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Abstract: Coal slime is not only a solid waste, but also a source of energy. With the improvement of
environmental protection requirements, the comprehensive utilization of slime has become an urgent
problem for coal preparation plants. In this paper, we put forward a promising way of coal slime
resource utilization. X-ray diffraction (XRD), X-ray fluorescence spectrometer (XRF) and laser particle
sizer was used to analyze the properties of coal slime. Obtained results showed that the slime was
mainly composed of the coal, kaolinite and quartz with a particle size of -100 pm. Most kaolinite
minerals can be enriched in overflow when the feed pressure is 0.2 MPa by using hydrocyclone. 21.3%
clean coal with ash content of 12.3% and 33.46% kaolinite with particle size of -5 pm can be recovered
by forward flotation and reverse flotation respectively. Coal water slurry with 61% concentration can
be prepared from reject of forward flotation and concentrate of reverse flotation at shear rate of 100 s-.
This study has an important practical application value in clean and efficient utilization of coal.
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1. Introduction

Coal is a source of energy, and plays a leading role in the energy consumption system in China. In 2020,
China's coal output was about 4000 Tg and it is estimated that China’s coal consumption will remain at
2000 Tg until 2050 (Guo et al., 2021). With the improvement of coal mining mechanization, the output
of slime in raw coal is higher and higher. At the same time, with the continuous large-scale equipment
of coal preparation plant, the amount of slime produced in the process of raw coal separation is also
increasing rapidly (Haibin and Zhenling, 2010; Xie et al., 2010, 2009). It is roughly estimated that China's
annual output of slime is more than 200 Tg since 2013 (Li et al., 2018). However, the comprehensive
utilization rate of slime is less than 10%.

Coal slime is a by-product in the coal preparation process (Haibin and Zhenling, 2010; MA et al,,
2008; Zhou et al., 2017). According to different varieties and formation mechanism, its properties are
very different. If the coal slime is mainly obtained by crushing clean coal, the ash content of the coal
slime is low and the particle size is large. On the contrary, if the coal slime is mainly obtained by mineral
sliming, the ash content of the coal slime is high and the particle size is fine. The slime in coal preparation
plant mainly comes from the flotation tail coal, and its ash content is usually more than 55%. Due to the
high moisture and ash content of coal slime, its price is usually low, and sometimes even the coal
preparation plant needs to pay extra transportation and treatment fees for coal slime (MA et al., 2008;
Zhou et al., 2017).

Research shows that the environmental pollution caused by coal slime is higher than other coal mine
waste. The particle size of coal slime is very fine, so dust will be produced during stacking or
transportation, especially under the influence of wind (Haibin and Zhenling, 2010). In addition, due to
the high water content of coal slime, in order to improve energy efficiency, it must be dried before use.
However, a large amount of dust is inevitably produced in the drying process, leading to secondary
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pollution. It is worth noting that the inhalation of harmful trace elements in ultrafine particles will cause
respiratory diseases, and even increase the risk of cancer, thus endangering human health (Pope et al.,
2002; Song et al., 2015; Xu et al., 2021; R. Zhang et al., 2021). Some studies have shown that the stacking
of coal slime will cause serious soil and water pollution (Fu et al., 2012).

With the improvement of environmental protection requirements, the comprehensive utilization of
slime has become an urgent problem for coal preparation plants. So far, the comprehensive utilization
of slime has included power generation, briquette production, building materials and chemical
products (Szpyrka et al., 2012). Lutynski et al evaluated the energy potential and possible utilization of
coal slurry sediments in detail (Lutynski et al., 2014). Guo et al. discussed the feasibility of anaerobic
fermentation technology of coal slime. The results showed that organic matter in various coal slimes
could be converted into biomethane (H. Guo et al., 2021). Meng et al. proposed a new way to dispose of
coal slime and studied the effects of coal slime on the slurry ability of a semi-coke water slurry (Meng
et al., 2020). Coal slime can replace clay as raw material or auxiliary material for cement production,
providing necessary silicon and aluminum components (Qiu et al., 2010; Yang et al., 2016). Coal slime
contains valuable mineral resources such as kaolinite and quartz. Therefore, it is an important way to
extract silicon and aluminum from coal slime to produce chemical products (Guo et al., 2016; Xiao et al.,
2015). However, some comprehensive utilization technologies have certain requirements for the
properties of slime, and not all slimes can meet these requirements. For example, in order to extract
aluminum and silicon from coal slime, the content of alumina and silica should be more than 35% and
30% (Guo et al.,, 2014; Mabhi et al., 1991; Xiao et al,, 2015; Y. Zhang et al., 2021). At present, most coal
slimes are still burning as fuel (Huang et al., 2020; Niu et al., 2017; Song et al., 2021; Wang et al., 2017;
Wzorek et al., 2010). Through previous studies, it can be seen that coal slime is not only a pollutant, but
also a source of energy. However, in the process of comprehensive utilization of slime, not only its
economic benefits should be considered, but also the secondary pollution should be avoided.

According to the literature research, most scholars mainly study how to recover clean coal from coal
slime, and the method used is usually forward flotation (Shen et al., 2019; Yang et al., 2017). The
combination of classification, forward flotation, and reverse flotation is less researched. In this paper,
XRD, XRF, as well as laser particle sizer (LPSA) were used to analyze the characteristics of coal slime
particles. A process of comprehensive utilization of slime was proposed, in which hydrocyclone was
used for the classification of coal slime particles, and forward flotation and reverse flotation were used
to recover clean coal and kaolinite respectively.

2. Materials and methods
2.1. Materials and reagents

The slime sample was obtained from a coal preparation plant in Huainan City, Anhui Province, China,
which produces 3000 Mg of slime per day. Diesel was used as collector and methyl-isobutyl-carbinol
(MIBC) as frother in the forward flotation. Dodecylamine Hydrochloride (DAH) was used as collector
and dextrin as depressant in reverse flotation. DDA neutralized with HCl regarded as DAH, the
solution concentration was 0.135 mol/dm3. All reagents were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. and used as received.

2.2, Methods
2.2.1. Utilization process

The flow chart of the slime comprehensive utilization process was shown in Fig. 1. Firstly, the coal slime
and water were added into the agitating vessel to form a slurry with a concentration of 100 g/dm3. Then
the slurry is pumped into the hydrocyclone by slurry pump for classification. The underflow product
of hydrocyclone containing coarse particles was used as the feed for forward flotation, and the overflow
product of hydrocyclone containing fine particles is used as the feed for reverse flotation. The float
products in forward flotation was clean coal and the sink products in reverse flotation was kaolinite.
While, the sink products in forward flotation and the sink products in reverse flotation were combined
as middings.
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2.2.2. Classification process

During the experiments, the slurry was firstly pumped into the hydrocyclone. After 5 mins, when the
hydrocyclone worked stably, the overflow and underflow of the hydrocyclone were collected at the
same time. The collection time was 10 secs. The feed pressure is 0.1 MPa and 0.2 MPa respectively. In
order to obtain larger capacity and higher classification efficiency, five hydrocyclones with different
specifications were selected. Schematic diagram of the classification test system was shown in Fig. 2.

Coal slime
100%
Mixing tank
%Fccd pressure: 0.2 MPa
Diesel: 750 /Mg Hydrocyclone - 4 1y xtrin: 1000 &/Mg
MIBC: 100 gMg DAH: 1000 /Mg
Forward flotation Reverse flotation
v
Humic acid
A v
Clean coal Coal water shurry Kaolinite
21.3% 45.24% 33.46%

Fig. 1. Flow chart of the slime comprehensive utilization process

2.2.3. Flotation experiment

During the forward flotation process, the coal slime was firstly added into the flotation cell and
conditioned for 2 mins. Then diesel was added and conditioned for 2 mins (W. Li et al., 2021; Liao et al.,
2020; Yang et al., 2021). Finally add MIBC and open the intake valve after 30 secs, and start collecting
foam products. The collection period last 5 mins. While for reverse flotation process, depressant was
added first, and then collector was added. The other operations were the same as those of forward
flotation process. The pulp concentration were 50g/dm3, 75g/dm3 and 100g/dm3, respectively. The
dosage of diesel was 750 g/Mg, 1000 g/Mg and 1250 g/Mg. The dosage of DAH was 1000 g/ Mg, 1500
g/Mg and 2000 g/Mg. The dosage of MIBC and dextrin was kept at 100 g/Mg and 1000 g/Mg,
respectively. All flotation tests were conducted in an XFD-1.5 L flotation machine.

2.2.4 Preparation of coal water slurry (CWS)

The experimental CWS was prepared by a dry slurry technology. The reject in the forward flotation and
the concentrate in the reverse flotation were mixed firstly. Then, 0.5 wt% humic acid and deionized
water were added and stir for 15 mins at a speed of 1000 r/min. Apparent viscosity of CWS was
measured by an NXS-4C viscometer (Chengdu Instrument Factory, CN).

|

Mixing

Fig. 2. Schematic diagram of the classification test system (The diameter of 1#, 2#, 3#, 4# and 5# hydrocyclone is
125,100, 75, 50 and 25 mm respectively)
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2.2.4. Utilization process

The flow chart of the slime comprehensive utilization process was shown in Fig. 1. Firstly, the coal slime
and water were added into the agitating vessel to form a slurry with a concentration of 100 g/dm?. Then
the slurry is pumped into the hydrocyclone by slurry pump for classification. The underflow product
of hydrocyclone containing coarse particles was used as the feed for forward flotation, and the overflow
product of hydrocyclone containing fine particles is used as the feed for reverse flotation. The float
products in forward flotation was clean coal and the sink products in reverse flotation was kaolinite.
While, the sink products in forward flotation and the sink products in reverse flotation were combined
as middings.

3. Results and discussion
3.1. Properties of the coal slime

The proximate analysis of the slime was shown in Tablel. As shown in Table 1, the ash content of coal
slime reached 53.64%, which indicated that there are many non-combustible substances in coal slime. If
the slime is burned directly, a large number of dust particles will be produced.

The XRD and XRF analysis results of the slime were presented in Table 2 and Fig. 3. As shown in Fig.
3, the main gangue minerals in slime were kaolinite and quartz. Table 2 showed that the main chemical
components in slime were SiO; (28.46 wt%) and AlLOs (19.28 wt%). However, the theoretical molar ratio
of AlO; to SiO; in pure kaolinite is 1:2, which indicated that there was quartz in the slime. In addition,
a small amount of Fe;Os in coal slime will affect the whiteness of kaolinite, so it also needs to be
removed.

The particles size distribution of the slime was shown in Fig. 4. It can be seen that the slime was
mainly composed of fine particles, and most of the particles were less than 10 pm. Kaolinite is easy to
mud into very fine particles in solution due to its own structural characteristics. Therefore, it can be
effectively enriched by classification method.

Table 1 Proximate analysis of coal sample (Air dried)

Mad (%) Aad (%) Vaa (%)  FCaa (%)
672 5364 1926 2038

Table 2 XRF analysis of the slime (wt%) (Low content components were not listed)

Compound SiO;, AlLOs CaO Fe O3 KO LOI
Content (%) 28.46 19.28 1.56 1.22 0.99 47.12
2
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Fig. 3. XRD patterns of the slime
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Fig. 4. Particles size distribution of the slime

3.2. Classification results

The classification results of the slime with five different hydrocyclone were shown in Table 3. As shown
in Table 3 that as the diameter of hydrocyclone decreased, the overflow yield decreased and the ash
content increased. Because with the decrease of the diameter of hydrocyclone, the classification particle
size gradually decreases, and the material contained in the overflow was mainly uncombustible fine
kaolinite and quartz. In addition, it can be seen that with the decrease of hydrocyclone diameter, the
molar ratio of SiO; and Al>Os in the overflow gradually decreased, indicating that a part of quartz in
the slime entered the underflow. It can be seen from table 3 that when the feed pressure is 0.2 MPa, the
processing capacity of 3# hydrocyclone is 2.1 times and 6.8 times more than that of 4# and 5#
respectively. For the coal preparation plant, the amount of slurry to be treated exceeds 100 dm3/h. If 5#
hydrocyclone is selected, the production and maintenance cost of the coal preparation plant will
increase sharply. In addition, with the decrease of hydrocyclone diameter, the content of fine particles
in underflow is gradually increasing, which has an adverse impact on the forward flotation process. In
order to obtain high clean coal recovery, and considering the process capacity of hydrocyclone, 3#
hydrocyclone was selected as slime classification equipment in the experiment. Particles size
distributions of overflow and underflow of all five hydrocyclones were given in Fig. 5. As shown in Fig.
5, with the decrease of hydrocyclone diameter, the overflow particle size decreased gradually, which is
consistent with the analysis results in Table 3. With the increase of feed pressure, the particle size of
underflow increased, which indicated that more fine particles entered into the overflow, which is
conducive to the recovery of clean coal from underflow by flotation later. Therefore, the feed pressure
of hydrocyclone was set as 0.2 MPa.
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Table 3. XRF analysis of the slime (wt%)

Capacity Overflow Underflow
Hydrocyclone (dm?/h) Feed pressure Yield Ashcontent SiO; ALO; Yield Ash content
(MPa) (%) ) % () (%) (%)
12 9.2 0.1 84.34 56.50 28.68 19.63 15.66 38.26
11.8 0.2 92.96 54.93 28.74 19.72 7.04 36.57
o 6.1 0.1 65.14 57.72 29.83 20.21 34.86 46.01
8.7 0.2 65.95 58.54 3012 20.64 34.05 4414
24 2.1 0.1 54.84 59.31 3278 2201 45.16 46.75
3.4 0.2 57.29 60.12 3292 2224 42.71 4495
it 0.9 0.1 33.21 60.45 3428 23.69 66.79 48.97
1.6 0.2 4248 63.02 3442 2377 57.52 48.61
54 0.2 0.1 15.40 63.85 34.78 24.03 84.60 51.78
0.5 0.2 25.86 65.42 3541 2498 7414 49.53

3.3. Forward flotation results

Effect of diesel dosages on the forward flotation under different feed concentration were presented in
Fig. 6. As shown in Fig. 6 that the yield and ash content of the concentrate increased with the increase
of diesel dosages. This was mainly caused by two reasons. On the one hand, with the increase of the
concentration of collector in the pulp, the adsorption amount of collector on the surface of conjoint
mineral gradually increased, which improved the hydrophobicity of the surface and finally entered the
froth product, resulting in the increase of ash content of concentrate. On the other hand, a large number
of bubbles will cause serious entrainment problems, so the ash content of froth products gradually
increased. In addition, it can be seen from Fig. 6 that under the same diesel dosage, the yield of
concentrate decreased and the ash content increased gradually with the increase of pulp concentration.
This is because with the increase of pulp concentration, the content of fine gangue minerals in the pulp
was also increasing rapidly, resulting in serious coating and competitive adsorption behavior (Li et al.,
2021). The adsorption amount of diesel on the surface of coal decreased, resulting in a decrease in the
yield of froth products. Therefore, in order to obtain higher clean coal yield and lower clean coal ash
content, the pulp concentration of forward flotation was set at 50 g/dm?, and the diesel dosage was 0.75
kg/Mg. Under this condition, the concentrate yield was 49.9% with 12.3% ash content, and the ash
content of tailing was 76.9%. Therefore, the concentrate can be directly used as a clean coal product.

3.4. Reverse flotation results
3.4.1 Effect of DAH and dextrin dosages on reverse flotation

Effect of dextrin dosage on reject yield and ash content was presented as Fig.7. The pulp concentration
and DAH dosage was 50 g/dm? and 1.0 kg/Mg. Tap water with pH 7.8 was used. It can be seen from
Fig. 7 that selectivity of the reverse flotation becomes better in the presence of depressor dextrin. When
dextrin was not added, the ash content of the reject was only about 60.4%, while when the amount of
dextrin was 1.0 kg/Mg, the ash content increased to 76 %, which increased by nearly 16%. It can also be
found that with the increase of dextrin, the reject yield was continuously decreasing, because the
cleaned coal particles was depressed by the dextrin and remained in the flotation cell to become cleaned
coal. However, when the dextrin exceeds 1.0 kg/Mg, the ash content and yield of the reject tend to be
stable. Therefore, for the reverse flotation of the coal sample, the optimal amount of dextrinis 1.0 kg/Mg.

Effect of DAH dosages on the reverse flotation of the underflow with different feed concentration
were shown in Fig. 8. As shown in Fig. 8 that, the yield of the reject increased with the increase of DAH
dosages. However, the ash content of the reject decreased gradually, which is due to the increasing
concentration of collector in slurry, and the adsorption of collector on the surface of coal particles
increased, which leads to the poor flotation selectivity. On the other hand, DAH has strong foaming
ability. With the increase of DAH concentration in the pulp, the amount of foam in reverse flotation
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increased rapidly, which lead to serious mechanical entrainment. Because the main purpose of reverse
flotation was to recover kaolinite from coal slime, the collector dosage and the pulp concentration were
set at 1.0 kg/Mg and 50 g/dm? respectively. Under this condition, the reject yield was 58.4% with 76%
ash content, and the ash content of the concentrate was 33.6%.
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Fig. 6. Effect of diesel dosages on the forward flotation of the overflow
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3.4.2 Effect of pH on reverse flotation

The pH value of pulp is of great significance to the flotation process of minerals. According to the
solution chemical balance of dodecylamine and the charging mechanism of silicate minerals, the surface
charging properties of silicate minerals will change with the change of pulp pH. Effect of pH on reject
yield and ash content was shown in Fig. 9. As can be seen from Fig. 9, with the increase of pulp pH
value, the reject yield increased and the ash content decreased. It indicated that the selectivity of reverse
flotation is better under acidic conditions, while the reverse flotation performance of DAH is seriously
weakened under alkaline conditions.
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Fig.9 Reject yield and ash content as a function of pH

In order to reveal the influence mechanism of pH on coal slime reverse flotation, we calculated the
concentration of each component of Dah in aqueous solution. As shown in Fig. 10, When the pH value
is less than 9.2, dodecylamine mainly exists in the form of positively charged Ci12H2sNHs* component
and a small amount of (C12H2sNHs)2?*cationic dimer in the pulp. In the process of coal reverse flotation,
DAH is mainly adsorbed on the surface of kaolinite through electrostatic interaction, so the selectivity
is better under acidic conditions. While in alkaline conditions, DAH mainly exists in the form of
molecules and precipitation, which can not be adsorbed on the surface of kaolinite, resulting in the
sharp decrease of reject yield.
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Fig.10 Species distribution diagram of DAH as function of pH (Concentration = 5x10-4mol/L)
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Reject obtained in the presence of 1.0 kg/Mg DAH, 1.0 kg/Mg dextrin, and 50 g/dm? pulp
concentration, was used for XRF analysis. The XRF analysis result of the reject was presented in Table
4. As shown in Table 4 that the main chemical components in the reject were SiO- (40.13 wt%) and Al:Os
(32.54 wt%), which was close to the theoretical molar ratio of kaolinite. In most cases, coal series
kaolinite is usually calcined before being used. After calcination, the content of SiO> and ALOs in the
sample can reach 52.8% and 42.82% respectively, which can be used as raw materials for most industries
Particles size distributions of the reject were given in Fig. 11. As shown in Fig. 11, the particle size of the
reject was less than 5 pm, which can be used as an excellent industrial raw material.

Table 4 XRF analysis of the slime (wt%). Low content components were not listed

Compound S5iO, AlLOs CaO FexOs KO LOI
Content (%) 40.13 32.54 1.67 1.01 0.76 23.89

3.5. Preparation of coal water slurry

According to the flotation results in section 3.3 and section 3.4, the CWS contains reject with yield of
21.4% and ash content of 76.9% produced by forward flotation, and concentrate with yield of 23.84%
and ash content of 33.6% produced by reverse flotation. The size distribution of the CWS was presented
in Fig. 12. It can be seen in Fig. 12 that the particle size of CWS was very fine. On the one hand, the finer
the particles in CWS, the easier it is to produce high concentration CWS, but on the other hand, it will
also lead to the rapid increase of viscosity and poor fluidity of CWS. The existence of clay minerals in
coal water slurry will also lead to the increase of its viscosity. In this experiment, kaolinite in coal slime
used to make CWS has been successfully removed. In the process of increasing the concentration of coal
water slurry, its viscosity was effectively reduced. Effect of shear rate on the apparent viscosity of CWS
under different CWS concentration was presented in Fig. 13. It can be seen from Fig. 13 that with the
increase of CWS concentration, the viscosity also increased gradually. When the shear rate was 100 s,
the CWS with 61% concentration and 967 mPa s apparent viscosity was prepared.

100 ———————————————— VvV VYV VYTV YYYYYYTYTYTYTYTYTY

v
/
80 [ /
g /
v
Sl /
g v
g /
< /
g0t
o
g
v
RS /
hd
B 4
PAS
obr” L L L

.10 1000
Particle Size (um)

Fig. 11. Particles size distribution of the reject in the reverse flotation
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4. Conclusions

As a kind of solid waste in coal industry, coal slime has large output and strong pollution. A promising
way of coal slime resource utilization was proposed in this paper.

The slime was mainly composed of the coal, kaolinite and quartz with a particle size of -100 pm. The
results of hydrocyclone classification test show that most kaolinite minerals can be enriched in overflow
when the feed pressure is 0.2 MPa by using 3# hydrocyclone. 21.3% clean coal with ash content of 12.3%
and 33.46% kaolinite with particle size of -5 pm can be recovered from underflow and overflow of
hydrocyclone by forward flotation and reverse flotation respectively. Coal water slurry with 61%
concentration can be prepared from reject of forward flotation and concentrate of reverse flotation at
shear rate of 100 s. This study provides a new method for the comprehensive utilization of the coal
slime, which has an important practical application value in clean and efficient utilization of coal.

Acknowledgments

This work was supported by the Natural Science Foundation of China (52104241); China Postdoctoral
Science Foundation (2019M652163); Anhui Postdoctoral Science Foundation (2019B338).

References

FU, T, WU, Y., OU, L., YANG, G,, LIANG, T., 2012. Effects of thin Covers on the Release of Coal Gangue Contaminants,
Energy Procedia, 16, 327-333.

GUO, H., ZHAO, S, XIA, D.,, WANG, L., LV, ], YU, H., JIAO, X., 2021. Efficient utilization of coal slime using anaerobic
fermentation technology, Bioresource Technology 332,125072.

GUO, Y., XIAO, L., CHEN, B., WU, Z,, CHEN, H,, LL J., 2021. Rapidly changing coal-related city-level atmospheric
mercury emissions and their driving forces, Journal of Hazardous Materials, 411,125060.

GUQ, Y., YAN, K,, CUI, L., CHENG, F., 2016. Improved extraction of alumina from coal gangue by surface mechanically
grinding modification, Powder Technology, 302, 33-41.

GUO, Y., YAN, K,, CUJ, L., CHENG, F., LOU, H.H., 2014. Effect of Na,COj3 additive on the activation of coal gangue for
alumina extraction, International Journal of Mineral Processing, 131, 51-57.

HAIBIN, L., ZHENLING, L., 2010. Recycling utilization patterns of coal mining waste in China, Resources, Conservation
and Recycling, 54, 1331-1340.

HUANG, Z., DENG, L., CHE, D., 2020. Development and technical progress in large-scale circulating fluidized bed boiler
in China, Frontiers in Energy, 14, 699-714.

LL D, WU, D, XU, F, LALJ., SHAO, L., 2018. Literature overview of Chinese research in the field of better coal utilization,
Journal of Cleaner Production, 185, 959-980.

LI, H., HAN, H., WANG, Y., DONG, X., YANG, H., FAN, M., HU, Y., FENG, Z., 2021. Interaction force between coal
and Na-, K- and Ca- montmorillonite 001 surfaces in aqueous solutions, Fuel, 289, 119977.

LI, W, WANG, H,, LI, X,, LIANG, Y., WANG, Y., ZHANG, H., 2021. Effect of mixed cationic/anionic surfactants on the
low-rank coal wettability by an experimental and molecular dynamics simulation, Fuel, 289, 119886.



11 Physicochem. Probl. Miner. Process., 58(3), 2022, 147742

LIAO, Y, HAO, X,, AN, M., YANG, Z.,, MA, L., REN, H., 2020. Enhancing low-rank coal flotation using mixed collector
of dodecane and oleic acid: Effect of droplet dispersion and its interaction with coal particle, Fuel, 280, 118634.

LUTYNSKI, A., LUTYNSKI, M., 2014. Assessment of coal slurry deposits energetic potential and possible utilization paths.
Physicochemical Problems of Mineral Processing, 50(1):159-168.

MA, X. MIN, ZHAO, Q. ZHI, GAO, S. GANG, WU, M., 2008. Suction characteristics of a thick material pump at high
concentrations of coal slime, Journal of China University of Mining and Technology, 18, 210-213.

MAH]I, P., LIVINGSTON, W.R., ROGERS, D.A., CHAPMAN, R.., BAILEY, N.T., 1991. The use of coal spoils as feed
materials for alumina recovery by acid leaching routes. Part 6: The purification and crystallisation of chloride and
chloride/fluoride leach liquors by HCI gas precipitation, Hydrometallurgy, 26, 75-91.

Meng, Z., Yang, Z., Yin, Z., Li, Y., Song, X., Zhao, J., Wu, W., 2020. Effects of coal slime on the slurry ability of a semi-
coke water slurry, Powder Technology, 359, 261-267.

NIU, X., GUO, S, GAO, L., CAO, Y., WEI, X.X,, 2017. Mercury Release during Thermal Treatment of Two Coal Gangues
and Two Coal Slimes under N2 and in Air, Energy and Fuels, 31, 8648-8654.

POPE, C.A., BURNETT, R.T., THUN, M.].,, CALLE, E.E., KREWSKI, D., ITO, K., THURSTON, G.D., 2002. Lung
cancer, cardiopulmonary mortality, and long-term exposure to fine particulate air pollution, Journal of the American
Medical Association, 287, 1132-1141.

QIU, G.H,, XU, Y., SHI, Z.L., FANG, M.X,, LUO, Z.Y., CEN, K.F., 2010. Feasibility analysis on utilization of coal gangue
as clay for cement, Zhejiang Daxue Xuebao (Gongxue Ban)/Journal of Zhejiang University (Engineering Science),
44,1003-1008.

SHEN LIANG, WANG CHUANZHEN, MIN FANFEI, LIU LINGYUN, XUE CHANGGUO., 2020. Effect of pores on
the flotation of low-rank coal: An experiment and simulation study. Fuel, 271: 117557.

SONG, G., XIAQO, Y., YANG, Z, YANG, X,, LYU, Q., ZHANG, X., PAN, Q., 2021. Operating characteristics and ultra-
low NOx emission of 75 t/h coal slime circulating fluidized bed boiler with post-combustion technology, Fuel, 292, 120276.

SONG, X., SHAO, L., YANG, S., SONG, R., SUN, L., CEN, S., 2015. Trace elements pollution and toxicity of airborne
PM10 in a coal industrial city, Atmospheric Pollution Research, 6, 469-475.

SZPYRKA, J., LUTYNSKI M., 2012. Analysis of selected methods of beneficiating coal slurries deposited in impoundments.
Physicochemical Problems of Mineral Processing, 48(2):579-589.

WANG, H,, LIU, S., WANG, X., SHI, Y., QIN, X., SONG, C., 2017. Ignition and Combustion Behaviors of Coal Slime in
Air, Energy and Fuels, 31, 11439-11447.

WZOREK, M., KOZIOL, M., SCIERSKI, W., 2010. Emission characteristics of granulated fuel produced from sewage sludge
and coal slime, Journal of the Air and Waste Management Association, 60, 1487-1493.

XIAO, J., LI, F., ZHONG, Q., BAO, H.,, WANG, B., HUANG, ]., ZHANG, Y., 2015. Separation of aluminum and silica
from coal gangue by elevated temperature acid leaching for the preparation of alumina and SiC, Hydrometallurgy, 155,
118-124.

XIE, G, WU, L, LI, G, YU, H.,, 2010. Coal flotation using wash oil as a new type of collector, Mining Science and
Technology, 20, 546-550.

XIE, G. YUANG, WU, L., OU, Z. SHEN, YU, H. SHENG, 2009. Research on fine coal classified flotation process and key
technology, Procedia Earth and Planetary Science, 1, 701-705.

XU, Y, QIN, L, LIU, G., ZHENG, M,, LI, D., YANG, L., 2021. Assessment of personal exposure to environmentally
persistent free radicals in airborne particulate matter, Journal of Hazardous Materials, 409, 12504.

YANG, Z.,, LIAO, Y., REN, H., HAO, X., SONG, X, LIU, Z., 2021. A novel co-treatment scheme for waste motor oil and
low rank coal slime: Waste dispose waste, Fuel, 292, 120275.

YANG, Z.,ZHANG, Y., LIU, L., WANG, X., ZHANG, Z., 2016. Environmental investigation on co-combustion of sewage
sludge and coal gangue: SO2, NOx and trace elements emissions, Waste Management. 50, 213-221.

YANG, R, LIANG, S., WANG, H., 2017. Research on emulsified tyre pyrolysis oil as a coal flotation collector.
Physicochemical Problems of Mineral Processing, 53(1), 279 - 287.

ZHANG, R,, LIU, S., ZHENG, S., 2021. Characterization of nano-to-micron sized respirable coal dust: Particle surface
alteration and the health impact, Journal of Hazardous Materials, 413, 125447.

ZHANG, Y., ZHANG, J., WU, L., TAN, L., XIE, F., CHENG, J., 2021. Extraction of lithium and aluminium from bauxite
mine tailings by mixed acid treatment without roasting, Journal of Hazardous Materials, 404, 124044.

ZHOU, K, LIN, Q., HU, HONGWEI, HU, HUIQING, SONG, L., 2017. The ignition characteristics and combustion
processes of the single coal slime particle under different hot-coflow conditions in N2/O2 atmosphere, Energy, 136, 173
184.



