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Surface roughness has an important effect on the wettability and surface energy of coal. Although the predecessors had studied the effect of surface roughness on the wettability of coal, there were few researches on the effect of surface energy of coal, and the relationship between wettability and surface energy had not been thoroughly studied. This paper aimed to study the effect of surface roughness on the wettability and surface energy of coal, and revealed the relationship between the wettability and surface energy of coal. Based on the surface roughness of coal, this paper selected Hami lignite, Anyang coking coal and Zhaogu anthracite as the research objects, used the experimental methods to measure the surface roughness and experimental contact angle of coal under different conditions to study the effect of surface roughness on the wettability, and then applied the OWRK method to calculate the surface energy of coal to study the effect of surface roughness on the surface energy. The experimental results showed that the wettability of hydrophilic coal became better and the surface energy increased with the increase of surface roughness, while the results of hydrophobic coal were opposite. There was a positive correlation between the wettability and surface energy of coal, and the wettability of coal could be analyzed from the perspective of surface energy. Surfactant could change the wettability of coal, but unchanged the law of wettability with surface roughness.
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1 INTRODUCTION
As an important energy source in China, coal will still play a dominant role in the coming decades (Wei et al., 2019; Du et al., 2020; Yang and He, 2020; Du and Song, 2022). In recent years, coal mining technology is tending to be more automated and intelligent, and production rate of coal is therefore gradually increasing. However, with the increase operation of coal mining, mine dust production is also growing, and meanwhile the harm of mine dust is increasingly serious. As one of the seven major disasters in coal mines, the harm of mine dust is multifaceted, mainly including pneumoconiosis (Wu, 2019) and coal dust explosion (Chen et al., 2018). Effective treatment of mine dust is one of the important measures to improve the working environment, provide safe operating conditions and ensure the safety of coal mine workers. Wet dust removal is one of the effective measures to control mine dust. Studies have shown that increasing the water content of coal can greatly reduce the amount of dust generated during coal mining (Wang, 2011). Injecting aqueous solutions containing surfactants into coal seams can also achieve the effect of dust removal (Wang, 2020). Chen (Chen et al., 2019) analyzed the wettability of low rank coal based on the development of bedding samples and pore characteristics of coal, and found that the wettability of coal was related to the direction of bedding. The better the pore size sorting of coal, the better the wettblity of coal. In the study of micro-wettability characteristics of coal dust, Zhang (Zhang et al., 2021) analyzed the influence of surface characteristics of coal dust on the wettability of coal dust, and found that the wettability of coal dust was positively correlated with the specific surface area of coal dust. The better the wettability of coal dust, the faster the settling rate of coal dust. Xia (Xia et al., 2016; Xia, 2017) used the experimental method to determine the surface roughness and contact angle of ultra-low ash coal to study the effect of surface roughness on the wettability of coal, and found that the wettability of coal first increased, second decreased, and then slightly increased with the surface roughness increased. Li (Li et al., 2021) used the phase field interfacial tracking method to simulate the wetting of droplets on the surface of coal samples. The simulation results showed that the contact angle of hydrophilic coal samples decreased and the wettability increased with the increase of surface roughness, and the results of hydrophobic coal samples were opposite. Li (Li et al., 2015) measured the surface tension of surfactants at different concentrations by capillary rise method, and found that surfactants effectively reduced the surface tension of pure water and improved the wetting effect of pure water on coal. Huang (Huang et al., 2010) studied the wetting ability of different surfactants by sedimentation method, and found that the type and concentration of surfactants had different effects on the wettability of coal.
Based on the effect of coal surface morphology and surfactant on the wettability of coal, the above studies had made an important contribution to improving the efficiency of mine wet dust removal. However, they did not analyze the surface energy of coal and study the relationship between wettability and surface energy. Therefore, this paper studied the wettability and surface energy of coal based on surface roughness, analyzed the experimental contact angle under different surface roughness to reflect the effect on the wettability, then used OWRK method to calculate the surface energy of coal, studied the effect of surface roughness on the surface energy, and finally revealed the relationship between the wettability and surface energy.
2 EXPERIMENTAL COAL SAMPLES AND ROUGHNESS MEASUREMENT
Surface roughness is the unevenness of the machined surface with smaller spacing and tiny peaks and valleys (Wang X. G., 2011), which generally occurs on the cutting surface during solid machining or the structural surface damaged by external shear forces. The smaller the surface roughness, the smoother the surface. According to the calculation method and sampling method, the classification of roughness is divided into arithmetic roughness, mean square roughness and maximum profile roughness. Since the calculation of mean square roughness is faster and more accurate, it is used to characterize the surface roughness in this study.
2.1 Experimental coal samples
Based on the surface roughness of coal samples, this study selected three coal samples with different ranks as the research objects, which were Hami lignite, Anyang coking coal and Zhaogu anthracite. Proximate analysis of the three coal samples are shown in Table 1.
TABLE 1 | Proximate analysis of the coal samples.
[image: Table 1]2.2 Roughness measurement
Roughness measurement methods can be divided into contact and non-contact for solid matters. Contact measurement refers to the contact between the probing instrument and the solid part to be measured, which can directly obtain the surface roughness of the part to be measured. It can be divided into comparison method, impression method and probe contact method (Puttkamer and Jiang, 1984; Sherrington and Smith, 1992). Non-contact measurement refers to the feedback of roughness information of the measured surface by indirect means without contact with the measured surface. It can be divided into ultrasonic technology (Coker and Shin, 1996; Bui et al., 2015), laser triangulation method (Lu and Huang, 2004; Wang et al., 2004), machine vision technology (Tsai, 1987; Zhang et al., 2012), speckle method (Gao, 2009) and scattering method (Ni and Chen, 2001). The contact measurement method is slow, low accuracy, less applicable occasions, and the measured surface is easy to cause damage in the measurement process. Therefore, this study chooses the non-contact measurement method, which can quickly, accurately and stably detect the surface roughness of the objects online. The optical contact angle topography instrument was used to measure the surface roughness of coal samples, as is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Optical contact angle topography instrument.
2.3 Measurement results
The surface of coal samples was directly polished by 120 mesh, 240 mesh, 320 mesh, 600 mesh and 1,000 mesh sand paper, respectively. Then the coal samples were cleaned with distilled water. Finally, the coal samples were dried for measurement. Three surfaces were selected for each coal sample, and each surface was measured five times. The measurement results were shown in Figure 2.
[image: Figure 2]FIGURE 2 | Surface roughness of three coal samples.
3 EFFECT OF SURFACE ROUGHNESS ON WETTABILITY OF COAL
The concept of contact angle was proposed to quantitatively characterize the hydrophilicity and hydrophobicity of solid substance (Good, 2012). Solid surface with contact angle values less than 90° is considered to be hydrophilic, and it is deemed more hydrophilic against the contact angle. In contrast, the values greater than 90° have hydrophobic properties, and the larger the value, the worse the wettability. When the droplet is in a stable state on the solid surface, a tangent line of the vapor-liquid contact line was made at a point on the solid-liquid-vapor three-phase contact line. The angle formed between the tangent line and the solid-liquid contact line is the contact angle, as shown in Figure 3 γlv, γsl and γsv represent the surface tension or surface energy between liquid-vapor, solid-liquid and solid-vapor, respectively.
[image: Figure 3]FIGURE 3 | Diagram of contact angle.
3.1 Contact angle measurement
The optical contact angle topography instrument was used to measure the contact angle of coal samples in this study. The measurement principle was shown in Figure 4. The droplet was suspended in the dropper, and the LED light source was provided on the side to illuminate where the droplets come into contact with the solid surface. The contour of the droplet and the solid surface was recorded by the camera. Then the angle between the tangent line of the three-phase contact line and the phase interface was calculated by the Young–Laplace method (Rior and Neumann, 1997) to obtain the value of the contact angle.
[image: Figure 4]FIGURE 4 | Principle of contact angle measurement.
The dropper was filled with deionized water and glycerol, respectively. The coal samples were placed on the loaded platform. The dropper was set to drop 10 μL of liquid, and automatically descend to make the droplet contact with the surface of the coal sample. The process and images of the contact angle measurement were recorded by the camera automatically. The contact angle value was obtained by software processing. The roughness of each coal sample was measured at 5 to 6 points, and the average value is taken. From the experimental point of view, the liquid itself has a certain surface tension, and in the case of small size, it mostly exists in a nearly spherical state. In order to reduce the measurement error of the experiment, this experiment was conducted on the surface of the coal sample without cracks.
3.2 Experimental results and analysis
The experimental contact angles of the coal samples surfaces after wetting by deionized water and glycerol under different roughness were measured respectively. The former contact angle can characterize the intuitive influence of the surface roughness on the wettability of coal. The latter contact angle was used to calculate the surface energy of coal under different surface roughness, which can further explain the influence of the change of surface energy on the wettability change of the former. The test results are shown in Figure 5, where 1 represents deionized water and 2 represents glycerol.
[image: Figure 5]FIGURE 5 | Experimental contact angles of three coal samples.
It can be seen from Figure 5 that the experimental contact angle values of the three coal samples are different, and their wettability is also different. After the surface of the three coal samples was wetted by deionized water, the experimental contact angle values of Hami lignite were all less than 60°, showing hydrophilicity. The experimental contact angle values of Anyang coking coal were all greater than 100°, showing hydrophobicity. The experimental contact angle values of Zhaogu anthracite were all greater than 76° and less than 90°, showing weak hydrophilicity. The result is the same as the conclusion obtained by Li (Li and Li, 2016) that lignite has the best hydrophilicity, coking coal has the worst hydrophilicity, and anthracite is in between. It is found from Figure 5 that with the increase of coal surface roughness, the experimental contact angle values of Hami lignite and Zhaogu anthracite gradually decrease, and their wettability becomes better, while the experimental contact angle value of Anyang coking coal gradually increase, and its wettability becomes worse. This is because of the different degrees of coal metamorphism, resulting in different components of coal. Lignite has the most oxygen-containing functional groups, followed by anthracite, and the least in coking coal. Coking coal has the most aromatic hydrocarbons and aliphatic hydrocarbons, followed by anthracite, and lignite has the least. The different ranges of variation in contact angle values for the three coal samples are also due to the differences in the surface structural properties of coal caused by the different degrees of coal metamorphism. At the same time, it was also found that after the surfaces of the three coal samples were wetted by glycerol, the contact angle values decreased, which showed that the hydrophilicity of lignite was increased, the hydrophobicity of coking coal was decreased, and the hydrophilicity of anthracite was improved. This is because glycerol reduces the surface tension of the liquid, which in turn improves the wettability of the coal samples.
4 EFFECT OF SURFACE ROUGHNESS ON SURFACE ENERGY OF COAL
The surface energy of coal is caused by the balanced intermolecular forces on the interior and the unbalanced forces on the surface. Coal is a complex polymer structure with carbon as the skeleton, and the forces among internal carbon elements and between carbon elements and other elements are balanced. When coal is destroyed by external forces, the force balance is broken and the coal will produce a new surface. The surface molecules of coal are attracted by the internal forces, and this force is the surface energy (force).
4.1 Surface force parameters
The surface force parameters of deionized water and glycerol include surface tension, dispersion force and polarity force. The results are shown in Table 2.
TABLE 2 | Surface force parameters of liquid (Unit: mJ/m2).
[image: Table 2]4.2 Surface energy calculation
The calculation method of coal surface energy is divided into gas adsorption method (Nie et al., 2000) and contact angle calculation method. The gas adsorption method usually takes a long time, while the contact angle calculation method takes a short time and several mature calculation models can be used for contact angle calculation method. The contact angle calculation methods include the Fowkes method (Fowkes, 1963), the Wu average method (Wu, 1971) and the OWRK method. In this paper, the OWRK method is used to calculate the surface energy of coal.
The OWRK method is an improvement of the Fowkes method. Owens and Wendt (Owens and Wendt, 1969) considered the effect of polarity force on the surface energy and obtained a new Eq. 1. Equation 1 combines with the Young’s equation and the surface force parameters of the two liquids, and the Eqs 2, 3 of the dispersion force and the polarity force are obtained.
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Where γsl γsv and γlv represent the surface tension of coal between solid-liquid, solid-vapor and liquid-vapor, γsv,d and γsv,p represent the dispersion force and polarity force between solid and vapor, γlv,d and γlv,p represent the dispersion force and polarity force between liquid and vapor. The unit is mJ/m2. Where the subscript 1 represents deionized water, the subscript 2 represents glycerol, and θ represents the experimental contact angle of the two liquids.
4.3 Calculation results and analysis
The contact angle values measured by the experiment were brought into the above equation. The surface energies of Hami lignite, Anyang coking coal and Zhaogu anthracite at different roughness were obtained. The calculation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Surface energy of three coal samples (A) Hami lignite, (B) Anyang coking coal, (C) Zhaogu anthracite.
It is found from Figure 6 that the surface energy of lignite is provided by both dispersion force and polarity force, while that of coking coal and anthracite is mainly provided by dispersion force. This is related to the degree of metamorphism of the coal samples. Lignite has lower degree of metamorphism and more polar components, while coking coal and anthracite have higher degree of metamorphism and less polar components. The surface energy of coal samples with different hydrophilicity and hydrophobicity is different under the action of roughness, and the trend of change with roughness is also different. With the surface roughness of lignite increases, the dispersion force decreases, the polarity force increases, and the total surface energy tends to increase. With the surface roughness of coking coal increases, the dispersion force decreases, the polarity force does not change significantly, and the total surface energy tends to decrease. With the increase of anthracite surface roughness, the dispersion force and the polarity force increase, and the total surface energy tends to increase. Combined with the analysis in Figure 5 again, it was found that the surface energy of the three coal samples showed a negative correlation with the contact angle values of the coal samples. With the increase of coal surface energy, the contact angle values of the three coal samples gradually decreased, the wettability of lignite and anthracite increased, and the hydrophobicity of coking coal decreased. The surface energy and wettability of the three coal samples showd the same trend with the change of surface roughness. The influence of surface roughness on the wettability of coal samples can be analyzed from the perspective of coal surface energy.
5 EFFECT OF SURFACTANT ON WETTABILITY OF COAL
Surfactants are usually added to liquids to change its properties. At present, surfactants are widely used in modern coal mining. Such as coal seam water injection, which is injected into the coal seam containing a certain concentration of surfactant water solution to improve the water content of the coal seam. It is conducive to the control of coal dust and gas in the underground.
5.1 Selection of surfactant
There are thousands of surfactants, and they can be divided into anionic surfactants, cationic surfactants and non-ionic surfactants according to the type. When anionic/cationic surfactants are dissolved in deionized water, negative/positive charges are ionized, giving the solution a negative/positive nature. The non-ionic surfactants do not ionize when dissolved in deionized water, and the solution becomes electrically neutral. This paper selected two different types of surfactants, namely Sodium Dodecyl Sulfate (SDS) and Cetyl Trimethyl Ammonium Chloride (CTAC). Their introduction are shown in Table 3.
TABLE 3 | Introduction of surfactants.
[image: Table 3]5.2 Surfactant formulation
Because of its high efficiency, the surfactants can be added in small amounts to obtain good results and save the cost of raw materials. Combined with the previous experience of using surfactants, the surfactant solutions with mass concentrations (wt%) of 0.1%, 0.2% and 0.3% were prepared by using experimental instruments, such as balance, beaker, glass rod, distilled water and liquid storage bottles. The solutions were filled into the liquid storage bottles and labeled for convenient experimental use.
5.3 Experimental results and analysis
The prepared surfactant solutions were drawn into the dropper, and the contact angles of the coal samples were measured according to the above experimental procedure. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Experimental contact angle of three coal samples. (A) Hami lignite (B) Anyang coking coal (C) Zhaogu anthracite.
It can be seen from Figure 7 that the same surfactant has the same trend of change in the contact angle values of the three coal samples. With the increase of CTAC concentration, the contact angle values are decreasing gradually and the wettability becomes better. However, with the increase of SDS concentration, the contact angle values first decreases and then increases. When SDS concentration is 0.2%, the contact angle values is the smallest and the wettability is the best. The contact angle variation trend of the same coal sample under different surfactants is different. This is because the solid-liquid interfaces within different solutions have an optimal number of active molecules adsorbed. Before the optimum adsorption number is reached, with the surfactant concentration increases, the more number of active molecules adsorbed at the interface, the better stability of the interface and the better wettability of the coal sample. After the optimum adsorption number is exceeded, if the surfactant concentration continues to increase, the repulsive force between the surfactant molecules will increase, which will decrease the stability of the interface. When the repulsive force increases to a certain value, the surfactant molecules at the interface will be squeezed out of the adsorption layer, which increases the solid-liquid interfacial tension and thus reduces the wettability of the coal sample. It is also found that the presence of surfactant did not change the variation law of wettability with surface roughness of the three coal samples.
6 CONCLUSION
Through the above experiments, the effect of surface roughness on the wettability and surface energy of coal was studied, and the relationship between the wettability and surface energy was revealed. The following conclusions were obtained:
1) The degree of coal metamorphism affected both wettability and surface energy properties. The three coals had different degree of metamorphism, which resulted in different components. Lignite had a low degree of metamorphism, more oxygen-containing functional groups, better wettability, more polar components, and the surface energy was provided by both dispersion force and polarity force. However, coking coal and anthracite had a high degree of metamorphism, more aromatic hydrocarbons and aliphatic hydrocarbons, less wettability, less polar components, and the surface energy was mainly provided by dispersion force.
2) There was a positive correlation between the wettability and surface energy of coal, and the wettability of coal could be analyzed from the perspective of surface energy. For the coal with the same properties, the surface energy and wettability had a same variation trend as the surface roughness. With the surface roughness of coal increased, the surface energy of lignite and anthracite increased, the experimental contact angle decreased, and the wettability became better. While the surface energy of coking coal decreased, the experimental contact angle increased, and the wettability became worse.
3) Surfactant could change the wettability of coal, but unchanged the law of wettability with surface roughness. With the increase of CTAC surfactant concentration, the experimental contact angle of coal decreased and the wettability became better. With the increase of SDS surfactant concentration, the experimental contact angle of coal first decreased and then increased, the wettability first became better and then worse. They unchanged the law of wettability with surface roughness.
There are some shortcomings in the experiments and research process. 1) The experimental coal samples polished by hand will cause errors in the determination results. In order to reduce the errors, the subsequent research should try to use mechanical devices to polish coal samples. 2) There are two surfactants used in the experiments, and a variety of different surfactants can be used in the subsequent experiments for comparison and analysis to summarize the rules.
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