25 C 24 h
residue + 30 mL NH,AC 25°C 24h
residue of Il +1.47 g/em® CHCl, floating dried at 40 °C 1: 1 HNO, and HCIO, added 5 h
residue of 11 +1.47 g/cm® CHCI, sinking + 10 mL 0.5% HCl 20 min
residue of Il +2.89 g/cm® CHBr, floating + 1: 1 HNO, and HF 5 h
residue of Il +2.89 g/cm® CHBr, sinking+1:1 HNO;, 5h
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Table 2 Contents of REEs and enrichment factors of the 47 samples based on the coal resources weight
Elements la C Pr Nd Sm Fu Gd Th Dy Ho Er Tm Yb ILu Y
Meanw /10™°  18.33 34.55 3.72 13.34 2.54 0.56 2.48 0.35 2.15 0.43 1.22 0.17 1.11 0.16 13.68
EF 0.61 0.58 0.45 0.48 0.42 0.47 0.46 0.06 0.72 0.36 0.44 0.04 1.23 0.32 0.4l
EF enrichment factor = REE content of coal / REE Clarke value
47 Eu’* REE
2 REE
SREE=La+Ce+Nd+Eu+Tbh+ Yb+Lu Eu “ " Eu “ K
70. 94 x Eu Eu SEu
10°° Ren " REE 5Ce Ce REE
105.6 x10°° "
111.2 x10°° Finkel- Eu, Ce,
14 6 SEu=———7— §6Ce=——"—"
man REE 62.1 x10 Sm + Gd La +Pr
Valkovic REF. 46. 3 x 2 7 2 0
1076 Clarke 4
value Yb 1
1 1
2.2
3 2 L/H
4 S8Eu  Eu Eu Eu®”
3 4
Table 3 REE contents in raw coal and its four washing products w /10 ¢
Sample la C Pr Nd Sm Fu GI Th Dy Ho Er Tm Yb Lu Y

Raw coal 21.68 40.74 4.36 15.45 2.99 0.62 2.81 0.42 2.39 0.47 1.38 0.19 1.26 0.18 15.07
Cleaned coal 15.54 28.48 2.93 10.1 1.97 0.42 1.88 0.29 1.73 0.35 1.02 0.15 0.93 0.14 10.70
Middling coal  23.02 42.85 4.33 14.86 2.94 0.6 2.7 0.43 2.44 0.48 1.37 0.19 1.23 0.18 14.99
Tailing coal 24.85 48.13 4.97 17.5 3.4 0.71 3.07 0.48 2.65 0.54 1.57 0.2 1.44 0.2 16.22

Coal slime 33.99 65.99 7.26 26.79 5.33 1.16 4.83 0.68 3.66 0.71 2.01 0.28 1.83 0.27 22.29

4 4
Table 4 REE parameters of raw coal and its four washing products

Sample LREE w /10 ¢ HREE w /10 ° REE w /10 ¢ L/H S Ce S Eu
Raw coal 85.84 24.17 110.01 3.55 0.83 0.71
Cleaned coal 59.44 17.19 76.63 3.46 0.83 0.72
Middling coal 88.6 24.01 112.61 3.69 0.84 0.7
Tailing coal 99.56 26.37 125.93 3.78 0.86 0.72
Coal slime 140. 52 36.56 177.08 3.84 0.84 0.75

REE=La+Ce+Pr+Nd+Sm+Eu+Gd+Th+Dy+Ho+Er+Tm+Yb+Lu+Y LREE light rare earth elements = La + Ce
+Pr+Nd +Sm + Eu HREE heavy rare earth elements = Gd +Th + Dy + Ho+ Er + Tm + Yb + Lu+Y L/H = LREE/HREE

3 4
Ce Eu
R —
4 w, —
2.3 w. —

R = w,-w, /w, x100% R R
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Figure 1 R variation of REEs in cleaned coal middling coal tailing coal and coal slime
a cleaned coal b middling coal ¢ tailing coal d coal slime
5
Table 5 Modes of occurrence of REEs in raw coal and its washing products w /%
Sample  Medesof e P Nd Sm Eu G4 Th Dy Ho Er Tm Yb Lu Y
occurrence
Raw coal bdl  bdl bdl bdl bdl 1.2 bdl bdl bdl bdl bdl bdl bdl bdl 0.8

bdl 0.6 0.2 bdl bdl bdl bdl 1.2 bdl bdl 0.8 bdl bdl bdl bdl
16.9 15.6 10.4 3.5 6.8 7.6 8.9 14.7 17.9 18.8 20.1 21.3 19.8 19.7 7.4
bdl  bdl bdl 0.4 0.6 bdl 1.2 bdl 0.8 bdl 0.7 bdl bdl 2.3 0.8
79.7 83.2 89.4 94.5 90.2 88.5 86.7 80.3 79.7 80.2 78.4 76.4 77.1 75.8 87.1
3.4 0.6 bdl 1.6 2.4 2.7 3.2 38 1.6 1.0 bd 2.3 3.1 2.2 3.9
bdl  bdl  bdl bdl bdl bdl 0.2 bdl bdl bdl 0.4 bdl bdl bdl bdl
bdl  bdl 1.2 bdl bdl bdl 0.4 0.5 bdl bdl bdl 1.2 bdl 0.5 bdl
40.8 42.1 38.4 28.7 30.7 32.4 34.1 39.5 38.8 48.9 48.6 50.4 49.7 51.8 34.6
bdl  bdl bdl bdl 0.2 0.2 0.4 0.3 0.4 bdl bdl bdl bdl 0.8 bhdl
58.4 57.9 60.4 70.9 68.1 66.6 63.7 59.2 60.0 50.8 51.0 47.4 49.5 46.9 64.3
0.8 bdl bd 0.4 1.0 08 1.2 0.5 0.8 0.3 bdl 1.0 0.8 bdl 1.1
bdl 0.2 bdl bdl bdl bdl bhdl bdl bdl bhdl bdl bdl bdl 0.2 bdl

Cleaned coal

Middling coal

=E<=EEHE—S<=EERE~=S<g=EERmS<EER S =EEE—

0.2 bdl 0.2 0.4 bdl bdl bdl 0.5 bdl bdl 1.4 bdl bdl bhdl 0.2
18.2 14.5 10.5 4.2 7.2 7.6 7.8 13.5 15.8 17.4 21.5 23.2 18.5 21.4 6.8
bdl 0.4 bdl 0.6 1.2 0.8 1.3 0.5 0.4 bdl 1.2 bdl bdl 2.1 0.6
78.4 84.5 89.3 92.4 88.7 90.1 88.6 81.5 82.4 81.6 75.0 74.8 78.9 73.8 88.2
3.2 0.4 bd 2.4 29 1.5 2.3 40 1.4 1.0 04 2.0 2.6 2.5 4.2
Tailing coal bdl 1.0 bdl bdl bdl bdl 1.0 bdl 0.6 bdl 0.8 0.6 bdl bdl bdl
bdl 1.2 bdl bdl bdl 0.8 bdl 0.4 bdl bdl 1.2 bdl bdl bdl 0.8
8.1 7.4 5.1 bdl 2.4 3.2 38 6.6 82 85 9.7 12.4 15.4 14.8 3.1
2.5 2.0 3.6 bdl 1.0 bdl 0.8 bdl 1.4 1.2 1.6 08 1.2 2.5 0.8
82.9 87.1 90.2 98.0 93.6 92.6 90.2 88.4 87.0 87.7 85.5 82.5 79.6 79.5 90.4
6.5 1.3 1.1 2.0 3.0 3.4 42 46 28 26 1.2 3.7 3.8 3.2 4.9
Coal slime bdl 0.6 bdl bdl bdl bdl 1.4 bdl bdl bdl 0.5 bdl bdl bdl bdl
bdl 0.6 bdl 1.2 bdl 1.5 0.8 0.6 bdl bdl 0.5 bdl bdl bdl 1.4
bdl  bdl  bdl bdl  bdl bdl  bdl bdl bdl bhdl bdl 2.4 3.5 2.8 bhdl
2.8 1.8 3.4 1.2 24 28 bd 09 1.7 23 2.5 bd 08 3.3 1.2
91.4 94.9 95.2 95.1 93.8 89.8 91.0 92.1 95.8 93.9 93.4 91.2 91.5 89.2 89.5
5.8 2.1 1.4 2.5 3.8 59 68 6.4 2.5 38 3.1 6.4 42 4.7 1.9

bdl—below detection limit
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Table 6 Mineral compositions of raw coal and its washing products w /%
Sample Organic matter Clay minerals Pyrite Quartz Calcite
Raw coal 77.4 19.8 1.2 1.0 0.6
Cleaned coal 93.2 6.3 bdl 0.5 bdl
Middling coal 75.3 21.6 1.4 1.2 0.5
Tailing coal 50.1 41.4 4.3 2.8 1.4
Coal slime 8.6 76.0 7.8 5.6 2.0

bdl—Dbelow detection limit

1 BIRK D WHITE J C. Rare earth elements in bituminous coals and underclays of the Sydney Basin Nova Scotia Element sites distribution
mineralogy J . IntJ Coal Geol 1991 19 14  219-251.
2 KORTENSKIJ BAKARDIJIEV S. Rare earth and radioactive elements in some coals from the Sofia Svoge and Pernik Basins Bulgaria J .
Int J Coal Geol 1993 22 34  237-246.
3 ESKENAZY G M. Aspects of the geochemistry of rare earth elements in coal an experimental approach J . Int J Coal Geol 1999 38 34
285-295.
4 . J. 1999 73 4 360-369.
HUANG Wen-hui YANG Qi TANG Da-zheng ZHAO Zhi-gen TANG Xiu-yi. Geochemistry of rare earth elements in late Paleozoic coals
in the North China J . Acta Geologica Sinica 1999 73 4  360-369.
5 POLLOCK S M GOODARZI F RIEDIGER C L. Mineralogical and elemental variation of coal from Alberta Canada an example from the
No. 2 seam Genesee Mine J . Int J Coal Geol 2000 43 14  259-286.
6 . I 2000 18 3 453-459.
ZHAO Zhi-gen TANG Xiu-yi LI Bao-fang. Geochemistry of rare earth elements of coal in Huainan Mining area J . Acta Sedimentologica
Sinica 2000 18 3  453-459.
7 . I 2003 24 3 273-278.
DAI Shi-feng REN De-yi LI Sheng-sheng. Modes of occurrence of rare earth elements in some late Paleozoic coals of North China J .
ActaGeoscientia Sinica 2003 24 3 273-278.
8 . I. 2004 32 2 155-159.
BAI Xiang-fei LI Wen-hua CHEN Wen-min. Distribution and modes of occurrence of beryllium in Chinese coals J . Journal of Fuel
Chemistry and Technology 2004 32 2 155-159.



420 33

9 . J . 2004 32 2
140-145.
LU Hai-liang CHEN Hao-kan LI Wen LI Bao-qing. Occurrences of trace metals in Tieling coal and their volatility behaviors during pyroly-
sis J . Journal of Fuel Chemistry and Technology 2004 32 2 140-145.
10 . I 2003 31 4 295-299.
WANG Wen-feng QIN Yong SONG Dang-yu. Cleaning potential of hazardous elements during coal washing J . Journal of Fuel Chemis-
try and Technology 2003 31 4  295-299.
11 DAIS LID REND TANGY SHAOL SONG H. Geochemistry of the late Permian No. 30 coal seam Zhijin Coalfield of Southwest
China influence of a siliceous low-temperature hydrothermal fluid J . Appl Geochem 2004 19 8 1315-1330.
12 REND ZHAOF WANGY YANG S. Distributions of minor and trace elements in Chinese coals J . Int J Coal Geol 1999 40 2-3
109-118.
13 . D . 2002.
DALI Shi-feng. Geological-geochemical behaviors and enrichment models of associated elements in coal D . Beijing China University of
Mining and Technology 2002.
14 FINKELMAN R B. Trace and minor elements in coal A . In ENGEL M H MACKO S A ed. Organic geochemistry C . New York
Plenum 1993 593-607.
15  VALKOVIC V. Trace elements in coal M . Boca Raton CRC Press 1983.

Migration and distribution of rare earth elements during
washing process of Kailuan coals
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Abstract On the basis of coal geochemistry and coal petrology the content migration and distribution of rare
earth elements REEs in the Paleozoic coals and their washing products were determined using inductively cou-
pled-plasma mass spectrometry ICP-MS  sequential chemical extraction procedure and optical microscope.
The contents of REEs in 47 coal channel samples from 10 mines of Kailuan Coalfield were determined. The re-
sults show that the REEs are not significantly enriched in the coals from the Kailuan Coalfield North China. The
content of REEs increases in the order of cleaned coal 76.63 w/10°° raw coal 85.84 w/10°° middling
coal 88.6w/107° tailing coal 125.93w /10°°  and coal slime 177.08w /10 ° . The values of 5Eu and
6Ce are similar among raw coal and its washing products. The obvious difference of REEs in raw coal and its
products is their different concentrations. Six states of REEs water soluble exchangeable organic carbonate

silicate and sulfide states are classified to study modes of occurrence. Modes of coccurrence of REEs in raw
coal and middling coal are similar. REEs in the cleaned coal are mainly associated with organic matrix and sili-
cates. Most of REEs in the tailing coal and coal slime are associated with alumino-silicate mineral matters. How-
ever Tm Yb and Lu associated with organic matter are surprised high in all coal washing products compared
with the other REEs. Tm Yb and Lu associated with organic matter in the coal slime are 2.4% 3.5% and 2.
8% respectively. Combined with the results of sequential chemical extraction and mineral composition analyses

it can be concluded that the dominant influence factors on the concentration and modes of occurrence of REEs are
in order of clay minerals organic matter pyrite quartz and calcite.

Key words washing rare earth elements mode of occurrence
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