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As indispensable strategic materials for high-tech industries, rare earth elements and yttrium (REY) have
become particularly important in recent years, raising the demand of developing new approaches for
reclamation of REY from REY-rich materials such as coal combustion products (CCPs). In this study, five
coal-fired power plants (CFPPs) in Guizhou of southwest China were selected for investigating REY
concentrations of solid samples, atmospheric emissions, and recovery potentials. REY concentrations of
feed fuels are higher in this study (147.2e468.6 mg/kg) than what have been reported previously for
coals in China and the world. REY atmospheric emissions are extremely low (38.70e180.11 mg REY/t
coal). REY are enriched in bottom ash and fly ash, with average of 658 ± 296 mg/kg and maximum of
1257 mg/kg from the five CFPPs. Relative enrichment factors (REF) of REY in bottom ash and fly ash
compared with the feed fuel are 0.86e1.02 and 0.91e1.04, respectively. REY concentrations in desul-
furized gypsum are very low (6e17 mg/kg), and that is mostly inherited from limestone. Critical REY (Nd,
Eu, Tb, Dy, Y, and Er) in bottom/fly ash account for 34%e39% of the total REY and the outlook coefficients
(Coutl) are in the range of 0.89e1.11. This study indicates a promising prospect to reclaim REY from REY-
rich CCPs (bottom and fly ash) in CFPPs in Guizhou, especially in the central-north Guizhou, although
such practices require further technology advancement.
Crown Copyright © 2020 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths. All rights

reserved.
1. Introduction

Rare earth elements and yttrium (REY) have beenwidely used in
a broad range of commercial and non-commercial applications
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because of their special physicochemical properties.1 REY mainly
come from natural minerals, such as bastnaesite, monazite, yttrium
phosphorus ore, and weathered crustal deposits, and are mainly
distributed in China (44 Mt), Brazil (22 Mt), Vietnam (22 Mt), and
Russia (18 Mt).2 The overall shortage and geographically unbalanced
distributions of REY determine their crucial strategic position.
Recycling of REY from batteries, permanent magnets, and fluores-
cent lamps has been widely implemented worldwide, but such
practices can only generate very limited amounts of REY.2 Since at
the end of the 20th century, coal seams enrichedwith REY have been
identified and coal combustion products (CCPs) with high REY
concentrations have attracted wide attention.1,3e10 Studies on REY
contents in whole coal from different areas in the world showed an
average value of 68.47 mg/kg for the world coal,11 65.5 mg/kg for the
U.S. coal,12 and 135.89 mg/kg for Chinese coal.13 Specifically, the
average REY content in coal from Guizhou province in southwest
iety of Rare Earths. All rights reserved.
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Table 1
Information of the five CFPPs surveyed in the present study.

Power plants Boiler type Installed capacity (MW) APCDs

#1 CFB 2 � 300 SNCR þ C-ESP-FF þ WFGD
#2 PC 4 � 600 SCR þ C-ESP þ WFGD
#3 PC 4 � 600 SCR þ C-ESP þ WFGD
#4 PC 4 � 300 SCR þ C-ESP-FF þ WFGD
#5 PC 2 � 300 SCR þ C-ESP þ WFGD

Note: CFB, circulating fluidized bed boiler; PC, pulverized coal-fired boiler; SNCR,
selective non-catalytic reduction; SCR, selective catalytic reduction; C-ESPþ FF, cold
side electrostatic precipitator and fabric filter; WFGD, wet flue gas desulfurization.
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China is 165.9 mg/kg,14 suggesting a potential advantage of REY
recycling in Guizhou province coals.

Coal is an important energy source for generating electricity and
coal-fired power plants (CFPPs) currently produce 37% of global
electricity.15 In China, coal-fired power accounted for 72% of total
power generation in 2016 (6129 TW$h) from the 1826 Mt of coal
(48% of total consumption) consumed by CFPPs during the same
year.16 Guizhou has the fifth largest coal reserve in China and the
largest in south China with an annual output of 163 Mt in 2017.17 As
an important energy base for a west-to-east power transmission
project, Guizhou consumed 66 Mt of coal for electricity generation
in 2017.17 The ash yield (avg. 38% on air-dried basis) of the feed coal
for Guizhou's CFPPs (the number of samples N¼ 14, in this research
and unpublished internal data) was more than twice the national
average (16.85%), and large quantities of fly ash and bottom ash are
produced each year (25Mt/y) by Guizhou's CFPPs. The reuse ratio of
ash materials is much lower (38%) in Guizhou province compared
with the national average (69%),18,19 with the majority of fly or
bottom ash being discarded, a practice that may pollute the
environment.20

In the present study, concentrations of REY in solid materials,
including coal, bottom ash, fly ash, limestone, and gypsum, from
five CFPPs in Guizhou were investigated using inductively coupled
plasma mass spectrometry (ICP-MS). The behaviors of REY inside
these CFPPs were then explored and their atmospheric emissions
were estimated. In addition, the prospects of recovering REY from
coal combustion products from Guizhou's CFPPs were discussed.
Knowledge gained from this study would provide important sci-
entific evidences for guiding future practices of reclamation of REYs
from potential CFPPs in Guizhou.

2. Methodology

2.1. Sampling power plants

Situated in southwest China, Guizhou province has large coal
reserves (more than 50 Gt) of Late Permian age (Fig. 1(a)).21 The
locations of the five CFPPs selected for the present study are
illustrated in Fig. 1(b). CFPPs #1, #2, and #3 are located in the
western part of the province, #4 is in the centre, and #5 is in the
east. All of the CFPPs use the local fuel (coal, gangue, and coal
slime), except for #5, which uses coal produced in western
Fig. 1. Distribution and formation ages of coal in China ((a), modified from Dai and Finkelman
Guizhou's coal ((b), unpublished internal data).
Guizhou. The information about the boiler type, capacity (MW), air
pollution control devices (APCDs), and the sampling locations are
shown in Table 1 and Fig. 2. Briefly, CFPP #1 is equipped with a
circulatingfluidizedbed boiler (CFB, Fig. 2(a)) andCFPPs#2e#5are
pulverized coal boilers (PC, Fig. 2(b)). APCDs for the CFB boiler in
CFPP #1 consist of in-furnace desulfurization (IFD), selective non-
catalytic reduction (SNCR), a cold-side electrostatic precipitator
combinedwith a fabricfilter (C-ESPþ FF), and limestone slurrywet
flue gas desulfurization (WFGD), APCDs at the four PC CFPPs (CFPP
#2e#5) consist of selective catalytic reduction (SCR), C-ESP or C-
ESP þ FF, and limestone slurry WFGD.

Solid samples and flue gas sampling sites in the two types of CFPP
are illustrated in Fig. 2. Feed fuel (pulverized coal, gangue, and coal
slime), CCPs (bottom ash and fly ash), limestone, and FGD gypsum
were simultaneously collected (~1 kg for each sample) from a utility
boiler system in each CFPP for 3e6 times during three days of sam-
pling period. The fly ash was a mixture of different fly ash hoppers
of ESP/ESP þ FF. At the stack, particulate matter was withdrawn iso-
kinetically from the flue gas and collected on a Teflon filter (What-
man, 0.45-mm pore size) using an APEX Model XC-572 (APEX
Instruments, USA, Fig. S1) according to USEPA method 5.22 This
method collected most PM in the flue gas as the PM size of fly ash
was overwhelmingly larger than 1 mm.23 The flue gas sampling train
was maintained at a temperature of 120 ± 20 �C to avoid water
condensation.22 Each flue gas sample was collected for ~3 h, with
three to six samples obtained alongwith other types of solid samples
for a CFPP. REY concentration in the stack flue gaswas determined by
the total amountof REYon thefilter relative to the volumeof sampled
flue gas. Since the flue gas temperature at the stack of five CFPPs
ranged from40 to 50 �C,much lower than themelting (798e1663 �C)
),4 and locations of five studied CFPPs in the present research and REY concentration in



Fig. 2. Schematic diagram and sampling sites of CFPPs with CFB boiler (a) and PC boilers (b).
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and boiling points (1196e3520 �C, with most REY over 1500 �C)
of REY, noting that theymight exist as part ofminerals in coal, all REY
in stack flue gas were believed to exist in the solid form.

In addition, information about the daily consumption/produc-
tion of solid materials (t/d), daily flue gas emissions (�104 m3/d),
daily average PM content (mg/m3) in the stack flue gas, and actual
operation power of boilers (MW) for each CFPP was collected.
2.2. Analysis methods

Solid materials including feed fuel (pulverized gangue and
coal slime for CFB boiler #1, pulverized coal for PC boilers
#2e#5), limestone, bottom ash, fly ash, and FGD gypsum were
air-dried before grinding into small powder (<0.150 mm). Re-
sults for all of the solid samples are presented on an air-dried
basis. Proximate analysis for feed coal samples was performed
according to the Chinese national standard method.24 Carbon
(C), hydrogen (H), and nitrogen (N) contents in feed coal sam-
ples were determined by an elemental analyzer (Vario MACRO
Cube, Elementar, Germany) and total sulfur (S) was measured
based on the Eschka method.25 Calorific values were determined
by GB/T 213-2008.26

Trace elements in solid samples were digested according to a
methoddevelopedbyQi andGr�egoire27 and analyzed by inductively
coupledplasmamass spectrometry (ICP-MS, Analytik Jena,German)
in the State Key Laboratory of OreDeposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. Briefly, 50 mg of solid
sample or a quarter of the filter was digested using 1 mL of
concentrated HF and 1 mL of concentrated HNO3 in PTFE-lined
stainless-steel bombs, heated to 190 �C for 24 h. Insoluble remain-
ing residues, if present, were dissolved using 6 mL of 40 vol% HNO3
heated to 140 �C for 5 h. Following the digestion phase, 200 ng of
Table 2
Proximate and ultimate analysis of fuels.

Power plants Fuel type Proximate analysis (wt%)

Mad Vad Aad FCad

#1 (N ¼ 4) Gangue 2.89 ± 0.42 18.77 ± 0.27 45.15 ± 2.83 33.19 ± 2
#1 (N ¼ 4) Coal slime 9.06 ± 3.18 17.53 ± 0.63 43.94 ± 4.18 29.47 ± 1
#2 (N ¼ 4) Bituminous 1.08 ± 0.12 18.07 ± 1.47 30.68 ± 2.47 50.17 ± 3
#3 (N ¼ 4) Bituminous 0.66 ± 0.12 15.05 ± 0.62 39.56 ± 1.92 44.72 ± 1
#4 (N ¼ 3) Anthracite 1.43 ± 0.16 8.77 ± 0.99 38.08 ± 6.53 51.73 ± 7
#5 (N ¼ 6) Anthracite 2.74 ± 0.21 9.10 ± 0.78 31.72 ± 5.65 56.43 ± 6
Min-Max 0.66e9.06 8.77e18.77 30.68e45.15 29.47e56
Mean ± SD 2.98 ± 3.11 14.55 ± 4.53 38.19 ± 6.03 44.29 ± 1

Note: M, moisture; V, volatile; A, ash; FC, fixed carbon; C, carbon; H, hydrogen; N, nitro
rhodium in liquid solution was added and mixed. Finally, 0.4 mL of
the digestwas transferred to a centrifuge tube, towhich 10mLMilli-
Q water (18.2 MU cm, Millipore Inc.) was added. Rhodiumwas used
as an internal standard to correct formatrixeffects and instrumental
drift. All the reagents usedwere tracemetal grade, andHFandHNO3
were double distilled to remove possible impurity.

2.3. Quality assurance and quality control

The accuracy of the proximate and ultimate analyses was
checked using certified reference materials (CRMs) of gangue
(ZBM110A, GSB 06-2182-2008-1), anthracite (ZBM095, GSB 06-
2105-2007), and bituminous coal (ZBM113, GSB 06-2114-2007),
and recoveries of these reference materials were in the range of
95%e105%. Certified reference materials of coal (NIST SRM 1632d;
NIST SRM 1635a), fly ash (NIST SRM 1633c), and limestone (JLs-1;
Jdo-1) were digested and analyzed simultaneously with solid
samples to ensure the analytical accuracy of trace elements. The
recoveries of REY in different CRMs were in the range of 90%e110%,
and the procedure method blank was as low as 0.01 mg/kg. The
blank of REY in the Teflon filter was negligible.

3. Results and discussion

3.1. Fuel properties

Results of the proximate and ultimate analyses are illustrated in
Table 2. Differences in feed fuel are foundbetweenCFPP#1with CFB
(gangue and coal slime) and CFPPs #2e#5 with PC in terms of
moisture content (higher by 2.89%e9.06% based on air-dried), ash
yield (higher by 43.93%e45.15%), fixed carbon (lower by 29.47%e
33.19%), carbon content (lower by 41.86%e47.24%), and calorific
Ultimate analysis (%) Qnet,ad

Cad Had Nad Sad (MJ/kg)

.87 47.24 ± 3.43 3.21 ± 0.13 0.85 ± 0.05 0.45 ± 0.07 19.29 ± 1.28

.69 41.86 ± 1.96 2.96 ± 0.15 0.82 ± 0.03 0.29 ± 0.04 17.03 ± 0.79

.90 62.38 ± 2.48 3.19 ± 0.28 1.07 ± 0.07 0.64 ± 0.05 24.47 ± 1.03

.52 51.21 ± 1.49 3.04 ± 0.06 0.85 ± 0.04 2.50 ± 0.23 20.74 ± 0.46

.36 52.56 ± 10.46 3.64 ± 0.57 1.18 ± 0.23 3.41 ± 0.70 21.89 ± 4.05

.17 57.99 ± 2.94 2.90 ± 0.12 0.94 ± 0.06 2.73 ± 0.18 22.86 ± 1.12

.43 41.86e62.38 2.90e3.64 0.82e1.18 0.29e3.41 17.03e24.47
0.77 52.21 ± 7.35 3.16 ± 0.27 0.95 ± 0.14 1.67 ± 1.36 21.05 ± 2.65

gen; S, sulfur; Qnet, net heat value; subscript “ad”, air-dried basis.



Fig. 3. Comparison of total REY contents in solid samples and flue gas from the five CFPPs.
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value (lower by 17.03e19.29 MJ/kg). In addition, lower volatile
matter (by 8.77%e9.10%) in feed fuel is observed fromCFPPs #4e#5,
and the sulfur content (2.50%e3.41%) from CFPPs #3e#5 is higher
than that from the other CFPPs. The calorific values of feed fuel in the
five CFPPs are in the range of 17.03e24.47 (average 21.05) MJ/kg,
belonging to the low to medium range of known values for coals in
China.28 Feed fuels in CFPPs #1e#2 and CFPPs #3e#5 are classified
as low-sulfur and medium-high sulfur coal,29 respectively.

3.2. Partitioning patterns of REY among fuel and combustion
products

REY concentrations in solid samples and stack flue gas are
illustrated in Fig. 3 and Table S1. High REY concentrations are found
for the feed coal (147e469 mg/kg, on the whole coal basis), bottom
ash (413e1257 mg/kg), and fly ash (486e1225 mg/kg). Partitioning
trends of REYamong different solid samples in the five tested CFPPs
are similar and the highest REY contents occurred in coal
(469 ± 46 mg/kg), bottom ash (1257 ± 60 mg/kg), and fly ash
(1225 ± 23 mg/kg) from CFPP #4 (Fig. 3), indicating that REY con-
centrations of bottom ash and fly ash are inherited from the char-
acteristics of coal. REY content in bottom/fly ash of this study is
much higher than that in European CFPPs (246e481 mg/kg,30) and
slightly higher than that from South Africa (402e599 mg/kg,9). The
high REY contents are also reported in CCPs of three CFPPs in
Guizhou (e.g., two > 400 mg/kg, and one > 1000 mg/kg).31,32 Coal
Fig. 4. The relative enrichment factor (REF) of REY in
mines in Guizhou are mainly located in the west and northwest of
the province (Fig. 1(a)), which covers the locations of CFPPs #1e#4.
The REY contents of coal in Guizhou demonstrate a decreasing
trend from north to south (Fig. 1(b), unpublished internal data),
resulting in REY concentration in coals from CFPP #2, which is
situated in the southernmost side, being only 147 mg/kg. In
contrast, an average REY concentration of 469 mg/kg is found for
coals from CFPP #4, located in the centralenorth area (Table S1).
This suggests that combustion ashes derived from coal in the
central to north part of Guizhou may represent a better REY
resource than in other parts of Guizhou. This trend is confirmed by
high REY (750 mg/kg) fly ash found in another CFPP in south
Sichuan, which is located to the north of Guizhou.33 REY in feed
coals of all five investigated CFPPs exceed the global average of
68.47 mg/kg and the average of Chinese coal (135.89 mg/kg).11,13

During deposition, REY enriched sediments with strong adsorp-
tion capacity (e.g., clay, shale, and organic matter),34 became
incorporated with the accumulating peat and resulted in higher
REY contents in coals with elevated ash and sulfur.

REY concentrations in limestone, gypsum, and flue gas are very
low, with ranges of 4.7e11.2 mg/kg, 5.7e17.1 mg/kg, and
5.91e21.41 mg/m3, respectively. The influence of flue gas input to
gypsum is somewhat discernible (Fig. 3). For example, the con-
centration of gypsum (17.1 mg/kg) from CFPP #4 increases
compared with that in limestone (10.8 mg/kg) because the REY
content in fly ash is the highest. In addition, the concentration of
bottom ash (a) and fly ash (b) in the five CFPPs.



Fig. 5. REY distribution patterns in fuel (a), bottom ash (b), fly ash (c), limestone (d), and gypsum (e) from the five CFPPs (relative to REY in the upper continental crust (UCC)40).
* From Ketris and Yudovich11; ** From Dai et al.14; *** From Dai et al.13
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flue gas is also higher than that of others except CFPP #5, because
the PM content in CFPP #5 (36.4 mg/m3, Table S2) is 2.5e3.5 times
higher than that of the others (10.3e14.8 mg/m3).

In order to reveal the REY enrichment in bottom ash and fly ash
compared to the feed fuel, relative enrichment factor (REF)35 was
calculated as follows:

REF¼REYash � Aad
REYfuel

(1)
where REF is the relative enrichment factor, REYash REY concen-
tration in bottom or fly ash, Aad ash yield of feed fuel, and REYfuel
REY concentration in feed fuel.

REY are regarded as non-volatile elements and are approxi-
mately evenly distributed in bottom ash and fly ash.35,36 REF values
of REY in bottom ash and fly ash of this study are in the range of
0.86e1.02 and 0.91e1.04, respectively (Fig. 4 and Table S3). How-
ever, slightly higher REF values are found in the fly ashes compared
with the bottom ashes. For example, REFs of 0.98 for fly ash versus
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0.88 for bottom ash occur at CFPP #1, 1.01 versus 0.86 are found at
CFPP #2, and 1.04 versus 0.94 are found at CFPP #3. This indicates
that a bit more REY are partitioned into fly ash than bottom ash.
This redistribution may be due to the different affinity of com-
bustion ash to REE that results from the particulate size, the ash
constituents, and the encapsulated minerals in ashes.37e39 In
addition, the enrichment curve changes gradually from high levels
of light rare earth elements (LREE, LaeEu) to low levels of heavy
rare earth elements (HREE, GdeLu þ Y), indicating that LREE,
especially La, is more likely to fractionate into the combustion ashes
during the combustion process (Fig. 4(a, b)).

According to the average concentration of REY in the upper
continental crust (UCC),40 the normalized REY distribution patterns
are illustrated in Fig. 5. Slight enrichments of HREE are seen inmost
samples (LaN/YbN ¼ 0.92 < 1). The REY distribution pattern of coal
from Guizhou is much different from that of Chinese coal and the
world coal in terms of Tm (Fig. 5(a), Table S1). Although a distinctly
positive Tm anomaly is observed in world and Chinese coal,13,14 the
coal from Guizhou does not reflect this, probably due to the low
concentration (0.4e1.2 mg/kg) of Tm in the feed coal of this study
(Table S1) and the associated analysis uncertainties. High ash yields
(>43%) in gangue and coal slime fromCFPP#1 (Table 2) are reflected
by LREE enrichment (LREE/HREE¼ 8.29). For coal from CFPP #4, the
extremely high REY concentrations with a positive Ce anomaly (Ce/
Ce*¼ 1.28) and negative Eu anomaly (Eu/Eu*¼ 0.52) aremore likely
as a function of depositional environment, such as rock character-
istics of the sediment source areas, gas-hydrothermal fluid from
magmatic activity, and/or seawater.41 The distribution patterns of
REY in bottom ash (Fig. 5(b)) and fly ash (Fig. 5(c)) are similar to that
of feed coal, particularly for CFPP #4. This is also seen in the global
average REY in coal and the corresponding ash (Fig. 5(a, b, c)).
Limestone and gypsum (Fig. 5(d, e)) have similar REY distributions
with moderate Ce negative anomaly and significant Y positive
anomaly, suggesting that most REY in WFGD gypsum are inherited
from limestone. In addition, as the product of WFGD, gypsum is
affected by the fly ash to a certain extent since the WFGD process
capturedsomeflyash. Forexample, gypsumfromCFPP#4,produced
by the reaction of limestone and flue gas in WFGD, has more obvi-
ously enriched REY than that from the other CFPPs (Fig. 5(e)).

3.3. Mass balance and atmospheric emissions of REY

On the basis of the onsite monitoring information (Table S2)
and REY concentrations in different materials, REY flows in
input and output samples were calculated, as shown in Table S4.
REY input and output are basically balanced in these five CFPPs,
e.g., the ratio of output to input of REY is in the range of
90.31%e113.71% (Fig. 6). Feed coal accounts for the majority of
input sources (>99.48%) because the consumption and REY
concentration of feed coal are both higher than those of lime-
stone. For the output materials, 84.02%e93.71% REY occur in fly
ash and 5.73%e15.22% in bottom ash in CFPPs with PC boilers
based on total output. The difference of REY concentrations
between bottom and fly ash is not significant (Fig. 3, Table S1),
but the yield of fly ash is much higher than that of bottom ash
(Table S2), with the fly ash being the primary REY output in PC
CFPPs. Due to the difference in combustion boiler (CFB) and fuel
in CFPP #1 (gangue and coal slime), the increasing yield of
bottom ash results in a decreased REY output ratio in the fly ash
(68.87%). Being non-volatile elements, less than 0.08% (range:
0.01%e0.08%) of the REY are emitted with the stack flue gas in
the studied CFPPs (Fig. 6). Only 0.13e0.50 kg/d REY are released
into atmosphere from the five CFPPs (Table S4, #5: 0.50 kg/
d > #3, #4: 0.28 kg/d > #2: 0.21 kg/d > #1: 0.13 kg/d).

Emissions factors (EMFs) of REY were calculated as follows:
EMF1 ¼
MREY

Mcoal
(2)

EMF2 ¼
MREY

P � t
(3)

EMF3 ¼
MREY

Mcoal � Qnet;ad
(4)

where EMF1, EMF2, and EMF3 are REY emission factors that are
based on the fuel consumption, actual generation power and heat
value of fuel, respectively; MREY is the amount of REY emitted into
the atmosphere per day (g/d);Mcoal is the consumption of fuel (t/d,
based on CFPP statistics); P is the actual power of tested power
plant (on-line monitoring data); t is running time of a utility boiler
(24 h/d); Qnet,ad is calorific value of fuel (MJ/kg).

Based on the above equations, EMF1, EMF2, and EMF3 were
estimated to be 38.70e180.11 mg REY/t coal, 24.06e79.37 mg REY/
(kW$h), and 2.18e7.88 g REY/TJ, respectively (Table S3). Note that
REY released into the atmosphere not only settle down to the earth
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surface nearby the CFPPs and contaminate nearby soil or water, but
also can migrate for long distances with atmospheric circulation
when existing in the form of fine particulate matter.20,23,42
3.4. Reclamation potentials of REY from CCPs

Coal has been regarded as a potential and promising supply of
some REY,10,41,43 especially bituminous and low-quality coal (such
as gangue, coal slime, and stone coal) with higher mineral matter
which concentrate trace elements.44,45 After combustion, trace el-
ements accumulate in the bottom ash and fly ash (Fig. 3, Table S1),
enabling them to become prospective sources of REY.1,4e6,10,41 Ac-
cording to the level of supply and demand from industry,46 REY
were divided into critical and potential critical (Nd, Eu, Tb, Dy, Y,
and Er), uncritical (La, Pr, Sm, and Gd), and excessive (Ce, Ho, Tm,
Yb, and Lu) groups (Table S5). The outlook coefficient (Coutl),
defined as the ratio of the relative amount of critical REY to the
relative amount of excessive REY, for REY ores,8,46 was also applied
in the present study:

Cout1 ¼
ðNdþ Euþ Tbþ Dyþ Erþ Y=

P
REEÞ

ðCeþHoþ Tmþ Ybþ Lu=
P

REEÞ (5)

The REYdef,rel (the percentage of critical REY) vs. Coutl plot is an
important evaluation of the economic significance for high-REY
materials.8,41 There was no significant change in the relative con-
centration of individual elements during the combustion because
of the non-volatile properties of REY.35 Critical REY accounted for
34.06%e39.37% of the total REY, with Coutl being in the range of
0.89e1.11 (Fig. 7; Table S5). On the basis of REY classification
plot,8,41 all REY-rich materials (coal, bottom ash, and fly ash) in this
study belong to the promising REY raw materials.

Compared with the REY deposits formed in nature, recycling
REY-rich ash may save significant amount of cost frommining and
beneficiation processes. Seredin and Dai8 reported the reasonable
cut-off grade of REO (oxides of REY, sum of La2O3 to Lu2O3 þ Y2O3)
in fly ash to be 1000 mg/kg. It is worth noting that the REY con-
centration of bottom/fly ash in this study was up to 1250 mg/kg
(Table S1). Extracting REY from REY-rich materials is still in the
experimental stage. In the nature, it was found that silicate and
aluminosilicate are the dominant REY carrying minerals, ac-
counting for 80% of different kinds of REY-rich materials, followed
by carbonates and sulphates.32,41,47,48 King et al.49 compared the
effect of aqueous acid and alkaline leaching on different types of
fly ash and reported that the composition of fly ash had a decisive
influence on the extraction efficiencies, and using the most
appropriate leaching method could increase the recovery to 85%e
100%. Taggart et al.1 used heated nitric acid to digest fly ash and
gained a recovery efficiency of 70%. REY extraction efficiencies as
high as 88.15% had been achieved by HCl leaching of desilicated fly
ash.33 Therefore, REY-rich CCPs are potential candidates for REY
production, should technology development for REY recovery
become economically feasible. In addition, reasonable recycling of
REY-rich CCPs will also benefit air quality through reducing
pollutant emissions, such as secondary mercury release from fly
ash in CFPPs and cement plants.50
4. Conclusions

Materials (feed fuel, bottom ash and fly ash, limestone, gypsum,
and stack flue gas) were sampled from five coal-fired power plants
in Southwest China, and REY concentrations and atmospheric
emissions were characterized. The following conclusions were
obtained:
(1) REY concentrations differ little between bottom ash and fly
ash of the coal combustion, and the total amount of REY from
these products account for > 99.18% of REY in total output
during the combustion and flue gas treatment process. REY
concentrations are higher in this study than previously re-
ported worldwide.

(2) The ratio of REY output to input in the five CFPPs is in the
range of 90.31%e113.71%. Extremely low emissions of REY
(<0.08%, 0.13e0.50 kg REY/d) are identified from the stack flue
gas. Consequently, MEFs are as low as 38.70e180.11 mg REY/t
coal, 24.06e79.37 mg REY/(kW$h), or 2.18e7.88 g REY/TJ.

(3) The outlook coefficient (Coutl) of REY reclamation is in the
range of 0.89e1.11. Recycling REY from REY-rich CPPs (bot-
tom and fly ash), especially in the centralenorth Guizhou
province, can create industrial and economic values, noting
that extraction technology still faces many difficulties in
large-scale industrial production.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jre.2019.12.013.
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