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Abstract:



Propylene and acetylene are released to mine air with the increase in the temperature of self-heating coal. Concentrations of these gases in mine air are applied as indicators of the progress of the self-heating process. Hydrocarbons emitted from the self-ignition center are sorbed on coal, while migrating through the mine workings. Coal crushed during the mining process is characterized by a high sorption capacity, which facilitates the sorption phenomena. This results in the decrease in hydrocarbons content in mine air, and in the subsequent incorrect assessment of the development of the self-heating process. The results of the experimental study on propylene and acetylene sorption on Polish coals acquired from operating coal mines are presented in this paper. Bituminous coal is characterized by a high sorption capacity with respect to unsaturated hydrocarbons, like propylene and acetylene. The sorbed volumes depend on the grade of metamorphism, porosity, and chemical characteristics of coal. Low level of metamorphism, increased porosity, and oxygen content result in higher sorption capacity of coals. The reduction in grain size of coals also results in the increased sorption capacity with respect to hydrocarbons. The most significant increase in the volumes of sorbed propylene and acetylene with the decrease in grain class was observed for coals of low porosity, high grade of metamorphism, and low to medium sorption capacities. The 10-fold decrease in coal grain size resulted in the 3 to 6-fold increase in the volume of sorbed propylene, and 2-fold increase for acetylene. The decrease in grain size results in higher accessibility of pore structure, increased pore volume and area, and higher number of active centers interacting with hydrocarbons of dipole characteristics. For coals with low grade metamorphism, high porosity, and high sorption capacity the volumes of sorbed propylene and acetylene increased only slightly with the decrease in coal grain size.
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1. Introduction


The accumulation of heat released in the process of self-heating of coal often causes endogenous fires, creating a hazard for mining staff and serious financial losses. This is why various fire prevention activities are undertaken in mining industry to mitigate these risks [1,2,3]. An example of such activities is a complex control of coal’s self-heating process based on the monitoring of mine air composition, which enables early detection of self-heating centers and their elimination. This method is based on the fact that the increase in the temperature with progress of the self-heating of coal results in the release of various gaseous components into mine air [4,5,6]. Therefore, the concentrations of selected gases in mine atmosphere enable estimation of the temperature of coal, and assessment of the progress of the process of coal self-heating. Carbon monoxide, hydrogen, and unsaturated hydrocarbons—like ethylene, propylene, and acetylene—may be listed among the most commonly applied indicators of the self-heating process in this method [7,8].



Gases released from the self-heating center and migrating through a mine site are sorbed on coal, which results in the decrease of their contents in mine air. This in turn causes the underestimation of the concentrations of gaseous indicators of the self-heating process and an incorrect assessment of the development of this process. The gases adsorbed on coal in the highest amounts include the unsaturated hydrocarbons—such as ethylene, propylene, and acetylene—which reduces their applicability in the assessment of the self-heating process progress [9,10,11]. This is particularly important in the case of coals with high sorption capacity, and with long distances between the self-heating center and the measurement point of concentrations of gaseous process indicators.



Another important factor influencing the sorption of hydrocarbons on coals is coal grain size. During the mining process, coal is crushed which affects its sorption capacity. In this paper, the analysis of the influence of coal grain size on the amounts of sorbed propylene and acetylene is presented. The aspects of the effects of grain class on the sorption capacity of coals have been previously reported in the literature for other gases. A several-fold increase in the volumes of adsorbed nitrogen and carbon monoxide with the change of grain size range from 0.500–0.700 mm to 0.063–0.075 mm has been observed [12,13]. Żyła and Kreiner [14] proved a similar trend in the study of n-hexane, cyclohexane, and benzene sorption on coals of four various grain classes: 0.12–0.15 mm, 0.09–0.12 mm, 0.06–0.09 mm, and below 0.06 mm. The 3-fold increase in the amount of sorbed hydrocarbons was observed with the grain size change from 0.09–0.06 mm to below 0.06 mm. The enhancement of ethane sorption for medium rank coals with a decrease in grain size has also been reported and attributed to the opening of active centers, neutralized within the structure of larger coal grains [15]. This effect resulted in the enhancement of the coal surface polarity, and consequently in larger sorption capacities with respect to ethane [15]. The influence of coal grain size on ethylene sorption has also been studied [16]. The highest increase in the sorption of ethylene has been observed for medium rank coals of low porosity and low specific surface area. A 10-fold decrease in grain size resulted in an over 3-fold increase in the volume of the sorbed ethylene. This trend was not so distinctive for lower rank coals [16]. The volumes of sorbed carbon dioxide [12], water vapor, and methanol [14] on the other hand have been reported to be less dependent on coal grain class.




2. Materials and Methods


Coal samples provided by seven operating coal mines of the Upper Silesian Coal Basin were selected for the study. The samples were acquired in accordance with the standard PN-G-04502:2014-1 [17], crushed in a jaw crusher, ground, sieved on Fritsch sieves to the fractions 0.500–0.700 mm, 0.125–0.250 mm, and 0.063–0.075 mm, and stored in nitrogen atmosphere. Chemical, technical, and petrographic analyses of coals were performed on the bases of the respective Polish standards [18,19,20,21,22,23]. The results are given in Table 1.



Table 1. Characteristics of coal samples.







	
Coal Sample

	
Vitrinite Reflectance, %

	
Ultimate Analysis, wt.% Daf

	
Proximate Analysis, wt.%, Dry

	
Macerals and Minerals, vol. %




	
Carbon

	
Hydrogen

	
Nitrogen

	
Oxygen

	
Moisture

	
Ash

	
Volatiles

	
Vitrinite

	
Inertinite

	
Liptinite

	
Minerals






	
1

	
0.51

	
77.69

	
4.53

	
1.17

	
15.18

	
11.11

	
14.45

	
38.14

	
67

	
28

	
5

	
11




	
2

	
0.71

	
83.20

	
5.07

	
0.96

	
10.45

	
3.08

	
4.23

	
31.80

	
59

	
36

	
8

	
3




	
3

	
0.70

	
84.39

	
5.29

	
1.14

	
9.01

	
3.39

	
2.65

	
37.91

	
60

	
30

	
10

	
1




	
4

	
0.92

	
88.45

	
4.81

	
1.59

	
4.81

	
1.75

	
3.01

	
28.47

	
73

	
20

	
7

	
1




	
5

	
1.01

	
86.89

	
4.83

	
1.27

	
6.82

	
0.60

	
8.92

	
30.87

	
91

	
8

	
1

	
4




	
6

	
0.89

	
84.07

	
4.44

	
1.40

	
9.99

	
1.19

	
7.69

	
32.94

	
67

	
31

	
2

	
4




	
7

	
0.78

	
84.34

	
3.99

	
1.52

	
7.49

	
1.85

	
14.18

	
35.58

	
60

	
31

	
9

	
14










The BET (Brunauer–Emmett–Teller) specific surface area determined on the basis of nitrogen sorption isotherm at 77.5 K, as well as the micropore surface area and volume determined with the application of carbon dioxide sorption at 298 K and DR (Dubinin-Raduszkiewicz) model were presented in Table 2. The porosity and pore volume, covering meso- and macropores, was determined with the application of mercury porosimeter Pascal 440 (CE Instruments) in the pressure range of 0.1–400 MPa for coals of a grain size range of 0.5–0.7 mm (Table 2).



Table 2. Porosity and pore volume determined with the application of mercury porosimetry, specific surface area determined with the application of nitrogen sorption at 77.5 K, and micropore surface area and volume determined with the use of carbon dioxide sorption at 298 K and DR model.







	
Sample

	
Pore Diameter Range: 5–7500 nm

	
SBET, m2/g

	
SD-R, m2/g

	
DR Micropore Volume, cm3/g




	
Porosity, %

	
Pore Volume, cm3/g






	
1

	
13.55

	
0.115

	
18.95

	
170.12

	
0.068




	
2

	
4.05

	
0.031

	
1.54

	
140.43

	
0.056




	
3

	
3.47

	
0.028

	
0.75

	
160.51

	
0.064




	
4

	
2.81

	
0.022

	
0.43

	
115.78

	
0.046




	
5

	
2.39

	
0.018

	
0.36

	
120.21

	
0.048




	
6

	
1.86

	
0.014

	
0.48

	
90.44

	
0.036




	
7

	
2.37

	
0.018

	
0.66

	
103.18

	
0.041










The samples were outgassed under helium atmosphere, and next under vacuum at the temperature of 318 K to a stable residual pressure [24]. Next, the propylene and acetylene sorption measurements were performed at 298 K with the application of the volumetric method and ASAP 2010 analyzer (Micromeritics) in the pressure range of 0–0.1 MPa.




3. Results


The isotherms of propylene and acetylene sorption on coals of grain class: 0.500–0.700 mm, 0.125–0.250 mm, and 0.063–0.075 mm are presented in Figure 1 and Figure 2, respectively.


Figure 1. Isotherms of propylene sorption at 298 K on coal samples (a) no. 1, (b) no. 2, (c) no. 3, (d) no. 4, (e) no. 5, (f) no. 6, and (g) no. 7.



[image: Energies 10 01919 g001]





Figure 2. Isotherms of acetylene sorption at 298 K on coal samples (a) no. 1, (b) no. 2, (c) no. 3, (d) no. 4, (e) no. 5, (f) no. 6, (g) and no. 7.
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The volumes of propylene and acetylene sorbed on coals of various grain classes are given in Table 3 and Table 4, respectively. The highest sorption capacity with respect to propylene was observed for coal sample 1. Approximately 25–40% less propylene was sorbed on coal sample 2 (see Table 3), depending on the grain size class. These two coals were characterized by the highest porosity and high specific surface area and micropore area (Table 2), as well as low grade of metamorphism and high content of oxygen (Table 1). This implies that the porous structure of these coals was relatively easily accessible for propylene molecules. The presence of reactive oxygen-containing centers on coal surface resulted in high surface polarity, and dipole–dipole interactions with propylene molecules. Considerably less propylene was sorbed on coal samples 3–5, characterized by higher grades of metamorphism (in particularly samples 4 and 5), lower porosities, pore volumes, and oxygen contents, than coal samples 1 and 2 (see Table 1, Table 2 and Table 3). These coals were characterized by more compact structure and surface of decreased polarity in comparison with coal samples 1 and 2, which resulted in the limited accessibility of pores structure to propylene molecules. The lowest volumes of propylene were sorbed on coal samples 6 and 7, characterized by the lowest porosity and low micropore surface area (see Table 2).



Table 3. The volumes of propylene sorbed on coals of various grain class: 0.500–0.700 mm (V1), 0.125–0.250 (V2), and 0.063–0.075 mm (V3) at p = 0.1 MPa and T = 298 K.







	
Sample

	
V1, cm3/g

	
V2, cm3/g

	
V3, cm3/g

	
V2/V1

	
V3/V2

	
V3/V1






	
1

	
14.92

	
16.52

	
17.63

	
1.1

	
1.1

	
1.2




	
2

	
9.03

	
11.29

	
13.06

	
1.3

	
1.2

	
1.4




	
3

	
3.44

	
8.84

	
13.64

	
2.6

	
1.5

	
4.0




	
4

	
3.82

	
8.95

	
12.38

	
2.3

	
1.4

	
3.2




	
5

	
3.69

	
8.68

	
12.49

	
2.4

	
1.4

	
3.4




	
6

	
2.58

	
5.38

	
9.96

	
2.1

	
1.9

	
3.9




	
7

	
1.55

	
5.63

	
9.78

	
3.6

	
1.7

	
6.3










Table 4. The volumes of acetylene sorbed on coals of various grain class: 0.500–0.700 mm (V1), 0.125–0.250 (V2), and 0.063–0.075 mm (V3).







	
Sample

	
V1, cm3/g

	
V2, cm3/g

	
V3, cm3/g

	
V2/V1

	
V3/V2

	
V3/V1






	
1

	
14.03

	
19.46

	
18.64

	
1.4

	
1.0

	
1.3




	
2

	
11.98

	
14.94

	
15.64

	
1.2

	
1.0

	
1.3




	
3

	
9.50

	
14.96

	
17.44

	
1.6

	
1.2

	
1.8




	
4

	
8.33

	
12.52

	
12.91

	
1.5

	
1.0

	
1.5




	
5

	
7.67

	
12.47

	
13.07

	
1.6

	
1.0

	
1.7




	
6

	
5.56

	
8.80

	
10.49

	
1.6

	
1.2

	
1.9




	
7

	
4.99

	
11.47

	
12.85

	
2.3

	
1.1

	
2.6










The grade of metamorphism [25,26,27], porosity, and chemical characteristics of coal surface [10,11] are the most important properties of coals in terms of their sorption characteristics. The increase in the grade of metamorphism and decrease in coal porosity resulted in the deterioration of sorption capacity of tested coals with respect to propylene. The electrostatic interactions between oxygen-containing reactive centers on coal surface and π electrons of the double bonds between carbon atoms play also a significant role in sorption of unsaturated hydrocarbons on coals [9,10,28,29]. Coals of higher oxygen and moisture content, and therefore of higher number of reactive oxygen-containing groups, tended to sorb higher volumes of propylene. The exception was coal sample 6, characterized by high oxygen content, but at the same time, by the lowest porosity and pore volume, resulting in low sorption capacity with respect to propylene (see Table 1 and Table 3).



The total volumes of sorbed propylene decreased with the increase in grain size range for the respective coal samples tested (see Table 3). The increase in sorption capacity with the change in coal grain size range from 0.500–0.700 mm to 0.125–0.250 mm was denoted as a ratio V2/V1, and from 0.125–0.250 mm to 0.063–0.075 mm as a ratio V3/V2 (see Table 3). The sorption capacity of coal samples 1 and 2 increased by 10 and 30%, respectively with the change of grain size range from 0.500–0.700 mm to 0.125–0.250 mm. The increase in the sorption capacity with the above mentioned change of the grain size was considerably higher for coals 3–6, and in particularly for coal sample 7, for which the volumes sorbed on fine-grained coal were over two and over three times higher, respectively (see Table 3).



The variation in sorption capacity with the change of grain size range from 0.125–0.250 mm to 0.063–0.075 mm (V3/V2) for coals of the highest sorption capacity (coal samples 1 and 2) was similar to the one reported for V2/V1 ratio, and amounted to 10% and 20%, respectively. For the remaining coal samples, the increase in the volume of propylene sorbed, with a further decrease in grain size range (V3/V2) was lower than in case of the first stage grinding (V2/V1) and amounted to 40–50% for coal samples 3–5, and 70–90% for coal samples 6 and 7. It was observed that the rate of the increase in sorption capacity with coal grain fragmentation depends on coal properties. For coals of high sorption capacity, porosity, and oxygen content, and relatively low grade of metamorphism (samples 1 and 2), the growth in the volume of propylene sorbed with coal grains fragmentation was relatively low (10–40%) (see Table 3).



Coal samples of medium sorption capacity (3–5) and coal sample 6, of more compact and ordered structure, were reported to increase the volume of propylene sorbed of about three to four times with the decrease in a grain class from 0.500–0.700 mm to 0.063–0.075 mm (V3/V1). Such a change in grain size resulted in over 6-fold increase in the volume of propylene sorbed on coal sample 7, of the lowest sorption capacity. It may be concluded that the fragmentation of coals of medium and low sorption capacity improves the accessibility of porous structure to propylene molecules and availability of active polar centers on coal surface. The fragmentation of coal results in breaking the bonds between oppositely charged active centers, which increases the surface concentration of polar sorption centers available for dipole–dipole interactions with propylene molecules [15,28].



Similarly like in the case of propylene sorption, coals of lower grain class sorbed higher amounts of acetylene than coals of larger grain size range. The highest sorption capacity with respect to acetylene was characteristic for coal samples 1 and 2; medium for coal samples 3–5 and the lowest for coal samples 6 and 7 (see Table 4).



The amounts of sorbed acetylene were in general higher than those of propylene for the respective coals tested. The volumes of acetylene sorbed on coal samples 3–7 of a grain size range 0.500–0.700 mm were from two to three times higher than the amounts of propylene sorbed. Coal sample 2, of the largest grain class tested, sorbed approximately 30% more acetylene than propylene, and for coal sample 1 these values were comparable (see Table 3 and Table 4). Such a trend was less pronounced for coals of grain size fractions 0.125–0.250 mm and 0.063–0.075 mm.




4. Discussion


The higher sorption of acetylene than of propylene is related to its molecular structure. The triple bond between carbon atoms in a molecule of acetylene makes the weak π bonds accessible for interactions at electron–donor and electron–acceptor centers of coal surface. Furthermore, the molecular diameters of propylene and acetylene are 0.39 nm and 0.33 nm, respectively, which also affects the accessibility of coal micropore structure to the molecules of hydrocarbons discussed.



The volumes of sorbed acetylene increased with coal grains fragmentation of 20–60% with the change in coal grain diameters from 0.500–0.700 mm to 0.125–0.250 mm (V2/V1) for all coal samples except for coal sample 7, for which the value doubled with the reduction in coal size class (see Table 4). The reduction in the coal grain diameter range from 0.125–0.250 mm to 0.063–0.075 mm (V3/V2) resulted in only a slight further increase in the amount of acetylene sorbed and reported only for three coal samples: 10% for sample 7, and 20% for samples 3 and 6. The increase in sorption capacity with respect to acetylene with the coal grain size reduction from 0.500–0.700 mm to 0.063–0.075 mm (V3/V1) amounted to 30–80% for the majority of coals tested (samples 1–5). For coal samples of the lowest sorption capacity this increase was higher, of 90–160% (coal samples 6 and 7, respectively).



It was also observed that the increase in the volume of hydrocarbons sorbed with the fragmentation of coal grains was more considerable in case of propylene sorption, than of acetylene sorption for coal samples 3–7, of medium and low sorption capacity (see Table 3 and Table 4). For coals 1 and 2, the grain size—dependent change in sorption capacity with respect to hydrocarbons selected—was low and comparable for both propylene and acetylene.



It may be therefore concluded that coal fragmentation results in the increase in sorption capacity, in particular with respect to propylene, and especially for coals of high grade of metamorphism, adsorbing low and medium amounts of hydrocarbons. For such coals, the increase in volumes adsorbed of even a few-fold was observed with coal fragmentation. Coals of vitrinite reflectance of approximately 0.9% are reported to be more susceptible to crushing than coals of lower grade of metamorphism [30,31]. This implies that coals of high grade of metamorphism are easily fragmented during mine operation, and the enhanced sorption of hydrocarbons may take place. The application of the self-heating process assessment method based on concentrations of selected gases in mine air may be therefore arguable under such conditions. In particular, the application of the indicators based on the relationship between the propylene and acetylene content in mine air, assumedly increasing with the increase in the temperature of self-heating coal, may be misleading [4,32]. The increased sorption of gas indicators on fragmented coals results in the reduction of their concentration in mine air, underestimation of their content in the self-heating center, and the subsequent incorrect assessment of the self-heating process development.




5. Conclusions


	
The sorption capacity of coals with respect to propylene and acetylene depends on the grade of metamorphism, porosity, and chemical properties of coals. Coals of lower grade of metamorphism, high porosity, and high oxygen content tend to sorb higher volumes of the hydrocarbons discussed.



	
Coals characterized by low or medium porosity and sorption capacity and high grade of metamorphism sorbed up to a few-fold higher volumes of acetylene than propylene. The difference in the volumes of propylene and acetylene sorbed was not so pronounced for coals of high sorption capacity. Higher amounts of acetylene sorbed result from its higher reactivity (triple bond between carbon atoms) and small kinetic diameter.



	
The fragmentation of coal results in the increase in the amounts of propylene and acetylene sorbed, particularly noticeable for coals of higher grade of metamorphism, and low or medium sorption capacity. For such coals the increase of 3 to 6-fold in the volume of propylene sorbed with fragmentation of coal was observed, and of up to over 2-fold for acetylene. The structure of coals with a low degree of metamorphism is easily accessible for the molecules of hydrocarbons irrespective of coal grain size. The reduction in coal grain class results in the increase in its sorption capacity, and number of active centers on its surface. The highest increase in sorption capacity was observed with the change in the grain size range from 0.500–0.700 mm to 0.125–0.250 mm.



	
The enhanced sorption of selected hydrocarbons, particularly with propylene, on fragmented coals may result in the underestimation of their contents in the self-ignition center and in the subsequent incorrect assessment of the development of the self-heating process. This makes the method of assessment of the development of the self-heating process based on the measurement of propylene and acetylene contents in mine air less suitable for coals of higher grades of metamorphism, in particular those susceptible to crushing.
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