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Abstract：Coal wettability plays important role in multiphase fluids flow in coal 10 

formation including pore scale distribution of gas and water, the fluid flow velocity 11 

and drainage efficiency, which thus has a significant effect on the coalbed methane 12 

(CBM) production. In this work, we collected 17 coals with different ranks from 13 

Qinshui basin, North China and Junggar basin, Northwest China; the pore structures, 14 

mechanical properties and wettability (macroscopic and microscopic contact angle) 15 

were studied with nanodrops vapor condensation measurements and atomic force 16 

microscopy (AFM). The results show there is a negative relationship between the 17 

contact angle and roughness due to the change of adsorption sites, which is consistent 18 

with Wenzel model. The negative correlation trend between adhesive force and 19 

wettability of coal should be related to the minerals and oxygen-containing groups, 20 

the more hydrophilic of coal, the high content of –OOH and hydrophilic mineral in 21 

coal. Contact angle is largely determined by nanodrop size based on the AFM 22 

technology. Furthermore, the line tension on the surface of coal is 2.52×10-11 J/m, 23 



2 

 

drop size less than 10 nm are most heavily affected by line tension. Line tension is 24 

negligible when research the imbibition process in micropores and mesopores, and 25 

fluid flow behavior in fractures scarcely influenced by line tension. This work could 26 

provide new insights into the interactions between water molecules and coal pore 27 

surface, and provide a basis for the optimization of favorable areas in CBM reservoirs. 28 
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1. Introduction 30 

Coalbed methane (CBM), as a form of clean unconventional natural gas resource, is 31 

generated from coal and stored in coal seams[1,2]. The wettability of coal is an 32 

important fluid-rock property that influences interfacial interaction of fluids (methane 33 

and formation water) and coal matrix, and it represents the ability of a certain fluid to 34 

wet a solid surface [3]. As presented previously that wettability plays a vital role in 35 

the exploitation of CBM[4–6]. The production of CBM involves gas and water flow 36 

in coal formation. The wettability of coal is one of the key factors that controls gas-37 

water distribution in pore and fracture system, capillary force, and relative 38 

permeability[7–9]. Previous scholars studied the pore distribution and wetting 39 

mechanism of coal and other rocks experimentally, such as inverse gas 40 

chromatography[10] and Nuclear magnetic resonance (NMR)[9,11], and numerically, 41 

such as the in-situ wettability determination based on high resolution fluid-rock 42 

imaging[12,13] and intel-molecular simulations [14,15].  43 

Wettability is an important property of a solid surface and is controlled by the 44 
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chemical composition (or surface free energy) of the solid surface, the surface 45 

geometry and surface roughness [14–17]. Zhao et al. analyzed surface morphology 46 

and pore structure of coal with AFM and found the results is closed to the SEM results 47 

[18] Li et al. researched the change of roughness of coal with numerical solution[19]. 48 

The effect of surface roughness on wettability was first considered by the well-known 49 

Wenzel model [20]. In the Wenzel model, geometric construction of materials’ surface 50 

is responsible for the hydrophobicity. For hydrophilic sample，with increasing solid 51 

surface roughness, macroscopic apparent contact angle turns more small. The Wenzel 52 

model is adopted to characterize the relationship between the physical structure and 53 

wettability, whereas, this model has some limitations, including limitations at the 54 

nanoscale, and ignore liquid volume stored in the asperities [21,22]. After that, the 55 

improved Wenzel models were used to describe the hydrophobic behavior of 56 

nanostructured surface. The surface fluorination treatments experiment showed that 57 

the contact angle of solid is increased with the specific surface area [23]. Furthermore, 58 

the effect of roughness on hydrophobicity has been detailed explored [24], which 59 

shows that the wettability changes with roughness from energy viewpoint. Previous 60 

NMR and X-ray photoelectron spectroscopy experiments results demonstrated that 61 

coal wettability highly depends on surface functional groups, especially oxygen-62 

containing groups [14,25–27]. The adhesive force of coal surface could reflect surface 63 

energy, which have a great effect on wettability of coal, it is necessary to research the 64 

adhesive force of coal. Li et al. investigated that the adhesive force of coal is ranges 65 

from 20 and 50 nN [28]. Tian et al. found there is great variation between  coal 66 
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samples in adhesive force value, which has a wide range of 30-400 nN [29].There are 67 

other factors controlling coal wettability including clay minerals, fluid composition, 68 

temperature, pressure, and coal rank, among of which are the function of coal 69 

wettability. However, these studies fail to reveal the intrinsic wetting mechanism of 70 

coals.  71 

Apart from the factors above associated with wettability, there are some properties 72 

could affect wettability of materials are negligible at the microscale and play a key 73 

role in microscopic system, such as line tension[17], which is dominated by three 74 

interfacial or surface tensions and represent excess free energy relevant to per unit 75 

length of the contact line [30]. The sign and value of line tension have a great 76 

influence on wettability, positive sign indicating the length of three phase contact line 77 

tends to decrease, and resulting in increasing the contact angle, negative sign 78 

indicating the length of three phase contact line is appeared to the trend of increase, 79 

resulting in decreasing the contact angle [31]. Ma et al.[32] calculated the line tension 80 

of coal (5.01×10-11 J/m) based on molecular dynamics simulation, however, very 81 

limited experiment has focused on line tension in CBM system. 82 

In this work, we analyzed the surface topography and mechanical properties of coal 83 

with AFM and affecting factors of wettability at macro and micro scales. Firstly, the 84 

roughness, pore size distribution, and high-resolution mechanical distribution of coal 85 

is obtained by surface morphology. Then we analyzed the characteristic of roughness 86 

and adhesive force and their effects on coal wettability (contact angle). Finally, the 87 

line tension of coal was calculated based on vapor condensation and then estimated 88 
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the macroscopic contact angle based on the modified Young’s equation, which then 89 

compared with the contact angle measured from sessile drop method. Our results 90 

demonstrated that AFM could be effectively used to evaluate the interfacial 91 

characteristics of coal, and it would be favorable for understanding the intrinsic 92 

factors controlling the wettability of coals. 93 

2. Materials, Experiments and Methodologies 94 

2.1. Materials 95 

To analysis the surface morphology and nanomechanical properties, 17 coal samples 96 

of various rank were collected from the Qinshui basin, North China and Junggar basin, 97 

Northwest China: 2 low-rank (sample B2 and B14) 2 high-rank (sample B3 and B12) 98 

and 13 medium-rank (sample B1,B4,B5,B6,B7,B8,B9,B10,B11,B13,B15,B16,B17) . 99 

During the process of AFM experiment, surface information of material was obtained 100 

based on the atomic interaction between the tip of the probe and the surface of the 101 

coal sample, this has extremely high requirements on the surface flatness of the 102 

sample being tested. According to the sample pretreatments requirement [33], the 103 

collected coal samples were cut with size of 10 mm10 mm3 mm and then were 104 

polished for imaging by using argon ion milling. The surface morphology and 105 

nanomechanical properties of pretreated coal samples were carried out using a 106 

Multimode 8 AFM with the PFQNM mode. 107 

Table1 Characteristics of coal samples. 108 

Sample  

No. 

Proximate analysis (%) Mineral content (%) 

Ro,m Mad Aad Vad FCad Q Ca Do Si Py Clay 

B1 1.86 0.96 9.92 12.87 76.25 / / / / / / 

B2 0.56 1.46 6.94 42.13 49.47 0 13 24 63 0 0 

B3 2.35 1.03 10.09 15.56 73.32 / / / / / / 
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B4 1.46 0.88 11.25 22.75 65.12 / / / / / / 

B5 1.74 0.69 12.74 13.39 73.18 0 11 10 0 0 79 

B6 1.84 0.69 16.09 17.29 65.93 0 60 18 2 3 17 

B7 1.26 1.56 14.12 30.86 53.46 / / / / / / 

B8 1.88 0.65 9.36 23.87 66.12 7 56 16 0 0 21 

B9 1.99 0.97 11.88 12.91 74.24 9 22 10 0 0 59 

B10 1.54 0.68 11.3 15.65 72.37 / / / / / / 

B11 1.76 0.88 10.9 11.96 76.26 0 14 26 0 0 60 

B12 2.05 1.05 8.04 8.84 82.07 0 0 13 0 3 84 

B13 1.38 0.78 11.32 25.21 62.69 / / / / / / 

B14 0.62 1.72 3.9 33.57 60.81 0 23 34 43 0 0 

B15 1.68 1.32 7.54 13.42 77.72 / / / / / / 

B16 1.23 0.68 12.57 22.89 63.86 / / / / / / 

B17 1.72 0.69 15.86 16.65 66.8 / / / / / / 

Note: Ro,m-maximum vitrinite reflectance; Mad-moisture (air-dried basis); Aad-ash content (airdried 109 

basis); Vad-volatile content (air-dried basis); FCad-fixed carbon (air-dried basis); Q-Quartz; Ca-110 

Calcite; Do-Dolomite; Si-Siderite; Py-Pyrite. 111 

2.2 Experiments 112 

2.2.1 AFM experiment 113 

AFM is a powerful tool of scanning probe microscopy by recording the interaction of 114 

a sharp probe with the sample surface and has been widely used to study the surface 115 

characterization of materials in various fields [34,35]. Previously, AFM has been used 116 

to achieve surface morphology, mechanical properties, surface charge distribution of 117 

cell at the nano scale[36]. Generally, there are several imaging modes including 118 

PeakForce TappingTM, TappingModeTM, Contact Mode and PhaseImagingTM. In this 119 

work, PeakForce QNM mode was adopted to study morphology and mechanical 120 

properties of coal surface. Contact Mode was used to measure the shape of nanodrops 121 

on the coal surface. Before measure mechanical property of sample with AFM, choose 122 

a suitable probe and calibrations are indispensable steps, experimental and data 123 

processing procedures are the same as presented in previous work[37]. During the 124 

AFM experiment, a force-distance curve is first obtained through PeakForce Tapping 125 

technology in the PFQNM mode, then, the curve could be fitted and analyzed by the 126 
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DMT model, and the quantitative nanomechanical properties of the sample could be 127 

carried out during the scan[18]. Fig.1a shows the experimental principle of AFM, 128 

interaction force between tip and surface of material is presented as a function of 129 

distance is presented in Fig 1b. 130 

 131 

Fig.1. Basic work principle of AFM (a: Experimental principle, b: Schematic curve of force 132 

versus distance under the PeakForce QNM mode). 133 

2.2.2 Macroscopic contact angle measurement 134 

Contact angle was measured by using the sessile drop method, which is a common to 135 

characterize the wettability of materials. Before commencing measurements, it is 136 

necessary to check whether the sample surface is contaminated.  For each sample, less 137 

than 4mg droplet of deionized water was deposited randomly on a polished coal 138 

surface at 25 Celsius [34]. Meanwhile, the shapes of droplet on the surface were 139 

record by contact angle meter (JC2000D), and the measurements were repeated 3 140 

times for each coal sample at same experimental conditions, please refer to detailed 141 

experiment setup and procedure in our previous work [35].  142 

2.2.3 Line tension 143 

Macroscopic contact angle could be represented as the relationship between the 144 

surface tension of solid-liquid, liquid-gas and solid-gas, which is expressed by the 145 

http://www.youdao.com/w/record/#keyfrom=E2Ctranslation
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Young's equation as follows: 146 

cos 𝜃∞ =
𝛾𝑆𝐶−𝛾𝑆𝐿

𝛾𝐿𝐶
          (1) 147 

This equation is later modified by Boruvka [40] to account for line tension at 148 

microscale, as shown in Eq. (2): 149 

 𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺cos 𝜃 +
𝜏

𝑟𝐵
     (2) 150 

Combining Eq. (1) and Eq. (2), which give us the relationship between microscale and 151 

macroscale contact angle: 152 

cos 𝜃 = cos 𝜃∞ −
𝜏

𝛾𝐿𝐺

1

𝑟𝐵
    (3) 153 

where 𝛾𝑆𝐺 , 𝛾𝑆𝐿  and 𝛾𝐿𝐺  are the surface tension of solid-gas phase, solid-liquid and 154 

liquid-gas phase, respectively. 𝜏 is the apparent line tension, 𝜃 and 𝜃∞ are the contact 155 

angles of a droplet of contact radius r and a macroscopic droplet, respectively.  156 

The formation of stable nanodrops on coal surfaces for wetting studies is not a trivial 157 

task, sample B7 was firstly put into the container and increase vapor pressure until 158 

drops are in thermodynamic equilibrium with their vapor phase, then nanodrops were 159 

formatted via vapor condensation with contact angle ranging from ∼7.8° to ∼12.7° as 160 

shown in Fig.2. The advantages of vapor condensing method are that (a) nanodrops 161 

could evenly distribute on the surface of coal for measurement, (b) reducing the rate 162 

of water evaporation and nanodrops could remain stable. 163 
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 164 

Fig.2 AFM image of nanodrops on the surface of coal sample. (a) 2D image, (b)3D image (For the 165 

purpose of illustration, there is different scale in x-axis, y-axis direction and z-axis direction)  166 

2.3 Methodologies 167 

2.3.1 Pore morphology analysis 168 

Before analyzing the surface topography with AFM data, the noise produced in the 169 

imaging should be removed with Flatten method [41]. Fig.3 shows the 2D surface 170 

image of sample B1 before (top) and after (bottom) flatten processing respectively. As 171 

shown in this figure, the image was processed with Flatten method show more surface 172 

information of coal, meanwhile, more surface topography changes and pore structure 173 

could be distinguished, such as clustered pores are visible in some areas as show 174 

Fig.3d.  175 
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 176 
Fig.3. 2D surface image of sample B1. Top: before flatten and bottom: after Flatten 177 

Pore heterogeneity of various rank coals is evaluated by surface morphology using 178 

NanoScope analysis and pore size distribution obtained through Gwyddion package 179 

[5]. Before AFM experiment, Argon ion milling is firstly required to prepare the 180 

samples for imaging. The “Section Analysis” module can be used for line analysis 181 

(see Fig.4a and Fig.4b) to identify the pore size and pore depth. Fig.4c shows the 182 

surface morphology of Sample B2 along the profile line. To better reflect the pore size 183 

distribution, the height value of sample surface is analyzed. Secondly, Gwyddion 184 

software is used to obtain the true pore size and its distribution. In generally, 185 

thresholding method and watershed methods are two main methods to characteristic 186 

the pore structure, thresholding method mask pore based on low height values, in 187 

addition, boundaries of pores present high slope and curvature values, which is mostly 188 
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suitable for materials with simple pore structure [5,42]. The watershed method is 189 

normally used to determinate local minima and image segmentation during image 190 

processing, which is based on water flows to part of area with the local minima. 191 

Compared to thresholding method, more pore parameters could be obtained with 192 

watershed mothed, including the pore radius, porosity, specific surface area, and pore 193 

volume [43,44], which is suitable for materials with strong heterogeneity. By 194 

comparison, watershed method could be used more effectively for pore marking of 195 

coal in this work.  196 

 197 

Fig. 4. Section analysis of AFM images (Section Line of Sample B3 in Fig.3a; Fig.3a, Two-198 

dimensional map; Fig.3b three- dimensional AFM images; Fig.3c, section analysis). 199 

2.3.2 Roughness and adhesive force analysis 200 

Previously, surface roughness of porous material has been evaluated by the mean 201 

roughness (Ra) and root mean square roughness (Rq) [28,45]. Ra is defined as the 202 
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average absolute deviation from the mean line over one sampling length of the surface 203 

roughness, Rq indicates the standard deviation of the distribution of surface heights，204 

which could be calculated as following[28,31,46].  205 

𝑅𝑎 =
1

𝑁𝑥𝑁𝑦
∑ 
𝑁𝑥
𝑖=1 ∑ |𝑧(ⅈ, 𝑗) − 𝑧𝑚𝑒𝑎𝑛|

𝑁𝑦

𝑗=1
                                  (4 ) 206 

𝑅𝑞 = √
1

𝑁𝑥𝑁𝑦
∑ ∑ (𝑧(ⅈ, 𝑗) − 𝑧𝑚𝑒𝑎𝑛)2

𝑁𝑦

𝑗=1
𝑁𝑥

𝑖=1                                                   (5) 207 

Where: 208 

𝑧𝑚𝑒𝑎𝑛 =
1

𝑁𝑥𝑁𝑦
∑ 
𝑁𝑥
𝑖=1 ∑ 𝑍𝑖𝑗

𝑁𝑦

𝑗=1
                                         ( 6 ) 209 

Nx and Ny mean the number of points on the x-axis and y-axis, respectively. 210 

The surface adhesion of coal is obtained from AFM in the Peakforce imaging mode. 211 

The surface adhesion of the coal was counted by NanoScope. The DMT Model is then 212 

used to obtain the force-distance by fitting the Retract part of the force- distance curve 213 

using the equation proposed by [47] as given below: 214 

𝐹𝑡𝑖𝑃 =
4

3
𝐸∗√𝑅𝑑3 + 𝐹𝑎𝑑ℎ                                                    ( 7 ) 215 

Where Ftip is the tip-sample force，nN. R is the tip radius, nm. d is the sample 216 

deformation, nm. Fadh is the adhesive force during the contact, nN. E* denotes  217 

reduced modulus and it could be calculated as follow: 218 

𝐸∗ = (
1−𝑣𝑠

2

𝐸𝑠
+

1−𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
)−1                                               ( 8 ) 219 

Where vs is Poisson's ratio of the sample, vtip is Poisson's ratio of the probe, and Etip is 220 

Young's modulus of the tip material. Here in this experiment reported, the Poisson's 221 

ratio of the coal was assumed to be 0.3 [48]. 222 
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3 Results 223 

3.1 Pore morphology and structure  224 

The AFM images of 10 coal samples were first segmented with watershed method. 225 

The segmented images of several selected samples (B4, B6, B7, B9) are presented in 226 

Fig.5. As shown in this figure, the pore space is labeled with blue. The segmented 227 

images were then used to obtain the pore size, number of pores, total pore volume and 228 

mean pore size using “Gain statistics” module in Gwyddion, these results are 229 

summarized in Table 2. Similar to previously study[49], five types of pore have been 230 

identified in this work, these are super micropores (<2 nm), micropores (2-10 nm), 231 

mesopores (10-102), macropores (102-103 ), super macropores (103-104), and 232 

microfractures (>104 nm). Coal sample with different location marked variation of 233 

pore distribution and show high heterogeneity, micropores and mesopores are two 234 

main pore types developed among the coal samples except sample B2 and B7. The 235 

percentage of micro-mesopore ranges from 42.2%-92.7%, the higher the percentage 236 

of this type pore, the stronger affinity to CH4, and is favorable for CBM 237 

enrichment[49]. The number of pores in sample B10 and B10 are 1-2 orders of 238 

magnitude higher than the other samples, which are 1392 and 1942 respectively 239 

(Fig.5a). In general, the sample with a larger number of pores has higher porosity. The 240 

porosity of coals varies from 3.49% to 11.72%. Pore size distribution are represented 241 

by the waveform characteristics, the kurtosis values vary from 2.7 to 5.19, and the 242 

skewness values changes from 4.89 to 27.28. Moreover, detailed observations on pore 243 

structure could be found based on segmented AFM image, there are two types pore in 244 
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coal matrix based on pore genesis and distribution characteristics [50], including 245 

mineral associated pores (Fig.5c) and organic matter pores (Fig.5d). The detailed pore 246 

matrix characterization could help us to under coal facies and paleo-environmental 247 

conditions better and then provide a basis to optimize CBM producation. 248 

 249 

Fig.5. Segmentation results of pore distribution of 4 coal samples with Watershed method. (a)  250 

Sample B4, micropores are developed; (b) Sample B6, fractures are developed with good 251 

connectivity; (c) Sample B7, clustered pores could be segmented clearly; (d) Sample B9, strong 252 

heterogeneity of pore distribution 253 

 254 
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Table 2. Pore parameters of different coals obtained from segmented AFM images 255 

Sample Count of pores TPV Porosity MPS 
Percentage  

Ku Skew 
Micro-mesopore Macropore Super macropore 

B1 24 0.06 5.35% 243.1 78.4% 16.2% 5.4% 2.7 5.79 

B2 86 0.26 3.49% 140.5 42.2% 56.7% 1.1% 2.33 4.86 

B3 146 0.052 10.18% 107.1 86.1% 13.7% 0.2% 3.95 13.79 

B4 1392 0.167 11.72% 63.25 74.4% 25.6% 0% 5.19 27.28 

B5 236 0.075 8.54% 80.86 82.2% 16.95% 0.85% 4.43 17.72 

B6 379 0.252 7.01% 74.61 76.19% 23.28% 0.53% 4.45 18.73 

B7 148 0.389 5.59% 108 57.4% 41.2% 1.4% 3.5 11.32 

B8 117 0.158 7.89% 155 63.25% 35.04% 1.71% 2.938 8.028 

B9 243 0.103 6.813% 81.8 80.66% 18.52% 0.82% 4.25 16.72 

B10 1942 0.034 10.39% 46.67 92.7% 7.05% 0.25% 3.85 12.54    

Note: TPV-Total pore volume, μm3; MPS-Mean pore size, nm; Ku- Pore kurtosis; Skew-Pore skewness  256 
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3.2 Surface roughness of coal  257 

The two-dimensional maps and three-dimensional roughness of the coal samples are 258 

shown in Fig.6. As shown in this figure, surface topography of the presented four 259 

samples varies significantly. The roughness profile of a given direction is selected to 260 

characterize the change of surface morphology of coals intuitively (Fig.6-a3, Fig.6-b3, 261 

Fig.6-c3 and Fig.6-d3). Samples could be classified into two distinct types based on 262 

the morphology of coal surface：developed and undeveloped pore. A large number of 263 

gas related pores are widely developed in sample B4 and B9, as shown in Fig.6-a3 264 

and Fig.6-d3, these pores are relatively isolated with poor connectively. High degree 265 

of surface roughness is observed in sample B9 with surface height is more than 30 nm, 266 

while the surface height of B4 is around 10 nm. In addition, it clearly shows that there 267 

are a lot of pores in B6 and B7 sample with good connectivity, big gap in vertical 268 

height could be found with ranging from -203.5 nm to 63.8 nm for B4 sample and 269 

ranging from -248.7 nm to 138.5 nm for B7 sample, that is, this kind of coal are 270 

favorable for CBM flow in opposite to adsorption. 271 

 272 
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 273 

Fig. 6. Two-dimensional map, three- dimensional AFM images and section analysis. (a1-3):sample 274 

B1; (b1-3):sample B4; (c1-3): sample B5; (d1-3):sample B7 275 

The surface roughness of the coal sample was then calculated based to the Eq (3) and 276 

Eq (4). Two separate areas are measured in single sample, 7 coals vary markedly in 277 

their mean roughness and root-mean-square roughness of surface, as presented in 278 

Table 3. There are similar results for roughness between two experiments, and values 279 

are of the same order of magnitude. Ra and Rq are in the range of 5.52-73.9 nm, and 280 

http://www.youdao.com/w/measurement/#keyfrom=E2Ctranslation
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7.85-93.5 nm respectively for the first test. Ra and Rq vary from 23.2-70.2 nm, and 281 

27.7-92.4 nm for the second time. The Ra values are lower than Rq values, that is, Rq 282 

is more sensitive to the change of height, which is comparable to the previous 283 

research [28,51]. 284 

Table 3 The roughness of coal sample 285 

Sample 
Roughness 

 (The first test) 

Roughness  

(The second test) Contact angle (°) 
 Ra (nm) Rq (nm) Ra (nm) Rq (nm) 

B4 5.52 7.85 23.3 27.7 52.3 

B5 28.5 35.9 39 50.7 45.8 

B6 21.4 28.8 24.3 31.8 52.5 

B7 73.9 93.5 70.8 92.4 19.3 

B8 44.5 54.4 28 34.3 43.21 

B9 38.1 49.5 35.4 43.6 47.52 

B10 19.2 25.8 23.2 28.2 57.19 

3.3 Adhesive force of coal surface 286 

Fig.7 (a1-c1) show adhesive force distribution (AFD) images of 3 coal samples (B1, 287 

B2 and B3) obtained by AFM, in these figures, green area represents coal matrix, red 288 

coal area pore or fracture and purple area represents mineral in coal. Fig.7 (a2-c2) 289 

present frequency distribution figures of adhesive force. Results show the adhesive 290 

force are not uniformly distributed over the whole surface of coal, in addition, there is 291 

great variation between samples in AFD, which indicated highly heterogeneous of 292 

mechanical properties of coal at micro scale[29,52]. The surface of coal commonly 293 

has two extreme frequencies, and the value of the peak varies from sample to sample 294 

as shown in Fig.7 (a1-c1). For sample B1, a narrow AFD over the range of 0–40 nN is 295 

observed, with peak at approximately 13.2 nN and 20.8 nN. While sample B2 has 296 

much wide adhesive force, which have broadened AFD in the range of -30–70 nN). In 297 

the Fig.7-b1, the adhesive force of coal matrix is 34.2 ± 5.4 nN, the adhesive force of 298 
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mineral measured by AFM is relatively high showing a 92.3 ± 10.2 nN. Furthermore, 299 

some high adhesive force appeared at the area where pore developed, that is, some 300 

pores is filled with minerals. The AFD of sample B3 shows low heterogeneous 301 

compared sample B1 and B2, and the main adhesive force is 6.5 nN and 15.9 nN, as 302 

shown in Fig.7-c2. The adhesive force of coal matrix varies greatly from a coal 303 

sample to another, which may result in the coalification.  304 

 305 

Fig.7. The adhesive force distribution of 3 coals measured by AFM.  306 

4 Discussion 307 

4.1 The effect of roughness on wettability  308 

The relationship between Ra and contact angle based on Table 3 was shown in Fig.8 , 309 

in this figure, contact angle decreases linearly with increasing mean roughness for two 310 

experiments (correlation coefficient is 0.85 and 0.91, respectively), which may result 311 

from the adsorption sites for water molecule. 312 
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 313 

Fig. 8. Relationship between the Ra and contact angle for two experiments 314 

The wettability of a material could be quantified by measuring the contact angle of 315 

droplet on the surface, and Yang’s equation is widely used to describe the relationship 316 

between surface tension and contact angle, which could be expressed as Eq (1) 317 

however, Yang’s equation is limited to ideal flat homogeneous surface. Based on 318 

energy-minimization, Wenzel modified Young’s equation to account for rough 319 

surface[53,54] . In the well know Wenzel model, small gap and pore on the rough 320 

surface would be filled with liquid as shown in Fig.9b, apparent contact angle 𝜃𝑚 321 

could be written as:  322 

𝑐𝑜𝑠𝜃𝑚 = 𝑟𝑐𝑜𝑠𝜃𝑟                                                                                                     (9) 323 

Where 𝑟 is roughness factor with greater than 1,  𝜃𝑟 isYoung’scontactangle.  324 

Compared with Fig.9a, the roughness of coal surface in Fig.9b is much larger, slight 325 

surface undulation can afford enough adsorption sites for water molecules, thus more 326 

molecules can be adsorbed on the smooth pore surface, which will result in the 327 

decrease of the observed contact angle.  328 
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 329 

Fig. 9. Schematic representation of interfacial interaction at interface water/coal in different 330 

roughness. a- flat surface; b-rough surface; c- the schematic microscopic diagram of a; d- the 331 

schematic microscopic diagram of b. 332 

In Wenzel’smodel, forhydrophilic material, rough surface would make material 333 

more hydrophilic, the larger the roughness factor is, the smaller the contact angle 334 

is, and is consistent with experiments result. 335 

4.2 The effect of adhesive force on wettability  336 

Coal samples used for adhesion testing shown strong hydrophilic with contact angle 337 

from 55.32°to 75.32°, and the adhesive force of micro-surface of coal has a negative 338 

linear correlation with the measured contact angles (Fig.10). As shown in this figure, a 339 

larger adhesive force of coal sample corresponds to more hydrophilic, which is related 340 

to the intermolecular force between solid and liquid. 341 
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 342 

Fig. 10. (a) The wettability of coal samples and (b) the relationship between contact angle and 343 

adhesive force (c) the relationship Ro,m and adhesive force 344 

The average adhesive force for micro-surface varied considerably between samples, 345 

resulting from variations in the adhesive force of coal matrix of different and the 346 

distribution and content of mineral, as shown in Fig.7. The adhesive force of coal 347 

surface could reflect surface energy, which could be affected by several factors, 348 

including the structure of surface, the degree of coalification of coal and chemical 349 

composition of coal[28]. In this work, the adhesive force decline with the increase of 350 

Ro,m, that is, with the deepening of the level of coalification, intermolecular force of 351 

coal surface become weaker and result in more hydrophilic for higher rank coal, 352 

which is consistent with the results of previous study [55]. In addition, the wettability 353 

of coal would be determined some functional groups, such as –CH3 and –CH2 [56], 354 

however, which depends largely on oxygen-containing group for coal. There are 355 

various kind of oxygen functional groups in coal, including –OH, –OOH, –CHO, et al 356 
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[57]. Wang et al.[27] investigated the interaction between the oxygen-containing 357 

group and water molecule with molecular dynamics method, result shown hydrogen 358 

bonds and van der Waals between oxygen-containing group and water molecule are 359 

the factors that affect the wettability of coal, as shown in Fig.11, –OOH has the 360 

greatest effect on water adsorption capability, and the last one is –OCH3 [27]. The 361 

difference of adhesive force is the direct consequence of functional groups in coal.  362 

 363 

Fig.11 The interaction between the oxygen-containing group and water molecule in 364 

equilibrium from Wang[27]. 365 

Moreover, the distribution and content of minerals would greatly affect the average 366 

adhesive force of coal. Previous research shows minerals also has certain influence on 367 
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wettability. Clay mineral could promote the wettability of coal and graphite sheets 368 

mineral has negative effect on wettability due to water-depletion layer of 369 

surface[39,58]. Thus, a more hydrophilic coal, the high content of –OOH and 370 

hydrophilic mineral in coal. 371 

4.3 The characteristic of line tension of coal  372 

17 nanodrops were randomly selected to study the relationship between nanodrop 373 

radius and contact angle, the position and shape of nanodrops. Statistically, it was 374 

found that the contact angle of nanodroplets changed little, with the value in the range 375 

of 8°-11°. In Fig.12, we presented cos𝜃 as a function of  
1

𝑟𝐵
, where 𝜃 is the contact 376 

angle measured for the nanodroplet, and 𝑟𝐵 is the radius of the droplet. As shown in 377 

this figure, there is a linear relationship between cos𝜃 and  
1

𝑟𝐵
. This is in line with the 378 

results from previous studies based on measurement and molecular dynamic 379 

simulations[17,31]. The modified Young’s equation (Eq. 3) is then used to estimate 380 

the line tension of coal-water-air three phase contact line (2.52×10-11 J/m) by matching 381 

the data with a linear correlation, which is near to the result from Ma et al. based on 382 

molecular dynamics simulation [32]. which indicates that combine nanodrops vapor 383 

condensation measurements and AFM should be a reliable method to research line 384 

tension. 385 
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 386 

Fig. 12 (a) The contact angle and size of nanodrops. (b)The relationship between cos𝜃 387 

and  
1

𝑟
 for nanodrops 388 

Fig.13 shows the relationship between contact angle and drop size based on 389 

calculated line tension, drop size less than 10 nm (corresponds to micropores and 390 

mesopores in coal matrix[49]) are most heavily affected by line tension, the contact 391 

angle of nanodrops decrease from 50° to 16.67° by up to 66.67 percent, which is 392 

small change for drop size in the range of 10 nm to 100 nm (corresponds to 393 

macropores in coal matrix[49]), which indicates line tension could not be ignored 394 

when research the effect of wettability of formation water on flow-back efficiency 395 

after hydraulic fracturing in coal reservoir or numerical simulation related to capillary 396 
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force, and fluid flow behavior in fractures scarcely influenced by line tension. 397 

 398 

Fig.13 The relationship between contact angle and drop size 399 

5. Conclusions 400 

In this work, pore structures, mechanical properties and wettability of various coal 401 

samples were studied using AFM technique and the sessile drop method. Pore size 402 

and its distribution, surface topography, surface mechanical properties and how their 403 

affect wettability were researched. Moreover, line tension of coal and its influence on 404 

flow-back efficiency were discussed in detail. The major conclusions can be drawn as 405 

follows: 406 

1) The pore size distribution of different coals has diverse variations with strong 407 

heterogeneity and micro-mesopores are mainly developed in studied coals except 408 

sample B2 and B7. AFM imaging technology could help research coal facies and 409 
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paleo-environmental conditions and provide a basis for the optimization of favorable 410 

areas in CBM reservoirs. 411 

2) There is negative correlation between contact angle and roughness due to the 412 

adsorption sites for water molecules, slight surface undulation can afford enough 413 

adsorption sites for water molecules and result in the decrease of the observed contact 414 

angle. 415 

3) The adhesive force of coal matrix is 34.2 ± 5.4 nN, which is smaller than mineral. 416 

The contact angle decreases with adhesive force of coal surface, which may result 417 

from the mineral and oxygen-containing group, the more hydrophilic of coal, the high 418 

content of –OOH and hydrophilic mineral in coal. 419 

4) The line tension on the surface of coal is 2.52×10-11 J/m based on AFM image. 420 

Drop size less than 10 nm are most heavily affected by line tension, line tension could 421 

not be ignored when research the fluid flow related to capillary force in micropores 422 

and mesopores, fluid flow behavior in fractures scarcely influenced by line tension. 423 

The measurement of line tension is conducive to the study of mechanism of the 424 

wettability at nano-scale. 425 
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