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Abstract: The purpose of this work was to prepare coals with various pore structures, and investigate both microporosity 

development and corresponding methane adsorption capacities. A series of coal samples have been prepared by ultrasonic 

bath, and characterized by N2 adsorption and scanning electron microscopy (SEM) to obtain the pore structure and surface 

morphology of the samples. Methane adsorption measurement was conducted in the temperature range 25~55 °C and at 

pressures of up to 3.5 MPa. The Langmuir equation was applied to fit the experimental data, and the result showed the 

methane uptake correlated to the micropore volume and surface area, provided by the adsorption of N2 at 77 K. The surface 

area, pore volume, pore size distribution and surface morphology of the coal have changed significantly when treated for 10 

min, resulting in the maximum of methane adsorption capacity. With the time further increasing, the surface area, pore 

volume and microporosity of the coal samples were reduced, along with the decrease of methane adsorption capacity. It can 

be concluded that the surface area, pore volume and microporosity had positive correlations with the amount of methane 

adsorption. The attenuation coefficient of the saturated adsorption amount over the coal samples substantially presented an 

inverse ‘U-shape’, indicating that the variation of the saturated adsorption amount was mainly controlled by the pore 

structure. Moreover, the temperature had a certain relationship with the attenuation coefficient of the saturated adsorption 

amount. 
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1. Introduction 

Coalbed methane (CBM) exploration and development 

have increased people’s attention due to their important 

strategic significances for the adjustment of energy 

structure, environmental protection and coal mine safety 

[1-4]. CBM, whose main component is methane, produced 

in the pore surfaces of coal matrix in the coal-forming 

process [5, 6]. Safety issues associated with the mining of 

gassy coal seams have prompted studies of methane (CH4) 

adsorption of coal [7]. Further development is clearly 

required to improve the technology while decreasing the 

risks and hazards of CBM exploitation in unmineable coal 

seams [8]. The main factors affecting methane adsorption 

behavior are coal metamorphism [9, 10], macerals [11, 12], 

pore structure [13-16], temperature [17], pressure [18-21], 

etc [22-24].  

Changes of reservoir properties have a direct relationship 

with gas content in coal seam. Even with the similar burial 

depths and metamorphism of the coals, the pore structure 

may vary with the different geological processes due to the 

coal anisotropy [25]. Pore structure has a huge impact on 

gas content. According to the literature, pores of coal can 

be divided into macropores (diameter > 100 nm), 

mesopores (diameter 100~10 nm) and micropores (pore 

size < 10 nm) [14]. It has been reported that the micropores 

positively correlated to methane adsorption capacity, and 

the more microporous, the greater the amount of methane 

adsorption [2]. Herein, methane adsorption capacity is not 

only affected by the pore structure of coal (pore size 

distribution), but also the micropore volume and surface 

area [13]. But there were little literature for investigating 

the effects of the surface area and micropore volume. 

Therefore, it is necessary to further study the pore structure 

on methane adsorption. 

It has become desirable to understand the seismic/sonic 

response of CBM on the coal as a function of water 

injection, especially in the context of restructuring the 
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world’s economy for a low-emissions future [26]. Up to 

now, it was rarely reported the effects of ultrasonic 

treatment [26] on the pore structure of the coal. In this 

paper, we examined the ultrasonic treatment on the pore 

structure in detail and the corresponding changes in the 

methane adsorption properties of coals. To quantify the 

relationship between the adsorption temperature and the 

saturated adsorption capacity, since the temperature 

increased 1 °C, the saturated adsorption capacity reduced 

was defined as the attenuation coefficient of saturated 

adsorption capacity ( α, mmol/ (g·°C)). 

2. Experimental 

2.1. Sample Preparation 

The bituminous coal, collected from Datong coalfield in 

Shanxi province (China), was selected as the sample. The 

coal sample was crushed to particles with size fraction of 

40-60 mesh, subsequently dried in an oven overnight at 383 

K and stored in a sealed plastic container [1]. Proximate 

analysis for the coal was given in Table 1. 

Table 1. The proximate analysis of the sample (air-dried basis, wt %) 

Fixed carbon Volatile matter Moisture Ash 

66.23 9.68 0.41 23.68 

It was further divided into five portions. The first portion 

was nominated as DT0 with no treatment, and the others 

were respectively named as DT10, DT30, DT60, DT120 

with different times 10, 30, 60, 120
 
min under ultrasonic 

bath at 25 °C. Then the materials were washed with 

distilled H2O, followed by drying at 110 °C for 24 h, and 

stored in a sealed plastic container. 

2.2. Characterization 

The textural characterization of coals was based on N2 

adsorption/desorption isotherms, determined at 77 K with a 

NOVA1000e surface area and pore size analyzer 

(Quantachrome Company). Samples were degassed at 383 

K for 24 h prior to the analysis [1]. The surface area was 

calculated by the BET method; the micropore (< 10 nm) 

volume, mean pore diameter and the pore size distribution 

were determined by BJH equation. 

Surface morphology was investigated by scanning 

electron microscopy (SEM) (JEOL/EO JSM-5900 

microscope).  

2.3. Methane Adsorption 

Methane adsorption measurements were conducted by a 

volumetric method, and the schematic arrangement was 

similar to that previously described [1, 2]. Before the 

measurement, the coal was dried at 383 K in a vacuum 

oven for at least 12 h; followed 5 g of the sample was 

immediately placed into the adsorption cell, and degassed 

for about 3 h. As He cannot be adsorbed at pressures below 

10 MPa, it was used for the calibration of the void volume 

in the adsorption setup. The purities of He and methane 

were 99.999% and 99.99%, respectively. The methane 

adsorption measurement was similar to that of helium 

calibration, and the measurements were operated at 

pressures up to 3.5 MPa in the temperature range 25~55 °C. 

To ensure the accuracy of the experimental data, the test 

was repeated three times and the mean value of the 

equilibrium data was used to calculate the adsorption 

isotherm [1]. 

3. Results and Discussion 

3.1. Textural Characterization  

Based on the knowledge of the nature of coal and its 

pore system, N2 adsorption/desorption, combined with 

SEM, could characterize the pore structure. Table 2 

summarized the textural parameters for the coal samples. 

The pore size distributions were presented in Fig. 1.  

Table 2. Physical properties of the coal samples 

Sample  

Surface 

area, 

BET (m2/g)  

Pore volume, BJH 

 (×10-3 cm3/g)  

Mean pore diameter 

(nm) 

DT0 1.331 3.475 2.078 

DT10 4.383 6.416 2.214 

DT30 2.438 3.933 2.223 

DT60 2.133 3.713 2.224 

DT120 0.784 2.362 2.073 

The BET surface area, and micropore volume were apt to 

be increased with ultrasonic processing for 10 min. 

Compared with DT0, the surface area of the sample DT10 

increased 2.29 times from 1.331 m
2
/g to 4.383 m

2
/g, while 

the micropore volume increased by 84.63%. With the 

increase of processing time, the microporosity of the 

samples decreased. When processing for 120 min, the 

surface area and micropore volume of the sample DT120 

were even smaller than DT0, with the surface area 

decreasing by 41.10%, and the micropore volume reduced 

from 3.475 × 10
-3

 cm
3
/g to 2.362 × 10

-3
 cm

3
/g. It revealed 

that the ultrasonic treatment could alter the pore structures 

of coals, and the changes of the pore structures were related 

to the processing time. When handling with 10 min, the ash 

previously blocked at aperture (carbonates, sulfates, 

silicates and other minerals) was removed, and the pores 

became more developed. As the processing time increasing, 

the pore structure of the samples was aggravatingly 

damaged with the collapse of pore walls. The longer the 

processing time, the more serious the collapse was. 

As shown in Fig. 1, the micropores changed obviously 

by ultrasonic processing, and the pore size distributions of 

coals were also greatly influenced by the processing time. 
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When the processing time increased to 10 min, the pores 

moved towards the micropores, and there existed a 

significant quantity of pores in the microporous region, 

with the average pore diameter estimated to be 2.214 nm; 

with the time further increasing from 10 min to 60 min, the 

micropore contents of coals were reduced, but greater than 

DT0; when increased to 120 min, the micropores decreased 

sharply, and less than the sample DT0. The variation in the 

textural characteristics was due to the process of ultrasonic 

treatment, which accounted for both creation of micropores 

and damage of the pore walls of the coal. 

 

Figure 1. Pore size distributions obtained by applying the BJH equation. 

 

Figure 2. SEM images of the samples DT0 (a), DT10 (b), DT30 (c), DT60 

(d) and DT120 (e). 

Scanning electron micrographs of samples were shown 

in Fig. 2. The examination of the structure of samples 

showed the presence of micropores and geometries at the 

surface. Fig. 2(a) displayed the SEM micrograph of the 

coal obtained without any treatment, and the surface of the 

sample was smooth. The SEM micrographs of Fig. 2(b), (c) 

and (d) showed that compared with DT0, the increment of 

processing time from 10 min to 60 min had increased the 

porosity of the surface. In Fig. 2(b), the sample DT10 had a 

pocket-like morphology with wrinkled paper structure, and 

a significant microporous texture in which pore sizes were 

about a few nm in diameter, consistent with possessing the 

largest surface area and pore volume. Compared with DT10, 

the surfaces of DT30 and DT60 were damaged more 

seriously with disordered, bent, or small pieces. 

3.2. Methane Adsorption Isotherms 

Since the Langmuir model has only two parameters and 

been widely used in the field of CBM [1, 22, 23, 27], it was 

applied to fit the adsorption data in this work. Fig. 3 

showed methane adsorption isotherms of the five samples 

at 298 K and pressures up to 3.5 MPa, and the solid lines 

were with the isotherms adhering to Langmuir model. It 

can be seen that the Langmuir model fitted the data well, 

and the Langmuir parameters were described in Table 3. 

The methane adsorption isotherms were Type I of IUPAC. 

Among the samples, the sample DT10 possessed the 

highest methane adsorption capacity and the DT120 sample 

possessed the least methane adsorption capacity. The 

adsorption capacity decreased as the BET surface area and 

pore volume of the samples decreased.  

 

Figure 3. Methane adsorption isotherms obtained by applying the 

Langmuir model at 298 K. ■, DT0; ▲, DT10; ▼, DT30；�, DT60; and ◀, 

DT120; solid line, fitted by the Langmuir model. 

Table 3. Langmuir parameters of equilibrium isotherms at 298 K 

Sample n0 (mmol/g) b (MPa-1) 

DT0 0.527 0.42 

DT10 0.748 0.58 

DT30 0.685 0.54 

DT60 0.644 0.47 

DT120 0.485 0.40 
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As shown in Fig. 3, methane adsorption capacities of the 

samples were in an ascending order of DT120 < DT0 < 

DT60 < DT30 < DT10, and the highest methane adsorption 

capacity corresponded to the sample with the highest 

micropore volume and surface area. The trend of the 

adsorption isotherms of the samples had not changed: the 

adsorption amount within the range of low pressures 

increased faster than in the high pressures, and with the 

increase of the pressure, the adsorption amount had 

changed little in the high pressure range. But methane 

adsorption capacities of the samples treated by various 

processing times have undertaken different changes. The 

sample DT10 possessing the highest methane adsorption 

was attributed to the orderly arranged surface, large surface 

area and appropriate pore size distribution, all conducive to 

methane adsorption. Since adsorption mainly occurred in 

micropores, the microporosity of samples DT30 and DT60 

with ultrasonic processing was less than DT10 but larger 

than DT0, thus their methane adsorption capacities fell in 

between samples DT10 and DT0. The methane adsorption 

capacity of DT120 was lower than DT0 due to the less 

micropores. It revealed that the ultrasonic treatment has an 

important effect on methane adsorption behavior. Methane 

adsorption capacities have changed along with change of 

micropore size distributions of coals, and the adsorption 

capacity was positively correlated to the micropore size 

distribution. The result showed that the development of 

microporosity was bound to increase the surface area and 

micropore volume, thus providing more space for methane 

adsorption. 

 

Figure 4. Relationship between the saturated adsorption amount and the 

surface area (a), pore volume (b). 

The relationship between n0 and BET surface area was 

presented in Fig. 4(a). As a general trend, n0 is roughly 

proportional to the BET surface area of the samples and the 

correlation coefficient R
2
 was 0.836. The relationship 

between n0 and BJH pore volume was displayed in Fig. 4(b) 

and the correlation coefficient R
2
 was 0.674. The 

correlation coefficient between n0 and BET surface area 

was higher than that for BJH pore volume, indicating the 

surface area was a more advantageous factor than pore 

volume on methane adsorption on coals. 

In order to investigate the relationship between the 

temperature and the saturated adsorption amount, methane 

adsorption measurements were conducted at 25, 40 and 

55 ° C, respectively. Fig. 5 showed methane adsorption 

isotherms of coal samples at different temperatures, and the 

solid lines were from the Langmuir equation.  

 

Figure 5. Equilibrium isotherms obtained by applying Langmuir model at 

different temperatures. 

The increasing temperature promoted the methane 

desorption, and the higher the pressure, the more obvious 

the trend. Although temperature is advantageous to the 

internal diffusion of methane in coal bed, due to the 

exothermic process for adsorption, the increase of 

temperature eventually resulted in the decrease of methane 

adsorption capacity of coal samples. 

To quantify the relationship between the adsorption 

temperature and the saturated adsorption capacity, since the 

temperature increased 1 °C, the saturated adsorption 

capacity reduced was defined as the attenuation coefficient 

of saturated adsorption capacity ( α, mmol/ (g·°C)). In the 

range of 25 ~ 40 ° C, the attenuation coefficient of 

saturated adsorption capacity, α, was 0.008 ~ 0.013 mmol/ 

(g·°C), with an average of 0.010 mmol/ (g·°C); at 40 ~ 55 ° 

C, α was 0.0026 ~ 0.008 mmol/ (g·°C), with an average of 

0. 0049 mmol/ (g·°C). That is, as the temperature increased 

by 15 °C, the decreasing rate of adsorption capacity was 

reduced by half. Furthermore, the value of α differed with 
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the varied pore structures. With the increase of processing 

time, α substantially presented an inverse ‘U-shape’ (shown 

in Fig. 6), suggesting that changes in adsorption capacities 

were largely controlled by the pore structures of coal 

samples. The value of α was the maximum for the coal 

sample dealing with 10 min, due to the highest surface area, 

micropore volume and micropores. When treated for 30, 60, 

120 min, little difference of α existed in the range of 25 ~ 

40 °C and 40 ~ 55 °C, indicating the influence of 

temperature on the adsorption capacity had decreased. 

 

Figure 6. Relationship between the attenuation coefficient of saturated 

adsorption amount, temperature and processing time. 

4. Conclusion 

Methane adsorption behaviors of the treated coals were 

studied in this work. The result showed that the pore 

structure of coal sample have changed with ultrasonic 

treatment. The adsorption characteristics of methane onto 

coals were performed at 25~55 °C and pressures up to 3.5 

MPa by a volumetric method. The experimental data were 

fitted to the Langmuir model, and according to the 

goodness-of-fit, the Langmuir model was in good 

agreement with experimental data. The methane adsorption 

over the coals involved in their physical structures. Main 

factors, such as surface area, pore size distribution, and 

micropore volume, could affect the adsorption of methane 

on coals. The greater the surface area and micropore 

volume, the higher the adsorption capacity. The attenuation 

coefficient of the saturated adsorption amount of coal 

samples displayed an inverse ‘U-shape’, and was controlled 

by the pore structure, as well as the temperature.  

Herein, it could be considered to inject H2O into coal 

seam combined with the mechanical force to improve CBM 

exploration. Coal, with CBM retained in the coal seam, is a 

porous material. When H2O was injected into the coal seam, 

the effect of mechanochemistry should be considered, as 

well as the mode and the duration of the mechanical force. 

Different durations could lead to various 

adsorption/desorption behaviors, and the appropriate 

duration was in favor of CBM exploration and 

development.  
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