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Abstract Rare earth elements and yttrium (REY) in coal
deposits are considered promising alternative sources for
these resources owing to their increasing global demand.
This paper reports the geochemical characteristics of REY
in the Late Permian coals from an underground Kla seam
section of the Zhongliangshan coalfield in Chongqing,
southwestern China. The mineralogy, degree of enrich-
ment, distribution patterns, modes of occurrence, and
sediment origin of REY were investigated. Compared with
the average of world coals, the concentration of REY in
the Kla coals were normal, dominated by light REY
(LREY), with less medium and heavy REY (MREY,
HREY). The fractionation degree of the MREY and
HREY are higher than that of LREY in most Kla coal
samples, deduced from the mixed enrichment type of
REY, mainly including M-H-type, and a few L-M type and
H-type. In addition, the combination of anomalies of Ce,
Eu, Gd, and ALO,/TiO, parameters, the terrigenous
materials in the Kla coal were derived from the felsic-
intermediate rocks at the top of the Emeishan basalt
sequence, and the samples were affected by seawater
intrusion during early peat accumulation. Although the
minerals primarily consist of kaolinite, illite, pyrite, and
small amounts of quartz, calcite and anatase, REY are
correlated with ash yield, SiO,, and Al,O,, revealing that
the REY mainly occur in aluminosilicate minerals,
especially kaolinite and illite. Meanwhile, REY positively
relate to P,O5 and Zr, which may exist in phosphate-
containing minerals or zircon. Furthermore, most samples
in the K1a coal or ash do not reach the cut-off grade for the
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beneficial recovery of REY. With the exception of central
Guizhou, southwestern Chongqing, and the junction of
western Guizhou and northeastern Yunnan, the REY
content in coals from southwestern China are high, and its
by-products are suitable as potential REY sources.

Keywords rare earth elements and  yttrium,
Zhongliangshan Kla coal, sediment source, modes of
occurrence, geochemical characteristics

1 Introduction

Coal deposits can contain abundant valuable trace or
major elements with potential utilized economic value,
such as U, Ge, Ga, Li, rare earth elements and yttrium
(REY), platinum group elements (PGEs), and Al (Dai
et al., 2010a, 2016a, 2018, 2020, 2021; Seredin and Dai,
2012; Qin et al., 2015a, 2015b, 2018a; Sun et al., 2016;
Ma et al., 2020; Xu et al., 2022). Uranium has been
successfully extracted from coal for nuclear applications
by the Soviet Union and the United States since the
World War Second II (Kislyakov and Shchetochkin,
2000). The Lincang coal in Yunnan, and Wulantuga coal
in Inner Mongolia, are two typical large germanium coal
deposits with independent industrial mining values
(Zhuang et al., 2006; Hu et al., 2009; Dai et al., 2012a,
2015a, 2018), with tons of germanium being obtained
from both coal mines. Ge-rich coal deposits are currently
utilized as raw materials for Ge in China and Russia (Dai
etal., 2014a). Aluminum and gallium have also been
successfully extracted from coal and coal ash from the
Jungar coalfield, China (Qinetal.,2015a; Sunetal.,
2016). The extraction of lithium from coal fly ash is still


https://doi.org/10.1007/s11707-022-1018-x

Qingfeng LU et al. Geochemistry of rare earth elements and yttrium in coals

in the experimental stage (Qinetal.,2015b; Lietal.,
2020a). The rare earth elements and yttrium are widely
used in permanent magnets, batteries, phosphors,
catalysts, etc (Hower et al., 2016). REY as an important
strategic resource, and its worldwide demand is
increasing, especially in China, Russia, US, and Japan
(accounting for more than 80%). The high REY contents
in coals were first studied by Goldschmidt and Peters
(1933). High concentrations of REY in coal ash (from
0.2% to 0.3%) were discovered in the Russian Far East
coal basins, and a possible recovery suggestion for REY
was proposed (Seredin, 1991).

The REY are the general term for lanthanides and
yttrium in group IIIB of the periodic table. In this study,
REY were used to represent 15 elements, including La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, and
Lu. As Y3 (89.3x10712 m) and Ho3" (89.4x10712 m)
have very similar ionic radii and the same ionic charge,
Y3" can be placed between Ho3" and Dy3" for the REY
normalized distribution pattern analysis (Dai et al.,
2016a). The classifications of REY are different accord-
ing to diverse geochemical and economic perspectives.
Twofold (LREY, HREY) and threefold (LREY, MREY,
HREY) classifications are common classification
schemes from a geochemical perspective. The threefold
classification is more convenient than the twofold
classification for analyzing the REY distribution (Seredin
and Dai, 2012). In addition, REY can be classified into
critical (Nd, Eu, Tb, Dy, Y, and Er), uncritical (La, Pr,
Sm, and Gd), and excessive (Ce, Ho, Tm, Yb, and Lu)
elements when evaluating coal deposits as potential raw
REY sources (Seredin, 2010).

REY distribution patterns have been widely used to
determine the origin and differentiation of igneous rocks,
as well as certain sedimentary rocks (Seredin, 1996; Dai
et al., 2016a). In general, the REY in coals are normalized
to some standard materials to identify its fractionation,
i.e., chondrite (Zhao etal.,2012), Upper Continental
Crust (UCC, Taylor and McLennan, 1985), Post-
Archaean Australian Shale (PAAS, Taylor and McLen-
nan, 1985), North American Shale Composite (NASC,
Gromet et al., 1984), and coal itself (Finkelman, 1993).
Of course, the standard materials used for REY normal-
ization should preferably have a similar origin to that of
the coal. The normalization of REY in coal to UCC is
becoming more widely accepted because coal was
deposited within the UCC, and mixed with detrital UCC
input during the peat stage of coal formation (Dai et al.,
2016a). The redox-sensitive elements Ce and Eu, and
non-redox-sensitive Gd, may be anomalous in coals and
associated host rocks in certain circumstances. The
characteristics of Ce, Eu, and Gd in coal are influenced
by the rocks in the sediment source region and
hydrothermal fluids, and are possibly related to the
seawater, groundwater, etc. (Elderfield and Greaves,
1982; Eskenazy, 1987a,1987b; Bau, 1991; Bau etal., 2014;
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Dai et al.,, 2015¢c, 2016a). Therefore, the geochemical
parameters of REY, such as Ce, Eu, and Gd anomalies
can be used to identify the sediment source region and
sedimentary environment (Eskenazy, 1987a, 1987b; Dai
etal., 2013, 2016a).

Southwest China contains abundant coal resources,
with coal ranks from lignite to anthracite, and the coal-
accumulation period including Early Carboniferous (C,),
Late Permian (P,), Early and Late Triassic (T, T,), and
Neogene (N). Reports on coals from southwestern China
mainly focus on mineralogy, petrology, organic and
elemental geochemistry, environment issue, etc. Initially,
many scholars were attracted to the hazardous elements in
coals of southwestern China, i.e., As, Co, Hg, Cr, V, and
S (Ding et al., 1999; Dai et al., 2012b; Duan et al., 2017;
Zhao et al., 2017). Owing to the continuous changes in
the relationship between the supply and demand of rare
metals, the valuable metals in coal or coal by-products,
such as Ge, Li, and REY, have gradually gained attention
(Dai et al., 2015a, 2018; Duan et al., 2019; Wang et al.,
2019; Liu et al., 2019, 2020; Li et al., 2021). The Zhong-
liangshan coal is located in Chongqing, southwestern
China, and is characterized by low-medium ash and
medium-high sulfur content. The mineralogical, petrolog-
ical, gasification, toxic and beneficial trace elements, and
organic geochemical characteristics of the Zhongliang-
shan coal have been reported, however, there is a dearth
of detailed analysis on rare earth elements (Xin et al.,
2017; Qin et al., 2018b, 2018¢c; Zou et al., 2018). There-
fore, the Zhongliangshan coal was chosen for investig-
ation in this study, to analyze its enrichment, modes of
occurrence, distribution patterns, and sediment source. In
addition, the potential of coal or coal by-products from
the Zhongliangshan coalfield and parts of southwestern
China were evaluated as potential raw materials for rare
earth elements and yttrium.

2 Geological setting

Five coalfields, including the Zhongliangshan, Tianfu,
Yongrong, Songzao, and Nantong coalfields, constitute
important coal resource production bases of Chongqing,
southwest China (Fig. 1). The Zhongliangshan coalfield
is located approximately 18 km from downtown
Chongging, with a total area 4.7 km? and divided into two
mining areas: the southern mine and northern mines. In
this study, samples from the Zhongliangshan northern
mine were investigated and analyzed.

The newest and oldest strata exposed in this coalfield
are the Late Triassic Xujiahe Formation and Early
Permian Maokou Formation, respectively. The coal-
bearing sequence is the Late Permian Longtan Formation
(P,1). The Longtan Formation is integrated under the Late
Permian Changxing Formation (P,c) and unconformably
overlies the Early Permian Maokou Formation (P,m)
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Fig.1 Location of five coalfields (ZLS, Zhongliangshan; TF, Tianfu;
YR, Yongrong; SZ, Songzao; NT, Nantong).

(Fig. 2). The Longtan Formation mainly consists of gray
mudstone, silty mudstone, pelitic siltstone, claystone,
argillaceous limestone, fine sandstone, and coal seams.
From bottom to top, tuff, argillaceous limestone, limes-
tone, and mudstone serve as four marker beds for the
coal-bearing strata (named I1 to 14). Meanwhile, brachio-
pods, ferns, cephalopods, lamellibranches, trilobites, and
other fossils occur within the Longtan Formation (Zou
etal,2018). The sedimentary environment of the
Longtan Formation is a paralic continental-marine
transitional environment. The coal bearing sections (first
and second sections) of the Longtan Formation, with an
average thickness of 71.46 m, contain 10 coal seams
(numbered K1-K10 from top to bottom) (Fig. 2). These
coal seams can be divided into five full-area mineable
seams (K1, K2, K3, K9, and K10), three minable seams
(K4, K5, and K7), one locally minable seam (K8), and
one unminable seam (K6). The K1 seam is located at the
top of the second coal-bearing section and contains two
parting layers, forming three independent coal layers
(Kla, b, and c), with average thicknesses of 1.64 m
(0.33 m) 0.58 m (1.29 m) 0.38 m, respectively. The coal
samples were dominated by bright coal, followed by dark
coal, and entrained thin strips of vitrinite. The roof and
floor of the K1 seam are dark gray iron-bearing mudstone
and gray claystone, respectively.

3 Samples and analytical methods

A total of 23 samples were collected from an under-
ground working face in the Kla coal seam of the
Zhongliangshan coalfield following the GB/T 482-2008
(2008) Chinese Standard method. The samples contained
one roof (marked with R), one parting (marked with P),
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and 20-one coals (numbered as ZLS-1 to ZLS-21 from
top to bottom) (Fig. 2). Each sample was obtained over an
area that was 10 cm wide, 10 cm deep and 10 cm thick.
All collected samples were immediately stored in plastic
bags to minimize contamination and oxidation. The
samples were ground and passed through 40-mesh and
200-mesh sieves in the sample preparation laboratory for
subsequent geochemical analysis.

Proximate (i.e., moisture, ash, and volatile matter) and
sulfur (i.e., total sulfur, and forms of sulfur) analysis were
conducted following the ASTM Standards D3173-11
(2011), D3174-11 (2011), D3175-11 (2011), D3177-02
(2002), and D2492-02 (2002), respectively. The coal
samples were characterized by low moisture (0.88%),
medium volatile matter on a dry and ash-free basis
(22.53%), and low-medium ash on a dry basis (15.06%,
ranging from 9.07% to 31.75%). The coal samples were
classified as medium-high sulfur coal, because the
average total sulfur content was 2.61% (varies from
0.81% to 7.75%). Meanwhile, the dominant forms of
sulfur were pyritic (1.61%) and organic (0.77%). The
total sulfur contents are high in ZLS-1 (7.16%), ZLS-18
(7.75%), and ZLS-19 (7.05%), because more pyrite
existed in these coal samples (the pyritic sulfur contents
were 4.19%, 5.26%, and 4.90%, respectively) (Table S1).

The mineral compositions of the coal samples were
obtained by optical microscopy (Leica DM2500P), low-
temperature oxygen plasma ashes-X-ray diffraction
(LTA-XRD, Quorum K1050X-D/Rigaku MAX2200PC),
and scanning electron microscopy-energy dispersive
spectrometer (SEM-EDS, Hitachi SU8220). XRD testing
was performed on the 200-mesh coals after they were
completely ashed in the LTA. The XRD scan was
conducted over 20 angle ranging from 5° to 70°, with a
step size of 0.02°. Siroquant™ was used to quantitatively
determine the mineral composition of the coal LTAs. The
40-mesh coals were formed into coal bricks using epoxy
resin and curing agent. After grinding and polishing the
coal brick, the minerals were observed using an optical
microscope (Leica DM2500P) under the oil-reflected
light. Besides, coal bricks were sprayed with gold under
dry conditions. The mineral morphology and elemental
compositions in the coals were determined by SEM-EDS,
with working distance of 7-20 mm, beam voltage of 20 kV,
and current of 5 pA.

The 200-mesh coals were ashed at 815°C in a muffle
furnace, then the ashes were analyzed to determine the
major elemental oxides by X-ray fluorescence spectro-
metry (XRF, Thermo Fisher Scientific ARL9800). The
REY concentrations in the samples were determined
using inductively coupled plasma mass spectrometry
(ICP-MS, Thermal Elemental X-II), with the exception of
Pm. The samples were digested in an UltraClave micro-
wave high-pressure reactor; 40 mg coal was digested at
150°C using three reagents (1.5 mL 68% HNO,, 0.5 mL
40% HF, and 1.5 mL 50% HCIO,) in PTFE vessels. The
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Fig. 2 Stratigraphic column of the Late Permian Longtan Formation from the Zhongliangshan, Chongqing.

digestion solution was then transferred to PFEP bottles,
and diluted to 50 g using 2% HNO;.

4 Results

4.1 Mineralogy

The minerals in the LTAs of the K1a coal were identified
from X-ray diffraction patterns, and the quantitative data
of the minerals are listed in Table 1. The mineralogy is
dominated by kaolinite, illite, illite/smectite mixed layer,
and pyrite, with traces of quartz, calcite, and anatase.
Kaolinite primarily occurs in collodetrinite as cell-fillings
(Fig. 3(a)) and rounded fine particles (Fig. 3(b)), and has
a lamellar structure under high magnification (Fig. 3(c)).

Pyrite shows framboidal (Figs. 3(d) and 3(h)), cell-filling
(Fig. 3(e)), fracture-filling (Fig. 3(f)), dispersed crystals
and large euhedral cubes (Figs. 3(g) and 3(h)) structures
in the Kla coal. Cell-filling and fracture-filling pyrite in
coal were formed by low-temperature hydrothermal fluids
during the epigenetic stage (Duan etal., 2019). Calcite
occurs as fracture-fill and cavity-fill structures with
collotelinite, indicating epigenetic and syngenetic genesis,
respectively (Figs. 3(i) and 3(j)), which are mostly related
to the activity of hydrothermal fluids and the precipitation
of rich Ca2* solutions in the cavities during the diagenesis
process. A small amount of quartz was observed in the
coals, and distributed in collodetrinite or collotelinite with
a particle size of approximately 5-10 pum (Fig. 3(k)),
reflecting an authigenic origin. The content of anatase is
high in ZLS-17, which can be confirmed by the
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Fig. 3 Minerals in the Zhongliangshan K1a coal.

Table 1 The proportions of minerals in the Zhongliangshan coal LTAs (%)

Samples Kaolinite Ilite+1/S Quartz Calcite Pyrite Anatase
ZLS-R 10.6 52.5 11.2 33 18.2 42
ZLS-1 343 18.3 17 27.1 33
ZLS-3 62.2 11.6 9.9 13.7 2.6
ZLS-7 75.7 42 11.5 8.6

Z1S-9 35.9 54.4 1.4 1.9 6.4

ZLS-13 57.2 39.8 2.7 0.3

ZLS-17 39.5 35.7 2 9.8 13.0
ZLS-18 334 44 4 15.6 3.1
ZLS-P 51 35.1 0 6.3 7.6
ZLS-21 55.7 26.7 8.4 6.5 2.8

observation of anatase in ZLS-17 coal under the SEM- the Kla coal, as well as those for average world coals, are

EDS (Fig. 3(1)). presented in Table 2. The results show that the total REY
concentrations in the Kla coal range from 39.28 to
4.2 Concentration and enrichment of REY 125.4 ng/g, with an average of 77.18 pg/g. The average

concentration of REY in the Kla coal is slightly higher
The concentrations of rare earth elements and yttrium in than that in world coal (68.5 pg/g, Ketris and Yudovich,
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Table 2 Concentration of rare earth elements and yttrium in the ZLS Kla coal (ug/g)

LREY MREY HREY
Samples Sum
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
ZLS-R 3746  70.03 855 3683 724 1.52 567 068 331 16.00 065 1.76 025 1.58 028 1918
ZLS-1 18.04 3358 374 1695 3.09 0.63 276 036 194 1094 042 118 019 115 020 9517
ZLS-2 16.00 2833 255 1359 2.86 049 252 033 1.87 9.36 037 1.08 0.16 1.05 0.17 80.73
ZLS-3 10.17 1891  2.11 9.38 1.87 034 1.85 027 150 9.74 031 084 013 075 0.12 5829
ZLS-4 7.70 1688 124 797 1.57 030 1.58 026 145 10.00 030 090 0.13 076 0.13 51.17
ZLS-5 6.43 11.46 1.25 5.72 1.22 023 139 024 147 1027 032 090 0.14 085 0.14 42.03
ZLS-6 6.58 1126  1.21 5.52 1.20 022 132 023 133 9.59 030 083 0.12 0.80 0.13 40.64
ZLS-7 6.36 1123 124 540 1.11 020 128 022 129 8.84 029 079 0.13 0.77 0.13 39.28
ZLS-8 10.87 1659 1.87 8.70 1.86 032 1.86 029 1.69 9.45 036 099 016 096 0.15 56.12
ZLS-9 13.06 2831 276 11.70 2.19 038 212 031 1.80 10.96 041 1.13 018 1.16 0.18 76.65
ZLS-10 11.24  21.53  2.03 9.25 0.99 036 192 030 157 10.24 040 1.02 016 090 0.15 62.06
ZLS-11 8.95 17.10 194 872 1.75 034 179 027 156 11.18 033 091 014 083 0.14 5595
ZLS-12 936 2157 237 937 212 040 190 029 156 1057 037 096 015 090 0.15 62.04
ZLS-13 1498 2675 296 1291 239 042 222 029 155 1097 033 095 0.14 0.89 0.15 77.9
ZLS-14 1326 2526 286 1129 240 047 224 030 1.64 1124 032 093 0.14 081 014 733
Z1S-15 11.68 2234 2,63 1196 244 050 231 033 174 12.85 035 095 015 082 0.14 71.19
ZLS-16 2037 2897 3.03 19.56 3.06 0.57 3.03 042 237 13.70 046 124 019 1.00 0.16 98.13
ZLS-17 2451 4391 479 2120 3.87 0.89 371 049 252 1599 051 138 021 120 020 1254
ZLS-18 2033 4024 457  21.00 4.03 1.00  4.02 060 3.03 21.24 063 1.86 026 157 024 1246
ZLS-19 1679 3435 430 2045 425 .12 443  0.63 3.65 2634 075 208 030 1.69 028 1214
ZLS-P 1827 3024 3.02 1924 3.96 1.00 424 062 3.02 2824 071 2,02 025 129 028 1164
ZLS-20 1569 31.87 3.85 1826 3.89 098 422 0.61 3.58 30.19 078 2.09 031 172 028 1183
ZLS-21 1524 2955 224 11.02 3.02 027 3.06 052 235 2126 024 120 020 046 012 90.75
Av.1 1322 2476 2.64 1238 244 050 245 036 197 13.57 041 115 017 1.00 0.16 77.18
Av.2 27.86 50.13 579 28.03 5.60 126 495 0.65 3.17 2212 068 1.89 025 143 028 1541
World 11 23 35 12 2 047 27 032 21 8.4 0.54 093 031 1 0.2 68.47

Notes: World, average concentration of trace elements in world coal; Av.1, average concentration of coal samples in the Kla coal; Av.2, average

concentration of roof and parting.

2009). With the exception of Pr, Gd, Dy, Ho, Tm, and Lu,
the concentrations of other rare earth elements and
yttrium in the Kla coal were higher than the
corresponding background average values of world coals.
The total concentrations of REY in the roof and parting
were 191.8 ug/g and 116.4 pg/g, which were higher than
that in all coal samples except ZLS-17 to ZLS-20. In this
study, REY were analyzed using the threefold geochem-
ical classification, including light (LREY, La—Sm),
medium (MREY, Eu-Y), and heavy (HREY, Ho-Lu)
REY. The REY in the K1a coals were dominated by LREY
(av. 55.44 ng/g), followed by MREY (av. 18.85 pg/g).
The HREY concentrations are low, varying from 2.11 to
5.18 pg/g (av. 2.90 ug/g) (Fig. 4). The variations of REY
content have three significantly increased peaks observed
in the Zhongliangshan samples, i.e., ZLS-R, ZLS-9, and
ZLS-17 to ZLS-19 (Fig.5). The content of individual
element in the Kla samples has a coincident distribution

trend (Fig. 5), because of the fact that these elements have
similar ionic radii, geochemical behaviors, and chemical
stabilities (Qin et al., 2018a), indicating that the modes of
occurrence, affinity, and genesis of each REY in the
Zhongliangshan coal are uniform.

200

I LREY = MREY = HREY

150

Concentration of REY/(ug-g™)
S
S

Fig. 4 Concentration distribution of LREY, MREY, and HREY in the
ZLS Kla coal.
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Based on the concentration coefficient (CC, the ratio of
elemental concentration in investigated coal to that for
average world coal, Dai et al. (2015b)), the REY con-
centrations can be seperated into six categories: depleted
(CC < 0.5), normal (0.5 < CC < 2), slightly enriched
(2 = CC <), enriched (5 = CC < 10), significantly
enriched (10 < CC < 100), and anomalously enriched
(CC = 100). For the K1a coal, all rare earth elements and
yttrium had a normal level, with 0.5 < CC < 2 (Fig. 6).
The concentration coefficients for La in ZLS-17 (2.23),
Sm and Eu in ZLS-18 (2.02, 2.13) and ZLS-19 (2.13,
2.38) were slightly enriched. In addition, the concentra-
tions of REY in the roof and parting were higher than
those in the coals. The elements La, Ce, Nd, Sm, Eu,
Tb, and Y were slightly enriched in the roof and
parting samples, while the other elements were at a
normal level.

4.3 Geochemical characteristics of REY

The geochemical parameters and distribution patterns of
rare earth elements and yttrium can be used as
geochemical indicators for tracing the coal-forming
source and sedimentary environment of coal deposits.
The geochemical parameters, i.e., LREY/MREY, LREY/
HREY, MREY/HREY, La,/Lu,, La,/Sm,, Gd,/Lu,,
enrichment types, La,/Yb,, Ce anomaly (Ce,/Ce,*), Eu
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Fig. 6 Concentration coefficients (CC) of REY in the ZLS Kla
samples.

anomaly (Eu,/Eu,*), and Gd anomaly (Gd,/Gd,*) were
calculated (Table 3). The distribution patterns of REY in
the Kla coal were shown in Fig. 7. The rare earth
elements and yttrium were normalized to the Upper
Continental Crust (UCC) in this study (Taylor and
McLennan, 1985).

The values of LREY/HREY and LREY/MREY are
higher than 1 in the Kla coal, with an average of 19.11
and 3.02 (Table 3), indicating that the rare earth elements
have a high fractionation degree. This may be attributed
to the heavy rare earth elements being more likely to
migrate out of the coal-forming swamp when it is invaded
by seawater (Qin et al., 2018a). The ratio of La, to Yb,,
can reflects the fractionation between LREY and HREY.
The ratio values of La, to Yb, are low than 1 in most
samples, i.e., ZLS-3 to ZLS-12, and ZLS-18 to ZLS-20,
indicating that the HREY has a higher fractionation than
LREY in most coal samples. The other samples presented
a high degree of LREY fractionation.

Corresponding to their classification, three enrichment
types of REY are found in coal: light (L-type, La,/Lu,, >
1), medium (M-type, La,/Sm, < 1, Gd,/Lu, > 1), and
heavy (H-type, Lay/Luy < 1) REY types (Seredin and
Dai, 2012). The Kla coals are primarily enriched in
mixed M-type (the average values of La,/Sm, and
Gd,/Lu, are 0.85 and 1.23) and H-type (the average
value of La,/Lu, is 0.85) (Table 3), reflecting that the
MREY and HREY are more enriched than LREY in the
Kla coal. The H-type enrichment was likely due to
hydrothermal intrusion, whereas the M-type enrichment
may be related to natural waters (Wang et al., 2016).
Specifically, the REY of the Kla coal has three
enrichment types, including M-H-type (ZLS-1, ZLS-3 to
Z1LS-4, ZLS-8, ZLS-11 to ZLS-12, ZLS-15, ZLS-18 to
Z1.S-20), H-type (ZLS-5 to ZLS-7, ZLS-9 to ZLS-10),
and L-M-type (ZLS-2, ZLS-13 to ZLS-14, ZLS-16 to
Z1LS-17, ZLS-21).

The Ce, Eu, and Gd anomalies were calculated as
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Table 3 Geochemical parameters of rare earth elements and yttrium in the ZLS Kla coal

Samples LREY LREY MREY Lay Lay Gdy Type Lay Cex Euy Gy

MREY HREY HREY Luy Smy Luy Yoy Ceyy Eu}, Gdy,
ZLSR 5.89 35.42 6.01 1.43 0.78 171 L-M 1.74 0.89 1.21 1.20
ZLS-1 4.53 24.01 530 0.96 0.88 1.16 M-H 1.15 0.93 111 1.20
ZLS-2 435 2238 5.15 1.01 0.84 1.25 L-M 1.12 0.99 0.93 1.19
7LS-3 3.10 19.74 6.37 0.90 0.82 1.30 M-H 0.99 0.93 0.93 1.16
ZLS-4 2.60 15.93 6.12 0.63 0.74 1.02 M-H 0.74 1.22 0.93 1.07
ZLS-5 1.92 11.10 5.79 0.49 0.79 0.84 H 0.55 0.92 0.86 1.07
ZLS-6 2.03 11.82 5.82 0.54 0.82 0.86 H 0.60 0.90 0.84 1.06
ZLS-7 2.14 12.01 5.61 0.52 0.86 0.83 H 0.61 091 0.82 1.08
ZLS-8 2.93 15.23 5.19 0.77 0.88 1.04 M-H 0.83 0.83 0.85 111
ZLS-9 3.73 18.96 5.09 0.77 0.89 0.99 H 0.83 1.07 0.89 1.15
ZLS-10 3.13 17.13 5.47 0.80 1.70 1.08 H 0.92 1.02 135 131
ZLS-11 2.54 1637 6.44 0.68 0.77 1.08 M-H 0.79 0.93 0.97 1.15
ZLS-12 3.04 17.70 5.82 0.67 0.66 1.07 M-H 0.76 1.04 0.98 1.09
ZLS-13 3.88 24.39 6.28 1.07 0.94 1.25 L-M 1.23 0.91 0.94 1.22
ZLS-14 3.47 23.53 6.79 1.01 0.83 1.35 L-M 1.20 0.93 1.04 1.20
ZLS-15 2.88 21.18 7.36 0.89 0.72 139 M-H 1.04 0.92 1.07 1.16
ZLS-16 3.73 24.59 6.59 1.36 1.00 1.59 L-M 1.49 0.82 0.96 1.20
ZLS-17 4.16 28.08 6.74 131 0.95 1.56 L-M 1.50 0.92 1.22 1.23
ZLS-18 3.02 19.77 6.55 0.90 0.76 1.41 M-H 0.95 0.95 1.25 1.15
ZLS-19 2.22 15.71 7.09 0.64 0.59 1.33 M-H 0.73 0.92 1.33 1.20
ZLS-P 2.01 16.42 8.16 0.70 0.69 1.28 M-H 1.04 091 1.25 1.19
ZLS-20 1.86 14.20 7.64 0.60 0.61 1.27 M-H 0.67 0.93 1.25 1.20
7Ls-21 222 27.51 1237 1.35 0.76 2.15 L-M 2.43 112 0.43 1.05
Av.1 3.02 19.11 6.46 0.85 0.85 1.23 - 1.01 0.96 1.00 1.15
Av.2 3.95 25.92 7.09 1.06 0.73 1.49 - 139 0.90 1.23 1.19

Notes: Av.1, average concentration of coal samples in the K1a coal; Av.2, average concentration of roof and parting. N, REY in coals normalized to Upper
continental Crust (UCC); Ce,/Cey* = Ce,/(0.5xLay + 0.5xPr,); Eu,/Eu,* = Eu,/(0.67xSm,, + 0.33xTb,); Gd,/Gd,* = Gd,/(0.33xSm,, + 0.67xTb,).

shown in Table 3. The Ce anomaly values range from
0.82 to 1.22, with an average of 0.96 in the Kla coal,
reflecting weakly negative or no distinct Ce anomalies.
The Eu anomaly values are close to 1, indicating that the
K1a coal is characterized by a weak Eu anomaly, with the
exception of ZLS-10, ZLS-19, and ZLS-21. The samples,
ZLS-2 to ZLS-9, ZLS-11 to ZLS-13, and ZLS-16 have
weakly negative Eu anomalies. Gd,/Gd,* reflects the
weakly positive Gd anomalies in the Kla coal, with
values varying from 1.05 to 1.31 (1.15 on average).

5 Discussion
5.1 Sediment source regions
Rare earth elements usually occur in a positive trivalent

state (e.g., La3", Ce3", etc.), among which the valence
states of Ce, Eu, Tb, and Yb can be changed. Under the

highly oxidizing, alkaline, and stable water field of the
shallow crustal environment, Ce can be converted from
trivalent Ce3" to tetravalent state Ce*™ (Ce*" has stable Xe
electron configuration, 1s22s22p%3s23p63d!04s24p©4d10
5s25p®) (Elderfield and Greaves, 1981; Braun et al., 1990;
Seto and Akagi, 2008; Dai et al., 2016a). Moreover, Eu3*
can be reduced to divalent Eu?* under extremely reducing
and high-temperature conditions (Sverjensky, 1984;
Elderfield, 1988; Bau, 1991). Eu?' is separated from
REY?", because of their difference in alkalinity, resulting
in an Eu anomaly relative to the other REY. Thus, the
values of Cey to Cey* and Euy to Euy* are commonly
used to reveal the redox decoupling of Ce and Eu from
other rare earth elements, and reflect the geochemical
composition of the sediment source region (Dai et al.,
2016a).

Cerium shows no anomalies in sediment source regions
dominated by basaltic lavas or other terrigenous materials
(Xiao et al., 2004). In addition, Ce has weak anomalies
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Fig. 7 Distribution patterns of REY in the ZLS Kla coal (UCC
values are those of Taylor and McLennan, 1985).

when the sediment source primarily consists of felsic or
felsic-intermediate terrigenous rocks (Dai et al., 2016a).
The ratios of Ce, to Ce,* exhibited weakly negative or
no distinct anomalies (av. 0.96), revealing that the felsic
or felsic-intermediate rocks terrigenous sediment source
for the Zhongliangshan K1a coal.

A Ba/Eu value greater than 1000 in the coal or
sedimentary rocks was proposed to judge the interference
of Ba on Eu (Yan et al., 2018). If the value of Ba/Eu is >
1000, Ba has significant interference with Eu. The ratios
of Ba to Eu in the Kla coal were all lower than 1000 (on
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average 108, Fig. 8(a)), indicating that the interference of
Ba to Eu can be ignored. Europium generally displays
negative anomalies in coals with the felsic or felsic-
intermediate terrigenous material input, in particular, Eu
has a positive anomaly inherited from mafic sediment
source regions (Daietal.,2018; Duan etal., 2019), or
input terrigenous materials under high-temperature hydro-
thermal fluids and a reducing environment (Dai et al.,
20164, 2017). The values of Eu,/Eu,* decreased from
bottom to top of the seam profile, and the sulfur contents
were higher in the bottom of the coal seam, deducing that
the coal seam was influenced by hydrothermal fluids in
ambient seawater during the early peat accumulation
stage (Bau, 1991).

The Gd anomaly can be used to quantify the decoupling
of Gd from the other REY. Gadolinium usually exhibits
positive, weakly positive or no anomalies. The Gd
anomaly is primarily affected by seawater intrusion,
hydrothermal fluids, etc., which leads to a positive Gd
anomaly (Dai et al., 2016a). The Gd,/Gd,* reflects the
weak positive Gd anomalies in the Kla coal, with values
ranging from 1.05 to 1.31 (1.15 on average), indicating
that the coal seam was probably affected by seawater.

The Al,O, to TiO, ratio can also be used as a source
indicator for sedimentary rocks (Daietal.,2017; Qin
etal., 2018a, 2018b). The Al,0,/TiO, values of 3-8, 8-21,
and 21-70 represent that the sediments were derived from
mafic, intermediate, and felsic igneous rocks, respectively
(Fig. 8(b)). The values of Al,0,/TiO, range from 11.25 to
32.29 for the K1a coal, reflecting that the sediment source
was derived from felsic-intermediate terrigenous rocks.
The Emeishan mantle plume provided terrigenous input
for the Late Permian coals in southwestern China, which
contained flood basalts, and mafic and felsic intrusions
during the same period (Chung and Jahn, 1995; Xiao
et al., 2004; Daietal.,2017). The top of the Emeishan
basalt sequence was characterized by felsic-intermediate
rocks, which were input as terrigenous sources during
peat accumulation (Daietal.,2017). Combining the
anomalies for Ce, Eu, and Gd, and Al,0,/TiO, of the K1a
coal, the sediment source of the Kla coal was dominated
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Fig. 8 Diagram of Ba vs. Eu (a), and Al,O; vs. TiO, (b) of the K1a coal.
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by the felsic-intermediate terrigenous rocks at the top of
the Emeishan basalt sequence, and also likely suffered
marine intrusion.

5.2 Modes of occurrence of REY

The modes of occurrence of elements are essential for
studying the law of elemental migration and combination,
formation conditions of ore deposits, and industrial
evaluation of ore deposits. Determining the modes of
occurrence of valuable elements in coal can provide a
scientific basis for their potential as a resource. REY in
coal samples commonly occurs in syngenetic detrital and
pyroclastic minerals (i.e., zircon, monazite, apatite, and
xenotime), and authigenic minerals (aluminum-phosphate-
sulfate (APS) minerals, oxides, carbonates, and fluorocar-
bonates), or associated with the organic matter in coals
(Dai et al., 2020, 2021). The modes of occurrence of REY
in the Kla coals were investigated using correlation
analysis. The correlation analysis of the Kla coals were
conducted using SPSS at the 95% confidence level, with
the sample number n = 21 and the critical value of
correlation coefficient » = 0.433.

The correlations between REY and ash yield, total
sulfur, forms of sulfur, and several major element oxides
(Si0,, AL,O4, Fe,0,, Ca0, P,0s, etc.) are shown in Fig. 9.

The correlation coefficient between REY and ash yield
in the Zhongliangshan coals is 0.65 (Fig. 9(a)), indicating
that REY mainly occur in the inorganic component.
Moreover, REY are significantly correlated with SiO,
(0.63), ALLO; (0.68), SiO, + AlL,O; (0.66), and P,O4
(0.65), (Figs. 9(b)-9(e)), reflecting that REY possibly
occur in aluminosilicate and phosphate minerals or arise
from the same solutions or origins (Daietal.,
2020, 2021). The minerals in coal are mainly kaolinite
and illite based on the XRD analysis, thus, REY are
speculated to occur in aluminosilicate minerals, which is
consistent with the terrigenous detrital sediment resource.
The rare earth elements and yttrium can be released from
the mineral crystal lattice by breaking the stable Si-Al
bond, providing theoretical support for achieving a high
extraction yield. The correlation between REY and ash
and its main component SiO, + Al,O;, is consistent with
the results of Qin et al. (2018a) and Duan et al. (2019). In
addition, REY are closely related to SiO,, Al,O,, and
SiO, + Al,O5, however, the quartz content in coals is low,
revealing that quartz cannot be the main REY carrier
(Tang and Huang, 2004). Although the correlation coeffi-
cient of REY with total sulfur, inorganic sulfur, and
Fe,O, are high (Figs. 9(f)—(h)), and the correlation
between REY and organic sulfur is low (0.41), however,
Dai et al. (2021) reported that REY cannot occurs in
sulphide minerals, conjecting that REY are related to the
inorganic component, and it may be influenced by the
marine intrusion. REY are negatively correlated with CaO
(Fig. 9(i)), indicating that the REY are not associated with
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calcite. Moreover, REY are positively correlated with Zr
(Fig. 9(j)), because they are adjacent on the periodic table
and are more likely to be substituted into the zircon lattice
(Li et al., 2020D).

Furthermore, correlation analysis were conducted for
LREY, MREY, and HREY with the ash yield, SiO,,
Al,O;, Si0, + Al,O;, Fe,0;, total sulfur, CaO, P,0s, and
Zr (Fig. 10). The results showed that LREY, MREY, and
HREY are negatively correlation with CaO, but positively
correlated with other parameters. Specifically, the
correlation coefficients of LREY with the ash yield, SiO,,
Al,O,, Si0, + Al,O4, Fe, 0, P,Os, and Zr are higher than
those of HREY and MREY, indicating that LREY
preferentially substitutes into the crystal lattice of
minerals, such as aluminosilicate, phosphate, and zircon.
The correlations of LREY, MREY, and HREY with
sulfur are the same as those of REY with sulfur in the
Zhongliangshan coal. The correlation of HREY-S is
higher than LREY-S and MREY-S, reflecting that HREY
are more susceptible to seawater intrusion. The negative
correlations of LREY-CaO, MREY-CaO, and HREY-
CaO are consistent with those of REY-CaO, and each rare
earth element cannot exist in the calcium-containing
minerals.

5.3 Evaluation of REY in the K1a coal

The average concentrations of each rare earth element
and yttrium within the average world coal were estimated
by Ketris and Yudovich (2009), and the total REY
concentration is 68.5 pg/g. The average REY
concentration of world coal ash (404 pg/g, Ketris and
Yudovich, 2009) is approximately 6 times higher than
that of world coal. REY oxides (REO) are commonly
used to assess the abundance of these elements in
deposits. Corresponding to the REY content of world
coal, the REO concentration is 483 pg/g. For Chinese
coals, the average REY concentration reaches 138 pg/g,
which is higher than that of world coal (Dai et al., 2012b).
Hence, the REY in Chinese coal or coal ash may have a
higher availability and economic value.

To evaluate rare earth elements and yttrium as
promising alternative sources in coal or coal by-products,
many factors must considered, such as coal mining
capacity, REY resources, possibility of beneficiation,
extraction yield, supply-demand relationship, environ-
ment, and human health issues (Seredin and Dai, 2012;
Dai et al., 2017). Nevertheless, the REY grade and
elemental composition can provide an initial assessment
of the REY prospect. The first criterion is REO, whose
concentration is greater than 1000 pg/g in coal ash, which
can be considered as the cut-off grade for beneficial
recovery (Seredin and Dai, 2012). The second criterion is
the outlook coefficient (C, ), which is the ratio of the
relative amount of critical REY (Nd, Eu, Tb, Dy, Er, Y)
in the total REY to the relative amount of excessive REY
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Fig. 9 Correlation between REY and A, SiO,, AL,O;, SiO, + ALO;, P,0s, S, 4, S, 4, S, 4> Fe,0;, CaO, and Zr.

to ash is assumed to be 1. The REY content in coal can be
converted to that in ash through the ash yield (Eq. (2)).

(Ce, Ho, Tm, Yb, Lu) (Eq. (1)). As REY are non-volatile
elements, their relative enrichment index (REI) from coal
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Then, according to the law of conservation of mass, the
concentrations of REO in the ash were calculated using
Egs. (3):

(Nd+Eu+Tb+Dy+Er+Y)/ZREY

Coutl = s (1)
(Ce+Ho+Tm+ Yb+Lu)/ ZREY
Cooal
Cashr = —2K ¥ REI, ©)
Aq
C sh—R X MR [e)
Cash-Ry0 = — 23 3

ZXMR

where A4, ash yield; REI relative enrichment index; R,
single rare earth elements; M, molar mass; C_, z R
concentration in coal; C,y », R concentration in ash; and
Cash-r,05> R,O5 concentration in ash.

The source of REY with C,; >2.4and 0.7 < C_, <
1.9 are considered to be highly promising and promising
REY raw materials, respectively. Combining these two
criteria, the total REY oxides (REO) vs. outlook
coefficient (C, ) of the Kla coal was drawn in Fig. 11.
According to the relationship between REO and C_,,
most coal samples fell within the unpromising area. In
particular, the ZLS-16 and ZLS-20 have higher outlook
coefficients (1.23 and 1.59) and REO concentrations

(1278.49 pg/g and 1273.06 pg/g), which fall within the
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Fig. 11 Evaluation of REY in ZLS Kla coal ash (roof and parting are
presented by black point).

promising area. The average outlook coefficient and REO
concentration of the Kla coal are 1.15 and 656.34 pg/g,
respectively, and these fall within the unpromising area.
Since the roof and parting have a high ash yield, the REO
in ash are low, with 332.21 pg/g and 227.46 pg/g.
Overall, the combustion products of the Kla coal seam
have no potential economic value and are not suitable as
REY raw materials, except for the ZLS-16 and ZLS-20
samples.

5.4 Evaluation of REY in coal deposits from southwestern
China

Currently, coal is primarily used for thermal power
generation in China. The utilization value of coal ash is
low (restricted to usee in building materials) and its
accumulation results in occupation of land resources, and
the migration of hazardous elements is harmful to the
environment and human health. Additionally, rich coal
reserves exist in southwestern China, such as those in
Guizhou, Yunnan, Sichuan, and Chongqing. Therefore, it
is significant to explore high-value utilization of coal ash
and reduce its harmful effects.

In this study, the abundance and distribution area of
REY in Permian coals from coal deposits in southwest
China were ascertained, to reveal the potential of REY in
coal ash as an alternative resource (Table 4). The average
REY concentration for the entire coal mine or seam was
calculated based on the weighted average of the thickness
and the REY concentration. The concentration contours
of REY based on the REY content in coals from the
investigated coalfields or coal mines were drawn in
Fig. 12. The concentrations of REY in coals from the
Yudai and Jingi mines of the Qiandongbei coalfield are
highest, reaching 636.7 ng/g and 678.6 pg/g, respectively.
The detrital materials of the Qiandongbei coalfield were
derived from the mixing of felsic volcanic ash resembling
a peralkaline rhyolite composition and Emeishan Large
Igneous Province (ELIP) basaltic eroded products (Li
et al.,, 2020b). High REY also exist in coals from the
Dahebian mine, Shiping mine, Lvshuidong mine, and the
Tianfu coalfield, with weighted average contents of more
than or approximately 300 ug/g. Elevated concentrations
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Fig. 12 The content contour image of total REY in coals from
southwestern China.

of REY in the D101 coal of the Dahebian mine were
derived from alkaline volcanic materials on the top of the
ELIP sequence (terrigenous input) and from airborne
volcanic ash (tonstein parting) (Liuetal.,2019). The
detrital sources of the No. 25 coal from the Shiping mine
in the Guxu coalfield and the Moxinpo mine in the Tianfu
coalfield were felsic-intermediate terrigenous rocks at the
top of the Emeishan basalt sequence, and there was
hydrothermal solution input into the No. 25 coal during
early peat accumulation (Dai et al., 2016a, 2017). The
REY concentration of 90.6 pg/g in the Kla coal from the
Zhongliangshan coalfield reported by Zhuang et al.
(2007) is close to that in this study. The REY are slightly
enriched in the Reshuihe coal mine of the Zhenxiong
coalfield, and the Bole and Laibin coal mines of the
Xuanwei coalfield in Yunnan Province. However, the
REY contents in western and central Guizhou are low,
including the Liupanshui coalfield (Tucheng and
Yueliangtian), Zhina coalfield (Kulishu, Sijichun,
Fenghuangshan, and Wenjiaba), and Guiding coalfield
(Guanchong and Heishentian). The Tucheng coal was
derived mostly from distal volcanic arcs and orogens, and
high-Ti Emeishan basalts (Liu et al., 2019). The terrigen-
ous materials of the Kulishu and Sijichun coals were
mixture of the Emeishan volcanics and the less abundant
Neoproterozoic metamorphic-granite complex (Liu et al.,
2021). The supply of terrigenous materials, input of
felsic-alkaline volcanic ash, intrusion of seawater, and
injection of hydrothermal fluids are the dominant factors
affecting the inorganic components in coals (Liu et al.,
2021).

The outlook coefficients of all collected samples show
that the coal or coal by-products can be considered REY
raw materials because the relative proportion of critical to
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excessive REY in coal is > 0.7 (Fig. 13). Combined with
the concentration of REO in coal ash, the results reflect
that the Qiandongbei coalfield (QDB), Dahebian (Liupan-
shui coalfield, LPS-DHB), Lvshuidong (Huayingshan
coalfield, HYS-LSD), Shiping (Guxu coalfield, GX-SP),
Moxinpo (Tianfu coalfield, TF-MXP), Wangjiazhai
(Liupanshui coalfield, LPS-WJZ), Songzao coalfield
(8Z), and Donggou (Southeastern Chongqing coalfield,
SECQ-DGQG) coals are suitable as potential REY sources.
In addition, the Donglin (Nantong coalfield, NT-DL),
Chalinbao (Tongzhi coalfield, TZ-CLB), Fenghuangshan
(Zhina coalfield, ZN-FHS), and Kulishu (Zhina coalfield,
ZN-KLS) coals can be selected as reserve REY sources,
owing to the worldwide increase in prices and demand for
REY.

5.5 REY extraction suggestions

Coal combustion products enriched with REY have a
higher recovery potential. As reported in the literature,
aluminosilicates (glass phase and mullite) in fly ash,
bottom ash, and slag from the Chongqing Power Plant
account for 75.5%, 69.1%, and 89.8%, respectively (Xu
et al., 2022). REY occurrences in coal ash are dominated
by an aluminosilicate glass phase (Si-Al), discrete
minerals phase (i.e., mullite, quartz), and organic matter,
in which the REY exist in the aluminosilicate glass phase
are more easily leached than the minerals phase (Fu et al.,
2022; Xu et al., 2022). Therefore, to improve the leaching
efficiency of REY in coal ash, it is crucial to break the Si-
Al bond and release REY wrapped in the glass phase and
mineral lattice.

The extraction processes of coal ash primarily include
activation pretreatment, leaching, separation and impurity
removal. Because of the complex composition of coal-
burning products, there is no fixed technology for
extracting REY from coal ash. The pretreatment of ash

oGD-HST @GD-GC «ZX-RSH eXW-LB ZN-WIB ®LPS-YLTeLPS-TC eZLS
ZN-SJC ®XW-BL ®wZN-KLS wZN-FHS ®TZ-CLB smNT-DL = SECQ-DGmSZ
wLPS-WJZm TF-MXP®uGX-SP ®HYS-LSDmLPS-DHB= QDB

3.0 0
K Highly promising area
241 o e
g._) [
< [
) ) 8-
18} £ i Promising area
3 E* |
o) S !
12} & '
5 0’ | = >
I - R LI
0.6 | -
Unpramising area
0.0 : . . . : .
0 500 1000 1500 2000 2500 3000 3500

REY Oxides/(ug-g™)

C,,q from some coalfields of
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uses cooperative mechanical and chemical activation to
increase the activity of coal ash, and improve the
subsequent leaching yield of REY. The mechanical
activation of coal ash involves sorting or grinding to
initially enrich the REY or destroy the surface glassy Si-
Al bond. Chemical activation refers to the alkali reagent
(Na,CO;, Na,0,, NaOH, etc.), which is molten at high
temperatures and reacts with coal ash, to destroy the
silicon aluminum structure of coal ash and convert the
insoluble mineral phases into soluble aluminosilicates
(i.e., sodium silicate and sodium aluminosilicate)
(Taggart et al., 2018). Taggart et al. (2018) reported that
the leaching yield of coal ash mixed with Na,O, and
NaOH is better than that of Na,CO,; under the same
conditions, and the melting point of Na,CO; is higher
than those of the other two alkalis. The alkali roasting of
NaOH and Na,CO; process significantly enhanced the
REY leaching yields to 79% and 89%, respectively,
compared with 20% REY in baseline acid leaching (Pan
etal., 2021). Acid, acid-base combinations, and biological
leaching are common leaching methods and are
supplemented by microwave, ultrasonic or stirring to
improve the leaching yield of REY (Lin et al., 2018; Cao,
2019; Mondal et al., 2019; Wang et al., 2019). Besides,
the reagent, time, temperature, solid to liquid ratio, and
coal ash itself could also affect the leaching efficiency.
Wang et al. (2019) used an acid-base combination (HCI,
NaOH) cycle for leaching REY from coal fly ash, and the
results showed that this method can effectively remove
the mineral phase of active silica (41.10%) and release
the contained REY. The optimal extraction yield of REY
reaches 88.15%, which is higher than that of single HCI
leaching. Separation and purification methods in the
laboratory include precipitation, impregnation resin, and
membrane separation methods (Mondal et al., 2019;
Smith et al., 2019; Zhang and Honaker, 2020). Based on
existing studies, using mechanical activation pretreatment
to generate concentrates with higher REY content, alkali
roasting and acid leaching can enhance the economic
viability of the REY extraction. Moreover, REY recovery
also must consider the degree of corrosion of the reagents
to the reaction equipment, the degree of environmental
pollution, and the economy.

6 Conclusions

Rare earth elements and yttrium are considered strategic
metals because of their scarcity and changing supply-
demand relationships. Coal resources are projected to be
an important fuel source for decades. Although REY are
trace elements in coal deposits, many basic geochemical
research has verified that REY can be enriched in coal
and its combustion products, and can be used as an
alternative source for REY. Abundant coal resources are
concentrated in southwestern China, and contain
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inorganic elements, particularly REY.

Compared to the average world coal, REY have normal
level in the Zhongliangshan Kla coal, and have a high
fractionation degree. There are three enrichment types,
including M-H-type, L-M-type, and H-type, because the
fractionation of MREY and HREY are higher than that of
LREY. The dominant sediment source for the Kla coal
was felsic-intermediate terrigenous rocks at the top of the
Emeishan basalt sequence. Meanwhile, marine waters
also influenced the K1a coal seam. REY mainly occurs in
aluminosilicates, phosphate minerals or zircon lattices. In
Particular, LREY preferentially substitutes into the
minerals than MREY and HREY.

Owing to the relatively low content of REY in the
coals, the combustion products of the Kla coal have no
potential economic value for REY recovery. However,
REY are enriched in other coal deposits from
southwestern China, primarily concentrated in areas other
than central Guizhou, southwestern Chongqing, and the
junction of western Guizhou and northeastern Yunnan,
and its coal ash can be considered as alternative REY raw
materials during shortage periods. The assessment of the
economic viability of REY extraction from coal ash is not
sufficient. Collaborative extraction of valuable metal
elements from coal ash, while considering the principles
of economy and environmental issues, is the focus of
future research.
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Table S1 The proximate and sulfur analysis (%), and the major elemental oxides (%), and Ba and Zr (ug/g) contents in the Zhongliangshan coal

Samples My Vie Ay Sg  Sa S Seq SO, ALOy Fe,0; CaO TiO, MgO K,0 Na,0 P,O; MnO Ba  Zr
ZLSR 196 4696 67.93 1042 650 082 3.10 3490 15.16 1082 073 183 0608 1545 1.006 0.1112 0.0543 2439 5574
ZLS-1  1.09 2647 2679 7.6 419 058 240 1253 672 678 056 045 0211 0299 0.186 0.0188 0.0178 8252 124.6
ZLS-2 096 2347 1545 252 187 012 053 776 472 190 060 027 0.118 0.101 0.075 0.0073 0.0043 4330 67.01
ZLS-3 098 2248 1232 229 187 004 038 619 452 150 035 0.4 0.093 0.049 0.054 0.0068 0.0022 27.69 39.89
ZLS-4 084 2173 1029 162 1.13 0003 049 495 384 1.04 031 013 0071 0.038 0.041 0.0061 0.0015 2433 36.82
ZLS-5 079 2311 978 081 060 008 0.3 454 355 017 066 025 0.069 0.046 0.038 0.0062 0.0021 21.70 5830
ZLS-6 083 22.57 1049 140 0.64 0.1 035 534 418 032 021 024 0.096 0.101 0.048 0.0072 0.0011 32.90 71.86
ZLS-7 081 21.94 1099 149 069 002 078 537 444 077 021 018 0094 0091 0041 00078 0.0013 4130 60.28
ZLS-8 088 2426 1423 170 106 001 063 606 502 1.08 141 019 0.128 0.111 0.051 0.0089 0.0055 68.97 66.97
ZLS-9  0.84 23.88 2229 445 217 066 1.63 1054 856 293 026 055 0276 0462 0.092 0.0164 0.0026 86.12 126.9
ZLS-10 074 20.87 1098 155 0.89 001 065 518 446 084 024 021 0071 0.062 0.040 0.0203 0.0017 3659 6823
ZLS-11 072 2247 1037 136 062 001 073 469 405 058 039 022 0068 0.058 0.032 00102 0.0024 26.72 73.75
ZLS-12 083 2170 1412 132 0.66 0001 066 6838 560 055 021 048 0.117 0.168 0.060 0.0112 0.0015 3633 124.2
ZLS-13 092 2171 1562 111 042 0001 069 7.76 646 044 019 033 0.135 0.178 0.057 0.0108 0.0038 58.94 109.2
ZLS-14 086 19.63 1049 100 054 001 045 506 427 016 027 0.19 0067 0051 0037 0.0097 0.0014 4126 63.13
ZLS-15 076 2112 9.7 088 0.16 0001 072 420 356 0.19 051 0.14 0059 0041 0.031 0.0076 0.0031 29.66 61.33
ZLS-16 078 2097 9.07 115 056 001 058 429 367 032 031 0.14 0058 0.047 0.033 0.0069 0.0017 4126 60.12
ZLS-17  1.04 2552 29.00 341 267 0.8 055 1356 1114 3.13 037 099 0319 0382 0.109 0.0246 0.0067 109.5 189.9
ZLS-18 110 2579 3175 7.75 526 137 1.12 13.88 1204 792 0.3 086 0333 0355 0.117 0.0221 0.0079 87.26 133.5
ZLS-19  1.06 22.69 2021 7.05 490 109 106 884 792 436 029 0.64 0151 0089 0088 00157 0.0033 71.09 137.8
ZLS-P 193 3899 60.98 3.55 3.06 0.8 031 28.02 23.66 3.88 0.5 428 0426 0.193 0319 0.0508 0.0033 45.54 603.9
ZLS-20 076 20.03 11.08 324 213 010 101 526 453 083 019 023 0074 0.060 0037 00121 0.0014 2396 61.93
ZLS-21  0.87 20.64 11.80 146 0.78 006 062 544 507 167 018 021 0060 0.033 0.037 0.0105 0.0021 19.68 5593
Average  0.88 22.53 1506 261 161 021 077 706 563 178 037 034 013 013 006 0012 0004 48.15 8532
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