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A B S T R A C T   

Long-term combustion of low-quality coal may release hazardous elements into the environment causing serious 
environmental problems. This phenomenon is particularly prevalent in the Three Gorges Region of Southwest 
(SW), China. Cadmium (Cd), as well as other harmful elements are found to be highly enriched in coals and 
supergene environments in this area. In the existing literature, the behavioral issue of emission and trans-
formation of the elevated trace elements during simulated household stove combustion from Cd-rich inferior coal 
remains unknown. This study investigated the emission of toxic elements, mineral assemblages, and provided 
technical guidance for reducing pollution by means of optimization combustion tests on inferior coals. The 
research may improve the understanding of geochemical characteristics from toxic elements emission in coal 
combustion endemic diseased areas. For this purpose, a series of simulated coal combustion experiments were 
conducted to reveal the release, mobility, and distribution of elevated elements in Cd-rich coal combustion 
products. The results showed that Cd, Mo, Cr, Cu, Zn, As, and Sb were significantly enriched in the inferior coals 
of the study area. Furthermore, large amounts of toxic elements were released as fly ash into the environment 
during the combustion process. In particular, combustion conditions played an important role in the emission 
and transformation of elevated elements. For example, higher temperatures promoted the release of Cd, Sb, Zn, 
and Tl into the environment. Oxygen-deficient combustion was found to liberate more Cd, Sb, and Tl to the 
atmosphere and generated complex mineral assemblages of lizardite, calcite, dolomite, forsterite, and enstatite. 
Moreover, toxic elements were found to be absorbed in the fine particle matter of fly ash from the endemic 
fluorosis area of SW, China. The findings of this work may aid to control the emission of toxic elements from 
inferior coals and mitigate the effect of toxic elements in the environment to protect human health.   

1. Introduction 

Coal is a type fossil fuel that is formed through a series of 
biochemical, physical, chemical, and geological processes (Bernard and 
William, 1984). Based on Chinese natural resource data, the explored 
coal reserves found in 2017 amounted to approximately 1683.31 billion 
tons (Ministry of Natural Resources of the People’s Republic of China, 
2018). Coal is one of the most important energy resources in China that 
accounts for approximately 67.6% of the primary energy consumption 
(Department of Energy Statistics of National Bureau of Statistics of 
China, 2021). 

Due to the complex environmental conditions that take place when 
coal is formed, almost all elements in the periodic table may be present 
(Vejahati et al., 2010). Some of these elements may be particularly 
harmful to public health. The release and associated environmental risk 
that these trace elements exhibit during coal combustion processes are 
of great concern (Saikia et al., 2015; Zeng et al., 2018). The fast-growing 
coal consumption in China has produced a huge volume of toxic ele-
ments associated combustion. Such processes can therefore introduce 
considerable quantities of toxic elements such as fluorine (F), arsenic 
(As), antimony (Sb), zinc (Zn), cadmium (Cd), chromium (Cr), mercury 
(Hg), and molybdenum (Mo) to the environment through gas emissions 
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(Bhangare et al., 2011; Dai et al., 2017; Deng et al., 2014; Dziok et al., 
2019; Liu et al., 2010; Ma et al., 2021; Zhang et al., 2003). For example, 
gaseous emissions of F, As, Se, and Sb from coal combustion in China 
during 2009 were about 162,161 t, 236 t, 637 t, and 33 t, respectively 
(Chen et al., 2013). Meanwhile, the total emissions of Cd and Cr from 
coal burning in China have rapidly increased from 31.14 t and 1019.07 t 
in 1980–261.52 t and 8593.35 t in 2008 (Tian et al., 2012). Volatile 
elements are possibly emitted into the air or adsorbed onto fine particles 
through coal combustion, these can then be subsequently deposited onto 
aqueous and terrestrial systems by dry and wet deposition (Hay-
kiri-Acma et al., 2011). In addition, coal mining activities produce large 
amounts of solid waste and acid mine drainage with high levels of toxic 
elements that can severely pollute the soil and water (Orndorff et al., 
2015). These toxic elements persist in the environment and accumulate 
in the food chain causing adverse effects to human health. 

The emission and transformation behavior of toxic elements during 
coal combustion varies in terms of the type of coal (i.e., grade) and lo-
cality. However, the main proportion of trace elements is bound to fly 
ash (Xu et al., 2003; Zhao et al., 2019). The primary causes that impact 
trace element emission during coal combustion are the form in which 
they occur, the minerals that carry the trace elements, the distribution of 
particle size found in the fly ash, the type of surface reactions, and 
chemisorption sites that exist in the active minerals (Seames and Wendt, 
2000; Yi et al., 2008; Zhou et al., 2017). Furthermore, the type of 
cleaning technique and combustion conditions (e.g. temperature, oxy-
gen, and retention time) also play an essential role in the partitioning of 

trace elements from coal combustion byproducts (Oboirien et al., 2014; 
Quick and Irons, 2002; Wang et al., 2009; Zhou et al., 2015). 

Domestic coal combustion represents a major pathway of long-term 
environmental exposure from toxic elements to indoor human health. 
For example, local residents in rural areas of SW, China have suffered 
from coal-burning related endemic diseases such as chronic poisoning of 
F (Zheng et al., 2007) and As (Zheng et al., 2005). This is because coal 
was burned indoors for cooking and heating without proper ventilation. 
Previous work by Tang et al. (2009) noted that elevated Cd in coals from 
the Three Gorges region of SW, China represents an unrecognized toxin 
that may also pose an endemic problem. Other studies by Xiong et al. 
(2017) have further suggested that Cd, Mo, and other elements enriched 
in local coals and coal wastes may also pose health risks during 
weathering processes and surface enrichment. However, little is known 
with respect to the mobility and transport of trace elements that occur 
during coal combustion in this area. Thus, it is important to understand 
the release and transportation features of toxic metals in coal combus-
tion processes to better control indoor air pollution. And in particular, 
occurrences of toxic elements in bottom slag, fly ash, and tail gas from 
indoor coal combustion of endemic fluorosis areas in SW, China should 
be investigated. Consequently, this paper is aimed at understanding the 
emission and transformation behaviors of toxic elements during coal 
combustion, as well as identifying mineralogical features of inferior 
coals from an endemic fluorosis area in SW, China. The findings of this 
work may be beneficial to environmental management and health risk 
control of areas impacted by metal-rich coal combustion. 

Fig. 1. Sketch map showing the sampling sites of coal-related samples from Wushan County.  
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2. Materials and methods 

2.1. Study area 

The study area, Wushan County (109̊33ˊ-110̊11ˊ E, 30̊45ˊ-31̊28ˊ N) is 
geographically located in the upper and middle Yangtze River near the 
headwaters of the Three Gorges Region in eastern Chongqing, SW, China 
(Fig. 1). Wushan is one of the districts whose karst physiognomy is well 
developed and concentrative distributed in China, this area is also a 
traditionally agricultural production base and tourism destination of 
Chongqing. The main types of soil are purple soil, yellow soil, lime soil, 
and paddy soil in Wushan County. Cultivated land and woodland are the 
main utilization patterns of soil in these regions, with average rates of 
15.13 % and 64.50 % (Yao et al., 2012). 

Wushan has been of concern due to the historic endemic fluorosis 
induced by local indoor coal combustion. Jianping, a rural area in the 
south-center of Wushan County has been noted to have one of the most 
serious historic coal combustion-related fluorosis in China (Liu et al., 
2013; Zhou et al., 2009). There are few heavy-polluting industries in the 
rural area. The local residents used to utilize F-rich coals for cooking and 
heating, but stopped this practice and began using low-F coals imported 
from outside areas after 2000. However, sporadic indoor combustion of 
local inferior coals and past coal mining activities have led to negative 
impacts on the local environment and human health (Hua et al., 2018). 

The rural area of Jianping is composed of a karst landscape and the 
outcroppings are made up of limestone, dolomite, siltstone, siliceous 
carbonate rock, claystone, and coal seam from the Permian to the 
Triassic periods. The local coal strata are composed of a suite of 
carbonaceous shales interbed with coal seams from the lower Permian 
Longtan formation, Wujiaping formation, and the lower Triassic Xujiahe 
formation (Kuang, 1987). 

2.2. Sample collection, preparation, and analysis 

A total of 33 coal-related samples from 26 sampling sites made up of 
17 coals, 5 stone coals, 7 coal gangues, and 4 coal balls for indoor 
combustion were collected from Wushan County. Among them, 10 coal- 
related samples were from coal-burning fluorosis areas in the Jianping 
area while 23 samples were from outside this area. The samples were 
kept in polyethylene bags to prevent contamination and air-dried. All 
the samples were crushed and ground to pass a 200 mesh (75 µm) for 
analysis. To determine element concentration, 50 mg of powdered 
sample was oxidized with a 4 ml mixture of nitric acid and hydrofluoric 
acid solution inside a Teflon steel pressure bomb for 24 h at 170 ◦C. 
After cooling, 2 ml of 30 % hydrogen peroxide was added to decompose 
organic matter, then the bomb was heated on a hotplate to remove F. 
The final solution was made up to 20 ml by the addition of 5 % nitric 
acid solution (Wang et al., 2004). The liquid tests were determined using 
an inductively coupled plasma mass spectrometrometer (ICP-MS, Agi-
lent, 7700x, America). To minimize external pollution, guaranteed 
grade reagents and Milli-Q water (18.2 MΩ⋅cm) were used throughout 
all the experiments. International coal-certified reference material (BCR 
180), reagent blanks, and duplicates were digested and analyzed in the 
same condition for analytical quality control. Furthermore, 
internationally-certified reference materials (SLRS-5) and internal 
standards (Rh: 500 mg/L) were utilized during the tests. The relative 
standard deviation (RSD) of replicates was < 10 %, which indicated an 
acceptable analytical precision. Analytical accuracy expressed as re-
coveries of the reference material was 95–105 % in this study. Element 
contents in reagent blanks were always < 2 % of the measured content 
in the sample. The precision and recovery of these tests were on par with 
analytical standards. 

2.3. Coal combustion trial test 

To reveal the retention and transport characteristics of toxic 

elements in coals during the combustion process, selected Cd-rich coal- 
related samples that included 4 stone coals (SC1-SC4), 3 coals (C5-C7), 
and 1 coal ball (CB8) from the study area were used. Each inferior coal 
powder (weight of 30 g at 200 mesh) was burned in a high-temperature 
vacuum tube furnace (MTI, GSL-1700X, China) at 1000 ◦C and held 
there for 30 min. A mixture of N2 and O2 gas (9:1) was used as the 
combustion atmosphere employing a total gas flow rate of 1 L/min 
(Yang et al., 2016; Zhou et al., 2012). Under the given condition, all the 
samples burned completely. A cyclone separator (DEKATI, S110, 
Finland) and tail gas absorption liquid (0.5 M HNO3) were installed after 
the tube furnace throughout the trial to separate combustion ash, slag, 
and tail gas (Wei et al., 2012). The fly ash collected by the separator had 
a cut-off size of ~ 2.5 µm. A total of 119 coal combustion byproducts, 
composed of chars, bottom ashes, fly ashes, and tail gas absorbers were 
collected and analyzed. 

Single factor and orthogonal experiments were applied to determine 
the influence of combustion atmosphere, temperature, and residence 
time on the behavior of toxic elements during inferior coal burning (Qi, 
2002). Each test consumed 2 g of inferior coal powder for each different 
condition in the tube furnace. For each single factor experiment, the 
combustion temperature study was done under the atmosphere of static 
air by removing the flange during heating at 500, 600, 700, 800, 900, 
1000, 1100, and 1200 ◦C for 30 min, respectively. The combustion at-
mosphere study was conducted on SC1 with a mixture of N2 +O2 during 
heating at 1000 ◦C for 30 min. The oxygen gas flow rates in this test 
were 0, 0.2, 0.4, 0.6, 0.8, 1.0 L/min, respectively. The combustion 
residence time study conducted on SC1 was done under the atmosphere 
of static air during heating at 750 ◦C for 2, 4, 6, 8, 10, 15, 20, 25, and 
30 min, respectively. In addition, SC1 was also used to accomplish 
orthogonal experiments whereby 16 sets of combustion conditions were 
sieved via an orthogonal method. 

2.4. Mineral analysis 

To study the mineral compositions of inferior coals during the 
combustion process, the feed coal, fly ash and bottom slag of SC1 was 
selected for mineral analysis utilizing X-ray powder diffraction. The 
mineral composition was examined using X-ray powder diffraction 
(XRD, Empyrean, Netherlands) with Cu-Kα radiation operating from 4◦

to 70◦ 2θ, with a step increment of 0.02◦ and a counting time of 25 s per 
step. The minerals in each case were identified by referencing the ICDD 
powder diffraction file using the JADA 6 software. 

3. Results and discussion 

3.1. Concentration of harmful elements in coal-related samples 

In comparison to other Chinese coals, the coals of Wushan County 
were featured with elevated contents of trace elements (Table 1). In 
general, the concentration of trace elements followed the order: stone 
coals > gangues > coal balls > coals. The average concentration coef-
ficient (CC) of trace elements in the local coals was normalized by the 
previously reported concentrations of Chinese coal (Dai et al., 2012) to 
evaluate the enrichment degree of elements in our coal (Fig. 2). 

According to Fig. 2, the overall results showed that the local coals 
presented slightly enriched contents of harmful elements, but the stone 
coals and gangues enriched in higher concentrations. Cd was the most 
notable trace metal that was unusually enriched in the stone coals 
(CC = 137.19 ± 222.99) and significantly enriched in the gangues 
(CC=53.29 ± 127.25). In contrast, the CC values of Ga, As, and Ta in all 
the coal-related samples ranged from 2 to 5, suggesting a slight 
enrichment in the local coal samples. However, the CC values of the 
coal-related samples for V, Cr, Se, and Mo fluctuated with sample spe-
cies, and followed the sequence: stone coals > gangues > coals > coal 
balls. More specifically, these four elements were significantly higher in 
the stone coals with an average CC of 11.54–28.37, while in the coal 
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balls and coal samples they were found to be normal to slightly enriched. 
On the other hand, CCs of V, Se, and Mo were found to be enriched in the 
gangues with mean CC values of 7.61, 7.86, and 9.93, respectively. El-
ements like Cu, Zn, and U were found to be enriched in stone coals with 
average CCs of 7.00, 8.68, and 7.98, respectively. Trace elements of Be, 
P, Sc, Mn, Co, Y, Zr, Sn, La, Ce, Hf, W, Pb, Bi, and Th were found to be in 
a normal range with all the coal-related samples having CCs of 0.5–2. 
Meanwhile, CCs of elements like Rb, Sb, Cs, Ta, and Tl in coals were 
found to be much lower in comparison to other coal-related samples 
from Wushan County. 

The variations in the elements found in the stone coals, coal, gangue, 
and coal balls may arise from the way in which the parent coal material 
was formed, its sedimentary environment as well as hydrothermal fluid 
variation and epigenesis (Arbuzov et al., 2011; Chen et al., 2011). Pre-
vious studies have also indicated that coal seams from the Permian and 
Triassic periods are characterized by a higher content of the trace 

elements as observed herein (Querol et al., 2001; Ren et al., 1999; Shen 
et al., 2013). 

Eight inferior coal-related samples from the study area were selected 
for combustion trial tests, and the concentrations of trace metals are 
listed in Table 1. Compared to the Chinese and world coals, the typical 
inferior coal samples were characterized by significantly higher contents 
of Cd, Mo, Cr, Cu, Zn, As, and Sb. For example, the average concentra-
tion of those elements in our stone coals was 199.4, 31.8, 40.3, 7.7, 12.3, 
2.7, and 5.2 times greater than Chinese coals. While the data in our coals 
were found to be 12.4, 4.8, 4.0, 6.4, 4.3, 6.4, and 2.7 times higher with 
respect to Chinese coals. Meanwhile, the concentration of the afore-
mentioned elements found in our typical coal ball samples were 24.0, 
5.8, 6.3, 7.9, 2.4, 2.3, and 2.4 times higher relative to the Chinese coal, 
respectively. Hence, we can assume based on this data that long-term 
use of inferior coal for combustion indoors without proper ventilation 
in under-developed remote rural areas of Wushan County might result in 

Table 1 
Concentration of elements of interest in coal-related samples from Wushan County.  

Samples Location Cr mg/kg As mg/kg Cu mg/kg Zn mg/kg Mo mg/kg Cd mg/kg Sb mg/kg Tl mg/kg S % Ca % Fe % 

Concentration of typical inferior coal-related samples used for the combustion experiments 
SC1 Jianping 1050 21.7 123.5 1275.2 341.0 146.5 7.39 3.44 2.37 4.71 2.21 
SC2 Jianping 55 3.4 156.2 479.1 14.1 22.1 1.98 0.22 0.42 1.09 1.45 
SC3 Jianping 1135 9.3 120.5 132.3 11.8 23.6 5.38 1.22 0.22 0.50 1.07 
SC4 Jianping 242 7.0 141.7 143.4 25.4 7.2 2.79 0.35 1.71 5.94 3.72 
C5 Sanxi 102 46.1 90.5 328.2 20.5 3.1 4.89 1.50 1.29 5.98 2.35 
C6 Pinghe 61 22.9 200.3 104.6 11.7 2.5 1.41 0.30 0.17 0.37 2.76 
C7 Guandu 21 3.6 47.4 101.5 12.2 3.7 0.58 0.08 0.34 1.14 2.76 
CB8 Jianping 97 8.6 138.0 98.2 17.9 6.0 2.00 0.34 0.62 1.05 2.85 
Concentration of coal-related samples from Wushan County 
Coals 38.9 ± 20.6 6.29 ± 7.15 62.9 ± 49.7 55.0 ± 73.9 6.66 ± 4.57 1.18 ± 0.84 1.28 

± 1.77 
0.21 
± 0.06 

– – – 

Coal Balls 50.8 ± 31.9 11.23 
± 8.16 

85.7 ± 53.5 79.0 ± 23.3 8.35 ± 7.11 1.83 ± 2.80 2.17 
± 1.63 

0.43 
± 0.16 

– – – 

Stone Coals 504.8 
± 543.1 

9.06 ± 7.46 115.0 
± 47.7 

454.4 
± 479.5 

80.06 
± 146.01 

39.95 
± 60.37 

3.58 
± 2.80 

1.08 
± 1.39 

– – – 

Gangues 179.1 
± 214.1 

9.53 ± 7.58 64.3 ± 70.6 124.9 
± 145.6 

36.58 ± 61.86 13.32 
± 31.81 

3.51 
± 4.89 

0.96 
± 1.19 

– – – 

Chinese Coalsa,b 15.4 3.79 17.5 41.4 3.08 0.25 0.84 0.47 1.14 0.88 3.40 
World Coalsc 16 8.3 16 23 2.2 0.22 0.92 0.63 – – – 

Jianping, Sanxi, Pinghe, and Guandu are the townships of Wushan County. 
SC- stone coal, CB-coal ball, C - coal. 

a Dai et al. (2012). 
b Tang et al. (2015). 
c Ketris and Yudovich (2009). 

Fig. 2. Scatter plot of average concentration coefficients (CC= ratio of element concentration in coals in selected area vs. average concentrations in Chinese coals) of 
elements in coal-related samples from Wushan County. 
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excessive exposure of toxic elements to the environment and human 
health. 

3.2. Emission of toxic elements during coal combustion 

A total of 8 groups of coal-related samples were burned at different 
temperatures to determine the influence of the release behavior on the 
harmful elements during the inferior coal-burning process. The influ-
ence of combustion parameters such as atmosphere, temperature, and 
residence time on the release of elevated elements during inferior coal 
burning was analyzed through orthogonal experiments and range 
analysis. A typical inferior coal sample (SC1) was used to accomplish our 
orthogonal experiments. The orthogonal factors are listed in Table 2, 
whereby 16 sets of combustion experimental conditions were sieved via 
an orthogonal method. Exhalation rates of some elevated elements for 
the slags of SC1 were also calculated in this study (Table 3). 

According to the range analysis, the combustion temperature was the 
most important factor for Cd emission in SC1. The ranges of Cd exha-
lation rates exhibited the following trend: combustion temperature 
(44.41 %) > combustion atmosphere (16.98 %) > combustion resident 
time (8.71 %). In addition, the emission characteristic of Tl was similar 
to Cd, giving ranges of 21.6 %, 4.14 %, and 2.96 % for temperature, 
atmosphere, and time. Range analysis of the releasing rates for Zn in SC1 
followed the order: combustion temperature (16.28 %) > combustion 
resident time (8.94 %) > combustion atmosphere (8.77 %). Other 
elevated elements, such as Mo, Cr, Cu, Sb, and As followed a similar 
trend to Zn. Based on the above results, we can infer that the combustion 
temperature played a major role in the emissions from elevated elements 
of inferior coal during our combustion experiments. Liu et al. (2010) also 
found similar behavior for Cd and Zn release during coal combustion 
and that the combustion temperature was the primary factor for metal 
vaporization. 

The change of elements upon a single factor combustion temperature 
varied greatly with the type of element and sample as demonstrated in  
Fig. 3. The concentration of Cd in slags of most coal-related samples 
(except for SC4) changed slightly in the temperature range of 
500–900 ◦C, and then maintained a decreasing tendency when the 
temperature reached 1000–1200 ◦C. More specifically, Cd in slags of 
SC1 usually remained at a stable content range (~100 mg/kg), and the 
exhalation rate was about 45 % during 500–900 ◦C (Fig. 3). After which, 
the concentration of Cd in the slags mostly began to decrease with 
increasing temperature and the decreasing rate was generally greater in 
comparison to other stone coal samples. Hence, this phenomenon indi-
cated that the combustion temperature played an important role in the 
Cd emission to the environment. Moreover, the Cd contained in the 
inferior coal showed significant vaporization when the combustion 
temperature increased. 

Likewise, Sb, Zn, and Tl showed similar trends with Cd in the slags of 
stone coals. Since it is known that the volatility of toxic elements de-
pends on the occurrence mode(s) as well as the mineral carriers 
(Izquierdo and Querol, 2012), and elements interacting with the min-
eral, the stability observed above for all the coal-related samples may in 
part be due to some of these factors (Yu et al., 2011). Stone coal samples 
from our research area contained carbonate and monosulfide fractions 

(Xiong et al., 2017) and it was found that Ca, Fe, and S in those inferior 
coal-related samples were 2.60 ± 2.49 %, 2.40 ± 0.84 %, and 0.89 
± 0.81 % (Table 1), respectively. The presence of these carbonate and 
monosulfide fractions makes it easier for toxic elements to be released 
into the environment. It is well known that a higher combustion tem-
perature promotes the rate of coal decomposition (Yu et al., 2011), and 
as such destroys these fractions (Parshetti et al., 2013) causing the 
release of elements. This is in agreement with previous works (Mecozzi 
and Scaccia, 2012; Wang et al., 2015), and further highlights the 
importance of temperature on the behavior of the toxic elements. 

The concentration of Cu and Cr increased between 500 and 600 ◦C in 
SC1–3 slags but then changed little as the temperature increased. In 
contrast, Cu and Cr remained at a stable value in SC4, C5, and C6 
throughout the whole experiment. In the case of CB8, these two ele-
ments showed a slight increase when the temperature was 
1100–1200 ◦C. Interestingly, a double peak phenomenon occurred for 
As between 500 ◦C and 900 ◦C for the SC4 and C6 samples with an 
overall decreasing trend for the latter (Fig. 3). This observed trend is 
similar to previous studies done on Guizhou coals where the concen-
trations of As in coal ash varied with different particle sizes and tem-
peratures but the bimodal mode was also displayed during combustion 
(Zhao et al., 2008). 

Mo in slags formed from various temperatures are characterized with 
having a high concentration (> 10 mg/kg) and as such, combustion of 
these slags may release it into the environment. Except for SC2, the 
content of Mo in the slags largely remained constant during 500–800 ◦C. 
The only samples that showed clear variations in Mo concentration at 
temperatures > 800 ◦C were C6 (slight decrease) – C7 (increase). It is 
known that calcium can have a significant influence on the release of 
elements during coal combustion (Zhao et al., 2008) and the alkalinity of 
the slags may accelerate the release of Mo (Izquierdo and Querol, 2012). 
As such, some of the various trends observed for the coal samples may be 
due to the calcium content in our slags. Calcium additives might be a 
viable option for improving the adsorption ability of slag on elements 
during the combustion process of Cd-rich coal. 

SC1 was selected for single factor and orthogonal experiments. The 
results from the single factor study on the combustion residence time 
(Fig. 4a) indicated that concentrations of Cr, Zn, Mo, Cu, Cd, and Sb 
were fairly constant as the combustion time progressed. In contrast, As 
and Tl displayed minimum values between 15 and 20 min. Based on this 
variation tendency, we may conclude that residence time plays a less 
important role for releasing toxic elements in comparison to tempera-
ture. This result is the same as what was observed during the orthogonal 
experiments. 

The concentration variation trend for the elevated trace element as a 
function of oxygen rate is shown in Fig. 4b. In general, the concentra-
tions of Cr, Zn, Mo, Cu, and As largely remained constant with increasing 
oxygen content. Meanwhile, a minimum concentration of Cd occurred in 
SC1 when the combustion oxygen rate was 0.2 L/min, which then 
increased with oxygen content until it reached its highest concentration 
at 1.0 L/min. This tendency was similar to Sb and Tl but the change 
occurred instead at O2 = 0.4 L/min (Fig. 4b). 

This indicated that the Cd, Sb, and Tl in SC1 were readily emitted 
under a low oxygen environment. Hence, increasing the oxygen rate 
may lower the vaporization of some toxic elements like Cd, Sb, and Tl. 
This trend observed above may indicate that reducing environments 
promote higher emission of these elements and our study is consistent 
with previous findings (Guo et al., 2004; Yi et al., 2015; Yu et al., 2011). 
Hence, these results suggest that oxygen is an important factor in the 
emission of some elevated elements from inferior coal. As such, these 
types of inferior coal should be combusted under well-oxygenated 
conditions to avoid large quantities of toxic element outflows to the 
environment. 

Table 2 
Orthogonal factors used during inferior coal (SC1) combustion.  

Factor Level A B C 

Temperature (℃) Time (min) O2 (L/min) N2 (L/min)  

1  500  5  0.2  0.8  
2  700  10  0.4  0.6  
3  900  15  0.8  0.2  
4  1100  20  1.0  0.0 

Each factor contained 4 levels, and all of the condition factors are randomly 
arranged in the orthogonal experiment. 
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3.3. Distribution of toxic elements in byproducts of coal combustion 

Harmful element concentrations in typical coal-related samples and 
combustion byproducts from our research area are listed in Table 4. Out 
of all the combustion products (bottom slag, fly ash, and tail gas 
absorber) from the stone coal, coal, and coal ball, the concentration of 
elevated elements in the fly ash was the highest. In particular, elements 
like As, Mo, Sb, Cr, Cu, and Zn were in higher concentration after coal 
combustion in the fly ash. This is in agreement with observations from 
low-sulfur bituminous coals of America, where the greatest median 
concentrations of toxic elements were found in the fine-grained fly ash 
products (Yang et al., 2019; Swanson et al., 2013). 

The enrichment ratio (ER), partition ratio (PR), and enrichment 
factor (EF) with respect to Fe were calculated for elevated elements in 
this study per Eqs. (1–3).  

ER = Celement in fly ash (or bottom slag) / Celement in feed coal                          (1)  

PR = Celement in fly ash / Celement in bottom slag                                          (2)  

EF = (Celement/CFe) fly ash / (Celement/CFe) feed coal                                   (3) 

The ER value is defined as the ratio of element content in ash (or slag) 
to the concentration of that element in feed coal. Usually, ER values 
higher than 1.6 indicate the enriched state of an element in the ash (or 
slag), while a value of less than 0.6 represented a depleted state (Bel-
lagamba et al., 1993). The PR value is the content ratio of an element in 
the fly ash relative to the element in the bottom slag. Based on the 
partition and enrichment behavior of an element, Xu et al. (2003) 
classified three basic groups of trace elements. 

Average ER values of As were 19.61, 30.18, and 23.32 in fly ash of 
typical stone coals, coals, and coal balls (Fig. 5a). In contrast, average As 

ER values in the bottom slags of those samples were only 0.39, 1.02, and 
0.68 (Fig. 5b). In particular, high PR values of 36.35 ± 13.45 for As were 
determined in typical coal-related samples (Fig. 5c). Hence based on 
these results, As was found to be significantly enriched in the fly ash. In 
addition, the average PR values of Mo, Sb, Cr, Cu, and Zn were 3.12, 
1.55, 1.38, 1.19, and 1.63, respectively. The average ER values of fly ash 
for these aforementioned elements were 1.88–4.60, while ERs of these 
elements in the bottom slags were equal to1.6 or less than 0.6. In this 
study, it was observed that elevated elements in typical coal-related 
samples belong to group II, and these were enriched in fly ash after 
combustion (Xu et al., 2003). Thus exerting a negative effect on the 
environment. 

The EF values were calculated for elements in the bottom slags and 
the fly ash to understand the distribution pattern of these elevated ele-
ments in the coal combustion byproducts. The results indicated that As, 
Mo, Sb, Cr, and Zn were enriched in the fly ash of our inferior coal- 
related samples from the study area giving average EF values of 12.25, 
2.14, 1.41, 1.98, and 1.53, respectively. In particular, the mean EF 
values of fly ash from the coals followed the order: As (13.92)﹥Cr (2.78)﹥ 
Zn (1.69)﹥Sb (1.29)﹥Mo (1.02)﹥Tl (0.76)﹥Cd (0.52). Meanwhile, the 
average EF values of stone coal ash followed a descending order: As 
(11.51)﹥Mo (2.90)﹥Sb (1.48)﹥Zn (1.47)﹥Cr (1.36)﹥Tl (0.69)﹥Cd (0.68). 
Coal ball ash samples displayed EF values for As, Mo, Cr, Sb, Zn, and Tl 
that were 10.20, 2.48, 2.04, 1.50, 1.25, and 1.17, respectively. 

Thus, as we can see from these trace elements results of coal com-
bustion byproducts, they tended to accumulate in fly ash with As 
showing the highest volatility among other elements. This is in agree-
ment with previous works (Hower et al., 2020; Srikanth and Naga Raju, 
2019). Once burned, As and other toxic elements may react with the 
calcium in the coal samples producing X-Ca (where X is As and other 

Table 3 
Exhalation rates and range analysis of orthogonal experiments during inferior coal (SC1) combustion.  

Experimental conditions Exhalation rate (%) 

Temperature Time O2 Cr As Cu Zn Mo Cd Sb Tl 

1 1 1  6.02  96.23  31.34  57.08  16.97  73.75  26.04  72.27 
1 2 2  2.46  96.47  27.07  57.68  13.55  95.68  33.42  71.22 
1 3 3  4.94  96.63  29.63  66.50  16.27  94.27  39.92  79.51 
1 4 4  2.33  96.69  25.16  85.45  14.76  98.53  44.63  83.77 
2 1 2  3.12  96.33  27.45  51.05  14.27  47.13  23.76  63.80 
2 2 1  2.74  96.14  26.05  48.66  14.25  37.66  21.17  63.63 
2 3 4  2.35  96.43  26.75  51.02  12.57  72.24  22.72  62.27 
2 4 3  3.10  96.29  27.31  50.85  12.10  45.12  21.52  61.20 
3 1 3  5.66  96.47  26.39  52.14  14.83  45.07  26.41  59.13 
3 2 4  5.29  96.46  28.56  53.40  14.81  46.76  25.21  58.63 
3 3 1  3.09  96.28  28.20  52.82  15.72  42.18  25.76  57.65 
3 4 2  18.68  96.75  39.22  58.91  27.94  50.60  35.64  62.44 
4 1 4  6.45  96.00  32.98  57.31  16.40  51.10  29.07  59.10 
4 2 3  1.96  96.15  28.23  53.25  14.17  47.14  25.43  55.76 
4 3 2  0.99  96.09  23.46  48.37  11.39  43.20  23.15  51.86 
4 4 1  2.85  96.25  27.65  53.54  13.83  47.14  27.02  53.67 
Range analysis Temperature K1/4  3.94  96.51  28.30  66.68  15.39  90.56  36.00  76.69 

K2/4  2.83  96.30  26.89  50.40  13.30  50.54  22.29  62.73 
K3/4  8.18  96.49  30.59  54.32  18.33  46.15  28.26  59.46 
K4/4  3.06  96.12  28.08  53.12  13.95  47.15  26.17  55.10 
Range  5.35  0.38  3.70  16.28  5.03  44.41  13.71  21.60 

Time K1/4  5.31  96.26  29.54  54.40  15.62  54.26  26.32  63.58 
K2/4 3.11  96.31  27.48  53.25  14.20  56.81  26.31  62.31 
K3/4 2.84  96.36  27.01  54.68  13.99  62.97  27.89  62.82 
K4/4 6.74  96.50  29.84  62.19  17.16  60.35  32.20  65.27 
Range 3.90  0.24  2.83  8.94  3.17  8.71  5.90  2.96 

O2 K1/4  3.68  96.23  28.31  53.03  15.19  50.18  25.00  61.81 
K2/4 6.31  96.41  29.30  54.00  16.79  59.15  28.99  62.33 
K3/4 3.92  96.39  27.89  55.69  14.34  57.90  28.32  63.90 
K4/4 4.11  96.40  28.36  61.80  14.64  67.16  30.41  65.94 
Range 2.64  0.19  1.41  8.77  2.45  16.98  5.41  4.14 

K1: summation of exhalation rates of an element in factor level 1. 
K2: summation of exhalation rates of an element in factor level 2. 
K3: summation of exhalation rates of an element in factor level 3. 
K4: summation of exhalation rates of an element in factor level 4. 
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Fig. 3. Scatter plots showing the concentration of elevated elements as a function of temperature from our coal combustion slags. Each powder (2 g) was burned in a 
tube furnace under the atmosphere of air for 30 min. 
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elements) super-micron particles (Seames and Wendt, 2000) and as such 
one method to reduce the volatilization of trace elements of inferior coal 
byproducts maybe through the addition of 20–30 % biomass or calcium 
oxide (Zhao et al., 2008; Zhou et al., 2015). 

In contrast, the EFs of Cd, As, Sb, Cu, Zn, and Tl in the bottom slags 
were usually < 1 (not significant contributors), while the average data 
for Mo and Cr was 1.64 and 1.02, respectively. Among the 3 types of coal 
samples, the coal ball contributed the highest EF for Mo with a value of 
2.48. Thus indicating that Mo was moderately enriched in coal balls 
after combustion, and that clay minerals might be the leading cause of 

enrichment (Xu et al., 2013). 
Cells exposed to high concentrations of coal and coal fly ash particles 

with significant contents of toxic elements might induce cytotoxic ef-
fects and chromosomal instability (Leon-Mejia et al., 2016). Numerous 
studies have shown that the particle size of chars plays an important 
effect on the distribution pattern of toxic elements after coal combustion 
(Hower et al., 2020; Juda-Rezler and Kowalczyk, 2013; Yu et al., 2011). 
Since the concentration of trace elements increased with the decreasing 
particle size of the fly ash (Lanzerstorfer, 2018), fine particles formed by 
coal fire not only can exhibit a high migration capacity but also tends to 

Fig. 4. Scatter plots of elevated elements in slags of stone coal (SC1) from a single factor coal combustion experiment. (a) represents the scatter diagram of elements 
in slags that were burned at different residence times. This experiment conducted on SC1 was done under the atmosphere of static air during heating at 750 ◦C for 2, 
4, 6, 8, 10, 15, 20, 25, and 30 min, respectively. (b) shows the scatter diagram of elements in slags that were burned with different rates of oxygen. This experiment 
was conducted on SC1 at 1000 ◦C for 30 min using oxygen gas flow rates of 0, 0.2, 0.4, 0.6, 0.8, and 1.0 L/min, respectively. 

Table 4 
The concentration of toxic elements from typical inferior coals and combustion products (bottom slag, fly ash, and tail gas absorber) from Wushan County.  

Sample Type Cd As Mo Sb Cr Cu Zn Tl 

SC1 Feed coal  83.6  4.5 289.0  5.5  1160  99  610  2.6 
Bottom slag  67.8  2.4 385.0  7.4  1500  132  833  1.5 
Fly ash  101.0  97.7 434.0  12.0  2060  166  1010  1.7 
Tail gas absorber  1.08  0.01 1. 78  0.02  1.80  2.48  5.50  0.11 

SC2 Feed coal  3.2  4.3 15.1  0.9  71  149  36  0.3 
Bottom slag  1.0  2.3 43.2  2.3  197  382  76  0.4 
Fly ash  3.2  127.0 74.1  4.4  364  374  185  0.6 
Tail gas absorber  1.00  0.01 1.00  0.02  0.39  0.93  2.25  0.02 

SC3 Feed coal  20.2  4.7 17.1  4.7  1245  109  120  1.4 
Bottom slag  15.5  2.2 20.8  6.7  1705  147  168  1.2 
Fly ash  16.4  56.0 173.0  8.6  1820  223  279  1.6 
Tail gas absorber  0.20  0.01 0.87  0.01  1.21  0.56  1.59  0.01 

SC4 Feed coal  7.9  4.2 27.1  2.4  307  149  143  0.4 
Bottom slag  8.5  2.1 38.7  3.0  427  196  185  0.4 
Fly ash  9.8  64.2 51.2  4.1  518  194  222  0.4 
Tail gas absorber  1.70  0.05 1.49  0.03  17.72  5.45  192.89  0.10 

C5 Feed coal  3.3  1.8 6.6  3.8  109  84  261  1.6 
Bottom slag  3.8  2.5 28.1  5.3  158  111  361  1.8 
Fly ash  2.2  49.0 5.9  2.3  155  91  239  0.9 
Tail gas absorber  2.03  0.04 1.29  0.04  17.25  5.75  214.59  0.12 

C6 Feed coal  3.4  2.4 7.5  0.7  73  153  91  0.4 
Bottom slag  1.4  2.3 23.8  1.2  144  285  171  0.5 
Fly ash  3.8  70.9 0.8  6.8  299  305  332  0.8 
Tail gas absorber  0.40  0.01 1.23  0.01  0.70  0.78  1.72  0.02 

C7 Feed coal  1.4  3.7 5.7  0.5  25  355  33  0.1 
Bottom slag  0.8  2.4 63.4  2.2  140  174  121  0.3 
Fly ash  3.5  125.0 54.3  7.0  632  401  403  0.4 
Tail gas absorber  0.20  0.00 0.69  0.01  0.27  0.84  1.70  0.01 

CB8 Feed coal  4.9  3.7 7.6  1.4  87  149  98  0.3 
Bottom slag  0.9  2.5 38.9  2.5  199  327  171  0.4 
Fly ash  3.9  86.3 43.1  4.8  405  295  281  0.8 
Tail gas absorber  0.40  0.02 1.08  0.01  0.38  0.67  3.41  0.01 

Each sample (30 g) was burned with a mixture atmosphere (N2 = 0.9 L/min, O2 = 0.1 L/min) at 1000 ◦C for 30 min. 
The unit for the feed coal, bottom slag, and fly ash is in mg/kg. 
The unit for the tail gas absorber is in μg/L. 
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contain high contents of toxic elements. This in turn may cause serious 
damage to the environment and human health. In contrast, coarse par-
ticles such as those from bottom slag that often contain less concentra-
tion of toxic elements and in turn may have a lower impact on the 
environment and human health (Diao et al., 2021; Hilker et al., 2021; 
Swanson et al., 2013; Wang et al., 2009; Yi et al., 2008). 

3.4. Mineralogical characterization 

Previous studies have noted that the mineral composition of the feed 
inferior coal (SC1) was dominated by quartz, kaolinite, calcite, dolo-
mite, muscovite, and albite (Xiong et al., 2017). The mineral associa-
tions of coal combustion byproducts were varied by considering a 
different combustion atmosphere and coal inhomogeneity. 

Mineralogical characterization of the SC1 combustion products was 
remarkably affected by the type of combustion atmosphere. The XRD 
results indicated that SC1 samples burned without oxygen contained the 
largest number of phases (lizardite, calcite, dolomite, forsterite, and 
enstatite) (Fig. 6a). This is because the crystal structure and oxygen atom 
in lattices of clay minerals changed during anoxic combustion (Gong 
et al., 2020). Upon the addition of 0.2 L/min O2 during combustion 
(Fig. 6b), the majority of the previous silicates decomposed leaving only 
calcite. Further addition of 0.4 g/L O2 resulted in the formation of quartz 
and anhydrite (Fig. 6c). The combustion slag formed after burning using 
0.6 L/min of O2 contained dolomite, calcite, and actinolite (Fig. 6d). In 
contrast, those precipitated with 0.8–1.0 L/min of O2 were dominated 
by quartz (Fig. 6e-f). It is worth noting that the mineral composition of 
the bottom slag from SC1 was similar to the slags under well-oxygenated 
combustion conditions (O2 = 0.8 L/min and 1.0 L/min) (Fig. 6g). 
Furthermore, XRD results indicated that the fly ash of SC1 was largely 

composed of quartz and nacrite (Fig. 6h). The formation of these phases 
noted above are likely because quartz is the product of partial melting 
and glass formation from the initial clay minerals (Jak et al., 1998; Zhou 
et al., 2012) while calcium minerals (e.g. calcite and dolomite) may have 
reacted with sulfur dioxide to create anhydrite. All in all, the mineral 
phases presented under these conditions are similar to those reported 
from lignite ash (Singh et al., 2011). 

4. Conclusions 

This study illustrated the emission characteristic, distribution pat-
terns, and mineral composition of elevated elements in combustion 
products of Cd-rich coals from Jianping, Wushan County in SW, China. 
Our results showed that elements like Cd, V, Cr, Se, and Mo in the study 
area were significantly enriched to unusually enriched in the stone coals 
(with average CCs of 11.54–137.19), while Cd, V, Se, and Mo were found 
to be enriched to significantly enriched in the gangues (with mean CC 
values of 7.61–53.29). 

Single factor and orthogonal experiments of coal combustion tests 
revealed that the combustion condition played an important role in the 
emission and transformation of elements during the burning of typical 
inferior coals. The combustion temperature was the primary cause for 
releasing elevated elements among all of the operational variables 
studied. More specifically, a high temperature (~1000 ◦C) promoted the 
rate of coal decomposition and accelerated the release of Cd, Sb, Zn, and 
Tl into the environment. At the same time, the combustion residence 
time may exert a greater influence on the release of As and Tl from 
inferior coals. Meanwhile, Cd, Sb, and Tl in SC1 were found to be readily 
emitted under low oxygen environments. To sum up, lower combustion 
temperature and sufficient oxygen condition might be the practicable 

Fig. 5. Scatter plots displaying the enrichment ratio (ER) and partition ratio (PR) of elevated elements from typical Cd-rich inferior coals. Each sample was burned 
with a mixture atmosphere (N2 =0.9 L/min, O2 =0.1 L/min) at 1000 ◦C for 30 min. (a) represents the scatter diagram of ERs in fly ash, (b) represents the scatter 
diagram of ERs in bottom slags, (c) shows the scatter diagram of PRs in coal combustion products. 
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measures to decrease the emission of harmful elements from Cd-rich 
coal combustion in the study area. 

The coal combustion process caused a large amount of elements to be 
released from the inferior coal in this study. The elevated elements (As, 
Mo, Sb, Cr, and Cu) in typical coals tended to accumulate in the fly ash 

with fine particle sizes. The mineralogical composition changed greatly 
after coal combustion was done under different oxygen conditions. 
Anoxia favored silicates and well-oxygenated environments promoted 
quartz and carbonates. 

Fig. 6. Powder X-ray diffraction patterns of the combustion products from SC1. (a)-(f) demonstrate the bottom slags after being burned under different combustion 
atmospheres (O2 and N2). Meanwhile, (g)-(h) are for bottom slag and fly ash of SC1 using a reaction temperature of 1000 ◦C and a residence time of 30 min. The 
following abbreviations were used for the mineral phases detected: Act, actinolite. Anh, anhydrite. Cal, calcite. Dol, dolomite. En, enstatite. Fo, forsterite. Lz, liz-
ardite. Nac, nacrite. Qtz, quartz. 
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