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Abstract: The mineralogical and chemical characteristics of the feed coals and coal combustion
products (CCPs) from two power plants (Xilaifeng and Damo) that consume coals from the Wuda
Coalfield, Inner Mongolia, were investigated, using XRD, SEM–EDS, XRF, and ICP-MS. The feed coals
from Xilaifeng and Damo are both of high ash yield (52.93% and 48.36%, respectively), and medium
and high total sulfur content (2.22% and 3.32%, respectively). The minerals in the feed coals are
primarily composed of kaolinite, quartz, illite, pyrite, and, to a lesser extent, gypsum and anatase.
In addition to the elevated incompatible elements (Nb, Ta, Zr, Hf and Th), Li and Hg are enriched
in the feed coals from the Xilaifeng and Damo power plants, respectively. Rare earth elements and
yttrium (REY) are more enriched in the feed coals from Xilaifeng (194 µg/g) than those of Damo
(93.9 µg/g). The inorganic phases of CCPs from both power plants are mainly composed of amorphous
phase, quartz, hematite, illite, and anhydrite. Compared with the feed coals, concentrations of most
trace elements in the CCPs are elevated, and they are preferentially enriched in the fly ashes relative
to the bottom ashes (*f/b > 1), especially F, As, Sr, Mo, Se, and Hg (*f/b > 2.5). Furthermore, most
trace elements (Xilaifeng: excluding Li, Cr, Co, Ni, Rb, Nb and Cs; Damo: excluding Li, V, Cr, Co,
Ni, Cu, Zn, Ga, Rb, Cs and Ba) are more enriched in the (fine) fly ashes relative to the laboratory
high-temperature coal ashes (HTAs). The REY barely differentiate in either the fly ash or bottom ash
from Xilaifeng. In contrast, the REY in the fine and coarse fly ashes from Damo have very similar
H-type distribution patterns with negative Ce and slightly positive Y anomalies. Attention should be
paid to the enriched toxic elements (including F, As and Hg) in the fly ashes from both power plants
due to possible adverse environmental effect.
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1. Introduction

Global coal demand has rebounded since 2017 and is expected to remain broadly steady in later
years [1]. Coal maintained its position as the largest source of electricity in the world, with a 38% share,
and in China with a 67% share, in 2018 [1]. Although public concerns about air quality arise in China,
coal is still likely to play a vital role in sustaining economic growth and safeguarding energy security;
and therefore, massive amounts of coal combustion products (CCPs) will be continuously produced in
China for a long time. With the expanding application of fly ash for agricultural and industrial uses,
caution should also be taken due to the enrichment of toxic substances in the CCPs. Extensive studies
have conducted leaching tests in order to investigate the potential environmental impacts during
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beneficial use or land disposal [2–9]. On the other hand, CCPs produced from coal-fired power plants
have attracted attentions due to the enrichment of critical elements, such as Ge, Ga, Li, and rare earth
elements and yttrium (REY), relative to the feed coal [10–18].

The Wuda Coalfield, Inner Mongolia, Northern China, is located in the Northwestern Ordos
Basin, which is one of the largest coal-bearing basins in China. Like other coals that are enriched in
critical metals from Northern China [19–25], the Wuda coal has also been found to be enriched in
critical elements, such as rare earth elements and sulfur, with the major forms of pyritic and organic
sulfur [26]. This warrants a study on the CCPs from power plants that combust the local coals and
products from coal mining and preparation processes, as well as the toxic elements that, in many cases,
are enriched in medium and high sulfur coals [27–32].

2. Wuda Coalfield and the Xilaifeng and Damo Power Plants

The Wuda Coalfield is located in the Northwestern Wuda District of Wuhai City, Western Inner
Mongolia, and it sits at the northwestern margin of the Ordos Basin, which was developed to the west
of the Northern China Platform (Figure 1A) [33–35]. The Wuda Coalfield is ~10 km long (N–S) and
3–5 km wide (W–E), with a total area of ~35 km2. There were approximately 27 coal seams (with a total
thickness of 43 m) deposited in the Upper Carboniferous Taiyuan Formation and the Lower Permian
Shanxi Formation [36]. The major coal-bearing Taiyuan Formation contains five coal seams (Nos. 9, 10,
12, 13 and 15), with variable total sulfur contents (0.88%–3.46%) and ash yields (13.10%–23.92%) [35].
The Wuda District borders the Gobi Desert in the west and north, and it borders the Yellow River
and Ordos Loess Plateau in the east [36], which is divided into four zones: coal mine area (Wuda
Coalfield), industrial park, urban area, and farm land [37]. The Wuda Coalfield is exploited by the
Suhaitu, Huangbaici, and Wuhushan Mines (Figure 1B). It is estimated that the coalfield has a total
coal reserve of ~600 Mt, and it mostly produces bituminous coals used for industrial coking [35,36].
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Figure 1. Location of Ordos Basin and the Wuda Coalfield and paleogeographic map of the Late 
Paleozoic in Northern China (modified after Han and Yang [33]; Liu [34]; and Dai et al. [35]) (1, Wuda 
Coalfield; 2, Helanshan Coalfield; 3, Hengcheng Coalfield; 4, Weizhou Coalfield; 5, Weibei Coalfield; 
6, Hedong Coalfield; and 7, Junger Coalfield) (A), and the division of Wuda District, Wuhai City, 
Inner Mongolia (modified after Cao et al. [37]) (B). 
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study, and the feed coals for both power plants are originally from the Suhaitu, Huangbaici, and 
Wuhushan mines. The mineralogy and elemental geochemistry of the coals from the Wuda Coalfield 
have been previously studied [26]. The power-generating capacity of the Xilaifeng Power Plant is 2.2 
billion kW·h per year (2 × 200 MW generator set for the first-stage construction). Two circulating 
fluidized bed boilers can be utilized to burn coal gangue, and the furnace temperature is about 900 °C. 
The efficiency of the limestone desulfurization system is above 98%, and over 99% fly ash can be 
collected by the bag house filter. The particle size of the feed coal is <9 mm, and the production ratio 
of bottom ash to fly ash is around 3:2. In comparison, the generating capacity of the Damo Power 
Plant is 0.45 billion kW·h per year (2 × 25 MW condensing steam turbo-generator set). Two circulating 
fluidized bed boilers are installed, and the temperature at the upper zone of the furnace is around 
900 °C. Ninety-nine percent of the fly ash is collected by the electrostatic precipitator, and sulfur 
emission is lower than 400 mg/m3 after processing, using the wet flue gas desulfurization technique. 
The particle size of the feed coal is <8 mm, and the production ratio of bottom ash to fly ash is around 
1:2. 

3. Sampling and Analytical Methods 

Sampling for the present study lasted for seven days in a row. Two feed coals were collected in 
the morning and afternoon, respectively, each day at the Xilaifeng Power Plant, and two fly ash 
samples and two bottom ash samples were collected for each generator set each day. At the Damo 
Power Plant, one feed coal sample was collected each day for seven days. On the first day, one bottom 
ash sample was collected; and on the fifth day, one coarse fly ash sample, one fine fly ash sample, 
and one bottom ash sample were collected. On the other five days, two coarse fly ash samples, two 
fine fly ash samples, and two bottom ash samples were collected each day. Thus, in summary, 14 feed 
coal samples, 28 fly ash samples, and 28 bottom ash samples were collected at the Xilaifeng Power 
Plant. Seven feed coal samples and 34 ash samples (including 11 fine fly ashes, 11 coarse fly ashes, 
and 12 bottom ashes) were collected at the Damo Power Plant. All samples (Table S1) were stored in 

Figure 1. Location of Ordos Basin and the Wuda Coalfield and paleogeographic map of the Late
Paleozoic in Northern China (modified after Han and Yang [33]; Liu [34]; and Dai et al. [35]) (1, Wuda
Coalfield; 2, Helanshan Coalfield; 3, Hengcheng Coalfield; 4, Weizhou Coalfield; 5, Weibei Coalfield;
6, Hedong Coalfield; and 7, Junger Coalfield) (A), and the division of Wuda District, Wuhai City, Inner
Mongolia (modified after Cao et al. [37]) (B).

Samples collected from the Xilaifeng and Damo power plants are investigated in the present study,
and the feed coals for both power plants are originally from the Suhaitu, Huangbaici, and Wuhushan
mines. The mineralogy and elemental geochemistry of the coals from the Wuda Coalfield have been
previously studied [26]. The power-generating capacity of the Xilaifeng Power Plant is 2.2 billion kW·h
per year (2 × 200 MW generator set for the first-stage construction). Two circulating fluidized bed
boilers can be utilized to burn coal gangue, and the furnace temperature is about 900 ◦C. The efficiency
of the limestone desulfurization system is above 98%, and over 99% fly ash can be collected by the bag
house filter. The particle size of the feed coal is <9 mm, and the production ratio of bottom ash to fly
ash is around 3:2. In comparison, the generating capacity of the Damo Power Plant is 0.45 billion kW·h
per year (2 × 25 MW condensing steam turbo-generator set). Two circulating fluidized bed boilers are
installed, and the temperature at the upper zone of the furnace is around 900 ◦C. Ninety-nine percent
of the fly ash is collected by the electrostatic precipitator, and sulfur emission is lower than 400 mg/m3

after processing, using the wet flue gas desulfurization technique. The particle size of the feed coal is
<8 mm, and the production ratio of bottom ash to fly ash is around 1:2.

3. Sampling and Analytical Methods

Sampling for the present study lasted for seven days in a row. Two feed coals were collected
in the morning and afternoon, respectively, each day at the Xilaifeng Power Plant, and two fly ash
samples and two bottom ash samples were collected for each generator set each day. At the Damo
Power Plant, one feed coal sample was collected each day for seven days. On the first day, one bottom
ash sample was collected; and on the fifth day, one coarse fly ash sample, one fine fly ash sample,
and one bottom ash sample were collected. On the other five days, two coarse fly ash samples, two
fine fly ash samples, and two bottom ash samples were collected each day. Thus, in summary, 14 feed
coal samples, 28 fly ash samples, and 28 bottom ash samples were collected at the Xilaifeng Power
Plant. Seven feed coal samples and 34 ash samples (including 11 fine fly ashes, 11 coarse fly ashes,
and 12 bottom ashes) were collected at the Damo Power Plant. All samples (Table S1) were stored in
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plastic bags, to avoid contamination, and the feed coal and bottom ash samples were air-dried and
crushed to minus 200-mesh for subsequent analyses.

Proximate analysis for feed coal samples was conducted while following ASTM Standards
D3173-11, D3174-11 and D3175-11 [38–40] to determine moisture, ash yield, and volatile matter,
respectively, and the total sulfur content was determined based on ASTM Standard D3177-02 [41].

The mineralogical composition was determined by powder X-ray diffraction (XRD), along with a
field-emission-scanning electron microscope (FEI Quanta™ 650 FEG) (FEI Company, Hillsboro, OR,
USA) equipped with an EDAX energy-dispersive X-ray spectrometer (SEM–EDS). Low-temperature
ashing of feed coal samples was carried out, using an EMITECH K1050X plasma asher (Quorum
Technologies Ltd., Laughton, UK). XRD analysis of the low-temperature ashes (LTA) and the coal
combustion products (CCPs) was performed by using a D/max-2500/PC powder diffractometer with
Ni-filtered Cu-Kα radiation. With a step size of 0.01◦, each XRD pattern was recorded over a 2θ interval
of 2.6◦–70◦, and each X-ray diffractogram was subjected to quantitative analysis, using Siroquant™
software (Siroquant, Canberra, Australia) developed by Taylor [42], based on the principles for
diffractogram profiling proposed by Rietveld [43]. For the SEM–EDS study, the fly ash samples were
prepared as grain mounts and coated with carbon, using a sputtering coater (Quorum Q150T ES)
(Quorum Technologies Ltd., Laughton, UK). The working distance of the SEM–EDS was 10 mm,
and the beam voltage was set as 20.0 kV.

X-ray fluorescence spectrometry (ARL ADVANT’XP + XRF) (Thermo Fisher Scientific, Waltham,
MA, USA) was used to determine the major-element oxides for the laboratory high-temperature ashes
(HTAs). For the acquisition of HTAs, minus 200-mesh coals were combusted in a muffle furnace, at
750 ◦C, for four hours, to achieve constant weight. The contents of residual organic matter (ROM) in
the CCPs were also determined at this temperature.

Inductively coupled plasma mass spectrometry (X series II ICP-MS) (Thermo Fisher Scientific,
Waltham, MA, USA) was used to determine the concentrations of trace elements in samples (except
for Hg and F), following the method described by Dai et al., [44]. Samples were digested at first
by applying an UltraClave Microwave High Pressure Reactor (Milestone). The digestion reagents
for each 50 mg feed coal sample were 5 mL 65% HNO3 and 2 mL 40% HF, and for each 50 mg CCP
sample, they were 2 mL 65% HNO3 and 5 mL 40% HF. The Guaranteed-Reagent HNO3 and HF used
for digestion were further purified by sub-boiling distillation. Multi-element standards (Inorganic
Ventures: CCS-1, 4, 5 and 6) were used for calibration of trace element concentrations. Arsenic and Se
were determined by ICP-MS, using collision cell technology (CCT), in order to avoid disturbance of
polyatomic ions [45]. Mercury was determined by using a Milestone DMA-80 analyzer. Solid samples
were directly heated, and the evolved Hg was selectively captured as an amalgam and measured by
atomic absorption spectrophotometry [46]. Fluorine was determined by pyrohydrolysis, in conjunction
with an ion-selective electrode, following ASTM Standard D5987-96 [47].

4. Results and Discussion

4.1. Proximate Analysis and Total Sulfur Content of Feed Coals

The feed coals from Xilaifeng and Damo are of identical moisture content (both 1.07% on average,
and varying from 0.60% to 1.94% and from 0.95% to 1.22%, respectively; Table 1 and Table S2).
The ash yield and volatile matter yield of the feed coals from Xilaifeng (52.93% and 40.11% on average,
respectively; Table 1 and Table S2) are comparable to, but a bit higher than, those of Damo (48.36%
and 36.52%, respectively; Table 1 and Table S2). Compared with the ash yields of the main coal seams
(No. 9 seam: 13.10%; No. 10 seam: 19.67%) of the Wuda Coalfield [35], their high ash yields are due to
the admixture of coal gangue and coal slime into raw coal before combustion. The medium and high
total sulfur contents of feed coals from both power plants (2.22% and 3.32%, respectively; Table 1 and
Table S2) are in accordance with the high sulfur (3.46% and 3.42%, respectively) in the main coal seams
(Nos. 9 and 10 seams) of the Wuda Coalfield [35].
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Table 1. Average values of proximate analysis (%) and total sulfur (%) of feed coals from the Xilaifeng
and Damo power plants.

Power Plant
Proximate Analysis (%)

St,d (%)
Mad Ad Vdaf

Xilaifeng a 1.07 (0.31) 52.93 (6.99) 40.11 (3.87) 2.22 (0.62)
Damo b 1.07 (0.09) 48.36 (4.67) 36.52 (1.97) 3.32 (0.60)

Notes: a, average of 14 feed coal samples; b, average of 7 feed coal samples; M, moisture; A, ash yield; V, volatile
matter; St, total sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free basis. The standard deviations are
provided in parentheses.

4.2. Mineralogical Features of Feed Coals

The minerals in the feed coals from Xilaifeng and Damo are both primarily composed of kaolinite,
quartz, illite, pyrite, and, to a lesser extent, gypsum and anatase (Table 2, Tables S3 and S4; Figure 2).
Kaolinite is dominant in coals from both power plants (72.8% and 69.3%, respectively), and pyrite
contents in the feed coals from Xilaifeng are apparently less than those from Damo (3.9% and 7.3%,
respectively; Table 2), and this is the cause for lower total sulfur content of the feed coals from Xilaifeng
relative to that of Damo (Table 1). Besides, the feed coals from Xilaifeng contain small proportions of
boehmite, dolomite, and calcite; and trace amounts of anhydrite and diaspore were detected in the
low-temperature ashes of feed coals from Damo (Table 2, Tables S3 and S4).

Table 2. Average values of mineralogical compositions of the low-temperature ashes (LTAs) of feed
coals (wt.%) for the Xilaifeng and Damo power plants by XRD and Siroquant analysis.

Power Plant Kaolinite Quartz Illite Pyrite Gypsum

Xilaifeng a 72.8 9.0 8.9 3.9 2.7
Damo b 69.3 12.8 8.5 7.3 1.9

Boehmite Anatase Dolomite Calcite Anhydrite Diaspore

2.2 0.3 0.1 <0.1
<0.1 0.1 <0.1

Notes: a, average of 14 feed coal samples; b, average of 7 feed coal samples. The individual feed coal samples are of
similar mineralogical compositions (see Tables S3 and S4).
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(A) x-rc-12; (B) d-rc-4. K, kaolinite; P, pyrite; I, illite; Q, quartz; G, gypsum; B, boehmite; and A, anatase.

4.3. Major and Trace Elements in the Feed Coals

The element concentrations and their distributions in the CCPs are not only controlled by the type
of boiler and dust collection system, but are also largely depended on the element contents and their
modes of occurrence in the feed coals [48–52].

The contents of Al2O3, SiO2, K2O, and TiO2 in the feed coals for both power plants (Table 3,
Tables S5 and S6; Figure 3) are higher than corresponding values of common Chinese coals [53].
Their concentration coefficients (CC, element concentration in feed coal vs. Chinese coal [29]) for
Xilaifeng are 3.31, 3.22, 2.72, and 2.35, respectively, and for Damo are 2.77, 2.98, 3.63, and 1.81,
respectively (Table 3; Figure 3). Compared with the average Chinese coals [53], Na2O, CaO, MnO,
and Fe2O3 in the feed coals from Xilaifeng and Damo are depleted, and MgO and P2O5 are slightly
enriched (Table 3; Figure 3).
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feed coals from the Xilaifeng (X) and Damo (D) power plants.

Compared with world coals [54], the feed coals from both power plants are enriched in incompatible
elements, including Nb, Ta, Zr, Hf, and Th (Table 3, Tables S5 and S6; Figure 4). Lithium (CC = 19.04)
and Hg (CC = 6.10) in the feed coals from Xilaifeng and Damo, respectively, are highly enriched (Table 3;
Figure 4). The concentrations of other trace elements in the feed coals from both power plants are
either slightly elevated or comparable to those in the world coals (Table 3, Tables S5 and S6; Figure 4).
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Table 3. Average concentrations of major (%) and trace (µg/g) elements in the feed coals from the
Xilaifeng and Damo power plants.

Element Coal-X Coal-D Coal Ash-X Coal Ash-D World Coal a CC-X CC-D

Al2O3 19.79 16.54 37.4 34.24 5.98 3.31 2.77
CaO 0.41 0.36 0.81 0.74 1.23 0.34 0.29

Fe2O3 2.81 3.95 5.33 8.23 4.85 0.58 0.81
K2O 0.52 0.69 0.97 1.41 0.19 2.72 3.63
MgO 0.30 0.26 0.57 0.54 0.22 1.36 1.19
MnO 0.01 0.01 0.02 0.02 0.015 0.84 0.50
Na2O 0.07 0.05 0.13 0.10 0.16 0.44 0.31
P2O5 0.11 0.17 0.22 0.34 0.092 1.23 1.83
SiO2 27.24 25.26 51.37 52.18 8.47 3.22 2.98
TiO2 0.77 0.60 1.47 1.24 0.33 2.35 1.81
As 6.61 7.85 12.5 16.2 7.6 0.87 1.03
Ba 116 164 219 340 150 0.77 1.10
Be 3.09 2.59 5.84 5.36 1.2 2.58 2.16
Bi 0.75 0.84 1.42 1.74 0.84 0.89 1.00
Cd 0.44 0.31 0.83 0.64 0.24 1.83 1.29
Co 6.39 5.92 12.1 12.2 4.2 1.52 1.41
Cr 21.7 25.3 41.1 52.3 15 1.45 1.69
Cs 1.68 3.10 3.17 6.41 0.98 1.71 3.16
Cu 18.7 29.2 35.4 60.3 15 1.25 1.94
F 270 386 510 798 90 3.00 4.29

Ga 25.1 14.5 47.4 29.9 5.5 4.57 2.63
Ge 1.54 1.83 2.91 3.78 2 0.77 0.92
Hf 7.19 4.78 13.6 9.88 1.2 5.99 3.98
Hg 0.32 0.61 0.60 1.26 0.1 3.20 6.10
In 0.10 0.07 0.19 0.14 0.021 4.76 3.33
Li 190 44.7 360 92.4 10 19.04 4.47

Mo 4.28 3.80 8.09 7.86 2.2 1.95 1.73
Nb 19.7 12.5 37.3 25.9 3.3 5.98 3.79
Ni 16.7 13.8 31.6 28.5 9 1.86 1.53
Pb 29.0 29.6 54.9 61.2 6.6 4.40 4.49
Rb 16.5 29.0 31.2 60.0 10 1.65 2.90
Sb 0.55 0.55 1.04 1.14 0.84 0.65 0.65
Sc 8.34 2.41 15.8 4.98 4.1 2.03 0.59
Se 4.07 3.75 7.69 7.75 1 4.07 3.75
Sn 3.61 2.87 6.82 5.93 0.79 4.57 3.63
Sr 174 67.3 329 139 120 1.45 0.56
Ta 1.31 1.05 2.47 2.17 0.26 5.04 4.04
Th 19.3 7.62 36.5 15.8 3.3 5.85 2.31
Tl 0.41 1.14 0.77 2.36 0.68 0.60 1.68
U 6.68 5.11 12.6 10.6 2.9 2.30 1.76
V 46.8 57.1 88.5 118 22 2.13 2.59

Zn 36.2 26.3 68.4 54.3 18 2.01 1.46
Zr 266 177 502 366 35 7.59 5.06
La 34.1 16.4 64.3 33.8 10 3.41 1.64
Ce 75.3 43.0 142 88.9 22 3.42 1.96
Pr 7.56 3.52 14.3 7.28 3.5 2.16 1.01
Nd 28.7 13.5 54.2 27.9 11 2.61 1.22
Sm 5.31 2.36 10.0 4.88 1.9 2.79 1.24
Eu 1.01 0.43 1.91 0.89 0.5 2.02 0.86
Gd 5.89 2.40 11.1 4.96 2.6 2.27 0.92
Tb 0.81 0.29 1.53 0.60 0.32 2.53 0.91
Dy 4.86 1.69 9.18 3.49 2 2.43 0.85
Y 23.5 7.99 44.4 16.5 8.6 2.73 0.93

Ho 0.90 0.30 1.70 0.62 0.5 1.80 0.60
Er 2.73 0.92 5.16 1.90 0.85 3.21 1.08
Tm 0.37 0.12 0.70 0.25 0.31 1.19 0.39
Yb 2.65 0.88 5.01 1.82 1 2.65 0.88
Lu 0.37 0.12 0.70 0.25 0.19 1.95 0.63

Ash yield (%) 52.93 48.36

Coal-X, average of 14 feed coal samples from Xilaifeng; Coal-D, average of 7 feed coal samples from Damo;
Coal ash-X/D, average element concentrations on the high-temperature ash basis for Xilaifeng or Damo; CC-X/D,
concentration coefficient (CC) of elements in the feed coals from Xilaifeng or Damo. a Average concentrations of
major element oxides in Chinese coals [53] and trace elements in world low-rank coals [54] listed for comparison.
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Figure 4. Average concentration coefficient (CC, feed coal vs. world coal) of trace elements in the feed
coals from the Xilaifeng (X) and Damo (D) power plants.

Although the feed coals for both power plants are of the same sources (i.e., the three mines of
the Wuda Coalfield), the contents of rare earth elements and yttrium (REY) in the feed coals from
Xilaifeng (194 µg/g) are much higher than those from Damo (93.9 µg/g) (Table 3, Tables S5 and S6;
Figure 5), and this difference is probably caused by different amounts of coal gangue admixture
in the feed coals; however, the distribution patterns of REY in the feed coals (normalized to upper
continental crust [55]) from the two power plants are quite similar, with positive Ce and Gd anomalies
and weak differentiation between light-, medium-, and heavy-REY (Figure 5; threefold classification of
REY by Seredin and Dai [15]), and these REY characteristics support the same sources of feed coals.
The positive Gd anomaly (Figure 5) is probably attributed to the influence of seawater, hydrothermal
fluids, and/or other waters [56], which is in accordance with the sulfur isotope evidences [35].

Minerals 2020, 10, 323 8 of 25 

 

Sc 8.34 2.41 15.8 4.98 4.1 2.03 0.59 
Se 4.07 3.75 7.69 7.75 1 4.07 3.75 
Sn 3.61 2.87 6.82 5.93 0.79 4.57 3.63 
Sr 174 67.3 329 139 120 1.45 0.56 
Ta 1.31 1.05 2.47 2.17 0.26 5.04 4.04 
Th 19.3 7.62 36.5 15.8 3.3 5.85 2.31 
Tl 0.41 1.14 0.77 2.36 0.68 0.60 1.68 
U 6.68 5.11 12.6 10.6 2.9 2.30 1.76 
V 46.8 57.1 88.5 118 22 2.13 2.59 

Zn 36.2 26.3 68.4 54.3 18 2.01 1.46 
Zr 266 177 502 366 35 7.59 5.06 
La 34.1 16.4 64.3 33.8 10 3.41 1.64 
Ce 75.3 43.0 142 88.9 22 3.42 1.96 
Pr 7.56 3.52 14.3 7.28 3.5 2.16 1.01 
Nd 28.7 13.5 54.2 27.9 11 2.61 1.22 
Sm 5.31 2.36 10.0 4.88 1.9 2.79 1.24 
Eu 1.01 0.43 1.91 0.89 0.5 2.02 0.86 
Gd 5.89 2.40 11.1 4.96 2.6 2.27 0.92 
Tb 0.81 0.29 1.53 0.60 0.32 2.53 0.91 
Dy 4.86 1.69 9.18 3.49 2 2.43 0.85 
Y 23.5 7.99 44.4 16.5 8.6 2.73 0.93 

Ho 0.90 0.30 1.70 0.62 0.5 1.80 0.60 
Er 2.73 0.92 5.16 1.90 0.85 3.21 1.08 
Tm 0.37 0.12 0.70 0.25 0.31 1.19 0.39 
Yb 2.65 0.88 5.01 1.82 1 2.65 0.88 
Lu 0.37 0.12 0.70 0.25 0.19 1.95 0.63 

Ash yield 
(%) 

52.93 48.36      

Coal-X, average of 14 feed coal samples from Xilaifeng; Coal-D, average of 7 feed coal samples from 
Damo; Coal ash-X/D, average element concentrations on the high-temperature ash basis for Xilaifeng 
or Damo; CC-X/D, concentration coefficient (CC) of elements in the feed coals from Xilaifeng or Damo. 
a Average concentrations of major element oxides in Chinese coals [53] and trace elements in world 
low-rank coals [54] listed for comparison. 

Although the feed coals for both power plants are of the same sources (i.e., the three mines of 
the Wuda Coalfield), the contents of rare earth elements and yttrium (REY) in the feed coals from 
Xilaifeng (194 μg/g) are much higher than those from Damo (93.9 μg/g) (Tables 3, S5, and S6; Figure 
5), and this difference is probably caused by different amounts of coal gangue admixture in the feed 
coals; however, the distribution patterns of REY in the feed coals (normalized to upper continental 
crust [55]) from the two power plants are quite similar, with positive Ce and Gd anomalies and weak 
differentiation between light-, medium-, and heavy-REY (Figure 5; threefold classification of REY by 
Seredin and Dai [15]), and these REY characteristics support the same sources of feed coals. The 
positive Gd anomaly (Figure 5) is probably attributed to the influence of seawater, hydrothermal 
fluids, and/or other waters [56], which is in accordance with the sulfur isotope evidences [35]. 

 

Figure 5. Distribution patterns of rare earth elements and yttrium (REY) in the feed coals (on average) 
from the Xilaifeng (X) and Damo (D) power plants. REY are normalized to upper continental crust 
(UCC) [55]. 

Figure 5. Distribution patterns of rare earth elements and yttrium (REY) in the feed coals (on average)
from the Xilaifeng (X) and Damo (D) power plants. REY are normalized to upper continental crust
(UCC) [55].

4.4. Mineralogical Features of CCPs

The residual organic matter (ROM) in the CCPs indicates inefficiency in combustion [57]. For both
power plants, higher ROM contents of fly ashes relative to that of bottom ashes (Xilaifeng: 7.07%
to 2.29%; Damo: 12.44% and 11.23% to 4.02%; Table 4 and Tables S7–S11) indicate that the fly ashes
contain more organic matter. Higher ROM values of the fly and bottom ashes from Damo relative to
those of Xilaifeng suggest that the feed coals were burnt more thoroughly at the Xilaifeng Power Plant.
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Table 4. Average values of mineralogical compositions of coal combustion products (CCPs) from the Xilaifeng and Damo power plants (%).

Power Plant Sample ROM (%) Glass Phase Quartz Hematite Illite Anhydrite Gypsum Siderite Calcite Lime Diaspore Rutile

Xilaifeng FA-X a 7.07 63.7 5.3 8.0 6.0 12.1 2.6 2.2 <0.1
BA-X b 2.29 72.6 12.4 3.0 5.6 5.8 0.2 0.3 0.1

Damo
FA(F)-D c 12.44 76.0 7.1 10.5 2.9 0.9 2.5 0.2
FA(C)-D d 11.23 70.6 10.3 14.4 2.5 0.8 1.5

BA-D e 4.02 63.2 22.0 4.0 9.5 1.0 0.3

FA-X, fly ash from Xilaifeng; BA-X, bottom ash from Xilaifeng; FA(F)-D, fine fly ash from Damo; FA(C)-D, coarse fly ash from Damo; BA-D, bottom ash from Damo; ROM, residual organic
matter. a, average of 28 fly ash samples; b, average of 28 bottom ash samples; c, average of 11 fine fly ash samples; d, average of 11 coarse fly ash samples; e, average of 12 bottom ash
samples. The individual CCP samples are of similar mineralogical compositions (see Tables S7–S11).
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The inorganic phases of CCPs from both power plants are mainly composed of glass, quartz,
hematite, illite, and anhydrite (Table 4 and Tables S7–S11; Figure 6). Small proportions of calcite, lime,
diaspore, and rutile can be observed in the fly ashes and/or bottom ashes from Xilaifeng (Table 4,
Tables S7 and S8). A fraction of gypsum exists in the fly ashes from Damo, and traces of siderite
and rutile are detected in the fine fly ashes and bottom ashes from Damo, respectively (Table 4 and
Tables S9–S11).

Minerals 2020, 10, 323 11 of 25 

 

The inorganic phases of CCPs from both power plants are mainly composed of glass, quartz, 
hematite, illite, and anhydrite (Tables 4 and S7–S11; Figure 6). Small proportions of calcite, lime, 
diaspore, and rutile can be observed in the fly ashes and/or bottom ashes from Xilaifeng (Tables 4, S7, 
and S8). A fraction of gypsum exists in the fly ashes from Damo, and traces of siderite and rutile are 
detected in the fine fly ashes and bottom ashes from Damo, respectively (Tables 4 and S9–S11). 

 

 
Figure 6. Powder XRD patterns of the fly ashes from the Xilaifeng and Damo power plants. (A) x-fa1-
2; (B) d-fa(c)-4. H, hematite; A, anhydrite; Q, quartz; C, calcite; I, illite; L, lime; and G, gypsum. 
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Glass phase (Figure 7B,D) is predominant among the inorganic phases of the CCPs from both
power plants, and its proportion is higher in the bottom ashes relative to that of the fly ashes from
Xilaifeng, which presents the opposite case for Damo power plant (Table 4 and Tables S7–S11). Generally,
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clay minerals can be transformed into other inorganic phases at high temperature, including glass,
mullite, and cristobalite [58,59]. Due to relatively low furnace temperatures (~900 ◦C), mullite and
cristobalite were not generated in the CCPs from Xilaifeng and Damo.Minerals 2020, 10, 323 13 of 25 

 

 

Figure 7. SEM backscattered images of minerals in the combustion products from the Xilaifeng and 
Damo power plants. (A) quartz; x-fa2-10; (B) hematite; d-fa(f)-6; (C) hematite; x-fa2-10; (D) glass; x-
fa1-11; (E) barite; x-fa2-10; (F) florencite and anatase; d-fa(f)-6; (G) apatite; d-fa(f)-6; (H) organic matter 
and hematite; d-fa(f)-6. 

Figure 7. SEM backscattered images of minerals in the combustion products from the Xilaifeng and
Damo power plants. (A) quartz; x-fa2-10; (B) hematite; d-fa(f)-6; (C) hematite; x-fa2-10; (D) glass;
x-fa1-11; (E) barite; x-fa2-10; (F) florencite and anatase; d-fa(f)-6; (G) apatite; d-fa(f)-6; (H) organic
matter and hematite; d-fa(f)-6.
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Because of its high melting point (1750 ◦C), quartz barely reacts in the process of coal combustion.
The contents of quartz in the bottom ashes from both power plants are much higher than those in the
fly ashes, indicating the differentiation of quartz in CCPs and its preferential enrichment in the bottom
ashes (Table 4 and Tables S7–S11). Furthermore, quartz content is higher in the coarse fly ashes from
Damo (10.3%; Table 4 and Table S10) relative to that of the fine fly ashes (7.1%; Table 4 and Table S9).
Irregular quartz is observed in the fly ash from Xilaifeng (Figure 7A).

The iron oxides in the CCPs are mainly derived from pyrites in the feed coals [60], and a relatively
high temperature is required for the formation of magnetite (1000–1200 ◦C) [61], which was not found
in the CCPs from Xilaifeng and Damo due to lower furnace temperatures (~900 ◦C). Hematite is
widespread in the CCPs from both power plants (Table 4 and Tables S7–S11; Figure 7A–C,H), generally
well-crystallized, and in some cases present as framboids (Figure 7B,C). Besides, it shows a clear
preferential enrichment in the fly ashes relative to the bottom ashes for both power plants (Table 4 and
Tables S7–S11).

In most cases, anhydrite in the CCPs is formed through the reaction by calcite and organic
sulfur/pyrite [60]. However, calcite content in the feed coals from Xilaifeng is very low (<0.1%; Table 2
and Table S3), and no gypsum is detected in the CCPs (Table 4 and Tables S7 and S8). It suggests that
the abundant anhydrite in the CCPs from Xilaifeng was mostly generated from the dehydration of
gypsum. In contrast, only a fraction of anhydrite is detected in the CCPs from Damo, indicating that
most gypsum in the feed coals survived through combustion, and accounts for 2.5% and 1.5% of the
inorganic phases of the fine and coarse fly ashes, respectively (Table 4, Tables S9 and S10).

Quite a proportion of illite (Figure 7F,G) exists in the CCPs from both power plants (Table 4
and Tables S7–S11) and is probably the residue of clay minerals in the feed coals due to
incomplete combustion.

In addition, barite (Figure 7E), apatite (Figure 7G), florencite (Figure 7F), and anatase (Figure 7F)
can be observed by using SEM–EDS in some cases of the fly ashes from Xilaifeng or Damo.

4.5. Major and Trace Elements in the CCPs

4.5.1. Major Element Compositions of the CCPs

The major elements in the CCPs are mainly derived from minerals in coal [62] and, in a few cases,
from organic matter [63,64]. The CCPs from the two power plants are primarily composed of SiO2,
Al2O3, Fe2O3, and CaO (Table 5 and Tables S12–S16). The enriched Fe2O3 in the CCPs is derived from
the abundant pyrite in the feed coals (3.9% and 7.3%; Table 2), and the relatively low contents of SiO2

and CaO are attributed to the low proportions of quartz (9.0% and 12.8%; Table 2) and gypsum (2.7%
and 1.9%; Table 2) in the feed coals, respectively. Higher CaO contents in the fly and bottom ashes from
Xilaifeng (9.15% and 4.11%; Table 5, Tables S12 and S13) relative to those from Damo (1.12%–1.24%
and 0.27%; Table 5 and Tables S14–S16) are due to massive limestone used in the desulfurization
process at Xilaifeng. Al2O3 does not display clear differentiation in the CCPs from Xilaifeng or Damo
(29.63%–32.24% and 29.31%–30.47%, respectively; Table 5 and Tables S12–S16), and the contents of
Na2O, MgO, P2O5, K2O, TiO2, and MnO in the CCPs from both power plants are all low (Table 5 and
Tables S12–S16).

According to the classification by ASTM Standard C618-19 [65], the fly ashes from both power
plants can be defined as F-type fly ash, although the combustion of lower-rank coal generally produces
C type (high-calcium) fly ash [66].
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Table 5. Average concentrations of major (%) and trace (µg/g) elements in the coal combustion products
(CCPs) from the Xilaifeng and Damo power plants.

Element
Initial CCPs CCPs on High-Temperature Ash (HTA) Basis

FA-X a BA-X b FA(F)-D c FA(C)-D d BA-D e FA-X BA-X FA(F)-D FA(C)-D BA-D

Al2O3 29.63 32.24 30.47 29.31 29.83 31.84 32.99 34.80 33.02 31.07
CaO 9.15 4.11 1.24 1.12 0.27 9.93 4.21 1.42 1.26 0.29

Fe2O3 6.80 3.81 9.92 11.35 7.04 7.31 3.90 11.33 12.78 7.35
K2O 0.65 1.03 0.75 0.88 1.73 0.70 1.05 0.85 0.99 1.80
MgO 0.57 0.65 0.57 0.64 0.57 0.61 0.67 0.66 0.72 0.59
MnO 0.02 0.03 0.01 0.02 0.03 0.03 0.03 0.01 0.02 0.03
Na2O 0.14 0.11 0.44 0.40 0.10 0.15 0.11 0.50 0.45 0.10
P2O5 0.23 0.10 0.50 0.35 0.09 0.25 0.10 0.57 0.39 0.10
SiO2 36.66 48.96 41.16 42.09 54.72 39.38 50.10 47.00 47.40 57.02
TiO2 1.35 1.10 1.17 1.11 1.07 1.45 1.13 1.34 1.25 1.11
As 24.8 6.98 33.1 27.6 6.27 26.7 7.15 37.8 31.1 6.53
Ba 377 186 284 279 139 406 190 324 314 145
Be 6.50 4.00 5.95 5.43 3.34 7.00 4.09 6.80 6.12 3.48
Bi 1.72 1.01 1.68 1.43 0.81 1.85 1.03 1.92 1.62 0.84
Cd 0.99 0.57 0.79 0.72 0.45 1.06 0.58 0.90 0.81 0.47
Co 11.1 14.1 9.42 15.6 16.2 11.9 14.4 10.8 17.6 16.9
Cr 36.9 44.0 37.1 46.7 64.6 39.7 45.1 42.4 52.6 67.3
Cs 2.57 3.62 2.55 3.44 5.39 2.77 3.70 2.92 3.87 5.61
Cu 41.2 27.7 47.6 51.4 32.8 44.3 28.4 54.3 57.9 34.1
F 933 147 751 665 248 1004 151 857 749 258

Ga 45.2 39.9 36.4 33.1 30.7 48.7 40.8 41.6 37.3 32.0
Ge 4.17 2.35 3.61 3.28 2.07 4.48 2.41 4.12 3.70 2.16
Hf 14.6 10.2 11.8 10.4 7.45 15.8 10.5 13.5 11.7 7.77
Hg 1.32 0.002 1.79 1.31 0.005 1.42 0.002 2.05 1.47 0.005
In 0.21 0.15 0.16 0.15 0.08 0.22 0.15 0.18 0.17 0.09
Li 325 288 226 204 154 350 295 258 230 160

Mo 11.8 4.75 10.2 11.3 3.74 12.7 4.86 11.7 12.7 3.89
Nb 32.2 26.5 26.3 24.1 19.7 34.6 27.1 30.0 27.2 20.5
Ni 25.4 39.6 25.7 44.2 42.9 27.3 40.5 29.3 49.8 44.7
Pb 81.4 45.0 66.5 59.9 32.2 87.5 46.0 76.0 67.5 33.6
Rb 23.4 31.9 14.1 17.6 35.5 25.2 32.6 16.1 19.8 37.0
Sb 1.52 0.68 1.54 1.32 0.69 1.63 0.70 1.76 1.49 0.71
Sc 18.9 9.96 12.2 11.3 4.31 20.3 10.2 13.9 12.8 4.49
Se 17.4 1.00 12.6 11.3 0.74 18.7 1.03 14.3 12.7 0.77
Sn 7.13 5.50 5.98 5.67 4.11 7.67 5.63 6.83 6.39 4.28
Sr 614 163 234 173 52.2 660 167 267 195 54.3
Ta 2.71 2.37 2.20 2.28 1.74 2.92 2.43 2.51 2.56 1.82
Th 41.8 21.5 30.8 27.6 7.12 45.0 22.0 35.2 31.1 7.42
Tl 0.88 0.75 2.65 2.69 1.64 0.95 0.77 3.03 3.03 1.70
U 14.3 7.90 11.8 11.6 7.32 15.4 8.08 13.5 13.1 7.62
V 98.2 86.2 92.4 100 102 106 88.2 106 113 106

Zn 75.8 57.3 75.4 79.0 73.0 81.6 58.7 86.1 89.0 76.0
Zr 563 330 469 405 261 606 338 536 456 272
La 85.8 45.4 64.7 58.1 22.1 92.3 46.5 73.9 65.5 23.0
Ce 175 98.5 123 121 62.0 189 101 141 136 64.6
Pr 18.2 10.3 14.3 13.3 5.58 19.6 10.6 16.3 15.0 5.81
Nd 69.3 39.3 54.9 51.9 21.8 74.6 40.2 62.7 58.4 22.8
Sm 13.2 7.27 10.3 9.72 3.58 14.2 7.44 11.8 11.0 3.73
Eu 2.37 1.28 1.84 1.76 0.68 2.55 1.31 2.10 1.98 0.71
Gd 14.1 7.48 10.9 10.1 3.68 15.2 7.66 12.5 11.4 3.83
Tb 1.98 1.01 1.46 1.34 0.43 2.13 1.03 1.67 1.51 0.45
Dy 12.0 5.97 8.85 8.11 2.34 12.9 6.11 10.1 9.14 2.43
Y 55.8 28.8 45.0 40.3 10.6 60.1 29.4 51.4 45.4 11.1

Ho 2.20 1.07 1.63 1.49 0.41 2.37 1.10 1.86 1.68 0.43
Er 6.72 3.28 5.01 4.59 1.27 7.23 3.35 5.73 5.17 1.32
Tm 0.90 0.44 0.67 0.62 0.17 0.97 0.45 0.77 0.70 0.18
Yb 6.47 3.15 4.97 4.60 1.34 6.96 3.23 5.67 5.18 1.39
Lu 0.89 0.43 0.74 0.68 0.19 0.96 0.44 0.84 0.77 0.20

ROM (%) 7.07 2.29 12.44 11.23 4.02 - - - - -

FA-X, fly ash from Xilaifeng; BA-X, bottom ash from Xilaifeng; FA(F)-D, fine fly ash from Damo; FA(C)-D, coarse fly
ash from Damo; BA-D, bottom ash from Damo; ROM, residual organic matter. a, average of 28 fly ash samples;
b, average of 28 bottom ash samples; c, average of 11 fine fly ash samples; d, average of 11 coarse fly ash samples;
e, average of 12 bottom ash samples.
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4.5.2. Distribution of Trace Elements in the CCPs

Compared with those in the feed coals (Table 3, Tables S5 and S6), concentrations of most trace
elements in the fly and bottom ashes from Xilaifeng (except for F, Se, Sr, and Hg) and Damo (except for
F, As, Se, Rb, Sr, Mo, Cs, Ba, Hg, Bi, and Th) are elevated (Table 5 and Tables S12–S16). In the present
study, f/b value (ratio of element concentration in the fly ash to that in the bottom ash) is applied to
describe element distribution in the CCPs [48]. Considering varying contents of carbon residue in the
CCPs, *f/b value, the ratio of element concentration in the fly ash to that in the bottom ash eliminating
the influence of carbon residue, is also used in this study.

f/b = [X]f/[X]b (1)

*f/b = [X/(1 − ROM)]f/[X/(1 − ROM)]b (2)

where [X]f and [X]b are the concentrations of a certain element in the fly and bottom ashes,
respectively; ROM is the content of residual organic matter in the fly ash or bottom ash determined by
high-temperature ashing.

Furthermore, the relative enrichment (RE) coefficient is applied to describe the degree of enrichment
of a certain element through combustion [48].

RE = ([X]a/[X]c) × Aad (3)

where [X]a represents the concentration of a certain element in the fly ash or bottom ash; [X]c represents
the concentration of a certain element in the feed coal; Aad represents the air-dried ash yield of the feed
coal. RE < 1 means the depletion of a certain element in the fly ash or bottom ash, RE > 1 means the
elevation of a certain element, and RE = 1 means that a certain element is neither enriched nor depleted.

Except for V, Cr, Co, Ni, Rb, and Cs, the *f/b values of other trace elements are all above 1,
suggesting their preferential enrichment in the fly ashes relative to the bottom ashes (Table 6; Figure 8).
The fly ash is of high adsorption capacity due to the large specific surface area; thus, As, Se, Hg and
other volatile elements are highly enriched in the fly ashes (Table 6; Figure 8), which possibly results in
adverse environmental effect. In addition, organically associated elements and those that exist in the
submicron and nano-sized minerals in coal can be concentrated in the fine fly ashes during combustion.
Nonvolatile elements, such as Ba and Na, in the present study, apply to this case (Table 6; Figure 8).
For the Damo Power Plant, *f(f)/b is higher than *f(c)/b for most elements, indicating that they are more
enriched in the fine fly ashes relative to coarse fly ashes (Table 6; Figure 8), which is in accordance with
the studies by Meij [67] and Querol et al., [68].
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Table 6. Average ratios of element concentrations in the fly ash vs. bottom ash and relative enrichment
(RE) coefficient of elements for the Xilaifeng and Damo power plants.

Element
Xilaifeng Damo

f/b *f/b RE-f RE-b f(f)/b f(c)/b *f(f)/b *f(c)/b RE-f(f) RE-f(c) RE-b

Al2O3 0.92 0.97 0.79 0.86 1.02 0.98 1.12 1.06 0.89 0.86 0.87
CaO 2.23 2.36 11.81 5.31 4.59 4.15 4.90 4.34 1.67 1.50 0.36

Fe2O3 1.78 1.87 1.28 0.72 1.41 1.61 1.54 1.74 1.21 1.39 0.86
K2O 0.63 0.67 0.66 1.05 0.43 0.51 0.47 0.55 0.53 0.62 1.21
MgO 0.88 0.91 1.01 1.15 1.00 1.12 1.12 1.22 1.06 1.19 1.06
MnO 0.67 1.00 1.06 1.59 0.33 0.67 0.33 0.67 0.48 0.97 1.45
Na2O 1.27 1.36 1.06 0.83 4.40 4.00 5.00 4.50 4.26 3.87 0.97
P2O5 2.30 2.50 1.11 0.48 5.56 3.89 5.70 3.90 1.42 1.00 0.26
SiO2 0.75 0.79 0.71 0.95 0.75 0.77 0.82 0.83 0.79 0.81 1.05
TiO2 1.23 1.28 0.93 0.76 1.09 1.04 1.21 1.13 0.94 0.89 0.86
As 3.55 3.73 1.98 0.56 5.28 4.41 5.79 4.77 2.04 1.70 0.39
Ba 2.03 2.14 1.72 0.85 2.04 2.00 2.23 2.16 0.84 0.82 0.41
Be 1.63 1.71 1.11 0.69 1.78 1.63 1.95 1.76 1.11 1.01 0.62
Bi 1.70 1.80 1.21 0.71 2.07 1.77 2.29 1.93 0.97 0.82 0.47
Cd 1.74 1.83 1.19 0.69 1.76 1.60 1.91 1.72 1.23 1.12 0.70
Co 0.79 0.83 0.92 1.16 0.58 0.97 0.64 1.05 0.77 1.28 1.32
Cr 0.84 0.88 0.90 1.07 0.57 0.72 0.63 0.78 0.71 0.89 1.24
Cs 0.71 0.75 0.81 1.14 0.47 0.64 0.52 0.69 0.40 0.54 0.84
Cu 1.49 1.56 1.16 0.78 1.45 1.57 1.59 1.70 0.79 0.85 0.54
F 6.35 6.66 1.83 0.29 3.03 2.68 3.32 2.90 0.94 0.83 0.31

Ga 1.13 1.19 0.95 0.84 1.19 1.08 1.30 1.16 1.22 1.10 1.03
Ge 1.77 1.86 1.43 0.81 1.74 1.58 1.91 1.71 0.95 0.87 0.55
Hf 1.43 1.50 1.08 0.75 1.59 1.40 1.74 1.51 1.20 1.05 0.75
Hg 660 710 2.18 0.00 358 262 410 294 1.42 1.04 0.00
In 1.40 1.47 1.11 0.79 2.00 1.88 2.00 1.89 1.11 1.04 0.55
Li 1.13 1.19 0.90 0.80 1.47 1.33 1.61 1.44 2.45 2.21 1.66

Mo 2.48 2.60 1.46 0.59 2.74 3.01 3.01 3.26 1.30 1.43 0.48
Nb 1.21 1.28 0.86 0.71 1.33 1.22 1.46 1.32 1.02 0.93 0.76
Ni 0.64 0.67 0.80 1.25 0.60 1.03 0.66 1.11 0.90 1.55 1.50
Pb 1.81 1.90 1.48 0.82 2.07 1.86 2.26 2.01 1.09 0.98 0.53
Rb 0.74 0.77 0.75 1.02 0.40 0.49 0.44 0.53 0.24 0.29 0.59
Sb 2.24 2.33 1.46 0.65 2.23 1.91 2.48 2.10 1.35 1.16 0.61
Sc 1.90 1.99 1.20 0.63 2.82 2.63 3.09 2.84 2.44 2.27 0.86
Se 17.35 18.13 2.26 0.13 16.97 15.26 18.62 16.52 1.62 1.46 0.10
Sn 1.30 1.36 1.05 0.81 1.45 1.38 1.60 1.49 1.01 0.96 0.69
Sr 3.77 3.96 1.87 0.50 4.49 3.31 4.92 3.58 1.68 1.24 0.37
Ta 1.14 1.20 1.09 0.96 1.26 1.31 1.38 1.41 1.01 1.05 0.80
Th 1.95 2.05 1.15 0.59 4.32 3.88 4.74 4.19 1.95 1.75 0.45
Tl 1.17 1.23 1.14 0.97 1.62 1.64 1.78 1.78 1.12 1.14 0.70
U 1.81 1.90 1.13 0.63 1.62 1.59 1.77 1.72 1.12 1.10 0.69
V 1.14 1.20 1.11 0.97 0.91 0.98 0.99 1.06 0.78 0.85 0.87

Zn 1.32 1.39 1.11 0.84 1.03 1.08 1.13 1.17 1.39 1.45 1.34
Zr 1.71 1.79 1.12 0.66 1.79 1.55 1.97 1.67 1.28 1.10 0.71
La 1.89 1.99 1.33 0.71 2.94 2.64 3.22 2.85 1.91 1.72 0.65
Ce 1.78 1.87 1.23 0.69 1.99 1.95 2.18 2.11 1.38 1.36 0.70
Pr 1.76 1.85 1.27 0.72 2.56 2.39 2.81 2.59 1.96 1.83 0.77
Nd 1.76 1.85 1.28 0.72 2.51 2.38 2.75 2.57 1.97 1.86 0.78
Sm 1.81 1.90 1.31 0.72 2.89 2.72 3.16 2.94 2.12 1.99 0.73
Eu 1.85 1.95 1.24 0.67 2.71 2.59 2.96 2.79 2.07 1.98 0.76
Gd 1.89 1.98 1.27 0.67 2.96 2.75 3.25 2.98 2.20 2.04 0.74
Tb 1.96 2.07 1.29 0.66 3.40 3.12 3.71 3.36 2.43 2.23 0.72
Dy 2.02 2.12 1.31 0.65 3.78 3.47 4.16 3.76 2.53 2.32 0.67
Y 1.94 2.04 1.26 0.65 4.24 3.80 4.65 4.11 2.73 2.44 0.64

Ho 2.06 2.15 1.29 0.63 3.98 3.63 4.33 3.91 2.63 2.40 0.66
Er 2.05 2.16 1.30 0.64 3.94 3.61 4.34 3.92 2.63 2.41 0.67
Tm 2.05 2.16 1.29 0.63 3.94 3.65 4.28 3.89 2.70 2.50 0.69
Yb 2.05 2.15 1.29 0.63 3.71 3.43 4.08 3.73 2.73 2.53 0.74
Lu 2.07 2.18 1.27 0.62 3.89 3.58 4.20 3.85 2.98 2.74 0.77

Notes: f/b, fly ash/bottom ash; *f/b, fly ash/bottom ash eliminating the influence of carbon residue; RE-f/b, relative
enrichment (RE) coefficient for fly ash or bottom ash; f(f)/b, fine fly ash/bottom ash; f(c)/b, coarse fly ash/bottom
ash; *f(f)/b, fine fly ash/bottom ash eliminating the influence of carbon residue; *f(c)/b, coarse fly ash/bottom ash
eliminating the influence of carbon residue; RE-f(f)/f(c), relative enrichment (RE) coefficient for fine fly ash or coarse
fly ash.
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The elements with *f/b value below 1 (Cr, Co, Ni, Rb, Cs, Si, and K; Table 6; Figure 8) are more
enriched in the bottom ashes, and those with *f/b value around 1 (V, Mg, and Al; Table 6; Figure 8) do
not clearly differentiate between fly and bottom ashes. They all have little relation with the specific
surface area of CCP particles. The comparison of their relative enrichment (RE) coefficients for the
bottom ashes is shown in Figure 9. Chromium, Co, and Ni in coal have similar modes of occurrence,
and they mostly exist in clay minerals, pyrite, and organic matter [69,70]. Due to their high boiling
points (2672, 2870, and 2732 ◦C, respectively), they display preferential enrichment in the bottom ashes,
though they can occur in the organics, which is consistent with the findings of Clarke and Sloss [71]
and Dai et al. [72]. Rubidium, Cs, Si, and K in coal primarily exist in the kaolinite, quartz, and illite [62],
and their derived minerals by combustion are all refractory minerals, such as metakaolinite, spinel,
cristobalite, mullite, tridymite, etc. Therefore, Rb, Cs, Si, and K are more enriched in the bottom ashes.
Vanadium, Mg, and Al mostly occur in clay minerals [62] that are refractory during coal combustion
(some are associated with the organic matters [63,64] that also become the components of the CCPs);
thus, they barely differentiate among CCPs.
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Figure 9. Average relative enrichment (RE) coefficient of selected elements (*f/b-X < 1 and *f(f)/b-D < 1;
Table 6) in the bottom ashes from Xilaifeng (X) and Damo (D).

In order to present the degree of elementary differentiation between fly and bottom ashes,
the elements with *f/b value above 1 (Table 6) can be arbitrarily classified into three groups: Group I
(1 ≤ *f/b ≤ 2.5): Li, Be, Sc, V, Cu, Zn, Ga, Ge, Sb, Zr, Nb, Cd, In, Sn, Ba, Hf, Ta, Tl, Pb, Bi, Th, U, Na, Mg,
Al, P, Ca, Ti, Mn, Fe, and REY; Group II (*f/b > 2.5): F, As, Sr, and Mo; Group III (*f/b� 2.5): Se and Hg.

Most elements (Group I) are slightly enriched in the fly ashes relative to the bottom ashes, indicating
a certain degree of volatility of these elements. Group II elements have stronger volatility. Fluorine has
a very low boiling point (−188.12 ◦C), and it evaporates at the very beginning of combustion and
concentrates on the surface of fly ash particles. The relative enrichment (RE) coefficients of F in the fly
ashes (Xilaifeng: 1.83; Damo: 0.94 and 0.83; Table 6; Figure 10A) for both power plants are much higher
than those for the bottom ashes (Xilaifeng: 0.29; Damo: 0.31; Table 6). The lower RE coefficients of F in
the fly ashes from Damo relative to that of Xilaifeng are due to the loss of gaseous fluorine during
combustion. Arsenic in coal is generally associated with pyrite [73–77], but it also occurs in some other
minerals (e.g., Tl-As sulfides, getchellite, clay minerals, phosphate minerals, and arsenic minerals [62])
and organic matter [63,78]. In the process of combustion, the mineral components in the fly ash and
arsenic oxides can form stable complexes [79], so, As can be fixed in the fly ash, such as in the form
of complex As-bearing oxides [52]. Besides, gaseous arsenic compounds (including arsenic oxides
and organic compounds) can be significantly adsorbed by the fly ash due to its large surface area [80].
Molybdenum and Sr can form compounds with relatively low boiling points that volatilize during
combustion; thus, Mo and Sr are more enriched in the fly ashes.
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Group III elements (Se and Hg) are significantly more enriched in the fly ashes relative to the
bottom ashes, and their relative enrichment (RE) coefficients for the fly ashes from Xilaifeng are higher
than those of Damo (Table 6; Figure 10B). Selenium primarily occurs in the pyrite, and it also associates
with the organic matter [81–84]. Selenium itself and its compounds are of quite low boiling points.
Pyrite is the major carrier of Hg in coal [83,84], and it also exists in other minerals, such as calcite and
chlorite [85], clausthalite [82], kleinite and cinnabar [86], and getchellite [87]. In addition, Hg can be
almost completely volatilized at 800 ◦C [88]. Therefore, Se and Hg can be adsorbed by the fly ashes or
released into the atmosphere, depending on the working conditions of the dust-collection systems of
the power plants.

4.5.3. Comparison of Trace Elements in the CCPs and Coal HTAs

In order to further characterize the immigration and redistribution of trace elements in the
process of combustion, element concentrations in the CCPs from both power plants and laboratory
high-temperature coal ashes (HTAs) are compared in the present study. The enrichment factors of trace
elements in the CCPs from Xilaifeng and Damo are seen in Figure 11, normalized by laboratory coal
ashes (Table 3). It is noted that most trace elements (Xilaifeng: excluding Li, Cr, Co, Ni, Rb, Nb, and Cs;
Damo: excluding Li, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Cs, and Ba) are more enriched in the (fine) fly
ashes, relative to the HTAs, followed by the bottom ashes (Figure 11). This relates to their volatilities
in the process of combustion. Generally, elements and their compounds can evaporate during coal
combustion, and they can be adsorbed and condensed on the surface of the CCP particles when the
temperature decreases. Besides, the furnace temperatures (~900 ◦C) are higher than the laboratory
ashing temperature (750 ◦C). Thus, some elements can be more easily released from the feed coals, at a
certain degree, resulting in higher concentrations in the fly ashes. Accordingly, element enrichment in
the fly ashes corresponds to depletion in the bottom ashes.

Like most trace elements, rare earth elements and yttrium (REY) are more enriched in the fly
ashes relative to the HTAs, and they are depleted in the bottom ashes (Figure 12). It demonstrates
their volatilities, to some extent, in the process of coal combustion. The distribution patterns of REY
in the CCPs from Xilaifeng and Damo are quite different. The REY in the fly ash or bottom ash from
Xilaifeng do not display clear differentiation (Figure 12A). The REY in the fine fly ash and coarse fly
ash from Damo are of very similar distribution patterns (H-type, based on the classification by Seredin
and Dai [15]) with negative Ce anomaly and slightly positive Y anomaly, but REY barely differentiate
in the bottom ash (Figure 12B). In most cases, REY are difficult to differentiate during combustion,
and therefore, they should display similar distribution patterns in the CCPs and HTAs [52]. The distinct
REY distribution patterns between the fly and bottom ashes from Damo are probably resulted from the
particular combustion technique of the Damo power plant.
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5. Conclusions

The feed coals from the Xilaifeng and Damo power plants are both of high ash yield, and medium
and high total sulfur content. The minerals in the feed coals are primarily composed of kaolinite, quartz,
illite, pyrite, and, to a lesser extent, gypsum and anatase. In addition to the elevated incompatible
elements (Nb, Ta, Zr, Hf, and Th), Li and Hg are enriched in the feed coals from Xilaifeng and Damo,
respectively. Rare earth elements and yttrium (REY) in the feed coals from Xilaifeng are more enriched
than those of Damo.

Inorganic phases of CCPs from both power plants are mainly composed of glass phase, quartz,
hematite, illite, and anhydrite. Compared with the feed coals, concentrations of most trace elements in
the CCPs are elevated, and they display preferential enrichment in the fly ashes relative to the bottom
ashes (*f/b > 1), especially F, As, Sr, Mo, Se, and Hg (*f/b > 2.5). Furthermore, most trace elements are
more enriched in the (fine) fly ashes relative to the laboratory high-temperature coal ashes (HTAs).
The REY barely differentiate in either the fly ash or bottom ash from Xilaifeng. In contrast, the REY in
the fly ashes from Damo display H-type distribution patterns, with negative Ce and slightly positive
Y anomalies.

Attention should be paid to the enriched toxic elements (including F, As, and Hg) in the fly ashes
from both power plants, due to possible adverse environmental impacts. The future work will focus
on the influence of toxic elements and reasonable utilization of CCPs derived from the Wuda coal.
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