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Abstract:



The float-sink test is a commonly used technology for the study of coal washability, which determines optimal separation density for coal washing based on the desired sulfur and ash yield of the cleaned coal. In this study, the float-sink test is adopted for a high-sulfur Late Permian coal from Hongfa coalmine (No.26), southwestern Guizhou, China, to investigate its washability, and to analyze the organic affinities and distribution behaviors of some toxic and valuable trace elements. Results show that the coal is difficult to separate in terms of desulfurization. A cleaned coal could theoretically be obtained with a yield of 75.50%, sulfur 2.50%, and ash yield 11.33% when the separation density is 1.57 g/cm3. Trace elements’ distribution behaviors during the gravity separation were evaluated by correlation analysis and calculation. It was found that Cs, Ga, Ta, Th, Rb, Sb, Nb, Hf, Ba, Pb, In, Cu, and Zr are of significant inorganic affinity; while Sn, Co, Re, U, Mo, V, Cr, Ni, and Be are of relatively strong organic affinity. LREE (Light rare earth elements), however, seem to have weaker organic affinity than HREE (Heavy rare earth elements), which can probably be attributed to lanthanide contraction. When the separation density is 1.60 g/cm3, a large proportion of Sn, Be, Cr, U, V, Mo, Ni, Cd, Pb, and Cu migrate to the cleaned coal, but most of Mn, Sb and Th stay in the gangue. Coal preparation provides alternativity for either toxic elements removal or valuable elements preconcentration in addition to desulfurization and deashing. The enrichment of trace elements in the cleaned coal depends on the predetermined separation density which will influence the yields and ash yields of the cleaned coal.
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1. Introduction


The coal washing operation is a process that depends on gravity and the difference in density between coal and its impurities, which is widely carried out as a primary coal preparation technology due to its versatility, relatively low cost, and environmental friendliness [1,2]. Generally, coal washing is conducted to remove minerals from the Run-of-Mine (ROM) coal, with the purpose of improving the coal quality and reducing the emissions of contaminants (such as SO2 and PM 2.5) from coal burning and conversion. Actually, recent research [3] shows that China’s SO2 emission in 2016 was 8.4 Mt, which was only 26% of that in 2005 (31.8 Mt). This might have benefited greatly from the enhancement of the country’s coal washing rate of ROM coal (from 32% in 2005 to 66% in 2015) [4,5]. However, severe environmental and health problems have been related to various toxic trace elements other than sulfur in coal during coal utilization [6,7]. For example, As, F, Hg, and Se in Chinese coal have drawn much attention in recent years as they have been considered as culprits in coal burning endemic diseases [8,9,10,11,12]. This puts forward new requirements for coal washing, specifically to remove hazardous trace elements from coal while reducing the sulfur contents and ash yields [13,14].



The effect of coal washing on trace elements removal can be effectively investigated by examining the elements’ variation in washed and untreated coal that is sampled directly from coal preparation plants [15,16]. These studies are imperfect as a coal washing plant may have a blended supply of ROM coals, and the processing technology may also vary for coal with distinct properties. Lab-scale float-sink tests and correlation analysis, by contrast, have been adopted by more studies and are considered to be effective in determining the affinity of elements for organic or mineral matter in coals [17,18,19]. However, most of the float-sink tests mentioned in such literature were conducted with ROM coal characterized by its uniform and fine size and a relatively small sample amount. With the perspective of coal preparation engineering, this research adopts a normative float-sink test for a Late Permian high-sulfur coal, aiming to investigate the distribution behaviors and cleaning potentials of toxic elements based on a washability study.




2. Geological Setting


The Hongfa coalmine is near the town of Digua in Pu’an County, southwestern Guizhou Province, China (Figure 1). The coal-bearing stratum in the mining area is the Upper Permian Longtan (the equivalent of Wuchiapingian) Formation, which is mainly composed of siltstone, argillaceous siltstone, mudstone, fine sandstone, clay, limestone, and coal seam. The coal seam in the Longtan Formation was interpreted to have been formed in a transitional zone, with the sedimentary environment varying between alluvial and fluvial plains, deltas and tidal flats, and carbonate platforms [20]. The No.26 coal seam occurs at the bottom of the Longtan Formation, with a thickness of 1.75–4.66 m (with an average of 3.55 m). The dip of the coal is 15°–29°. Both the roof and the floor are composed of siltstone and argillaceous siltstone.


Figure 1. The location of the Hongfa coalmine, southwestern Guizhou, China.
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3. Samples and Analytical Methods


About 200 kg of the No.26 coal (the ROM coal) was sampled from the underground workface of Hongfa coalmine. After blending and dividing, 119.66 kg of the coal was preliminarily crushed to an upper limit particle size of 50 mm and split into seven size fractions: <0.5 mm (primary coal sludge), 0.5~3 mm, 3~6 mm, 6~13 mm, 13~25 mm and 25~50 mm, which were all dried at 50 °C for 24 h and then cooled down to room temperature.



The float-sink test was carried out for each individual size fraction. ZnCl2 aqueous solution serves as the dense liquid, the density of which varies from 1.30 g/cm3 to 1.80 g/cm3 with a step size of 0.1 g/cm3. A certain amount of dense liquid was loaded individually in different barrels, which had a height of 500–600 mm and a volume of more than 50 L. A smaller barrel with a mesh bottom with apertures of 0.5 mm was used to separate the coal sludge and to transport the coal from one barrel to another. All the barrels were made of corrosion-resistant material. For each size fraction, the ROM coal was first put into the mesh-bottomed barrel, and washed with tap water before being put into the barrel containing dense liquid. The waste water was stored in a container and the settling was recovered as the coal sludge (the secondary coal sludge). Then, the mesh-bottomed barrel with washed ROM coal was put into the barrel with dense liquid of 1.3 g/cm3. After slight stirring and resting for about 2 min (the time was extended to 5 min for size fraction 0.5–1.0 mm), the float coal was collected and the mesh-bottomed barrel was taken out and put into the barrel with dense liquid of 1.4 g/cm3. The rest were done in the same manner. Thus, each size fraction of the ROM coal was furtherly separated into 7 fractions: <1.30 g/cm3, 1.30~1.40 g/cm3, 1.40~1.50 g/cm3, 1.50~1.60 g/cm3, 1.60~1.70 g/cm3, 1.70~1.80 g/cm3, >1.80 g/cm3 and a coal sludge product which is less than 0.5 mm. Finally, samples of the same density range from different size fractions were blended to make a single density fraction, thus 7 density fraction samples were obtained.



Proximate analysis and sulfur content determination were conducted by using an air oven, a muffle furnace and a Coulomb sulfur meter (CLS-5), respectively, in the National & Local Joint Laboratory of Engineering for Effective Utilization of Regional Mineral Resources from Karst Areas, Guiyang, China. Proximate analysis (moisture, ash yield, and volatile) was conducted according to Chinese National Standard GB/T 212-2008 [21] (based on international standard ISO 11722:1999). Specifically, the moisture content analysis procedure is as follows: 1.0 ± 0.1 g coal sample was put into a capsule (25 mm in height, 40 mm in diameter) with a grinding cover; after removing the cover the capsule was quickly placed in a preheated air oven at 105–110 °C for 1.5 h; the capsule was then taken out and closed with the cover, cooled in a desiccator, and weighed as soon as the capsule reached room temperature. The percentage loss of weight is the moisture content. The ash yield analysis procedure is as follows: 1.0 ± 0.1 g moisture-free coal sample was put into a capsule (45 mm in length, 25 mm in width, 14 mm in depth); the capsule was placed in a cold muffle furnace and heated gradually at such a rate that the temperature reached 500 ± 10 °C at the end of 0.5 h; it was heated at this temperature for 0.5 h; the temperature was then increased to 815 ± 10 °C and it was heated for 1 h. The percentage loss of weight is the ash yield. The volatile analysis procedure is as follows: 1.0 ± 0.1 g moisture free coal sample was put into a crucible (with a volume of 25 mL), closed with a cover; the capsule was put directly into a muffle furnace chamber which was maintained at 900 ± 10 °C; after heating for a total of exactly 7 min, the crucible was removed from the furnace, and weighed as soon as it was cold. The percentage loss of weight minus the percentage of ash equals the dry ash-free basis volatile. Total sulfur content analysis was conducted according to GB/T 214-2007 [22] (based on international standard ISO 334:1992, ISO 351:1996). The analysis procedure is as follows: 50 ± 5 mg coal sample and a certain amount of WO3 (catalyst) were placed in a boat shaped crucible, and put into a high-temperature tube furnace which was maintained at 1150 ± 10 °C; the sulfur fumes were then adsorbed by potassium iodide solution (the electrolyte) and formed iodine. The total sulfur in the coal is calculated by the amount of electricity consumed during electrolysis. The coal sample for the aforementioned proximate analysis and sulfur determination should have been pulverized to pass 180 μm before the test. Standard coal samples were used as reference material and the relative standard deviation for the analysis was less than 2%. The concentrations of 46 trace elements were determined by using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS, ELAN DRC-e, Perkin Elmer, Waltham, MA, USA) in ALS Chemex Co Ltd (Guangzhou, China). Before analysis, 50 mg of the sample was calcined at 750 °C for 2 h and put into a polytetrafluoroethylene crucible, together with 1 mL HF and 1 mL HNO3; sealed in a steel bushing and kept in an oven at 190 °C for 36 h; then cooled and evaporated to dryness; 1 mL HNO3 was added and it was then dried again. After that, 500 ng Rh (interior label), 2 mL HNO3, and 3 mL deionized water was added into the crucible; placed into the steel bushing again; heated at 140 °C for 5 h; then cooled and diluted, ready for the test. The relative standard deviation was less than 10%.




4. Results and Discussion


4.1. Float-Sink Test


The proximate and sulfur content analysis shows that the ROM coal belongs to bituminite characterized by low volatiles (14.66%, dry ash-free basis), low moisture (4.41%, air dry basis), high-sulfur (4.52%, dry basis), and medium ash (22.65%, dry basis), which therefore has to be processed for desulfurization and deashing before being supplied to power stations.



Screen tests were conducted for the ROM coal which had been primarily crushed to a particle size of less than 50 mm. Moisture content, ash yield, and sulfur content of each size fraction were analyzed (Table 1). It can be found that smaller size fractions tend to have a lower sulfur content and ash yield than larger ones, and that a positive correlation exists between ash yield and sulfur content with the variation of particle sizes (Figure 2), indicating that a majority of the sulfur in the coal is of inorganic occurrence, rather than organic association.


Figure 2. The relation between ash yield and sulfur content among different size fractions.
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Table 1. Size distribution and contents of moisture, sulfur, and ash yields of each size fraction.







	
Size Grade/mm

	
Yield/%

	
Oversize Accumulation Yield/%

	
Moisture/%

	
Ash/%

	
Sulfur/%






	
50~25

	
21.63

	
21.63

	
4.57

	
27.45

	
6.74




	
25~13

	
17.57

	
39.20

	
4.16

	
24.21

	
4.72




	
13~6

	
16.85

	
56.05

	
4.46

	
22.10

	
3.66




	
6~3

	
10.81

	
66.86

	
4.47

	
18.68

	
3.35




	
3~0.5

	
17.38

	
84.24

	
4.50

	
16.86

	
3.04




	
−0.5

	
15.76

	
100.00

	
4.56

	
16.58

	
3.23




	
Total

	
100

	

	
4.45

	
22.48

	
4.50










As mentioned above, a series of blended density fractions were obtained based on a float-sink test conducted for each size fraction. As shown in Table 2, the weighted average ash yield of different density fractions is calculated as 22.33%, the absolute error of which is 0.32% when compared with the ROM coal (22.65%), which is less than the upper-bound error of 1.50% according to the Chinese National Standard GB/T478-2008 [23]. Besides, the total weight of the sample before and after the float-sink test was 119.66 kg and 117.57 kg, with a mass-loss ratio of 1.75%, less than the 2.00% that is required by GB/T478-2008 [23]. Therefore, the float-sink test is considered as valid.



Table 2. Float-sink test of the coal sample sieved from Hongfa natural-sized coal.







	
Density(g/cm3)

	
Yield%

	
Ash%

	
Sulfur%

	
Accumulation

	
Δ ± 0.1(g/cm3)




	
Float

	
Sink




	
Yield%

	
Ash%

	
Sulfur%

	
Yield%

	
Ash%

	
Sulfur%

	
Density(g/cm3)

	
Yield%






	
<1.30

	
0.99

	
7.11

	
1.80

	
0.99

	
7.11

	
1.80

	
100.00

	
22.40

	
4.47

	
1.30

	
29.15




	
1.30~1.40

	
28.16

	
8.83

	
2.19

	
29.15

	
8.77

	
2.18

	
99.01

	
22.55

	
4.50

	
1.40

	
66.56




	
1.40~1.50

	
38.40

	
11.02

	
2.56

	
67.55

	
10.05

	
2.39

	
70.85

	
28.00

	
5.41

	
1.50

	
47.49




	
1.50~1.60

	
9.09

	
20.88

	
4.00

	
76.64

	
11.33

	
2.59

	
32.45

	
48.10

	
8.79

	
1.60

	
14.07




	
1.60~1.70

	
4.98

	
29.80

	
6.73

	
81.62

	
12.46

	
2.84

	
23.36

	
58.69

	
10.65

	
1.70

	
7.11




	
1.70~1.80

	
2.13

	
37.97

	
9.07

	
83.75

	
13.11

	
3.00

	
18.38

	
66.52

	
11.71

	
1.80

	




	
>1.80

	
16.25

	
70.26

	
12.06

	
100.00

	
22.40

	
4.47

	
16.25

	
70.26

	
12.06

	

	




	
Sub-total

	
100.00

	
22.40

	
4.47

	

	

	

	

	

	

	

	




	
Sludge

	
1.19

	
16.54

	
3.21

	

	

	

	

	

	

	

	




	
Sum

	
100.00

	
22.33

	
4.45

	

	

	

	

	

	

	

	











4.2. Coal Washability


It was found that both density fractions of 1.30~1.40 and 1.40~1.50 g/cm3 occupy relatively larger proportions of the ROM coal, followed by the density fraction of >1.80 g/cm3 with a yield of 16.25%, whereas the yields of <1.30 g/cm3 and 1.70~1.80 g/cm3 are much lower. Besides, both sulfur content and ash yield rise steadily as the density increases from <1.30 g/cm3 to >1.80 g/cm3 (Figure 3), and the linear regression correlation coefficient between ash yield and sulfur content among different density fractions is 0.95 (Figure 4), indicating that sulfur largely occurred in the heavier proportions which contained more dense inorganic matter [24].


Figure 3. Ash yield and sulfur content in different density fractions.
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Figure 4. The relation between ash yield and sulfur content among different density fractions.
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The H–R curve—which consist of a sulfur curve (λ), float curve (β), sink curve (θ), density curve (δ), and δ ± 0.1 curve (ε)—is commonly used to characterize the washability of a given coal. Notably, the high gradient of the δ ± 0.1 curve (γδ±0.1 = γδ+0.1 − γδ-0.1, where γ is the yield) means a great amount of proximal materials near the separation density, therefore indicating great separation difficulty of the coal [2]. As the dotted auxiliary lines shown in Figure 5, if the sulfur content of the cleaned coal is set as 2.50% (a), which is the current upper limit of sulfur in coal for local thermal power stations, the yield of the float and sink will be 75.50% (b) and 24.50% (e), respectively; the extremum sulfur for the cleaned coal is 4.75% (c); the sulfur content of the gangue is 10.51% (d); the theoretical separation density is 1.57 g/cm3 (f); and the corresponding δ ± 0.1 is above 20.10% (g), indicating a relatively bad washability of the coal. What’s worse, if the sulfur content of the cleaned coal is required to be 2.00% or less, satisfactory desulfurization through coal washing would scarcely be possible.


Figure 5. Sulfur based washability curve (H–R) for the Run-of-Mine (ROM) coal. λ—sulfur content curve, β—floats curve, θ—sinks curve, δ—density curve, ε—δ ± 0.1 curve.
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4.3. Organic Affinities of Trace Elements


The float-sink test provides not only a reference for determining the washability of a given coal, but also an effective tool for evaluation of the affinities of various trace elements [25]. The ash yields, the contents of sulfur, and various trace elements in the sludge, the ROM coal, and the seven density fractions were all determined and listed in Table 3.



Table 3. Contents of sulfur and trace elements and ash yields in sludge, ROM coal, and various density fractions (in μg/g unless noted as % or g/cm3).







	
Sample

	
HF-001

	
HF-002

	
HF-003

	
HF-004

	
HF-005

	
HF-006

	
HF-007

	
HF-008

	
HF-009






	
Density, g/cm3

	
ROM

	
<1.30

	
1.30–1.40

	
1.40–1.50

	
1.50–1.60

	
1.60–1.70

	
1.70–1.80

	
>1.80

	
Sludge




	
Yield, %

	
100

	
0.99

	
28.16

	
38.4

	
9.09

	
4.98

	
2.13

	
16.25

	
1.19




	
Ash, %

	
22.38

	
7.11

	
8.83

	
11.02

	
20.88

	
29.80

	
37.97

	
70.26

	
16.54




	
Sulfur, %

	
4.45

	
1.80

	
2.19

	
2.56

	
4.00

	
6.73

	
9.07

	
12.06

	
3.21




	
Li

	
35.4

	
36.1

	
33.9

	
41.1

	
42.5

	
32.3

	
55.4

	
56.8

	
33.4




	
Be

	
1.57

	
1.43

	
1.34

	
1.69

	
1.48

	
1.2

	
1.75

	
1.91

	
1.62




	
P

	
120

	
80

	
50

	
80

	
70

	
100

	
150

	
230

	
170




	
V

	
109

	
67

	
75

	
108

	
146

	
151

	
208

	
136

	
163




	
Cr

	
30

	
17

	
19

	
36

	
36

	
34

	
51

	
41

	
45




	
Mn

	
92

	
11

	
9

	
22

	
127

	
400

	
279

	
296

	
128




	
Co

	
13.6

	
5.4

	
5.5

	
12

	
16.9

	
17

	
17.6

	
23.2

	
59.8




	
Ni

	
16.4

	
6.3

	
9.6

	
17.1

	
27.1

	
21.2

	
33.6

	
28.9

	
32.4




	
Cu

	
26.0

	
11.3

	
12.4

	
17.1

	
38.8

	
27.4

	
44.1

	
52.8

	
27.0




	
Ga

	
7.66

	
6.06

	
5.88

	
6.60

	
8.80

	
8.67

	
12.85

	
18.85

	
9.49




	
Rb

	
3.9

	
0.7

	
2

	
2.2

	
5.6

	
5.5

	
8.8

	
12.6

	
4.8




	
Sr

	
62.6

	
32.8

	
31.2

	
40.7

	
64.3

	
124.0

	
116.0

	
115.0

	
92.8




	
Y

	
18.6

	
17.6

	
16

	
19.8

	
22.8

	
26.2

	
28.3

	
28.5

	
26.6




	
Zr

	
144

	
110

	
74

	
142

	
137

	
208

	
257

	
324

	
228




	
Nb

	
19.8

	
15.1

	
10.0

	
16.0

	
15.7

	
24.5

	
41.4

	
61.9

	
28.4




	
Mo

	
26.6

	
8.1

	
14.2

	
20.8

	
41.7

	
37.0

	
52.5

	
25.4

	
37.4




	
Ag

	
0.06

	
0.01

	
0.01

	
0.01

	
0.03

	
0.02

	
0.01

	
0.05

	
0.03




	
Cd

	
0.32

	
0.08

	
0.17

	
0.27

	
0.63

	
0.47

	
0.82

	
0.66

	
0.37




	
In

	
0.053

	
0.054

	
0.048

	
0.044

	
0.055

	
0.079

	
0.074

	
0.088

	
0.061




	
Sn

	
2

	
1

	
3

	
3

	
2

	
1

	
1

	
1

	
1




	
Sb

	
0.55

	
0.2

	
0.18

	
0.24

	
0.55

	
0.59

	
1.03

	
1.62

	
0.72




	
Te

	
<0.05

	
<0.05

	
0.05

	
<0.05

	
0.12

	
0.05

	
0.05

	
0.07

	
0.05




	
Cs

	
0.45

	
0.08

	
0.22

	
0.22

	
0.71

	
0.63

	
1.07

	
1.90

	
0.56




	
Ba

	
44.4

	
9.4

	
10.7

	
33.5

	
54.7

	
88.8

	
195.5

	
192

	
54.3




	
La

	
26.5

	
23.4

	
21.3

	
24.9

	
24.5

	
41.8

	
42.8

	
55.9

	
29.7




	
Ce

	
52.6

	
45.6

	
41.5

	
49.5

	
52.4

	
85.5

	
84.6

	
112.0

	
60.9




	
Pr

	
6.02

	
4.91

	
4.54

	
5.56

	
6.13

	
9.60

	
9.58

	
12.15

	
6.95




	
Nd

	
20.4

	
16.6

	
16.0

	
19.0

	
21.3

	
34.7

	
33.3

	
41.0

	
24.0




	
Sm

	
3.85

	
3.12

	
2.95

	
3.81

	
4.22

	
7.33

	
6.51

	
7.71

	
4.62




	
Eu

	
0.71

	
0.56

	
0.54

	
0.60

	
0.76

	
1.20

	
1.19

	
1.41

	
0.85




	
Gd

	
3.73

	
2.92

	
2.93

	
3.62

	
3.72

	
5.99

	
5.81

	
6.47

	
4.48




	
Tb

	
0.48

	
0.43

	
0.37

	
0.46

	
0.54

	
0.75

	
0.82

	
0.91

	
0.66




	
Dy

	
3.08

	
2.64

	
2.48

	
3.19

	
3.26

	
4.19

	
4.85

	
5.12

	
4.07




	
Ho

	
0.64

	
0.57

	
0.52

	
0.7

	
0.69

	
0.81

	
0.97

	
0.99

	
0.81




	
Er

	
1.74

	
1.55

	
1.44

	
1.78

	
1.89

	
2.20

	
2.51

	
2.57

	
2.23




	
Tm

	
0.25

	
0.23

	
0.21

	
0.25

	
0.27

	
0.32

	
0.37

	
0.39

	
0.33




	
Yb

	
1.63

	
1.55

	
1.40

	
1.78

	
1.79

	
2.02

	
2.36

	
2.39

	
2.06




	
Lu

	
0.26

	
0.24

	
0.21

	
0.27

	
0.27

	
0.30

	
0.35

	
0.37

	
0.31




	
Hf

	
3.4

	
2.7

	
1.9

	
3.6

	
3.5

	
4.7

	
6.5

	
9.3

	
5.2




	
Ta

	
1.2

	
0.6

	
0.5

	
0.6

	
1.0

	
1.8

	
3.6

	
5.6

	
1.8




	
W

	
1

	
3

	
2

	
4

	
7

	
10

	
11

	
13

	
13




	
Re

	
0.052

	
0.005

	
0.01

	
0.04

	
0.132

	
0.117

	
0.143

	
0.025

	
0.082




	
Pb

	
9.2

	
5.1

	
4.8

	
6.5

	
9.8

	
9.3

	
15.8

	
16.4

	
9.4




	
Bi

	
0.27

	
0.18

	
0.16

	
0.20

	
0.21

	
0.16

	
0.25

	
0.27

	
0.21




	
Th

	
5.51

	
3.38

	
2.80

	
4.61

	
4.88

	
6.42

	
11.25

	
16.50

	
6.57




	
U

	
20.8

	
6.0

	
10.0

	
18.0

	
31.4

	
33.0

	
43.2

	
16.9

	
27.4




	
REE

	
140.49

	
121.92

	
112.39

	
135.22

	
144.54

	
222.91

	
224.32

	
277.88

	
168.57




	
L/H

	
3.62

	
3.40

	
3.40

	
3.25

	
3.10

	
4.21

	
3.84

	
4.82

	
3.06








Note: L/H is the ratio of LREE/HREE (Light rare earth elements/Heavy rare earth elements).








Theoretically, if not perfectly, ash yield can represent the content of inorganic matter in the coal. Thus, the correlation between the ash yield and element concentration can be considered as an indicator for the element’s organic affinity; the lower the correlation coefficient, the stronger the corresponding organic affinity [26,27]. Calculation shows that the trace elements could be divided into three groups according to the Pearson’s correlation coefficients with ash yield (Table 4). Group 1 are Cs, Ga, Ta, Th, Rb, Sb, Nb, Hf, Ba, Pb, In, Cu, and Zr with correlation coefficients varying from 0.983 to 0.884, showing significant correlation with ash yield at the 0.01 level (2-tailed); group 2 includes P, Li, Bi, Sr, Mn, Cd, Ag, and W, with correlation coefficients varying from 0.825 to 0.725, showing significant correlation with ash yield at the 0.05 level (2-tailed); while group 3 consists of Sn, Co, Re, U, Mo, V, Cr, Ni, and Be, whose correlation coefficients are −0.448 to 0.596, indicating no significant correlation with ash yield. This implies that the organic affinities of elements in groups 1 and 2 are weaker when compared with elements in group 3, where the elements exhibit a relatively stronger organic affinity. Dai et al. [26] studied the modes of occurrence of trace elements in Late Permian coal based on 71 samples from western Guizhou, and the results shows that Co, Ni, U, Mo, V, Cr, Cd, W, etc., have low positive or negative relation with ash yield. Cheng et al. [13] investigated the Late Permian coal from the same region and also suggested that Mo, Ni, and Cd have relatively strong organic affinity. Finkelman et al. [28] studied the modes of occurrence of 42 trace elements in coal by using sequential leaching and found that most of the elements in high rank coal are of inorganic modes of occurrence (such as clays, carbonates, sulfides, oxides, phosphates, silicates, etc.), but more Ba, Br, Be, Co, Se, Sr, W, V and REE are of organic association and/or other phases. The result of this study is largely in accordance with those previous studies, with some difference probably due to different coal ranks [28] and place of origin.



Table 4. Correlation coefficients between the ash yield and various trace elements.







	
Cs

	
Ga

	
Ta

	
Th

	
Rb

	
Sb

	
Nb

	
Hf

	
Ba

	
Pb






	
0.983

	
0.974

	
0.969

	
0.969

	
0.967

	
0.962

	
0.950

	
0.943

	
0.903

	
0.901




	
In

	
Cu

	
Zr

	
P

	
Li

	
Bi

	
Sr

	
Mn

	
Cd

	
Ag




	
0.892

	
0.887

	
0.884

	
0.825

	
0.778

	
0.769

	
0.756

	
0.740

	
0.737

	
0.735




	
W

	
Be

	
Ni

	
Cr

	
V

	
Mo

	
U

	
Re

	
Co

	
Sn




	
0.725

	
0.596

	
0.593

	
0.548

	
0.486

	
0.354

	
0.293

	
0.160

	
0.150

	
-0.488










The sum of all rare earth elements (∑REE) as a whole largely has a positive correlation with ash yield with a R2 value of 0.876 (Figure 6), suggesting that inorganic matter in the ROM coal holds more REE than that of the organic part [28,29]. Actually, REE includes 15 lanthanide elements and Y and Sc, which can be divided into two groups as the Light rare earth elements (LREE: La, Ce, Pr, Nd, Sm and Eu) and the Heavy rare earth elements (HREE: Gd, Tb, Dy, Y, Ho, Er, Tm, Yb and Lu). For the coal in this research, the correlation coefficients between individual REE and ash yields were found to decline gradually from La to Lu (Figure 7), and the LREE/HREE is lower in light fractions (average at 3.29 for density from <1.60 g/cm3) while much higher in heavy fractions (average at 4.29 for density >1.60 g/cm3) (Table 3), showing that LREE are more likely to be associated with inorganic matters. In other words, HREE have a stronger organic affinity than that of LREE [28,30,31].


Figure 6. The relation between ash yield and ∑REE among different density fractions.
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Figure 7. Correlation coefficients between individual REE and ash yield.
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Eskenazy [32,33] proposed that the formation of organometallic compounds by sorption on the coagulating humic and fulvic might be the bound mechanism for REE and organic matters in coal. This idea is further confirmed by Sonke and Salters [34] and Wang et al. [35]. We may assume that it is the replacement of metallic cations, such as Ca2+, Mg2+, etc., by REE cations in groups like –COOH or –OH that determines the affinity of REE to organic matter. Since smaller cation radius has an advantage in bonding with other negatively charged sites [36], REE’s organic affinity increases from La to Lu as the cation radius decreases.



A number of previous studies compared the difference in organic affinity between LREE and HREE, but the results are controversial. Some indicate that LREE have stronger organic affinity than HREE [13,37]; some found HREE have stronger organic affinity than LREE [28,29]; some suggest ignorable difference between LREE and HREE [33]; while Yang [38] found that REE’s organic affinity increases from La to Eu, but decreases from Gd to Lu. Finkelman (2018) [28] suggested that HREE have stronger organic affinity than LREE. The study also found that the difference in organic affinity between LREE and HREE is even bigger in high rank coal than that in low rank coal, which means coal rank influences the REE’s modes of occurrence. These controversial results, based on calculations or experiments, might be attributed to various modes of occurrence of REE in different coals. Additional investigations are needed to address this issue.




4.4. Distribution of Trace Elements during Gravity Separation


As discussed in 4.2, in order to obtain a cleaned coal with a sulfur content of no more than 2.50%, the optimal separation density was found to be 1.57 g/cm3. To simplify the problem, the theoretical separation density is assumed to be 1.60 g/cm3 for the following discussion. Thus, the ROM coal could theoretically be separated into four products: the “cleaned coal” (<1.60 g/cm3), the “middling” (1.60–1.80 g/cm3), the “gangues” (>1.80 g/cm3), and the “sludge”. It should be noted that the sludge proportion includes both the primary sludge and the secondary sludge mentioned above. A weighted sum of element concentration of different density fractions is considered as the theoretical value for elements in the ROM coal, which is calculated by Equation (1):


[image: ]



(1)




where Cwt is the theoretical value of element concentration in the ROM coal; C1, C2, …C7 are element concentrations of density fractions <1.30 g/cm3, 1.30–1.40 g/cm3, … >1.80 g/cm3, respectively μg/g; γ1, γ2, … γ7 are the corresponding sub-yields of those density fractions, %; γc is the yield of coarse coal (particle size >0.5 mm) relative to the sludge proportion, %; Cs is the element concentration of the sludge, μg/g; γs is the yield of the sludge, %, which can be calculated by Equation (2), where γs1 and γs2 are the yield of the primary sludge and the secondary sludge, respectively (γs1 = 15.76, see Table 1; γs2 = 1.19, see Table 2). Thus, γs is 16.76.
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(2)




γc can be calculated as 83.24 by Equation (3).
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(3)







Thus, for a given element, we assume the total quantity of which in the ROM coal is 100%, and the distribution of different density fractions and the sludge can be calculated by Equation (4) to (7):
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(4)
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(5)
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(6)
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(7)




where Dc, Dm, Dg and Ds are distributions of an element in the cleaned coal, the middling, the gangue and the sludge in %, respectively.



As a result, the distribution percentages of 45 trace elements in different theoretical coal washing products were calculated, and the results are listed in Table 5 (no data for Te as the result is uncertain). Swaine (1990) [39] suggested that Be, B, F, Cl, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sn, Sb, Hg, Tl, Pb, Th, and U are harmful or potentially harmful elements in coal. In this study, the distribution of toxic elements Be, V, Cr, Mn, Co, Ni, Cu, Mo, Cd, Sn, Sb, Pb, Th and U are evaluated and discussed. In addition, Zr, Nb, and REE have also been taken into consideration because the concentrations of these are relatively higher than the average levels of Chinese coal and World coal [40,41].



Table 5. The distribution of trace elements among different theoretical products (Unit %).







	
Element

	
Cwt

	
Dc

	
Dm

	
Dg

	
Ds






	
Li

	
40.20

	
61.19

	
5.77

	
19.11

	
13.93




	
Be

	
1.59

	
61.56

	
5.08

	
16.26

	
17.09




	
P

	
109.66

	
39.44

	
6.21

	
28.37

	
25.98




	
V

	
119.36

	
53.37

	
8.33

	
15.41

	
22.89




	
Cr

	
34.23

	
55.00

	
6.76

	
16.20

	
22.04




	
Mn

	
101.86

	
18.50

	
21.13

	
39.31

	
21.06




	
Co

	
20.63

	
31.26

	
4.93

	
15.21

	
48.59




	
Ni

	
20.63

	
47.59

	
7.15

	
18.95

	
26.32




	
Cu

	
24.99

	
45.63

	
7.68

	
28.58

	
18.11




	
Ga

	
8.93

	
47.07

	
6.58

	
28.55

	
17.81




	
Rb

	
4.49

	
35.63

	
8.54

	
37.92

	
17.90




	
Sr

	
63.76

	
39.93

	
11.29

	
24.40

	
24.39




	
Y

	
21.85

	
54.69

	
7.27

	
17.64

	
20.40




	
Zr

	
169.23

	
43.73

	
7.79

	
25.90

	
22.58




	
Nb

	
23.65

	
37.08

	
7.40

	
35.40

	
20.12




	
Mo

	
25.37

	
52.03

	
9.72

	
13.54

	
24.71




	
Ag

	
0.02

	
38.15

	
4.86

	
32.69

	
24.30




	
Cd

	
0.36

	
48.50

	
9.46

	
24.81

	
17.24




	
In

	
0.06

	
52.83

	
8.10

	
21.02

	
18.05




	
Sn

	
2.18

	
83.42

	
2.71

	
6.19

	
7.67




	
Sb

	
0.54

	
29.77

	
7.84

	
40.23

	
22.15




	
Cs

	
0.57

	
30.80

	
7.88

	
44.91

	
16.40




	
Ba

	
59.65

	
29.22

	
11.98

	
43.54

	
15.26




	
La

	
30.03

	
49.95

	
8.30

	
25.18

	
16.58




	
Ce

	
60.29

	
49.58

	
8.37

	
25.13

	
16.93




	
Pr

	
6.72

	
49.77

	
8.45

	
24.45

	
17.33




	
Nd

	
23.17

	
49.95

	
8.76

	
23.94

	
17.36




	
Sm

	
4.49

	
50.20

	
9.34

	
23.22

	
17.24




	
Eu

	
0.78

	
48.50

	
9.03

	
24.31

	
18.16




	
Gd

	
4.13

	
52.09

	
8.51

	
21.21

	
18.19




	
Tb

	
0.56

	
49.90

	
8.18

	
22.08

	
19.84




	
Dy

	
3.50

	
53.35

	
7.41

	
19.77

	
19.47




	
Ho

	
0.72

	
55.68

	
7.02

	
18.52

	
18.78




	
Er

	
1.92

	
55.35

	
7.07

	
18.11

	
19.47




	
Tm

	
0.28

	
54.22

	
7.10

	
18.88

	
19.80




	
Yb

	
1.84

	
56.83

	
6.83

	
17.57

	
18.77




	
Lu

	
0.28

	
56.69

	
6.69

	
17.97

	
18.65




	
Hf

	
4.32

	
43.56

	
7.17

	
29.10

	
20.16




	
Ta

	
1.59

	
24.55

	
8.72

	
47.72

	
19.01




	
W

	
6.85

	
33.61

	
8.90

	
25.68

	
31.81




	
Re

	
0.05

	
50.65

	
14.87

	
6.81

	
27.67




	
Pb

	
8.45

	
47.20

	
7.88

	
26.27

	
18.65




	
Bi

	
0.20

	
58.93

	
5.49

	
18.12

	
17.46




	
Th

	
6.33

	
39.95

	
7.36

	
35.28

	
17.41




	
U

	
19.54

	
53.87

	
10.92

	
11.70

	
23.51




	
REE

	
160.57

	
50.76

	
8.23

	
23.41

	
17.60










As can be seen from Table 5, the cleaned coal accounts for a large proportion of most of the elements mentioned above, followed by the gangue and the sludge. The percentages for the middling are relatively small, which is partly due to lower yields. Since the middling tends to go back to the feed in the coal preparation process, the sum of distribution percentages of the gangue and sludge can be considered as the removal ratios of the elements. As a result, all the trace elements can be roughly classified into 3 groups, Group 1: removal ratio is more than 50%, such as Ta, Co, Sb, Cs, Mn, Ba, W, Ag, Rb, Nb, P and Th; Group 2: removal ratio is 40–50%, such as Hf, Sr, Zr, Cu, Ga, Ni, Pb, Cd, In and REE; Group 3 includes V, Mo, Cr, Bi, U, Re, Be, Li and Sn with a removal ratio of less than 40%. Specifically, toxic trace elements, Sn (13.87%), Be (33.36%), U (35.21%), Cr (38.24%), V (38.30%), Mo (38.25%), Ni (45.26%), Cd (42.04%), Pb (44.92), Cu (46.69%) all have relatively lower removal ratios, indicating that the removal ratios of these toxic elements during coal washing would be very low. On the contrary, less of Mn (60.37%), Sb (62.39%) and Th (52.69%) migrated to the cleaned coal and middling, showing higher removal ratios. Duan (2018) [42] suggests that Co, Ni, Cu, As, Se, Cd, and Pb can be easily removed by gravity separation, which is distinct from this study. However, Duan (2018) [42] also shows that V, Cr and Mo are difficult to remove, which is in accordance with the result of this study. Generally, the distribution tendency of these toxic trace elements during gravity separation is in line with their organic affinity. Specifically, if an element has a strong organic affinity, it would be difficult to remove it from coal by gravity separation. Besides, some toxic elements (such as Pb, Cu, Cd, Ni, etc.) have a high positive relation with sulfur content, indicating that they may occur in pyrite. Thus, the relatively lower removal ratios of these elements can be attributed to a lower removal ratio of sulfur.



Another issue we should pay attention to is the “further enrichment” of those toxic elements in coal ash after combustion, which is primarily owing to the relatively low ash yield of the cleaned coal. For example, the concentration of Sn in the cleaned coal is 2.24 μg/g, the figure would be as high as 19.76 μg/g in the coal ash as the ash yield of the cleaned coal is 11.33%. While in the case of combustion of the ROM coal, the concentration of Sn in coal ash would be only 4.47 μg/g. This illustrates that coal washing may be a detrimental influence on toxic element pollution control if a certain proportion of the elements still stay in the cleaned coal.



Some valuable trace elements are enriched in some coals or coal-bearing strata, and can be recovered as resources [41]. Previous studies showed that coal can be considered as an economic source of Ge, Ga, U, V, Se, REE, Sc, Nb, Au, Ag, Re and base metals Al and Mg [43,44]. Recovery of those critical elements from coal or coal ash could result in many benefits both economically and environmentally. Therefore, from a different angle, goal-directed gravity separation could also be a preconcentration process for potential extraction of valuable elements from coal. According to the analysis above, the concentrations of REE, Zr and Nb in the coal ash of the cleaned coal will be 1127.25 μg/g, 1023.52 μg/g and 121.30 μg/g, respectively. More importantly, the separation density can be adjusted to an even lower level to magnify the enrichment of the desired elements in cleaned coal. For example, when the separation density is assumed to be 1.50 g/cm3, the concentration of REE, Zr and Nb in the ash of cleaned coal would be up to 1248.87 μg/g, 1126.23 μg/g and 134.19 μg/g, respectively. REE, Nb, Ta, Zr, Hf and U were found to have been enriched in volcanic-ash-influenced Late Permian coal [45,46] and coal-bearing strata [47] from southwestern China, showing potential as a rare metal resource for industrial extraction [48]. Therefore, more attention should be given to the enrichment of these elements in coal from this region. Meanwhile, it is of great significance to keep the distribution behaviors of both toxic and valuable trace elements in mind when designing an appropriate coal washing process.





5. Conclusions


(1) Float-sink test based washability analysis reveals that the Hongfa No.26 coal is difficult to separate. To obtain a cleaned coal with a sulfur content of less than 2.50%, the theoretical separation density should be lower than 1.57 g/cm3; the yield of the floated (cleaned) coal would be 75.50%, with an ash yield of 11.33%.



(2) The correlation coefficient of Cs, Ga, Ta, Th, Rb, Sb, Nb, Hf, Ba, Pb, In, Cu, and Zr with the ash yield varies from 0.983 to 0.884, showing significant inorganic affinity; while for Sn, Co, Re, U, Mo, V, Cr, Ni, and Be, the correlation coefficient ranges from −0.448 to 0.596, indicating relatively strong organic affinity. REE as a whole have strong inorganic affinity, but LREE seem to have weaker organic affinity than that of HREE. This can be probably attributed to the decreasing cationic radius from La to Lu.



(3) Supposing the separation density is 1.60 g/cm3, most of Sn, Be, Cr, U, V, Mo, Ni, Cd, Pb, and Cu tends to move to the cleaned coal, while a large proportion of Mn, Sb, and Th will be in the gangue. This would create severe problems with toxic element accumulation in coal ash after the combustion of the cleaned coal, because the ash yield of the cleaned coal is relatively low. However, goal-designed coal washing will also be helpful in enriching valuable elements, such as REE, Zr, and Nb whose concentration in the ash will be as high as 1248.87 μg/g, 1126.23 μg/g, and 134.19 μg/g respectively, if the separation density is 1.50 g/cm3.
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