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Abstract: As the mining depth increases, the effect of stress on the gas adsorption of coal gradually
becomes significant. There are significant differences in the pore volume, specific surface area, and
adsorption characteristics of coal before and after stress. In this study, the porosity variation character-
istics of coal were studied using axial and confining pressure loading processes, and volumetric stress
was introduced to characterize the pore variation law of coal under triaxial stress. By calculating the
stress values at different burial depths, gas isothermal adsorption experiments were conducted on
coal under different stress effects. The Langmuir equation, D-A equation, and Freundlich empirical
formula were used to fit the adsorption experimental results. Combining experiments and models to
predict the adsorbed and free gas content under stress, we described the gas adsorption law of coal
under different stress effects.
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1. Introduction

Coalbed methane, also known as gas, has been severely affected by gas disasters
in coal mines in recent years. With the continuous development of the social economy,
shallow coal resources are gradually depleting, and the mining of deep coal resources is
also facing increasingly serious gas disasters [1]. According to the statistics presented in
Figure 1 of recent coal mine accidents and gas accidents in China, it can be seen that coal
mine accidents have decreased significantly year by year, and the state of coal mine safety
continues to improve [2]. However, gas remains a hidden danger to coal mine safety, and
the situation remains severe. It has long been the biggest threat to the development of coal
mine safety [3].

The gas adsorption law of coal is one of the key factors affecting the estimation of
coal seams’ gas content [4]. Domestic and international experts and scholars have con-
ducted many studies on the influence of different influencing factors on the gas adsorption
characteristics of coal, such as the coal rank, coal composition, coal moisture content, and
temperature [5–7]. A large amount of research has been conducted by previous researchers
on the factors affecting coal’s gas adsorption [8,9]. However, there is relatively little research
on the influence of stress on the gas adsorption law of coal, and a unified understanding
has not yet been formed [10]. The study of the gas adsorption law of coal usually adopts
the isothermal adsorption experiment of coal and draws the isothermal adsorption curve
based on the experimental adsorption equilibrium pressure and calculated adsorption
amount [11]. Under reservoir conditions, coal’s adsorption of gas will produce an expan-
sion effect. When the expansion is limited, it will lead to changes in the in situ stress
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state, which in turn will cause changes in the pore volume and surface area of coal. The
adsorption characteristics of coal are closely related to both, indicating that stress is one of
the most important factors affecting the adsorption characteristics of coal [12].
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The Langmuir equation, D-A isothermal adsorption model, and Freundlich adsorption
model are effective in characterizing the gas isothermal adsorption experimental results
for coal. Research on adsorption models by domestic and international scholars has been
ongoing [13]. Through experimental verification and applicability analysis of the model, it is
hoped that the model can be further optimized. Although there are many models describing
coal adsorption, there is still controversy over which theory best fits the adsorption by coal
of gas; researchers therefore measured this using the adsorption constants of nine different
coal samples using the high-pressure capacity method and analyzed the relationship
between the adsorption constants and the degree of coal metamorphism [14,15]. They
found that as the degree of coal metamorphism increased, the adsorption constant a’s value
gradually increased, and the trend was approximately linear. Ma et al. [16] conducted gas
isothermal adsorption experiments on coal with different moisture contents using a gas
constant tester. As the moisture content increased, the amount of gas adsorption by the coal
decreased. The Langmuir adsorption constant a decreased with the increase in moisture
content, while the adsorption constant b showed a linear increasing trend. Chen et al. [17]
found in their experiments on anthracite that the gas adsorption capacity and Langmuir
constant a both decreased with increasing temperatures, while the Langmuir constant b
increased significantly.

At present, research on the pore structure of coal mainly focuses on the influence
of high temperatures and high pressure, while there is little research on the influence of
stress on the pore characteristics of coal, such as the pore volume, specific surface area,
and porosity [18]. As the mining depth increases, the influencing factors of tectonic stress
gradually become significant. However, the tectonic stress is similar to mining stress, in
that I also has a significant impact on the porosity and permeability of coal. A large number
of granular pores are developed in the abnormal area of coal 6# in Xieqiao Mine, indicating
a high degree of granular mylonitization in the coal body, serious internal damage to the
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coal body under the influence of structural stress, and that the development of pores is
disorganized. During fluid migration, the broken mineral particles are easy to roll, thus
blocking the fluid channel, resulting in poor permeability of the coal seam [19]. Furthermore,
with the deepening mining of the 15# coal seam working face in Yangquan Coalfield, the
overlying and underlying coal seams will undergo deformation or extension movements,
thereby changing the original stress field in the coal seams and forming adjacent pressure
zones. When the coal seam deforms and fails due to changes in the stress field, it forms
internal separation fractures and vertically and horizontally fractured fractures, and gas
path fault zones are generated and extended, which can improve the permeability of the
gas flow in the coal and rock. When characterizing the gas adsorption characteristics of
coal using granular coal, the influence of tectonic stress is ignored, which is different from
the actual state of coal seams [20].

In this work, we conducted research on the gas adsorption law of coal under different
stress effects, simulated the in situ stress state of coal seams with different burial depths
through triaxial stress loading, analyzed the gas adsorption law of coal under different
stress effects, and provided basic theoretical support for predicting the gas content in deep
coal seams and preventing gas disasters.

2. Coal Seam Pore Analysis and Mathematical Model of Adsorption
2.1. Experimental Coal Samples

The experimental coal samples were collected from the Fifth Mine of Yangquan Coal
Industry (Group) Co., Ltd. (Yangquan, China). The coal seam is fresh and exposed in the
working face, which consists of anthracite coal. The coal quality is relatively hard, and the
collected coal sample was processed. During the sample preparation process, the coring
machine was set to drill at a constant and slow speed to ensure the integrity of the drilled
coal sample. The final preparation of several coal sample specimens mainly included a
moisture content of 1.37%, ash content of 12.86%, and volatile content of 12.93%.

Yangquan Coalfield is located on the northeast side of Qinshui Basin in Shanxi
Province, on the west side of the Taihang Mountain anticline. It is basically a mono-
cline structure inclined towards the northeast. The main coal-bearing strata are the Taiyuan
Formation of the Carboniferous System and the Shanxi Formation of the Permian System.
According to the “Method for Determining the True Density of Coal”, the density of the
collected coal samples was measured. The porosity of the coal was calculated based on the
“Method for Calculating the Porosity of Coal and Rock”. The coal sample had a density of
1.61 g/cm3, a true density of 1.78 g/cm3, and a porosity of 9.55%.

2.2. Pore Characterization Method for Coal

The pore volume and specific surface area of coal in different pore size ranges can
provide information on the pore structure. The pore structure of coal is very complex,
ranging from the smallest micropores (<10 nm) to the larger mesopores (100–1000 nm)
to the largest macropores (>1000 nm) according to the current Houghton decimal clas-
sification system used in the domestic coal industry. The porosity of coal refers to the
physical properties of coal reservoirs, which are generally characterized by parameters
such as the pore volume, specific surface area, and porosity [21]. Stress loading not only
causes macroscopic damage to coal samples, as shown in Figure 2, but also has a certain
influence on the microscopic pore structure of coal. In order to explore the changes in pore
volume and specific surface area of coal before and after stress action, the pore volumes
of original particle coal samples (without stress action) and particle coal samples with
stress-concentrated surface fractures (after stress failure) were measured using the mercury
intrusion method. The specific surface area of the coal before and after stress action was
measured using the low-temperature liquid nitrogen adsorption method.
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Figure 2. Sampling images and positions after stress load failure.

2.2.1. Pore Volume Measurement

This experiment used the Auto Pore IV fully automatic mercury intrusion meter
(Micromeritics, Norcross, Georgia, United States). Based on the cumulative amount of
mercury entering the pores of coal samples under different pressures, the pore volume
corresponding to the pore size can be calculated. The relationship between the pore size of
coal that mercury liquid can enter into and the applied pressure conforms to the following
equation [22]:

P = −2σ cos θ

r
(1)

P is the external pressure applied during mercury injection in MPa; σ is the surface
tension of mercury in 0.0048 N/m; θ is the infiltration angle between the pore surface of
coal and the mercury column, taken based on a calculation; r is the pore radius in nm.

2.2.2. Pore Volume Measurement

The instrument used for the determination of the pores’ specific surface area in the
experiment was the ASAP 2020 physical adsorption instrument (Micromeritics, Norcross,
GA, USA). Due to the van der Waals force, nitrogen molecules reach an approximate
monolayer adsorption equilibrium state on the surface of solid substances. Based on the
proportional relationship between the adsorption amount and the adsorbate surface area,
the specific surface area of the tested substance was calculated. The relationship between
the relative pressure of nitrogen and its pore condensation curvature can be expressed
using the following equation [23]:

rk = − 0.414
ln(p/p0)

(2)

rk is the critical pore radius at which capillary condensation occurs, known as the
Kelvin radius, nm.

The liquid nitrogen adsorption method can determine the effective pore size of coal in
the range of 2–400 nm. Based on the experimental data on liquid nitrogen adsorption and
the desorption of coal samples before and after stress, the specific surface area of each pore
size segment of the coal sample was calculated.

2.3. Characterization of Coal Porosity Under Stress

From a microscopic perspective, coal undergoes changes in pores and fractures under
stress, while from a macroscopic perspective, it undergoes changes in porosity. Using the
gas adsorption experimental platform of coal under a force load presented in Figure 3,
experiments were conducted to determine the porosity of coal under different stress effects.
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Based on the experimental results, a quantitative characterization relationship between the
coal porosity and stress was constructed.
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Figure 3. Experimental platform for gas adsorption of coal under stress load.

Under the condition of a constant experimental temperature of 30 ◦C, two loading
methods were used to determine the porosity of coal: 1⃝ We used variable axial compression
loading under constant confining pressures of 3 MPa and 5 MPa. The confining pressure
was first fixed, and then, the axial pressure was increased to a certain load to measure
the porosity of coal under this stress state. Then, the axial pressure was increased to a
larger load, and the porosity of coal under this stress state was measured again. 2⃝ To
determine the variable confining pressure loading under constant axial pressures of 12 MPa
and 15 MPa, we first fixed the axial pressure and then increased the confining pressure to a
certain load, measured the porosity of the coal under this stress state, and then increased
the confining pressure to a larger load to measure the porosity of the coal under this stress
state again.

The two loading methods described above were sequentially carried out according to
Figure 4, and the porosity of the coal under different stress effects was measured.
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2.4. Gas Adsorption Experiment for Coal Under Stress

Isothermal adsorption experiments are usually divided into two testing methods:
dynamic and static. The dynamic method is further divided into the atmospheric flow
method and the chromatography method, while the static method is divided into the
weight method and the capacity method. The measurement principle is shown in Figure 5,
and the gas adsorption capacity of coal is calculated based on the gas state equation.
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Figure 5. Gas isothermal adsorption experiment of coal under different stress effects using
capacity method.

This study used the capacity method in the static method to conduct isothermal gas
adsorption experiments on coal under different stress conditions. We placed the prepared
raw coal specimen in a triaxial stress chamber (as shown in Figure 6). When the coal
sample was loaded in the triaxial stress chamber and reached the stress value set in the
experiment, we measured the pore volume of the coal sample in the triaxial stress chamber.
Then, we performed a vacuum operation on the experimental device, adjusted the pressure-
regulating valve to fill a certain pressure of methane gas into the upstream reference tank
and pipeline, and recorded the pressure, P1, at this time. We opened the valve to connect the
upstream reference tank and the triaxial stress chamber. At this time, the coal sample began
to adsorb gas. After reaching adsorption equilibrium, we read the pressure of the upstream
reference tank again and recorded it as P2. The adsorption capacity of the coal sample can
be calculated based on the initial value and equilibrium value of the gas pressure in the
upstream reference tank, as well as the pore volume of the pipeline system and coal sample.
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The methane gas was filled into the triaxial stress chamber through the upstream
reference tank and pipeline. After the adsorption equilibrium of raw coal was reached,
the total volume of methane filled into the triaxial stress chamber was calculated using
Equation (3) [24]:

Qc =
273.15 × VC

(273.15 + t0)× 0.101325

(
P1

Z1
− P2

Z2

)
(3)

Qc is the total volume of free gas and adsorbed gas adsorbed by the raw coal in
equilibrium, cm3; VC is the volume of the upstream reference tank and pipeline, cm3; P1
is the equilibrium pressure before inflation of the upstream reference tank and inflation
pipeline, MPa; P2 is the equilibrium pressure after inflation of the upstream reference
tank and pipeline, MPa; Z1 is the compression factor of the methane under pressure and
the experimental temperature and is dimensionless; Z2 is the compression factor of the
methane under pressure and the experimental temperature and is dimensionless; t0 is the
experimental temperature, ◦C.

Due to the fact that the triaxial stress chamber is filled with hydraulic oil, the dead
volume in the chamber refers to the pore volume of coal. After the adsorption equilibrium
of raw coal is reached, the free gas volume in the triaxial stress chamber is the free gas
volume [25]:

Qy =
273.15 × P2 × VP

(273.15 + t0)× Z2 × 0.101325
(4)

Qy is the free gas volume of the coal in the triaxial stress chamber under adsorption
equilibrium pressure, cm3; VP is the pore volume of the coal in the triaxial stress chamber,
cm3; P2 is the adsorption equilibrium pressure, MPa; t0 is the experimental temperature,
◦C; Z2 is the balance of the compression factor of methane at pressure and the experimental
temperature and is dimensionless.

After the adsorption equilibrium of raw coal is reached, the volume of the adsorbed
gas under standard conditions can be calculated using Equation (5):

Qx = Qc − Qy (5)

3. Results and Discussion
3.1. Differential Pore Volume of Coal

The most widely used Hodott decimal classification system in the coal industry
includes micropores [26], small pores, mesopores, and macropores. Micropores are the
main gas storage sites that make up the specific surface area of coal and adsorb gas; small
pores are the spaces where capillary condensation and gas diffusion occur; mesopores
belong to the slow laminar gas permeation space; and macropores belong to the strong
turbulent gas permeation field. According to the connectivity of pores, the pores in coal can
be divided into closed pores, semiclosed pores, cross-linked pores, and through-pores, as
shown in Figure 7a, and the shape of the pores can be divided into layered pores, columnar
pores, ink bottle pores, conical pores, and interstitial pores, as shown in Figure 7b. Stress
loading not only causes macroscopic damage to coal samples, it also causes serious changes
to the microscopic pore structure of coal.

Based on the mercury intrusion test data of the coal samples before and after stress,
a curve was drawn for the pressure and volume of the mercury intrusion (retreat). As
shown in Figure 8, the mercury evolution curves of the coal samples before and after stress
show different characteristics. There is a significant hysteresis loop in the entire mercury
evolution process of the coal samples without stress, indicating that there are many open
pores. However, after stress failure, the hysteresis loop of the coal samples is smaller than
that of coal samples without stress, indicating that the number of open pores in the coal
samples decreases and the number of semiclosed pores increases after stress, leading to
poor connectivity of the coal samples and diminished gas adsorption. The stress action
destroys the pore volume of coal, resulting in an increase in the pore volume of large and
medium pores, a decrease in the pore volume of micropores and small pores, and an overall
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decrease in pore volume. Similarly, Wang et al. [22] used activated carbon as a natural gas
adsorbent and measured the natural gas desorption capacity of activated carbon at 3.4 MPa
and 7.0 MPa, respectively. The experimental results showed that the specific surface area
and pore volume below 4.0 nm or 6.0 nm were the two key factors affecting the natural gas
desorption capacity per unit mass of activated carbon. However, due to the effect of gas
stagnation, the amount of natural gas desorbed from the micropores was only a part of the
total desorption capacity of the activated carbon. This result indicates that the microporous
structure has a significant impact on gas adsorption. Sun et al. [27] used a certain amount
of calcium chloride, silica gel, and expanded graphite to prepare a composite adsorbent.
Nitrogen gas was used as the carrier gas, which had little effect on the ammonia adsorption
capacity. However, at lower temperatures and higher partial ammonia pressures, the
composite adsorbent had a better adsorption effect on the ammonia, indicating that the
adsorption capacity of coal is closely related to the partial pressure.

Fuels 2024, 5, FOR PEER REVIEW 8 
 

 

x c yQ Q Q= −  (5)

3. Results and Discussion 
3.1. Differential Pore Volume of Coal 

The most widely used Hodott decimal classification system in the coal industry in-
cludes micropores [26], small pores, mesopores, and macropores. Micropores are the main 
gas storage sites that make up the specific surface area of coal and adsorb gas; small pores 
are the spaces where capillary condensation and gas diffusion occur; mesopores belong 
to the slow laminar gas permeation space; and macropores belong to the strong turbulent 
gas permeation field. According to the connectivity of pores, the pores in coal can be di-
vided into closed pores, semiclosed pores, cross-linked pores, and through-pores, as 
shown in Figure 7a, and the shape of the pores can be divided into layered pores, colum-
nar pores, ink bottle pores, conical pores, and interstitial pores, as shown in Figure 7b. 
Stress loading not only causes macroscopic damage to coal samples, it also causes serious 
changes to the microscopic pore structure of coal. 

 
Figure 7. The different pore types of coal: (a) connection types of holes and (b) types of pore 
shapes. 

Based on the mercury intrusion test data of the coal samples before and after stress, 
a curve was drawn for the pressure and volume of the mercury intrusion (retreat). As 
shown in Figure 8, the mercury evolution curves of the coal samples before and after stress 
show different characteristics. There is a significant hysteresis loop in the entire mercury 
evolution process of the coal samples without stress, indicating that there are many open 
pores. However, after stress failure, the hysteresis loop of the coal samples is smaller than 
that of coal samples without stress, indicating that the number of open pores in the coal 
samples decreases and the number of semiclosed pores increases after stress, leading to 
poor connectivity of the coal samples and diminished gas adsorption. The stress action 
destroys the pore volume of coal, resulting in an increase in the pore volume of large and 
medium pores, a decrease in the pore volume of micropores and small pores, and an over-
all decrease in pore volume. Similarly, Wang et al. [22] used activated carbon as a natural 
gas adsorbent and measured the natural gas desorption capacity of activated carbon at 3.4 
MPa and 7.0 MPa, respectively. The experimental results showed that the specific surface 
area and pore volume below 4.0 nm or 6.0 nm were the two key factors affecting the nat-
ural gas desorption capacity per unit mass of activated carbon. However, due to the effect 
of gas stagnation, the amount of natural gas desorbed from the micropores was only a 
part of the total desorption capacity of the activated carbon. This result indicates that the 
microporous structure has a significant impact on gas adsorption. Sun et al. [27] used a 
certain amount of calcium chloride, silica gel, and expanded graphite to prepare a 

Figure 7. The different pore types of coal: (a) connection types of holes and (b) types of pore shapes.

Fuels 2024, 5, FOR PEER REVIEW 9 
 

 

composite adsorbent. Nitrogen gas was used as the carrier gas, which had little effect on 
the ammonia adsorption capacity. However, at lower temperatures and higher partial am-
monia pressures, the composite adsorbent had a better adsorption effect on the ammonia, 
indicating that the adsorption capacity of coal is closely related to the partial pressure. 

 
Figure 8. Variation trend in porosity of coal during axial compression loading: (a) confining pressure 
of 3MPa and (b) confining pressure of 5 MPa (two repeated experiments). 

3.2. Differences in Pore Specific Surface Area of Coal 
From Figure 9, it can be seen that the overall trends in the coal sample adsorption 

and desorption curves before and after stress are very similar, with adsorption hysteresis 
loops that are mainly concentrated in Zone III. We determined the pore development mor-
phology of the coal based on the hysteresis loops generated by different relative pressures 
during the adsorption–desorption process. We divided the adsorption and desorption iso-
therms of the coal into Zones I ( 00 / 0.2p p< ≤ ), II ( 00.2 / 0.5p p< ≤ ), and III (

00.5 / 1p p< <
), which correspond to different pore structures. Among them, the adsorption curve and 
desorption curve in Zone I basically overlap, with good reversibility. The pores in this 
area are mostly nonpermeable, with the pores being closed at one end. The adsorption 
curve in Zone II gradually separates, indicating the presence of some blind holes in this 
area. As shown in Figure 9, there is a significant hysteresis loop in Zone III, with the pores 
mainly consisting of layered pores and cylindrical pores with openings at both ends. At a 
relative pressure of 0.5, the desorption curve of the coal shows a significant turning point, 
indicating that the coal sample also contains ink-bottle-shaped pores. When the relative 
pressure approaches ( 0/p p ) 1, there is a significant difference in the degree of coal ad-
sorption and desorption, indicating that a stress loading failure has an impact on the pore 
structure of coal. 

Figure 8. Variation trend in porosity of coal during axial compression loading: (a) confining pressure
of 3MPa and (b) confining pressure of 5 MPa (two repeated experiments).

3.2. Differences in Pore Specific Surface Area of Coal

From Figure 9, it can be seen that the overall trends in the coal sample adsorption and
desorption curves before and after stress are very similar, with adsorption hysteresis loops
that are mainly concentrated in Zone III. We determined the pore development morphology
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of the coal based on the hysteresis loops generated by different relative pressures during the
adsorption–desorption process. We divided the adsorption and desorption isotherms of the
coal into Zones I (0 < p/p0 ≤ 0.2), II (0.2 < p/p0 ≤ 0.5), and III (0.5 < p/p0 < 1), which
correspond to different pore structures. Among them, the adsorption curve and desorption
curve in Zone I basically overlap, with good reversibility. The pores in this area are mostly
nonpermeable, with the pores being closed at one end. The adsorption curve in Zone II
gradually separates, indicating the presence of some blind holes in this area. As shown in
Figure 9, there is a significant hysteresis loop in Zone III, with the pores mainly consisting
of layered pores and cylindrical pores with openings at both ends. At a relative pressure of
0.5, the desorption curve of the coal shows a significant turning point, indicating that the
coal sample also contains ink-bottle-shaped pores. When the relative pressure approaches
(p/p0) 1, there is a significant difference in the degree of coal adsorption and desorption,
indicating that a stress loading failure has an impact on the pore structure of coal.
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3.3. Gas Adsorption Data Fitting
3.3.1. Langmuir Equation Fitting of Adsorption Data

The Langmuir equation is an isothermal equation obtained by assuming that the
adsorption system is in dynamic equilibrium [28]. The Langmuir equation for single gas
adsorption is as follows:

V =
abP

1 + bP
(6)

V is the adsorption volume, cm3/g; a is the Langmuir adsorption constant, cm3/g; b is
the Langmuir pressure constant, MPa−1; P is the gas pressure, MPa. Using the adsorption
equilibrium pressure as the x-axis and the adsorption capacity as the y-axis, plot the
adsorption experimental data into a scatter plot. Fit the experimental data to obtain
the Langmuir isotherm adsorption curve, as shown in Figure 10. This allows for the
correlation coefficient R2 between the Langmuir adsorption constant parameter and the
characterization curve to be determined.

The shape of the gas isotherm adsorption curve of coal under different stresses con-
forms to the characteristics of Type I adsorption isotherms, indicating that the gas adsorp-
tion of coal under stress belongs to the physical adsorption of single molecular layers.
The fitting results show that the correlation coefficients between the isotherm adsorp-
tion amount and the Langmuir equation are all above 0.9728, indicating a high degree of
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agreement. As the volume stress increases, the adsorption constants a and b both show a
decreasing trend, and the increase in volume stress inhibits the gas adsorption of coal.

Fuels 2024, 5, FOR PEER REVIEW 11 
 

 

 
Figure 10. Langmuir fitting curve for gas adsorption data of coal under different stress conditions. 

3.3.2. Dubinin–Astakhov Equation Fitting of Adsorption Data 
In order to verify whether the gas adsorption isotherm of coal under different stress 

conditions conforms to the equation, the equation is deformed, and the logarithm is taken 
to obtain the following [29,30]: 

0
0ln ln ln

nn PRTV V
E P

   = −        
 (7)

V  is the gas adsorption capacity, cm3/g; 0V  is the maximum gas adsorption capac-
ity, cm3/g; R is the gas constant, 8.314 J/(mol‧K); for the experimental temperature, take 
303.15 K; E is the characteristic adsorption energy, J/mol; P is the adsorption equilibrium 
pressure, MPa; P0 is the saturated vapor pressure of methane, MPa; n is a constant, reflect-
ing the degree of unevenness on the coal surface. 

The saturated vapor pressure of methane is calculated using Dubinin’s formula [29]: 

2

0 c
c

TP P
T
 

=  
 

 (8)

To verify whether the gas adsorption isotherms of coal under different stress condi-
tions conform to the D-A equation, it is known from the D-A equation that the saturated 
vapor pressure of methane must be known to calculate the adsorbed amount of gas. Ac-
cording to Equation (8), the critical pressure of methane is 4.6 MPa and the critical tem-
perature is 190.56 K for calculating the vapor pressure of methane. Draw the experimental 
adsorption data as a scatter plot using the horizontal axis and the vertical axis and fit the 
experimental data to obtain an isothermal adsorption curve, as shown in Figure 11. 

Figure 10. Langmuir fitting curve for gas adsorption data of coal under different stress conditions.

3.3.2. Dubinin–Astakhov Equation Fitting of Adsorption Data

In order to verify whether the gas adsorption isotherm of coal under different stress
conditions conforms to the equation, the equation is deformed, and the logarithm is taken
to obtain the following [29,30]:

ln V = ln V0 −
(

RT
E

)n[
ln
(

P0

P

)]n
(7)

V is the gas adsorption capacity, cm3/g; V0 is the maximum gas adsorption capacity,
cm3/g; R is the gas constant, 8.314 J/(mol·K); for the experimental temperature, take
303.15 K; E is the characteristic adsorption energy, J/mol; P is the adsorption equilibrium
pressure, MPa; P0 is the saturated vapor pressure of methane, MPa; n is a constant, reflecting
the degree of unevenness on the coal surface.

The saturated vapor pressure of methane is calculated using Dubinin’s formula [29]:

P0 = Pc

(
T
Tc

)2
(8)

To verify whether the gas adsorption isotherms of coal under different stress conditions
conform to the D-A equation, it is known from the D-A equation that the saturated vapor
pressure of methane must be known to calculate the adsorbed amount of gas. According
to Equation (8), the critical pressure of methane is 4.6 MPa and the critical temperature is
190.56 K for calculating the vapor pressure of methane. Draw the experimental adsorption
data as a scatter plot using the horizontal axis and the vertical axis and fit the experimental
data to obtain an isothermal adsorption curve, as shown in Figure 11.

From Figure 11, it can be seen that the variation pattern of the maximum gas adsorption
V0, obtained by fitting the D-A equation, is consistent with the fitting result of the Langmuir
equation. As the volume stress Θ increases, the maximum gas adsorption of coal gradually
decreases, and the decrease amplitude gradually becomes gentle. However, the maximum
gas adsorption capacity obtained by fitting the D-A equation is generally smaller than
the fitting result of the Langmuir equation. The reason for this is that the maximum gas
adsorption capacity obtained by fitting the D-A equation represents the amount of gas



Fuels 2024, 5 708

adsorbed by the micropores of the coal sample, while the adsorption constant obtained by
fitting the Langmuir equation reflects the gas adsorption capacity of all the pores in the coal
sample. Therefore, it is normal for the maximum adsorption capacity of the D-A equation
to be smaller than the limit of the adsorption capacity of the Langmuir equation. As the
volume stress increases, the constant reflecting the unevenness of the coal surface shows a
decreasing trend overall. The reason is that the increase in volume stress causes the coal
matrix and skeleton matrix to gradually shrink, leading to a decrease in the unevenness of
the coal.
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3.3.3. Freundlich Equation Fitting of Adsorption Data

The Freundlich empirical formula is a pure mathematical expression that is widely
used due to its simple form of expression [31]. The Freundlich equation is shown in
Equation (9):

V = KbPn (9)

n is the Freundlich model parameters; Kb is the binding constant. Plot the adsorption
experimental data into a scatter plot using the adsorption equilibrium pressure as the x-axis
and the adsorption capacity as the y-axis. Fit the experimental data to obtain an isothermal
adsorption curve, as shown in Figure 12.
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Experimental 
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Figure 12. Freundlich equation fitting curve for gas adsorption data of coal under different
stress conditions.
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From Figure 12, it can be seen that the correlation coefficient of the Freundlich equation
fitting is the lowest at 0.8838 and the highest at 0.9883. The combination constant Kb
gradually decreases and the change tends to be gentle with the increase in volume stress.
For the parameter n of the Friedrich model, as the volume stress increases from 0 MPa to
51.1 MPa, the model parameter n shows an approximately linear positive correlation with
the increase in volume stress.

3.3.4. Comparison of Isothermal Adsorption Equations

In order to objectively evaluate the accuracy of the Langmuir model, D-A model, and
Freundlich empirical formula fitting equations, the average relative error Emr was used to
quantitatively compare the gas adsorption capacity of coal in the three fitting equations.
The calculation formula is as follows:

Emr =
1
N

N

∑
i=1

∣∣∣∣Vi − Ve

Vi

∣∣∣∣× 100% (10)

Emr is the average relative error, %; Vi is the experimental value of the gas adsorption
capacity of coal, cm3/g; Ve is the fitted value of the gas adsorption capacity of coal, cm3/g;
N is the number of adsorption experiments under a certain stress.

This study only lists the measured and fitted equation gas adsorption values of coal
under a volume stress of 11.0 MPa, as shown in Table 1. The average relative error between
the measured and calculated results under other volumetric stresses is shown in Figure 13.

Table 1. Measurement and calculation results of gas adsorption capacity of coal under volume stress
of 11.0 MPa.

Balanced
Pressure/MPa

Experimental
Value/cm3 g−1

Fitting Equation Adsorption Capacity/cm3 g−1

Langmuir Model D-A Model Freundlich Empirical
Formula

0.64 9.45 10.05 8.44 12.49

1.46 18.96 17.96 17.75 17.23
2.52 23.58 22.59 22.62 21.32
3.61 25.24 25.30 24.67 24.53
4.58 26.72 26.89 25.52 26.92
5.49 27.31 27.97 25.93 28.89

Average relative error Emr/% 3.19 5.48 10.04
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The theoretical data of coal gas adsorption under different stress effects were calculated
using the Langmuir model, D-A model, and Freundlich empirical formula and compared
with the experimental results. It is not difficult to see from Figure 13 that the average relative
error of the Langmuir model is smaller than that of the D-A model and Freundlich empirical
formula, indicating that the Langmuir equation can better represent the experimental data
of coal gas adsorption under different stress effects.

3.4. Indirect Method for Measuring Coal Seam Gas Content

In the large pores and cracks of coal, gas mainly exists in a free state. Its content is
mainly controlled by factors such as the temperature, pressure, and porosity, satisfying the
gas state equation. Its gas content can be expressed as follows [22]:

Xy =
VaPT0

TP0Z
(11)

Xy is the free gas content of coal, cm3/g; Va is the pore volume per unit mass of coal,
cm3/g; P is the gas pressure, MPa; T0, P0 is the absolute temperature (273.15 K) and pressure
(0.101325 MPa) under standard conditions; T is the temperature of the coal seam, K.

Among them, the pore volume per unit mass of coal can be expressed as follows [29,30]:

Va =
φ

ρ
(12)

φ is the porosity of coal, %; ρ is the coal reservoir density g/cm3.
Furthermore, considering the influencing stress factors, the Langmuir equation can be

used to calculate the gas adsorption capacity of coal, which can be characterized as follows:

V =
abP

1 + bP
× η (13)

η is the stress correction coefficient and is dimensionless; Θ is the volume stress, MPa.
The use of the stress correction factor as a function of volumetric stress is expressed

as follows:
η = e−0.02379Θ (14)

Substituting Equation (14) into Equation (13) yields the following:

V =
abP

1 + bP
e−0.02379Θ (15)

The relationship between a and b and the volumetric stress can be determined through
the following experiments.

3.4.1. Calculation of Free Gas Quantity Under Stress Influence

Measure the free gas content during the experiment under a volume stress range of
11.0–51.1 MPa and compare it with the calculation of the free gas content of coal under
different stress conditions. The porosity of coal plays an important role in calculating the
free gas content and is also a key factor in the error between model calculation values and
experimental values. Figure 14 shows the model calculation and experimental test values of
the free gas content of coal under different stresses. When the volume stress is 11.0 MPa, the
relative error is 1.49%, and when the volume stress is 16.7 MPa, the relative error is 5.26%.
The volumetric stress is 28.1 MPa, with a relative error of 3.48%. When the volumetric stress
is 33.9 MPa, the relative error is 4.21%. The volumetric stress is 39.6 MPa, with a relative
error of 2.72%. When the volumetric stress is 51.1 MPa, the relative error is 5.50%. The
average relative error between the calculated free gas content and the experimental free gas
content under different volume stresses is 3.78%, indicating that the model can characterize
the relationship between the free gas content and volume stress more accurately.
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3.4.2. Calculation of Gas Adsorption Capacity of Coal Under Stress Influence

In order to improve the accuracy of the prediction results more intuitively, the exper-
imental results of the coal gas adsorption under different stress effects were compared
with the prediction results based on the influencing Langmuir stress factor. The coefficient
formulas for a and b obtained above were used, and their relative errors were calculated to
determine the accuracy of the model. The results are shown in Figure 15. The maximum
error between the calculated gas adsorption capacity model of coal under different stress
conditions and the experimental test value is 9.22%, and the minimum error is 0.06%. The
volumetric stress is 11.0 MPa, with an average relative error of 4.76%. The volumetric stress
is 16.7 MPa, with an average relative error of 3.64%. The volumetric stress is 28.1 MPa,
with an average relative error of 5.57%. The volumetric stress is 33.9 MPa, with an average
relative error of 2.57%. The volumetric stress is 39.6 MPa, with an average relative error
of 1.63%. The volumetric stress is 51.1 MPa, with an average relative error of 6.15%. The
average relative error between the calculated adsorption capacity of the model and the
experimental adsorption capacity under different volume stresses is 4.54%, indicating
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that the model can characterize the relationship between the gas adsorption capacity and
volume stress more accurately.
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4. Conclusions

In this study, the pore volume and specific surface area of raw coal and coal samples
from surfaces with stress-concentrated fractures were measured by mercury injection and
the liquid nitrogen method. The axial pressure increased from 7 MPa to 12 MPa, and the
porosity decreased by 0.52. When the axial pressure increased by 1 MPa, the porosity
decreased by 0.104 on average. When the confining pressure increased from 10 MPa to
15 MPa, the porosity of the coal decreased by 0.66. When the confining pressure increased
by 1MPa each time, the porosity decreased by 0.132 on average. Based on the isothermal
adsorption experimental data of coal under different stresses, the Langmuir equation, D-A
equation, and Freundlich empirical formula were used to fit the data. It was found that the
Langmuir equation, D-A equation, and Freundlich empirical formula all have a high degree
of fit to the experimental data of coal isothermal adsorption under different stress conditions,
and all of them are good representations of the coal isothermal adsorption experiments
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under different stress conditions. By calculating the theoretical data of coal gas adsorption
under different stresses with three equations and comparing them with the experimental
data, it was found that the average relative error of the Langmuir model was <D-A model
< Freundlich empirical formula, indicating that the Langmuir equation can describe the law
of coal gas adsorption under different stresses more accurately. The relationship between
the adsorption constants a and b and the volume stress was determined. The Langmuir
equation was used to fit the adsorption constants a and b of the coal under different stresses,
and the amounts of free gas and adsorption under different volume stresses were calculated.
The average relative error between the calculated free amount and the experimental free
amount of the model under different volume stresses was 3.78%, indicating that the model
can characterize the relationship between the free amount of gas and volume stress more
accurately. The average relative error between the calculated adsorption capacity of the
model and the experimental adsorption capacity under different volume stresses is 4.54%,
indicating that the model can characterize the relationship between the gas adsorption
capacity and volume stress more accurately.
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