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Abstract: During the processes of methane adsorption and desorption, the internal structure of coal changes, 

accordingly leading to changes in electrical conductivity. In this paper, using low rank coal seams of the Yan’an 

Formation in the Dafosi field as the research subject, the relationship between coal resistivity, methane adsorption 

quantity, and equilibrium pressure is analyzed through proximate analysis, mercury injection tests, low 

temperature liquid nitrogen adsorption tests, and coal resistivity measurements during methane adsorption and 

desorption. The results show that during the process of pressure rise and methane adsorption, the conductivity of 

coal increases, resulting from heat release from methane adsorption, coal matrix swelling and adsorbed water 

molecules replaced by methane, but the resistivity reduction gradually decreases. The relationship between coal 

resistivity and methane adsorption quantity and equilibrium pressure can be described by a quadratic function. 

During the processes of depressurization and desorption, the resistivity of coal rebounds slightly, due to 

decalescence of methane desorption, coal matrix shrinkage and water-gas displacement, and the relationship 

coincides with a linear function. Methane adsorption leads to irreversible changes in coal internal structure and 

enhances the coal conductivity, and resistivity cannot be restored to the initial level even after methane desorption. 

The resistivity and reduction rate of durain are higher than those of vitrain, with relatively greater homogeneous 

pore throat structure and fewer charged particles in the double electric layer. In addition, moisture can enhance the 

conductivity of coal and makes it change more complexly during methane adsorption and desorption.  
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1 Introduction 
 

In recent years, a series of progress have been achieved in the exploration and development of 
coalbed methane in China, and the total production of coalbed methane reached about 200×10

8 
m

3
 in 

2017, including underground and surface production (Fu et al., 2016, 2017; Qin et al., 2017; Wang et 
al., 2018; Zhang et al., 2018; Wei et al., 2018). As an unconventional natural gas resource mainly stored 
in the pores of coal in adsorbed state, the adsorption and desorption of coalbed methane are two critical 
processes for its accumulation and development (Chen et al., 2018; Zhou et al., 2016; Zeng et al., 2018; 
Wu et al., 2018). The adsorption and desorption of coalbed methane can make great changes in the coal 
internal structure and the gas-water distribution characteristics in the pores of coal, resulting in changes 
of coal electrical conductivity. 

Coal is mainly composed of macromolecular organic matter with a hydrogenated aromatic nucleus 
and a condensed aromatic nucleus as the main structure, and contains a mixture of certain inorganic 
minerals and moisture (Chen et al., 2018). The conductivity of coal is generally poor, which is 
influenced by many factors, such as temperature, ash content, moisture, coal rank, coal structure, gas 
content and so on (Duba, 1977; Tiwary and Mukhdeo, 1993; Podder and Majumder, 2001; 
Krishnamurthy et al., 2009; Frederikse and Hosler, 2010; Lin et al., 2018). It is generally believed that 
the resistivity of coal is negatively correlated with moisture, mineral content, temperature and the 
degree of damage to the coal body (Kayal, 1982; Yang and Saunders, 1985; Dindi et al., 1989; Chen et 
al., 2011; Xu et al., 2015). At present, most coal conductivity research focuses on the prediction and 
prevention of mine disasters, and mainly concentrates on the effects of stress and damage degree on 
coal conductivity (Li et al., 2009; Chen et al., 2013; Wang et al., 2014). However, coal is defined as a 
porous medium (Yao et al., 2008; Wang et al., 2017), whose electrical conductivity will inevitably 
change due to gas adsorption and desorption. During the process of methane adsorption, the resistivity 
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of coal decreases gradually, but with the continuous adsorption process, the resistivity of the coal drop 
slowly, and finally becomes flat. During the desorption process, the resistivity of coal shows an 
exponential change with the adsorption quantity. Some scholars believe that during the process of 
desorption, the resistivity of coal does not change exponentially with the adsorption quantity, but rather 
slightly linearly. After gas desorption, the resistivity of coal is quite lower than its initial value, which is 
believed to be caused by the residual deformation of the coal body (Kang et al., 2016). 

Although the resistivity changes in coal during the processes of methane adsorption and desorption 
have been preliminarily studied at present, the understanding of its changing rules is still not uniform, 
and the mechanisms still need to be further investigated. In this paper, focusing on the No. 4 coal seam 
of low rank coal in the Dafosi field in the south of the Ordos Basin as the research object, the change 
laws and mechanisms of coal conductivity in the processes of methane adsorption and desorption are 
studied systematically, and the specific influence of coal rock composition, moisture and ash on the 
change in conductivity is revealed through measuring the resistivity of coal in methane adsorption and 
desorption processes and correlation analysis. 

 
2 Geological Settings 
 

The Dafosi field is located in Changwu and Binxian county of northwest Xianyang city, Shanxi 
province (Fig. 1), and its tectonic location is between the Xiaolingtai anticline and Binxian anticline in 
the south of Binchang mine. Overall, it is a undulating monocline with a series of NEE and NNW folds, 
such as Anhua syncline, Qijia anticline and Shijiadian syncline, distributed from north to south (Fig. 2). 
The stratigraphic dip angles are small, generally ranging from 3° to 5°, and the tectonic structure is 
relatively simple. The coal-bearing strata in this area is Jurassic Yan’an Formation, deposited in the 
fluvial sedimentary environment, with a thickness of 40-168.6 m, averaging 75.6 m. There are 6 coal 
seams developed in the Yan’an Formation, and the main coal seam is the No. 4 coal seam that is 
recoverable in the whole area, with a thickness of 0-19.2 m, averaging 11.65 m. The coals belong to the 
low rank and the total amount of coalbed methane resources is 112.06×10

8 
m

3
, including the 

recoverable resources of 73.92×10
8 
m

3
, with an average resource abundance of 0.22×10

8 
m

3
/km

2 
and a 

buried depth of 300-1000 m, which belongs to the low abundance gas reservoirs. On the whole, it has a 
good prospect of coalbed methane development and utilization. By the end of 2018, 37 wells has been 
drilled in this area, with the highest gas production of 3×10

4 
m

3
/d per well, but the gas production of 

the wells varies greatly, withe an average of 300 m
3
/d. 

 
Fig. 1 Map showing the location of the Dafosi field 
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Fig. 2 Map showing the geological structure and the distribution of coalbed methane wells in the Dafosi field 

 
3 Samples and Methods 
 
3.1 Samples 

According to the requirements of the laboratory equipment, the large lump coal samples (Fig. 3) 
collected from underground in the Dafosi mine were processed into cylindrical samples of Φ50 
mm×100 mm through cutting and grinding in alignment with the direction of the vertical bedding. Due 
to the comparison of resistivity between samples of different macrolithotypes involved in this 
experiment, the corresponding sample processing of different contents of vitrain and durain is carried 
out, respectively. It should be noted that in the process of manually operating the machining, the 
damage to the coal samples should be minimized and the columnar samples processed should maintain 
as much integrity as possible. At the same time, the samples were numbered in order and marked for 
the adsorption and desorption experiments and the resistivity measurements (Fig. 4). 

In the adsorption and desorption experiments and the resistivity measurements, 9 coal samples in 
total were used, named as A1, A2, A3, B1, B2, B3, C1, C2, C3. The samples of A1, B1 and C1 are 
durain coal samples (excluding vitrain stripes), the samples of A2, B2, and C2 contain wide vitrain 
stripes (approximately 4 cm wide vitrain stripes), and the samples of A3, B3, and C3 contain narrow 
vitrain stripes (approximately 2 cm wide vitrain stripes). All of the samples are described in detail in 
Fig. 5 and Table 1. 

 
Fig. 3 Lump coal samples collected from the working face 
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Fig. 4 Pillar coal samples with polishing processing for experiments  

 

       Fig. 5 The 9 pillar coal samples for experiments 

Table 1 Description of the experimental samples 

Sample ID Description 

A1 Pillar sample of durain（with no vitrain bands） 

A2 Pillar sample of durain（with 4 cm wide vitrain bands） 

A3 Pillar sample of durain（with 2 cm wide vitrain bands） 

B1 Pillar sample of durain（with no vitrain bands） 

B2 Pillar sample of durain（with 4 cm wide vitrain bands） 

B3 Pillar sample of durain（with 2 cm wide vitrain bands） 

C1 Pillar sample of durain（with no vitrain bands 

C2 Pillar sample of durain（with 4 cm wide vitrain bands） 

C3 Pillar sample of durain（with 2 cm wide vitrain bands） 

 
3.2 Experimental methods 

Proximate analysis of the 9 samples were performed and their fixed carbon, ash, moisture and 
volatile were tested systematically, following the China national testing standard GB/T 212-2008. Then 
all the samples were processed as below: samples A1, A2, A3 (air-dried samples), B1, B2, B3 (water 
imbibition for 2 hours), C1, C2, C3 (dried at 378.15 K). After the processing, the methane adsorption 
desorption experiments were carried out on all the samples and their resistance values were measured 
at each equilibrium pressure point at the same time.  

In the experiments, the resistance value tester (TH2515) and the self-designed methane adsorption 
and desorption instrument for cylindrical coal samples were used to measure the resistance values of 
coal samples and then the resistivity was calculated using the following equation:  

where ρ is resistivity (Ω·m), R is resistance value (Ω), S is cross-sectional area (m2), L is length (m). 

The experimental equipment consists of four modules (Fig. 6): (1) volume measurement module for 
free space of sample cylinder using helium, composed of helium cylinder, convertor valve, sample 
cylinder, reference cylinder and vacuum pump. (2) adsorption/desorption experiment module, 
composed of sample cylinder, gas source cylinder, reference cylinder and vacuum pump. (3) 
synchronous test module, consisting of resistance tester, data display device and USB data output 
device. (4) data acquisition and storage module. The accuracy of pressure gauge and thermometer reach 
0.01 MPa and 0.1 K, respectively. The adsorption/desorption experiment were conducted under the 
conditions of room temperature (295.15 K), setting equilibrium pressure of 0.5 MPa, 1.0 MPa, 1.5 MPa, 
2.0 MPa, 2.5 MPa and 3.0 MPa, and the experimental process were carried out following the order of 
successive pressure rise, adsorption equilibrium, successive depressurization and desorption 
equilibrium. 

L

RS
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Fig. 6 Experimental schematic and facility photo 

 
In order to compare the differences between vitrain and durain, the mercury intrusion test and low 

temperature liquid nitrogen adsorption test were carried out on 2 samples, one vitrain sample and one 
durain sample, respectively. All of the samples for the low temperature nitrogen adsorption experiments 
were sieved to a size fraction of 0.23-0.45 mm and dried at 378.15 K for 24 hours in a vacuumed oven. 
The experiments were performed with a Micromeritics ASAP-2020 automated surface area analyzer 
following China oil and gas industry standard SY/T 6154-1995. All of the samples were measured at 77 
K with a relative pressure (P/P0) ranging from 0.01 to 1 to achieve pore BET surface areas, BJH pore 
volumes and pore size distributions. Mercury intrusion analysis were performed following China oil 
and gas industry standard SY/T 5346-1994 using a Micromeritics 9310 porosimeter. The instrument 
can automatically register pressure, pore diameter, intrusion volume, and surface area. Before the 
mercury intrusion experiments, all samples were dried at 348.15 K for 48 hours. Mercury intrusion 
curves were obtained for every sample from 0.01 to 100 MPa.  

 
4 Results 
 
4.1 Proximate analysis 

The proximate analysis results of the 9 coal samples, without drying or water imbibition processes 
being used, show that the moisture content is between 2.43% and 2.96%, exhibiting little difference 
between each other (Table 2). The ash content of the samples ranges from 3.24% to 12.53%, indicating 
that the ash content of sample group B is higher than that of sample groups A and C, and the ash 
content of sample group A is the lowest. The higher the durain component is, the higher the ash content 
will be (A1＞A3＞A2, B1＞B3＞B2, C1＞C3＞C2). The volatiles range from 28.85% to 33.27%, 
most of which are above 32%. The higher the content of vitrain component is, the higher the volatiles. 
The fixed carbon was 56.09%-61.92%, and there are no significant differences among the samples. 

Table 2 Proximate analysis of the coal samples (without drying and water imbibition) 

Composition 

 

Sample ID 

Mad/% Aad/% Vad/% FCad/% 

A1 2.75 7.82 30.39 59.03 

A2 2.75 3.24 32.09 61.92 

A3 2.96 5.31 32.13 59.60 

B1 2.54 12.53 28.85 56.09 

B2 2.52 6.22 32.94 58.32 

B3 2.70 5.85 32.51 58.94 

C1 2.43 8.72 29.86 58.98 

C2 2.72 6.43 33.27 57.58 

C3 2.85 5.59 32.94 58.62 

 
4.2 Pore structure 

Coal is a porous medium with a complex pore structure that influences the adsorption/desorption 
characteristics and electrical conductivity. In this paper, the methods of mercury injection and low 
temperature liquid nitrogen adsorption were used to analyze the pore and surface characteristics of 
vitrain and durain at different scales. The sorting coefficients of the pores and throats of vitrain and 
durain samples both exceed 3.0, indicating poor sorting. However, the pore throat sorting coefficient Sp 
of durain was smaller than that of vitrain, indicating that the pore throat sorting of durain was better 
than that of vitrain, and its pore throat size was relatively uniform. The slanting degree Sk of vitrain is 
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positive and that of durain is negative, indicating that the pore throat diameter of durain is smaller than 
that of vitrain. The maximum mercury saturation SHg of durain is 98.53%, much higher than that of 
vitrain (60.20%). The pore connectivity of durain is better, while the pore throat curvature of vitrain is 
larger, showing more frequent pore throat changes (Table 3). Mercury injection curves show that the 
mercury withdrawal curve of durain has a large hysteresis, while that of vitrain is small, which 
indicates that durain is mainly composed of connected pores with good connectivity, while vitrain is 
mainly composed of semi-closed pores with poor connectivity (Fig. 7). A low temperature liquid 
nitrogen adsorption experiment is usually used to reflect the structural characteristics of micropores and 
mesopores (< 100 nm) and is often used in conjunction with the mercury injection experiment. The low 
temperature liquid nitrogen test results of durain and vitrain samples are shown in Table 4. Although 
the calculation results of different models are somewhat different, the overall results are relatively 
consistent, showing that the pore capacity and specific surface area of vitrain are greater than those of 
durain, and the average pore size of vitrain is less than that of durain. 

Table 3 Pore characteristics by mercury injection tests 

Sample 
Pore size Pore sorting Pore connectivity  



R /μm Rc50/μm Sp Sk Pd/MPa SHg/% WE/%  

Vitrain 3.18 0.01 4.98 1.42 0.03 60.20 63.88  

Durain 4.83 0.02 3.39 -1.37 0.02 98.53 36.56  

 

 

 

Fig. 7 Mercury injection curves of durain (left) and vitrain (right)  

Table 4 Pore characteristics by low temperature liquid nitrogen adsorption 

Sample 

Pore volume/ cm
3
·g

-1
 Specific surface area/ m

2
·g

-1
 Average pore diameter /nm 

Single point 

adsorption 

BJH 

adsorption 

BJH 

desorption 

BET 

adsorption 

BJH 

adsorption 

BJH 

desorption 

BJH 

adsorption 

BJH 

desorption 

Vitrain 0.016 0.019 0.019 7.757 13.198 12.033 5.741 6.225 

Durain 0.015 0.017 0.016 7.357 11.524 8.679 5.819 7.209 

 
4.3 Electrical conductivity variation 

According to the experimental methods described above, methane adsorption and desorption 
experiments were carried out on the three groups of samples with different processing, and the 
resistance values of coal samples at each equilibrium pressure point were measured at the same time. 
The resistivity values were calculated, and the relationship between adsorption quantity, pressure and 
resistivity was analyzed and fitted mathematically. 

 
4.3.1 Resistivity variations with adsorption quantity 

During the adsorption process, the resistivity of samples are all showed a decreasing trend, namely 
with the increase of methane adsorption quantity. Coal resistivity decreases rapidly in the early 
adsorption process, but when the methane adsorption quantity continues to increase, the decrease of 
resistivity slows down significantly until the decreasing trend halts, presumably after the coal methane 
adsorption quantity reaches a certain degree, and even if the adsorption quantity increases, the 
electrical conductivity no longer varies (Fig. 8). In the process of desorption, the resistivity of coal 
increases to a certain extent, that is, with the increase of methane desorption quantity (the residual 
methane adsorption quantity in coal decreases), then the resistivity of coal gradually rebounds and the 
conductivity becomes better. However, the resistivity rebound range is very limited and difficult to 
return to its initial level, indicating that the methane adsorption leads to irreversible changes in the 
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structure of coal body, and even if the desorption is completed, its resistivity cannot be restored to its 
original level. 

 

 

     

(a) Air-dried samples 

 

(b) Water imbibition samples 

 

 

(c) Dry samples 

Fig. 8 Correlation between the resistivity and adsorption quantity of coal samples during methane adsorption and 

desorption 
 

Through the mathematical fitting of the relationship between coal resistivity and methane adsorption 
quantity data, it is found that in the adsorption process, the relationship between coal resistivity and the 

 

 
This article is protected by copyright. All rights reserved. 



8 

 

methane adsorption quantity can be described by a quadratic function of ρ=aQ
2
-bQ+c, with a multiple 

correlation coefficient R
2
 that is between 0.824-0.998, with most of them higher than 0.96, indicating a 

high degree of fitness (Table 5). From a mathematical point of view, during the adsorption process, the 
resistivity of coal decreases as the adsorption quantity increases, and its change rate decreases, leading 
to the existence of a minimum value of resistivity, that is, where the adsorption quantity reaches a 
certain degree that, even if the adsorption quantity continues to increase, the resistivity of coal will not 
continuous to decrease. In the desorption process, a good linear relationship is shown between the coal 
resistivity and the methane adsorption quantity with the mathematical expression of ρ=-a Q + c, and 
with most of the multiple correlation coefficients R

2
 being above 0.6, except for two samples (B2 and 

C1). This indicates that during the desorption process, the coal resistivity increases linearly with the 
decrease of the adsorption quantity, and its maximum value exists, that is, when the adsorption quantity 
decreases to zero (methane adsorbed in the coal is completely desorbed), the coal resistivity rebounds 
to its maximum. 

Table 5 Mathematical fitting of the resistivity and adsorption quantity of methane 

Sample ID 

Adsorption  Desorption 

Fitting equation R
2
 Fitting equation R

2
 

A1 ρ=67.613Q
2
-517.694Q+2987.356 0.824 ρ=-58.23Q+2113.346 0.973 

A2 ρ=50.852Q
2
-578.896Q+3162.133 0.976 ρ=-63.967Q+1893.618 0.992 

A3 ρ=133.269Q
2
-992.905Q+3245.009 0.985 ρ=-104.071Q+1642.16 0.962 

B1 ρ=115.011Q
2
-446.342Q+1966.341 0.830 ρ=-25.079Q+1567.652 0.977 

B2 ρ= 308.07Q
2
-1217.063Q+2435.639 0.966 ρ=-26.863Q+1235.519 0.390 

B3 ρ= 200.505Q
2
-1045.738Q+2553.572 0.989 ρ=-177.857Q+1552.738 0.959 

C1 ρ=15.011Q
2
-595.963Q+17108.503 0.998 ρ=-51.431Q+11962.532 0.325 

C2 ρ=13.195Q
2
-294.524Q+6997.427 0.983 ρ=-8.021Q+5419.55 0.660 

C3 ρ=16.394Q
2
-414.206Q+8614.043 0.957 ρ=-17.427Q+5961.294 0.600 

 
4.3.2 Resistivity variation with equilibrium pressure  

In the methane adsorption and desorption experiments, there is a positive correlation between the 
adsorption quantity and the equilibrium pressure, and a negative correlation between the adsorption 
quantity and the coal resistivity. Therefore, there should be a negative correlation between the 
equilibrium pressure and the resistivity, which is also confirmed in the experiments. In the processes of 
pressure rise and adsorption, the resistivity of coal begins to decrease rapidly and the conductivity is 
improved with the increase of the equilibrium pressure (Fig. 9). However, as the adsorption equilibrium 
pressure continues to increase, the decrease of resistivity gradually slows down. In the processes of 
depressurization and desorption, with the decrease of equilibrium pressure, the resistivity of coal 
gradually rebounds slightly, but much lower than its initial level, until the desorption process is 
completed. In general, during the process of methane adsorption and desorption, the changes in 
resistivity due to the equilibrium pressure are similar to those resulting from the adsorption quantity. 
For further study through mathematical fitting of the resistivity and equilibrium pressure data, the 
correlation between the coal resistivity and the equilibrium pressure can be described by a quadratic 
equation in the processes of pressure rise and adsorption, namely ρ=aP

2
-bP+c, and the multiple 

correlation coefficient R
2
 is more than 0.9, indicating a high degree of fitness (Table 6). In the 

processes of depressurization and desorption, the correlation of coal resistivity and equilibrium 
pressure is a linear relationship, which can be described using the equation ρ= -aP+c, and the multiple 
correlation coefficients R

2
 of 5 samples are higher than 0.9, and only 3 samples have coefficients lower 

than 0.4, showing a relatively high degree of fitness overall.  
 

 

(a) Air-dried samples 
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(b) Water imbibition samples 

 

 

(c) Dry samples 

Fig. 9 Correlation between the resistivity and equilibrium pressure of coal samples during methane adsorption and 

desorption 

 
Table 6 Mathematical fitting of the resistivity and equilibrium pressure 

Sample ID 

Pressure rise adsorption  Depressurization desorption 

Fitting equation R
2
 Fitting equation R

2
 

A1 ρ=197.625P
2
-900.235P+2986.251 0.829 ρ=-61.431P+1998.525 0.913 

A2 ρ=150.925P
2
-925.276P+3116.718 0.963 ρ=-69.359P+1830.654 0.984 

A3 ρ=293.628P
2
-1465.18P+3187.653 0.968 ρ=-100.76P+1520.847 0.932 

B1 ρ=86.235P
2
-392.364P+1972.028 0.848 ρ=-14.144P+1543.208 0.997 

B2 ρ=177.98P
2
-943.606P+2471.14 0.985 ρ=-16.33P+1219.884 0.353 

B3 ρ=132.58P
2
-856.675P+2578.185 0.996 ρ=-92.215P+1403.208 0.960 

C1 ρ=865.637P
2
-4165.399P+16521.269 0.941 ρ=-129.172P+11550.622 0.235 

C2 ρ=221.871P
2
-1168.395P+6928.598 0.962 ρ=-13.752P+5381.475 0.380 

C3 ρ=370.415P
2
-1910.798P+8437.151 0.904 ρ=-40.981P+5867.073 0.656 

 

 
4.3.3 Resistivity variation degree  

The initial resistivity of the 9 coal samples involved in the adsorption and desorption experiments 
ranges from 2039 to 17160 Ω·m, and the resistivities of dry samples are much higher than those of the 
other samples, up to 17160 Ω·m, showing poor electrical conductivity and the effect of moisture on 
improving the conductivity (Table 7). In the adsorption process, the resistivities of coal samples 
decrease by 24.12%-58.58% at the end of adsorption process (pressure of 3 MPa), and the resistivity 
decrease of sample A3 is the highest, while that of sample C2 is the lowest. Although different samples 
vary in the variation range of resistivity, it can be concluded that the electrical conductivity of coal is 
improved by the adsorption of methane. In the desorption process, the resistivity of most coal samples 
slightly bounces at varying degrees, ranging from 0.21% to 5.85%. Only samples A1 and C3 show no 
resistivity bounces, exhibiting negative values due to the interference of experimental measurement 
errors. 

In the methane adsorption and desorption experiments, the maximum pressure in the adsorption 
process is 3 MPa and the minimum pressure at the end of the desorption process is approximately 0.5 
MPa, which would result in a considerable part of adsorbed methane still not being desorbed at the end 
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of experimental process. Therefore, based on the above mathematical fitting equations, the calculation 
method of function extremum is carried out, taking a derivative with respect to adsorption quantity, and 
the results are shown in Table 8. During the adsorption process, the first derivative of the resistivity 
fitting function decreases, indicating that the change rate of resistivity decreases with the increase of 
the adsorption quantity, indicating that the adsorption quantity has a demarcation point on the 
resistivity variation. When the adsorption quantity is less than the demarcation point, its effect on the 
resistivity is more significant, while if the adsorption quantity exceeds the demarcation point, even if 
the adsorption quantity increases continuously, it has little influence on the electrical conductivity of 
coal. The demarcation points of adsorption quantities range from 1.94 to 19.85 m

3
/t, most of which can 

be achieved in the experimental conditions. During the desorption process, the resistivities of different 
samples rebound with different final ranges, and the resistivities forecast a recovery value of 
1236-11963 Ω·m, rebounding 0.82%-13.53%, which shows obvious differences with the experimental 
determinations, but with the overall trend appearing more similar to the experimental trend. 

Table 7 Resistivity variations during the adsorption and desorption process of methane 

Sample ID 
Initial 

resistivity /Ω·m 

Resistivity at 

pressure of 3MPa 

/Ω·m 

Resistivity at the end of 

desorption /Ω·m 

Maximum change 

degree of resistivity /% 

Resistivity rebounding 

degree 

/% 

A1 3167 1976 1973 -37.59 -0.11 

A2 3214 1673 1795 -47.95 3.80 

A3 3316 1374 1478 -58.58 3.16 

B1 2039 1531 1536 -24.89 0.21 

B2 2524 1207 1220 -52.17 0.51 

B3 2605 1200 1353 -53.92 5.85 

C1 17160 11548 11668 -32.70 0.70 

C2 7054 5352 5417 -24.12 0.91 

C3 8769 5889 5845 -32.84 -0.51 

 
Table 8 Extremum calculation of the resistivity in adsorption and desorption process 

Sample ID 

Adsorption   Desorption 

First derivative 

Adsorption 

quantity 

(ρ'=0)/m
3
/t 

Adsorption 

quantity 

(3MPa)/m
3
/t 

 

First derivative 
Final resistivity 

/Ω·m 

Final resistivity 

rebounding 

degree /% 

A1 ρ'=135.226Q-517.694 3.83 4.79  ρ'=-58.23 2113. 4.33 

A2 ρ'=101.704Q-578.896 5.69 3.88  ρ'=-63.967 1894 6.86 

A3 ρ'=266.592Q-992.905 3.72 3.88  ρ'=-104.071 1642 8.10 

B1 ρ'=230.022Q-446.342 1.94 2.50  ρ'=-25.079 1568 1.78 

B2 ρ'=616.14Q-1217.063 1.98 2.20  ρ'=-26.863 1236 1.13 

B3 ρ'=401.01Q-1045.738 2.61 2.32  ρ'=-177.857 1553 13.53 

C1 ρ'=30.022Q-595.963 19.85 15.07  ρ'=-51.431 11963 2.42 

C2 ρ'=26.390Q-294.524 11.16 9.78  ρ'=-8.021 5420 0.95 

C3 ρ'=32.788Q-414.206 12.63 11.51  ρ'=-17.427 5961 0.82 

 
5 Discussions 
 
5.1 Mechanisms of resistivity changes 
5.1.1 Heat variation 

The process of methane adsorption on the pore surfaces of coal is a process of gradual stabilization 
of the coal-methane system, with the kinetic energy, potential energy of methane molecules and surface 
free energy of coal gradually being converted into heat energy. Therefore, the adsorption process is an 
exothermic process, and the heat release is dispersed between the coal bodies, resulting in the rise of 
coal temperature (Make et al., 2015; Tang et al., 2015; Li et al., 2018; Zheng et al., 2018). With 
continuous methane adsorption, more and more heat is released, leading to a continuous increase of the 
temperature of the coal. This causes the electrons to be constantly excited and transferred to the 
conduction band, resulting in a better conductivity of coal and reduced resistivity. Previous studies 
have also confirmed that there is a negative correlation between temperature and the resistivity of coal, 
that is, with the increase of temperature, the resistivity of coal decreases, exhibiting a roughly linear 
relationship between the two. Moreover, as the temperature increases, the surface energy of coal 
decreases, resulting in the binding effect of electrons and ions on its surface being weakened and the 
movement of electrons and ions being enhanced, which leads to a better conductivity in the coal. On 
the contrary, the desorption process is an endothermic process, in which the adsorbed methane 
molecules must absorb heat from the system to break free from the surface of coal and be transformed 
into free molecules. As the desorption continues to absorb heat from the system, the temperature of the 
coal decreases and the surface energy of the coal increases, resulting in the binding effect on the 
surface electrons and ions increasing and the conductivity decreasing. In addition, the heat absorption 
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of methane desorption will also cause some electrons originally in the conduction band to migrate back 
to the forbidden band, resulting in a decrease in the number of electrons in the conduction band and an 
increase in the resistivity. 

 
5.1.2 Desorption hysteresis 

Adsorption and desorption of methane on the pore surfaces of coal are two incompletely reversible 
processes, and desorption usually lags behind adsorption. At present, scholars have reached a unified 
understanding of desorption hysteresis in the processes of methane adsorption and desorption (Ma et al., 
2012; Wang et al., 2014; Feng et al., 2016; Zhang & Liu, 2017). Therefore, the methane adsorbed in the 
coal cannot be completely desorbed, so that after the desorption experiment is finished, part of the 
adsorbed methane remains in the pores of the coal, hindering the recovery of coal resistivity and 
making it difficult for coal resistivity to recover to its initial level. If the desorption hysteresis is 
excluded, that is, assuming that the methane adsorbed in the coal can be desorbed completely, can the 
resistivity of coal be restored to its initial level? In order to solve this problem, the resistivity value of 
coal (after complete desorption), when the residual adsorption quantity is 0 m

3
/t, is calculated through 

the fitting equation of the resistivity and adsorption quantity in the desorption process (Table 8). The 
results show that even if the adsorbed methane is completely desorbed, the resistivity of coal is far 
from its initial level. Hence, although desorption hysteresis is one of the factors that make it difficult 
for the resistivity of coal to recover, it is not the most important factor. 

 
5.1.3 Matrix swelling and shrinkage 

The methane adsorption and desorption process will lead to changes in the internal structure of coal, 
one of which is matrix swelling and shrinkage (Guo et al., 2014; Lin et al., 2017). In the process of 
methane adsorption, after methane molecules are adsorbed on the pore surfaces of coal, the coal matrix 
will undergo a swelling deformation. The degree of swelling deformation increases with the increase of 
adsorption quantity, and the heat released in the adsorption process will aggravate the degree of 
swelling deformation (Gorucu et al., 2007; Wang et al., 2010; Liu et al., 2015; Pan et al., 2015). The 
swelling deformation of the coal matrix not only compresses the pore space but also causes the contact 
between particles inside the coal to become closer, which reduces the resistivity and enhances the 
conductivity of the coal (Liu, 2017). During the late adsorption process, with the adsorption quantity of 
methane increasing and gradually reducing the effective space available for adsorption, adsorption 
slows down and the coal gradually becomes saturated, causing the corresponding matrix swelling 
deformation to abate and the decreasing rate of coal resistivity to slow. Presumably from the fitting 
equations and curves, the resistivity will not change after decreasing to its lowest value. 

On the contrary, during the desorption process, as the adsorbed methane is gradually desorbed, the 
coal matrix shrinks, resulting in the increase of pore space in the coal, better permeability and a looser 
contact between the coal matrix particles (George and Barakat, 2001; Mazumder et al., 2012; Connell, 
2016). At the same time, the electrical conductivity decreases and the resistivity increases, showing an 
opposite effect of matrix swelling. However, the experimental results show that the range of coal 
resistivity rebound caused by desorption is very limited, probably indicating a large difference between 
matrix shrinkage and swelling deformation. The matrix swelling deformation of coal during adsorption 
is irreversible, even after the end of the desorption process, and the coal matrix still has a large degree 
of residual swelling deformation (Liu et al., 2010), which cannot be completely offset by the matrix 
shrinkage deformation in the desorption process, so therefore it is difficult to be restored to its 
pre-adsorption state. 

 
5.1.4 Water-methane displacement 

Since coal is a mixture of organic matter and inorganic minerals, in the case of dry coal, the method 
of electrical conduction is mainly electronic conduction and in the case of containing water, water will 
dissolve minerals in coal to form ions, which will change the manner of electrical conduction into 
mainly ionic conduction supplemented by electronic conduction. Therefore, the presence of water will 
enhance the electrical conductivity of coal. During the process of methane adsorption, the water 
molecules adsorbed on the pore surfaces of coal are replaced by methane molecules, and become free 
water molecules. When methane adsorption quantity increases, more and more adsorbed water 
molecules are replaced and transformed into free water molecules, which can dissolve more minerals 
and form a large number of ions, and in these same conditions, the adsorption heat of water is greater 
than that of methane, resulting in the replacement process still releasing heat, and thus greatly 
enhancing the electrical conductivity of coal. 

However, the water-gas displacement can only change the conductivity of coal to a certain extent. 
Firstly, the number of adsorbed water molecules is usually limited due to the hydrophobicity of coal, 
which determines that the number of free water molecules transformed from the adsorbed state through 
displacement is quite limited. Secondly, even if a large number of free water molecules can be 
transformed, the soluble minerals in coal are also limited, leading to a limit of ion formation. During 
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the process of depressurization and desorption, water molecules in a free state are adsorbed on the pore 
surface to replace the adsorbed methane molecules (Wang et al., 2018; Chen and Cheng, 2015), which 
leads to the decrease of free water molecules in coal and at the same time, the electrical conductivity of 
coal becomes weaker and the resistivity bounces due to heat absorption. 

  
5.2 Influencing factors 
5.2.1 Coal lithotype 

Differences in pore structure and surface properties exist between vitrain and durain coal, which also 
leads to differential conductivity. Taking the dry coal sample as an example, it contains almost no 
moisture after drying, leading to the ion migration being limited, and the major conductive mode of the 
dried coal sample being electronic conduction. In the micro-channel environment, the fluid flows under 
the action of pressure and drives charged particles between the diffusion layers to move directionally, 
generating a streaming potential and sliding current along the movement direction. Since the pores of 
coal are mainly micro-pores with large specific surface areas, it significantly enhances the fluid 
resistance at the interface (Cai et al., 2011; Chen et al., 2017). The more oxygen-containing functional 
groups there are on the surface of pores, the more electronegativity there will be. The surface charge of 
coal pores will change the distribution of anti-charge or polar molecules near the interface and form an 
adsorption layer or Stern layer. Affected by the methane gas flow as driven by pressure in the 
nano-channels, the double-layer with electrical charges on their pore surfaces will exert an electric field 
force opposite to the movement direction of the fluid, obstructing the gas flow in the nano-channels and 
increasing the fluid resistance, resulting in an electroviscosity effect (Leinweber et al., 2006). In 
addition, the pressure variation of methane gas during the pressure rise and depressurization process 
leads to the stability and uniformity of the dual electric layer, which makes the resistivity relatively 
stable with little variation range during the depressurization process. 

As mentioned above, the pore throat sorting of vitrain is worse than that of durain and the pore throat 
diameter size of the former changes more frequently (Fig. 10), leading to more charged particles on the 
double electric layers and larger distance differences of the diffusion layer between the double electric 
layers on pore surfaces. Therefore, more free charges exist on the diffusion layer in heterogeneous 
distribution, leading to a stronger conductivity in vitrain than durain. The resistivity measurement 
results of the dry samples also show that the higher the proportion of vitrain composition, the lower the 
resistivity was (C1 > C3 > C2), which is consistent with the above explanations. Thus, the resistivity of 
coal can be used to characterize its own pore structure. When the resistivity of coal is high, the pore 
throats are more uniform and have better connectivity. On the contrary, when the resistivity of coal is 
low, the pore throats are poorly sorted with frequent changes of pore diameter and poor connectivity.  

 

 
Fig. 10 Dual electric layer differences caused by pore throat changes in coal 

 
In addition, the adsorption capacities of vitrain and durain are different. Although the results of 

mercury injection and low-temperature liquid nitrogen adsorption show that the pore volume and 
specific surface area of vitrain are both greater than that of durain (Table 3, 4), the adsorption capacity 
of durain is actually greater than vitrain, due to the adsorption capacity of coal being controlled by 
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many factors: not only the pore volume and specific surface area but also the pore connectivity and 
sorting (Crosdale et al., 1998; Feng et al., 2013; Feng et al., 2014; Shan et al., 2018). The experimental 
results show that, compared with vitrain, the pore throat size distribution in durain is more uniform and 
the pore connectivity is better, which are more conducive to methane adsorption. In addition, in these 
methane adsorption experiments, the adsorption capacity is shown as C1 > C3 > C2 at the same 
pressure. For example, when the pressure is 3 MPa, the adsorption quantities of C1, C2 and C3 are 
19.85 m

3
/t, 11.16 m

3
/t, and 12.63 m

3
/t, respectively. This also confirms that the adsorption capacity of 

durain is greater than that of vitrain. Therefore, the higher the vitrain component of a coal sample is, 
the less likely it is to absorb methane, which would affect the resistivity variation of coal during the 
methane adsorption and desorption processes. The resistivity of sample C2 with higher vitrain 
components is significantly lower than C1 and C3 (Table 7), and also the resistivity of sample C2 
changes at a lower rate than the other two in regard to pressure variations (Fig. 9). 

 
5.2.2 Moisture and ash 

In the case of water-containing coal, soluble substances dissolve in water to form ions, while ash 
provides the material basis for the ion formation, making the conductive mode of coal change from a 
single electronic conductive mode to a mixed conductive mode with the ionic conductive mode as the 
chief method and the electronic conductive mode as the auxiliary. In addition, the wettability 
differences of different coal lithotypes will also affect the distribution of water in the pores, and the 
water in the coal also has an important impact on methane adsorption and desorption. Therefore, under 
the action of moisture and ash, the changes in the electrical conductivity of coal are more complex. 

Firstly, moisture and ash change the main conductive mode of coal and greatly enhance the 
conductivity of coal. When there is almost no moisture in the coal, ash has no obvious influence on the 
conductivity of coal. For example, of the dry samples in group C, C1 has the highest ash content, but its 
resistivity is the highest. When there is moisture in coal, the influence of moisture and ash on the 
conductivity of coal becomes obvious. The moisture contents of samples A1, A2, A3, B1, B2 and B3 
were 2.75%, 2.75%, 2.96%, 8.31%, 7.13% and 7.37%, respectively. The resistivities of the samples 
were far lower than those of the samples of group C (Table 9).  

Table 9 Resistivity variations of coal samples with different moisture content 

Sample ID 

Initial 

resistivity/Ω·

m 

Ash content 

/% 

Moisture content 

/% 

Adsorption 

quantity (3MPa) 

/m
3
/t 

Adsorption 

quantity (ρ'=0) 

/m
3
/t 

Maximum variation 

degree of resistivity /% 

A1 3167 7.82  2.75  4.79 3.83 -37.59 

A2 3214 3.24  2.75  3.88 5.69 -47.95 

A3 3316 5.31  2.96  3.88 3.72 -58.58 

B1 2039 12.53  8.31  2.50 1.94 -24.89 

B2 2524 6.22  7.13  2.20 1.98 -52.17 

B3 2605 5.85  7.31  2.32 2.61 -53.92 

C1 17160 8.72  — 15.07 19.85 -32.70 

C2 7054 6.43  — 9.78 11.16 -24.12 

C3 8769 5.59  — 11.51 12.63 -32.84 

 
By comparing the two groups of samples A and B, it can be found that the higher the moisture 

content is, the lower the initial resistivity of coal is and the stronger the conductivity is. In particular, 
sample B1 has the highest ash and moisture content (12.53% and 8.31%, respectively), with the lowest 
resistivity and the strongest conductivity among all samples. However, there is a limit to the change in 
coal conductivity caused by moisture because the soluble substances in coal are relatively limited. 
When the moisture increases to a certain extent, its influence on coal conductivity will no longer be 
significant. For example, the initial resistivities of samples A1, B1 and C1 are 3167 Ω·m, 2039 Ω·m 
and 17160 Ω·m, respectively. Although the moisture of sample A1 is only 2.75%, its conductivity is 
much stronger than the dry sample of C1. Whereas, the moisture of sample B1 (8.31%) is much higher 
than that of sample A1, but the two have few differences in electrical conductivity (Table 9, Fig. 11). 
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Fig. 11 Resistivity changes in methane adsorption and desorption process of samples with different moisture 

content 

 
Secondly, water-methane interactions in the process of methane adsorption and desorption has a 

significant influence on the electrical conductivity of coal. When some pores are occupied by water, 
competitive adsorption occurs between water molecules and methane molecules in the process of 
methane adsorption. Since the adsorption heat of water molecules is greater than that of methane 
molecules, it is more easily adsorbed on the pore surfaces of coal than methane. Therefore, the 
presence of water reduces the adsorption capacity of coal to methane (Wang et al., 2011; Xiang et al., 
2014). Under the same pressure conditions, the higher the moisture content of coal is, the lower the 
methane adsorption capacity (B < A < C) (Table 9). In general, during the process of methane 
adsorption, the resistivities of water-containing samples decrease to a greater extent than those of dry 
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samples (Table 9) because methane adsorption not only enhances electronic conductivity but also 
increases the number of free water molecules in coal and enhances the ionic conductivity through 
methane-water displacement on the pore surfaces of coal. However, there is little difference and no 
obvious regularity in the degree of resistivity reduction between water-containing samples A and B, 
indicating that when the moisture content exceeds a certain degree, the change in electronic 
conductivity of coal may be the dominant factor determining the resistivity changes of coal during the 
adsorption process. 

Moreover, during the processes of methane adsorption and desorption of the water-containing 
samples, the factors of heat transfer, matrix swelling and shrinkage, and desorption hysteresis affect the 
conductivity of coal (electronic conduction), accompanied by the influence of water-methane 
displacement on the conductivity of coal (ionic conduction), making the change laws of coal resistivity 
tend to be more complex. From the resistivity change curves of the three groups of samples (Fig. 8, 9), 
it can be found that the resistivity variation of the three samples in group C (dry samples) tends to be 
similar, along with the change in adsorption quantity and pressure, and the curves of different samples 
do not intersect each other. However, the resistivity change curves of group A and B are both crossed, 
indicating that certain differences in resistivity changes exist between the water-containing samples. 
When the moisture content is roughly the same, the wettability differences of coal lithotypes lead to 
differential water distribution in the pores, which also have a great impact on the conductivity of coal 
(Zhang, 2017). To eliminate these effects on the results of the analysis, the resistivity changes of the 
samples with roughly similar coal lithotypes and different moistures are compared to each other, and as 
shown in Fig. 11, the resistivity change trends of the samples with different moisture contents are 
relatively consistent and the curves are not crossed. 

During the desorption process, the resistivities of dry samples rebound less than water-containing 
samples (Table 10), mainly because of differences of the electrical conduction modes between dry 
samples and water-containing samples. The electronic conduction mode of dry samples changes 
irreversibly after the adsorption of methane, as influenced by the irreversible change in coal structure, 
which determines the lower rebounding degree of resistivity during methane desorption. However, in 
terms of water-containing samples, the electrical conduction modes include both electronic and ionic 
conduction, both contributing to the rebound in resistivity. The contribution of the former is similar to 
the dry samples, but the ionic conductivity has a more prominent impact on the electrical conductivity 
of coal because the resistivity rebounds due to the reduction of free water molecules in pores caused by 
water-methane displacement in the methane desorption process. Therefore, the combined action of the 
two conduction modes leads to a higher degree of resistivity rebound in water-containing samples. On 
the other hand, the water-methane displacement promotes methane desorption, resulting in a higher 
methane desorption rate in water-containing samples (Table 10). For example, the moisture contents of 
sample A1, B1, and C1, are 2.75%, 8.31%, 0%, respectively, and the desorption rates are 48.79%, 
50.97%, 40.15%, indicating the improvement of methane desorption and the reduction of the 
desorption hysteresis by water, which can weaken the electronic conductivity and increase the 
resistivity rebound of coal. 

Table 10 Resistivity variations of different type samples during adsorption and desorption 

Sample 

ID 

Ash content 

/% 

Moisture 

content 

/% 

Adsorption quantity 

(3MPa) /m
3
/t 

Desorption quantity 

(0.5MPa) /m
3
/t 

Desorption rate 

/% 

Resistivity rebounding 

degree /% 

A1 7.82 2.75 4.79 2.34 48.79 -0.11 

A2 3.24 2.75 3.88 2.39 61.59 3.80 

A3 5.31 2.96 3.88 2.24 57.64 3.16 

B1 12.53 8.31 2.50 1.27 50.97 0.21 

B2 6.22 7.13 2.20 1.36 61.92 0.51 

B3 5.85 7.31 2.32 1.21 51.95 5.85 

C1 8.72 — 15.07 6.05 40.15 0.70 

C2 6.43 — 9.78 4.59 46.97 0.91 

C3 5.59 — 11.51 4.99 43.35 -0.51 

 
6 Conclusions 
 

(1) During the processes of pressure rise and methane adsorption, the conductivity of coal becomes 
higher and the resistivity reduction gradually decreases. The relationship between coal resistivity, 
methane adsorption volume and equilibrium pressure can be described by a quadratic function. In the 
processes of decompression and desorption, the resistivity of coal rebounds slightly, and the 
relationship coincides with a linear function.  

(2) In the adsorption process, the conductivity of coal can be enhanced by heat release from methane 
adsorption, coal matrix swelling and adsorptive water molecules being replaced by methane. During 
the desorption process, decalescence of methane desorption and coal matrix shrinkage weakens the 
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electronic conductivity of coal, and water-gas replacement causes the ionic conductivity of coal to be 
weakened accordingly.  

(3) The methane adsorption leads to irreversible changes in coal internal structure and enhances the 
conductivity of coal. Even after methane desorption, the electrical property changes of coal are limited, 
and the degree of rebound for resistivity is weak, which cannot be restored to its initial level.  

(4) The conductivity of durain is weaker than that of vitrain, with a relatively more homogeneous 
pore throat structure and fewer charged particles in the double electric layer. Moreover, the adsorption 
capacity of durain is higher than vitrain, resulting in a greater reduction rate and range of coal 
resistivities during methane adsorption.  

(5) The conductivity of coal can be enhanced by moisture, however, the effect of moisture on the 
conductivity of coal gradually weakens after the moisture content increases to a certain extent. The 
moisture content increases the degree of electrical conductivity change in coal during the process of 
adsorption and desorption. The moisture enlarges the degree of variation in the conductivity of coal and 
the wettability differences between durain and vitrain complicate the resistivity changes during the 
processes of methane adsorption and desorption. 
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