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and enrichment characteristics of
rare earth elements between coals and coal ashes
from four coal-fired power plants

Guoqiang Wu, *a Zhanlong Ma,bc Guosheng Lide and Chunmiao Bo a

Coal and coal ash (slag and fly ash) have emerged as important potential sources for rare earth elements

(REY). The distribution and enrichment of REY during coal combustion from coal-fired power plants are

of great significance for the recovery of REY. In this study, the concentration of REY in coal and coal ash

from four coal-fired power plants in China was determined using microwave digestion-inductively

coupled plasma mass spectrometry. The distribution and enrichment characteristics of REY in coal and

coal ash were studied. The coal ash contains 310–683 mg g−1 of REY, and the proportion of critical REY

was greater than 30%, which is higher than the extraction concentration (300 mg g−1) recommended by

the United States Department of Energy, indicating significant REY recovery potential. The concentration

of REY in coal was positively correlated with ash yield, which could be explained by the fact that REY are

mainly distributed in minerals. Coal and coal ash show similar REY distribution patterns, indicating that

REY were not fractionated during the coal combustion. In addition, the enrichment coefficient of REY in

fly ash was greater than that in slag, which revealed that REY were mainly enriched in fly ash. Therefore,

the REY in fly ash has more recycling potential.
1. Introduction

Rare earth elements (REY) are a group of metals consisting of 15
lanthanides along with yttrium.1 REY have been included in the
list of critical metals by the European Union, and the United
States due to their important strategic signicance.2 From 2002
to 2012, China has been the primary supplier of over 90% of the
world's rare earth supply.3 However, due to excessive exploita-
tion and increased prospecting efforts in other countries, the
reserves of rare earth resources in China have declined rapidly.
According to the latest global rare earth reserves released by the
US Geological Service in 2022, China's rare earth resources have
dropped from 70% to 33.8%.4 Due to the increasing demand for
traditional rare earth resources, it is expected that China would
need to import rare earth resources from abroad to meet
domestic production needs by 2040.5 Therefore, it is of great
theoretical and practical signicance to nd new rare earth
ineering, Key Laboratory for Chemical

nic Affairs Commission, Ningxia Key

Technology, North Minzu University,

0619@163.com

xia Hui Autonomous Region (Institute of

s Region), Yinchuan 750021, China

of Geosciences (Wuhan), Wuhan 430074,

igh-pressure Study of the Earth's Interior,

of Sciences, Guiyang 550081, China

Beijing 100049, China

86
metal resources for the stable supply of national mineral
resources.

Research has indicated that coal and coal ash contain
enriched levels of REY and are considered potential resources
for their extraction.6,7 Based on the geochemical properties of
REY in coal, REY can be divided into light (LREY-La, Ce, Pr, Nd,
and Sm), medium (MREY-Eu, Gd, Tb, Dy, and Y), and heavy
(HREY-Ho, Er, Tm, Yb, and Lu).6 In the meantime, REY can be
further classied into critical (critical-Nd, Eu, Tb, Dy, Y and, Er),
uncritical (uncritical-La, Pr, Sm, and Gd) and excessive
(excessive-Ce, Ho, Tm, Yb, and Lu) according to the supply and
demand relationship.8 Coal-based materials with the propor-
tion of critical REY greater than 30% and the prospect coeffi-
cient (Cout1, ratio of critical to excessive) greater than 0.7 are
deemed to have potential for REY recovery.8 In addition, the U.S.
Department of Energy recommends that coal-based materials
with a concentration higher than 300 mg g−1 can be used as raw
materials for REY recovery.9 Coal mines that have exhibited
abnormal enrichment of REY at domestic and abroad have the
potential for REY recovery, such as the Russian Far East coal-
eld (300–1000 mg g−1);10 coal seams (500–4000 mg g−1) in
eastern Kentucky, the United States;11,12 and the Daqingshan
(721 mg g−1), Heidaigou (1031 mg g−1), Haerwusu (1347 mg g−1),
Zhanghe (K8, 1401 mg g−1 and K9, 804 mg g−1), Songzao (K12,
1968 mg g−1), Yishan, Huayingshan, Guiding, Kaili (874 mg g−1),
Huaqiu (K9, 239 mg g−1 and K16, 630 mg g−1) in China.13–20

Moreover, REY in coal is not easy to volatilize during the coal
combustion,21,22 so REY are further enriched in coal ash, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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even reaches the level of industrial extraction.10,11 Therefore,
coal and coal ash are considered to be new types of mineral
resources rich in REY,6,7,23 and have attracted the attention of
various countries. Since 2014, the United States has made
signicant investments in various departments to quickly
initiate the project of recovering REY from coal and coal ash.24–26

Meantime, coal-producing countries such as Europe,27–29 Rus-
sia,30,31 Canada,32 India,33–35 South Africa,36 and China37–41 have
also done extensive studies on the distribution and occurrence
of REY in coal. Our team has also studied the occurrence of REY
in coal and coal ash, revealing that REY in coal mainly exist in
minerals, while most of the very ne minerals containing REY
are wrapped in the glass phase of coal ash.42 In addition,
domestic and foreign scholars have done many researches on
the distribution and enrichment of REY during the coal
combustion process in power plant.39–49 However, the research
results are inconsistent, including three main enrichment
modes: the rst is mainly enriched in slag;43 the second is
mainly enriched in y ash;40,44 the third is enriched in both slag
and y ash.39,46

Based on the above research, the concentration of REY in
coal and coal ash is determined by microwave digestion-
inductively coupled plasma mass spectrometry for four coal-
red power plants in China. This study aims to deepen the
understanding of the distribution and enrichment character-
istics of REY in coal and coal ash, as well as to analyze their
recovery potential. This analysis provides theoretical guidance
for the recovery and utilization of REY from coal-based
materials.
Table 1 Proximate and ultimate analysis results of coal samples (wt%)a
2. Materials and methods
2.1 Materials

The coal and coal ash (slag and y ash) samples used in this
study were obtained from four coal-red power plants in China,
including P1-600 MW, P2-600 MW, P3-1000 MW, and P4-1000
MW pulverized coal power plants. All power plants use Shen-
hua coal. The coal was collected from the feed coal of the power
plant, while the slag was collected from the boiler slag outlet,
and the y ash was collected from the rst row hoppers of the
electrostatic precipitator.

Nitric acid (HNO3, 65–68%, GR grade) and hydrouoric acid
(HF, 40%, GR grade) were purchased from Beijing Chemical Inc.
Boric acid (H3BO3, $99.8%, GR grade) was purchased from
Sinopharm Chemical Reagent Co., Ltd. The experiment utilized
deionized water with a resistance of 18.2 MU cm.
Sample

Proximate analysis Ultimate analysis

Mad Vdaf Ad FCd Cdaf Hdaf Ndaf Sd Odaf

P1-coal 6.36 37.79 15.65 52.48 72.34 5.62 1.24 0.40 26.90
P2-coal 5.83 37.48 18.06 51.23 89.54 5.59 1.53 0.48 11.91
P3-coal 4.98 37.76 15.28 52.74 84.65 5.15 0.97 0.71 14.16
P4-coal 4.05 35.30 20.60 51.37 84.97 16.46 2.58 1.12 11.72

a Mmoisture, V volatile matter, A ash yield, FC xed carbon, C carbon, H
hydrogen, N nitrogen, S sulfur, O oxygen, ad air-dry basis, d dry basis,
daf dry and ash-free basis.
2.2 Elements analysis

The analysis of Rare Earth Elements (REY) was performed using
inductively coupled plasma-mass spectrometry (ICP-MS, Nex-
ION 2000C ICP-MS, PerkinElmer, USA) in accordance with
HJ766-201. Blank and certied reference materials, i.e., NIST
1632d (coal), and GSR-3 (rock), were also included in each
experimental batch for quality control and assurance purposes.
The recovery of REY in the reference materials ranged between
90% and 110%.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3 Experimental

To analyze the REY in coal and coal ash, the coal and coal ash
were rst dissolved by microwave digestion, followed by the
concentration of the REY in the solution using ICP-MS. The
specic steps of microwave digestion were follows: in the rst
step, 0.1 g of sample (coal or coal ash) was weighed with
a precision balance, and then 5 mL of nitric acid and 2 mL of
hydrouoric acid were measured with a measuring cylinder.
Finally, the sample, nitric acid and hydrouoric acid were
added to the PTFE digestion tank in turn and allowed to stand
for two hours. During the standing process, the tank mouth was
sealed with a fresh-keeping lm to prevent debris from falling
into the contaminated sample. In the second step, the digestion
tank was placed in the microwave digestion instrument and the
heating program was set as follows: rstly, the temperature was
raised to 150 °C at a rate of 50 °C min−1 and maintained at this
temperature for 5 minutes. Then the temperature was raised to
180 °C at a rate of 15 °C min−1 and maintained for 10 minutes.
Finally, the temperature was raised to 210 °C at a rate of 6 °
C min−1 and maintained for 15 minutes. In the third step, to
prevent the formation of uoride precipitation in the digestion
process and the corrosion of analytical instruments by excessive
hydrouoric acid in the determination process, 20 mL of satu-
rated boric acid solution was added to the digestion tank. Then,
according to the second step of the heating program, the
digestion was continued to decompose the uoride precipitate
and complex the excess hydrouoric acid.50 Aer microwave
digestion, the solution in the digestion tank was poured into
a centrifuge bottle, and the digestion tank was rinsed with 3%
dilute nitric acid for three times. The rinse solution was also
poured into a centrifuge bottle and diluted to 50 mL for deter-
mination. Each sample was digested three times
simultaneously.
3. Results and discussion
3.1 Physicochemical characteristics of coal

The results of industrial analysis and elemental analysis of the
coal are shown in Table 1. According to MT/T 849-2000, the coal
of P4 power plant is identied as mid-high volatile coal (>28.00–
37.00%), whereas the coal of the other three power plants is
identied as high volatile coal (>37.00–50.00%). Based on GB/
15224.1-2018, the coal in three power plants (P1, P2, and P3)
RSC Adv., 2024, 14, 2678–2686 | 2679
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is low ash coal (>10.00–20.00%), but the coal of P4 power plant
belongs to medium ash coal (>20.00–30.00%). According to MT/
T 561-2008, the coal of the four power plants is low xed carbon
coal (#55.00%). According to GB/15224.2-2010, the coal used in
P1 and P2 power plants is ultra-low sulfur coal (#0.50%), the
coal of P3 power plant is low sulfur coal (0.51–1.00%), and the
coal of P4 power plant is middle sulfur coal (1.01–2.00%).
3.2 Geochemical characteristics of REY in coal and coal ash

The concentration and characteristic parameters of REY in coal
and coal ash (slag and y ash) are shown in Table 2. The total
REY concentrations in P2 and P4 power plant coals were higher
than the world average value (68.5 mg g−1).51 In contrast, the
concentrations of REY in coal from P1 and P3 power plants were
below the world average. Additionally, the concentration of REY
in coal ash of each power plant was higher than that in the
corresponding feed coal. The concentration of REY in slag was
lower than the world average value (403.5 mg g−1),51 while the
concentration of REY in y ash exceeded the world average
value. Moreover, the concentration of critical REY (critical) and
the prospect coefficient8 (Cout1, as shown in eqn (1)) in coal and
coal ash, except for the coal and slag of P2 power plant and the
coal of P4 power plant, the concentration of critical REY and the
prospect coefficient in the coal and coal ash of P1 and P3 power
plants, the y ash of P2 power plant, and the coal ash of P4
power plant were all above 30% and 0.7.
Table 2 Concentrations and characteristics of REY in coal and coal ash

Element

P1 P2

Coal Slag Fly ash Coal Slag Fly

La 9.3 76.1 122.9 24.4 79.2 12
Ce 20.4 148.6 238.6 46.1 156.6 23
Pr 2.3 17.1 27.1 4.9 17.4 2
Nd 7.9 60.6 98.9 15.3 58.3 9
Sm 1.4 10.9 17.2 2.9 10.6 1
Eu 0.3 2.0 3.2 0.5 2.1
Gd 1.4 10.4 16.0 2.7 10.0 1
Tb 0.2 1.6 2.5 0.4 1.5
Dy 1.3 9.3 14.4 2.3 8.6 1
Y 7.7 46.8 86.8 11.9 43.7 7
Ho 0.3 1.8 2.9 0.4 1.7
Er 0.8 5.2 8.5 1.3 4.7
Tm 0.1 0.7 1.2 0.2 0.6
Yb 0.7 4.4 7.4 1.1 4.0
Lu 0.1 0.7 1.1 0.2 0.6
LREY 41.3 313.3 504.6 93.7 322.2 49
MREY 11.0 70.1 122.8 17.9 65.9 11
HREY 2.0 12.8 21.1 3.2 11.7 1
REY 54.3 396.2 648.5 114.7 399.7 62
LREY (%) 76.2 79.1 77.8 81.6 80.6 7
MREY (%) 20.2 17.7 18.9 15.6 16.5 1
HREE (%) 3.6 3.2 3.2 2.8 2.9
Critical 18.3 125.5 214.2 31.7 119.0 19
Uncritical 14.4 114.5 183.1 35.0 117.2 17
Excessive 21.6 156.2 251.2 48.1 163.6 24
Critical (%) 33.6 31.7 33.0 27.6 29.8 3
Cout1 0.8 0.8 0.9 0.7 0.7

2680 | RSC Adv., 2024, 14, 2678–2686
Cout1 ¼ Critical

Excessive
(1)

where Cout1 is the prospect coefficient, Critical represents the
total concentration of critical REY (Nd, Eu, Tb, Dy, Y, and Er)
and Excessive represents the total concentration of excessive
REY (Ce, Ho, Tm, Yb, and Lu). Based on the market supply and
demand relationship, Seredin and Dai6 proposed that coal ash
with REY oxides concentration greater than 1000 mg g−1 and
prospect coefficient (Cout1) greater than 0.7 have the potential
for REY recovery. In addition, the U.S. Department of Energy
(DOE) has recommended that coal ash with a total REY
concentration of more than 300 mg g−1 has REY recovery
potential.9 Therefore, according to the evaluation method
proposed by Dai et al.,17 the coal ash of four power plants cannot
be used as the raw material for the recovery of REY, but
according to the recommended extraction value of DOE,9 the
coal ash of four coal-red power plants has the potential for REY
recovery.
3.3 Distribution and enrichment characteristics of REY in
coal and coal ash

3.3.1 Modes of occurrence of REY in coal. According to the
ash yield and the concentration of REY in coal from four
different power plants, the correlation between ash and REY
was analyzed, as shown in Fig. 1 and 2. The ash yield in the coal
of P3 and P1 power plants was similar, and the concentration of
(mg g−1)

P3 P4

ash Coal Slag Fly ash Coal Slag Fly ash

3.7 9.7 58.8 85.3 32.6 79.0 136.0
5.5 21.3 116.3 165.6 60.6 151.7 263.5
6.1 2.4 13.7 18.6 6.4 17.3 28.8
0.8 8.0 46.5 66.3 20.7 58.8 99.9
5.9 1.5 8.8 11.9 3.8 10.5 17.3
3.0 0.3 1.7 2.4 0.7 2.0 3.2
4.2 1.4 8.3 11.2 3.6 10.0 16.0
2.3 0.2 1.3 1.7 0.6 1.6 2.5
3.2 1.2 7.0 9.7 3.2 8.6 14.2
7.5 6.4 37.7 62.6 16.8 43.7 80.5
2.6 0.2 1.4 2.0 0.6 1.7 2.8
7.7 0.7 4.1 5.8 1.8 4.9 8.2
1.1 0.1 0.6 0.8 0.2 0.7 1.1
6.9 0.6 3.5 5.2 1.5 4.1 7.3
1.0 0.1 0.5 0.8 0.2 0.6 1.1
2.0 43.0 244.1 347.8 124.1 317.3 545.6
0.1 9.5 56.1 87.5 24.8 66.0 116.4
9.3 1.7 10.0 14.6 4.4 11.9 20.7
1.4 54.2 310.2 449.9 153.3 395.2 682.6
9.2 79.3 78.7 77.3 80.9 80.3 79.9
7.7 17.5 18.1 19.5 16.2 16.7 17.0
3.1 3.2 3.2 3.2 2.9 3.0 3.0
4.5 16.8 98.3 148.5 43.7 119.5 208.6
9.9 15.1 89.5 127.0 46.4 116.9 198.1
7.1 22.3 122.3 174.4 63.3 158.8 276.0
1.3 31.0 31.7 33.0 28.5 30.2 30.6
0.8 0.8 0.8 0.9 0.7 0.8 0.8

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of ash yield in coal on the distribution of REY.
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REY in corresponding coal was also approximately equal.
However, from P2 to P4 power plants, as the ash yield in the coal
increases signicantly, and the concentration of each REY also
increases substantially (Fig. 1). In addition, with the increase of
the volatile matter content in the coal, the change in the
concentration of each REY was not regular (Fig. 2). This indi-
cates a positive correlation between the concentration of REY in
coal and ash yield. This was consistent with the existing
research results, indicating that REY were mainly distributed in
REY minerals (monazite, phosphates, sulfates, carbonates, and
uorocarbonates, etc.), accessory minerals (zircon, apatite, etc.),
and clay minerals in coal.6,52,53

3.3.2 Distribution characteristic of REY in coal and coal
ash. The concentration of each REY in coal and coal ash from
four coal-red power plants was normalized to the Upper
Continental Crust (UCC),54 respectively. The normalized REY
pattern is shown in Fig. 3. The coal and coal ash showed
a relatively at REY distribution pattern, and the distribution
patterns of REY in the coal, slag, and y ash of each power plant
were consistent, indicating that REY have no obvious fraction-
ation under different coal types and combustion conditions.37,39

In addition, due to the volatilization and combustion of organic
Fig. 2 Effect of volatile matter content in coal on the distribution of RE

© 2024 The Author(s). Published by the Royal Society of Chemistry
matter in coal, the concentrations of REY in all ashes were
higher than that in the corresponding coals, indicating that
each REY was enriched in different degrees during the
combustion process of different coals. Moreover, the minerals
containing REY in coal were formed very ne particles during
coal combustion, which may be mainly distributed in y
ash.55–59 Meantime, REY combined with organic matter may
partially volatilize and condense into y ash during combus-
tion.57 Studies have shown that REY exist in amorphous and
graphite carbons surrounding Al–Si glass and magnetite in y
ash.46,60 Therefore, y ash may be more enriched in REY than
slag.

3.3.3 Enrichment characteristic of REY in coal and coal
ash. The enrichment coefficient18 was used to illustrate the
enrichment behavior of REY in coal and coal ash, that is, the
concentration ratio of elements in one sample to corresponding
elements in another sample was analyzed, as shown in Table 3.
In the enrichment coefficient (CC1) of coal relative to world
coal, the total REY enrichment coefficients in P1 and P3 power
plants were both equal or less than 1. The enrichment coeffi-
cients of total REY in P2 and P4 power plants increased in turn
and were all greater than 1. Compared with P1 and P3 power
Y.

RSC Adv., 2024, 14, 2678–2686 | 2681
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Fig. 3 UCC-normalized REY patterns of coal and coal ash sample.
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plants, the REY in the coal of P4 power plant are obviously
enriched. In the enrichment coefficients of coal ash (slag and y
ash) relative to world ash, the enrichment coefficient of slag
relative to world ash (CC2) in each power plant was less than 1,
while the enrichment coefficient of y ash relative to world ash
(CC3) was greater than 1, indicating that REY are more likely to
Table 3 Enrichment coefficient of REY in coal and coal asha

Element

P1 P2

CC1 CC2 CC3 CC4 CC5 CC6 CC1 CC2 CC3 CC4 CC5 C

La 0.84 1.10 1.78 8.21 13.26 1.61 2.22 1.15 1.79 3.24 5.06 1
Ce 0.89 1.14 1.84 7.29 11.70 1.61 2.01 1.20 1.81 3.39 5.10 1
Pr 0.66 0.85 1.35 7.34 11.63 1.59 1.41 0.87 1.30 3.53 5.28 1
Nd 0.66 0.90 1.48 7.67 12.52 1.63 1.27 0.87 1.36 3.82 5.94 1
Sm 0.72 0.84 1.32 7.57 11.96 1.58 1.43 0.81 1.23 3.69 5.55 1
Eu 0.68 0.80 1.27 6.31 10.03 1.59 1.13 0.85 1.18 3.97 5.55 1
Gd 0.52 0.65 1.00 7.38 11.29 1.53 1.02 0.62 0.89 3.63 5.18 1
Tb 0.68 0.77 1.18 7.51 11.48 1.53 1.25 0.73 1.08 3.84 5.65 1
Dy 0.62 0.66 1.03 7.15 11.12 1.56 1.10 0.61 0.94 3.72 5.74 1
Y 0.92 0.92 1.70 6.06 11.24 1.85 1.42 0.86 1.52 3.67 6.51 1
Ho 0.50 0.45 0.73 6.65 10.76 1.62 0.82 0.41 0.66 3.74 5.94 1
Er 0.86 0.95 1.54 6.52 10.56 1.62 1.36 0.86 1.40 3.72 6.07 1
Tm 0.35 0.35 0.58 6.58 10.82 1.65 0.57 0.32 0.53 3.68 5.97 1
Yb 0.69 0.72 1.19 6.47 10.76 1.66 1.12 0.65 1.11 3.60 6.12 1
Lu 0.54 0.56 0.95 6.15 10.50 1.71 0.86 0.51 0.87 3.56 6.06 1
REY 0.79 0.98 1.61 7.30 11.95 1.64 1.68 0.99 1.54 3.48 5.42 1

a CC1 represents the enrichment coefficient of coal to world coal, CC2 repre
enrichment coefficient of y ash to world ash, CC4 represents the enrichm
of y ash to coal, CC6 represents the enrichment coefficient of y ash to slag

2682 | RSC Adv., 2024, 14, 2678–2686
be enriched into y ash during coal combustion. In addition, in
the enrichment coefficients (CC4 and CC5) of coal ash (slag and
y ash) relative to the feed coal, the enrichment coefficient of
coal ash relative to the coal in each power plant was all greater
than 1, and the enrichment coefficients (CC6) of y ash relative
to slag were all greater than 1. This further indicates that REY
P3 P4

C6 CC1 CC2 CC3 CC4 CC5 CC6 CC1 CC2 CC3 CC4 CC5 CC6

.56 0.88 0.85 1.24 6.09 8.84 1.45 2.96 1.14 1.97 2.43 4.18 1.72

.50 0.93 0.89 1.27 5.46 7.78 1.42 2.64 1.17 2.03 2.50 4.35 1.74

.50 0.70 0.68 0.93 5.62 7.66 1.36 1.84 0.87 1.44 2.70 4.48 1.66

.56 0.67 0.69 0.99 5.79 8.25 1.43 1.72 0.88 1.49 2.84 4.83 1.70

.51 0.77 0.67 0.91 5.66 7.65 1.35 1.90 0.81 1.33 2.77 4.55 1.64

.40 0.65 0.70 0.96 5.70 7.85 1.38 1.49 0.81 1.29 2.91 4.61 1.58

.43 0.53 0.52 0.70 5.82 7.84 1.35 1.32 0.63 1.00 2.81 4.47 1.59

.47 0.65 0.60 0.82 5.98 8.28 1.38 1.74 0.74 1.19 2.80 4.50 1.60

.54 0.56 0.50 0.69 5.95 8.17 1.37 1.51 0.62 1.01 2.72 4.48 1.65

.77 0.76 0.74 1.23 5.91 9.81 1.66 2.00 0.86 1.58 2.60 4.78 1.84

.59 0.44 0.35 0.49 5.82 8.13 1.40 1.13 0.42 0.71 2.72 4.64 1.71

.63 0.75 0.74 1.06 5.80 8.29 1.43 1.90 0.88 1.50 2.75 4.66 1.70

.62 0.30 0.28 0.40 5.84 8.46 1.45 0.78 0.33 0.56 2.72 4.69 1.73

.70 0.60 0.56 0.83 5.79 8.62 1.49 1.53 0.66 1.18 2.69 4.79 1.78

.70 0.46 0.45 0.69 5.87 8.87 1.51 1.16 0.54 0.95 2.79 4.93 1.77

.55 0.79 0.77 1.11 5.72 8.30 1.45 2.24 0.98 1.69 2.58 4.45 1.73

sents the enrichment coefficient of slag to world ash, CC3 represents the
ent coefficient of slag to coal, CC5 represents the enrichment coefficient
, the data of REY in world coal and ash came fromKetris and Yudovich51.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of the major components in coal on the enrichment coefficient of REY. (a) Represents the effect of the ash yield in coal on the
enrichment coefficient (CC5) of REY. (b) Represents the effect of the volatile matter content in coal on the enrichment coefficient (CC5) of REY.
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were mainly present in ne minerals and glass particles, and
the amorphous and graphite carbon surrounding Al–Si glass
and magnetite in y ash may be benecial to the enrichment of
REY. Moreover, the yield of y ash was far greater than that of
slag. Therefore, REY in y ash have more potential for recovery.
In addition, with the increase of enrichment coefficient (CC5),
the ash yield decreased, while the volatile matter content
increased (Fig. 4). This indicates that the lower the ash yield and
the higher the volatile matter content in coal, the greater the
enrichment coefficient of REY in y ash.
4. Conclusions

In this paper, the distribution and enrichment characteristics of
REY in coal and coal ash from four different coal-red power
plants in China were studied. The concentrations of REY in the
y ash of the four coal-red power plants were higher than the
extraction values recommended by the US Department of
Energy. Meantime, the proportion of critical REY and the
prospect coefficient (Cout1) were both greater than 30% and 0.7,
respectively, suggesting potential for these resources to be
utilized as secondary resources of REY. In addition, with the
increase of ash yield in coal, the concentration of REY increases.
However, with the increase of volatile matter content in coal, the
concentration of REY did not increase. This indicates that REY
mainly exist in the minerals of coal. The coal and coal ash of
each coal-red power plant have similar REY distribution
patterns, which revealed that the REY in the combustion
process of the coal in each power plant do not have obvious
fractionation. When the ash yield in coal was lower and the
volatile matter content was higher, the enrichment coefficient
of REY in coal ash was larger. The content of REY in y ash was
greater than that in slag, and it has the potential of REY
recovery. These results provide a theoretical basis for the
recovery of REY from coal and coal ash.
Author contributions

Guoqiang Wu: conceptualization, formal analysis, resources,
funding acquisition, data analysis and writing – original dra,
supervision. Zhanlong Ma: methodology, investigation,
© 2024 The Author(s). Published by the Royal Society of Chemistry
criticism, writing – review & editing. Guosheng Li: writing –

review & editing. Chunmiao Bo: criticism.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This research was supported by the Natural Science Foundation
of Ningxia Province (2022AAC03247).
References

1 S.-S. Chai, W.-B. Zhang, J.-L. Yang, L. Zhang, M. M. Theint,
X.-L. Zhang, S.-B. Guo, X. Zhou and X.-J. Ma, Sustainability
applications of rare earths from metallurgy, magnetism,
catalysis, luminescence to future electrochemical
pseudocapacitance energy storage, RSC Sustainability, 2023,
1(1), 38–71.

2 R. Lin, B. H. Howard, E. A. Roth, T. L. Bank, E. J. Granite and
Y. Soong, Enrichment of rare earth elements from coal and
coal by-products by physical separations, Fuel, 2017, 200,
506–520.

3 Information Office of the State Council of the People 's
Republic of China, China 's rare earth situation and policy,
China Met. bull., 2012, 24, 20–24.

4 U.S. Geological Survey. Mineral Commodity Summaries 2023,
U.S. Geological Survey, United States, 2023, DOI: 10.3133/
mcs2023.

5 Z. H. Weng, S. M. Jowitt, G. M. Mudd and N. Haque,
Assessing rare earth element mineral deposit types and
links to environmental impacts, Appl. Earth Sci., 2013,
122(2), 83–96.

6 V. V. Seredin and S. Dai, Coal deposits as potential
alternative sources for lanthanides and yttrium, Int. J. Coal
Geol., 2012, 94, 67–93.

7 S. Dai and R. B. Finkelman, Coal as a promising source of
critical elements: Progress and future prospects, Int. J. Coal
Geol., 2018, 186, 155–164.
RSC Adv., 2024, 14, 2678–2686 | 2683

https://doi.org/10.3133/mcs2023
https://doi.org/10.3133/mcs2023
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08198b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

1:
30

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
8 V. V. Seredin, A new method for primary evaluation of the
outlook for rare earth element ores, Geol. Ore Deposits,
2010, 52(5), 428–433.

9 U.S. Department of Energy NETL, Rare Earth Elements from
Coal and Coal By-Products, 2017, https://www.netl.doe.gov/
research/coal/rare-earth-elements.

10 V. V. Seredin, Rare earth element-bearing coals from the
Russian Far East deposits, Int. J. Coal Geol., 1996, 30(1),
101–129.

11 S. M. Mardon and J. C. Hower, Impact of coal properties on
coal combustion by-product quality: examples from
a Kentucky power plant, Int. J. Coal Geol., 2004, 59(3), 153–
169.

12 J. C. Hower, L. F. Ruppert and C. F. Eble, Lanthanide,
yttrium, and zirconium anomalies in the Fire Clay coal
bed, Eastern Kentucky, Int. J. Coal Geol., 1999, 39(1), 141–
153.

13 W. H. Huang, B. Jiu and Y. Li, Distribution characteristics of
rare earth elements in coal and its prospects on development
and exploitation, J. China Coal Soc., 2019, 44(1), 287–294.

14 S. F. Dai, Y. P. Zhou, D. Y. Ren, X. B. Wang, D. Li and L. Zhao,
Geochemistry and mineralogy of the Late Permian coals
from the Songzao Coaleld, Choongqing, Southwestern
China, Sci. China, Ser. D: Earth Sci., 2007, 37(3), 353–362.

15 S. Dai, Y. Jiang, C. R. Ward, L. Gu, V. V. Seredin, H. Liu,
D. Zhou, X. Wang, Y. Sun, J. Zou and D. Ren,
Mineralogical and geochemical compositions of the coal in
the Guanbanwusu Mine, Inner Mongolia, China: Further
evidence for the existence of an Al (Ga and REE) ore
deposit in the Jungar Coaleld, Int. J. Coal Geol., 2012, 98,
10–40.

16 S. Dai, Y. Luo, V. V. Seredin, C. R. Ward, J. C. Hower, Z. Lei,
S. Liu, C. Zhao, H. Tian and J. Zou, Revisiting the late
Permian coal from the Huayingshan, Sichuan,
southwestern China: Enrichment and occurrence modes of
minerals and trace elements, Int. J. Coal Geol., 2014,
122(1), 110–128.

17 S. Dai, P. Xie, C. R. Ward, X. Yan, W. Guo, D. French and
I. T. Graham, Anomalies of rare metals in Lopingian super-
high-organic-sulfur coals from the Yishan Coaleld,
Guangxi, China, Ore Geol. Rev., 2017, 88, 235–250.

18 S. Dai, V. V. Seredin, C. R. Ward, J. C. Hower, Y. Xing,
W. Zhang, W. Song and P. Wang, Enrichment of U–Se–Mo–
Re–V in coals preserved within marine carbonate
successions: geochemical and mineralogical data from the
Late Permian Guiding Coaleld, Guizhou, China, Miner.
Deposita, 2015, 50(2), 159–186.

19 Y. Y. Wu, Y. Qin and T. S. Yi, Enrichment of rare earth
elements in high sulfur coal of Liangshan Formation from
Kaili, Guizhou, China and geological origin, Acta Geol. Sin.,
2010, 84(2), 280–285.

20 Z. D. Cao, Geochemical characteristics of lanthanide in the
9Th and 16Th coal seams in the Huaqiu exploration area
in Northern Guizhou coaleld, Acta Mineral. Sin., 2007,
27(3/4), 499–504.
2684 | RSC Adv., 2024, 14, 2678–2686
21 J. C. Hower, B. Fu and S. Dai, Geochemical partitioning from
pulverized coal to y ash and bottom ash, Fuel, 2020, 279,
118542.

22 L. B. Clarke, The fate of trace elements during coal
combustion and gasication: an overview, Fuel, 1993,
72(6), 731–736.

23 S. J. Qin, F. Xu, L. Cui, J. X. Wang, S. Y. Li, Z. S. Zhao, L. Xiao,
Y. X. Guo and C. L. Zhao, Geochemistry characteristics and
resource utilization of strategically critical trace elements
from coal-related resources, Coal Sci. Technol., 2022, 50(3),
1–38.

24 J. C. Hower, J. G. Groppo, H. Hsu-Kim and R. K. Taggart,
Signatures of rare earth element distributions in y ash
derived from the combustion of Central Appalachian,
Illinois, and Powder River basin coals, Fuel, 2021, 301,
121048.

25 S. F. Dai, L. Zhao, Q. Wei, X. L. Song, W. F. Wang, J. J. Liu and
P. P. Duan, Resources of critical metals in coal-bearing
sequences in China:Enrichment types and distribution,
Chin. Sci. Bull., 2020, 65(33), 3715–3729.

26 B. Fu, J. C. Hower, W. Zhang, G. Luo, H. Hu and H. Yao, A
review of rare earth elements and yttrium in coal ash:
Content, modes of occurrences, combustion behavior, and
extraction methods, Prog. Energy Combust. Sci., 2022, 88,
100954.

27 B. Valentim, A. T. Abagiu, L. Anghelescu, D. Flores,
D. French, P. Gonçalves, A. Guedes, L. G. Popescu,
G. Predeanu, J. Ribeiro, A. C. Santos, V. Slăvescu and
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