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Abstract 
 
To thoroughly reveal the intrinsic relationships among coal gas adsorption-desorption 
characteristics, coal structure, and oxidation activity under deep high-temperature and high-
pressure conditions, and optimize gas extraction schemes for high-gas mines, we performed 
a study. Coal samples from the 2201 mining face of No.2 coal seam in Xiaohuigou Coal 
Mine, China, were selected as the research object. A series of tests were systematically 
conducted under experimental temperature: 30-120℃, pressure: 0.5-2.5MPa, including 
proximate analysis, ultimate analysis, adsorption-desorption experiments, 
thermogravimetric analysis (TG), and Brunauer-Emmett-Teller (BET) pore structure test. 
The regulatory mechanism of coal gas adsorption and desorption under the coupling effect 
of temperature and pressure was clarified. The response mechanism between the pore 
structure of coal samples and their pyrolysis characteristics was determined. An optimization 
method for gas extraction parameters based on "synergistic regulation of pressure and 
desorption capacity" was established. This technology was successfully applied to the gas 
control scenario of the 2201 working face. After applying this technology, the average gas 
concentration at the upper corner of the working face decreased to 0.40%, with the maximum 
concentration controlled below 0.67%. The width of the goaf oxidation zone was reduced 
from the original 40-50 m to 25-30 m. The pure gas extraction flow rate per borehole reached 
3.77 m3/min, equivalent to the extraction effect of 580 Φ113 mm reverse drilling holes. The 
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cumulative pure gas extraction volume reached 7.01×105 m³, which effectively guarantees 
the safe production during the high-intensity mining of the working face. 
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1. Introduction 
 

Coal is an important basic energy source in China, 
accounting for more than 50% of primary energy 
consumption for a long time[1]. It will continue to 
dominate China’s energy consumption mix for a long 
time to come. However, with the rapid development of 
the coal industry, mine gas disasters occur frequently. 
These disasters seriously threaten the safe production of 
mines and the life safety of miners. Methane is the 
primary harmful gas emitted during coal mining 
operations, and it constitutes the main component of 
mine gas. Gas not only causes major accidents such as 
coal mine gas explosions and gas outbursts, leading to 
casualties and property losses, but also pollutes the 
atmospheric environment. With the increase in the burial 
depth of coal seams, gas pressure and emission intensity 
rise. Especially in deep coal seams, gas control becomes 
more challenging and the associated risks are 
significantly higher[2]. According to Document 
Kuang'an Zong (2024) No. 55 issued by the General 
Office of the State Administration of Mine Safety 
Supervision, 9 coal mine gas accidents occurred in 2024, 
resulting in 55 deaths. Therefore, in-depth investigation 
into the adsorption and desorption characteristics of coal 
for gas under pressure conditions is of great significance 
for mine gas control. 
   In the field of adsorption and desorption, scholars at 
home and abroad have conducted extensive research on 
the adsorption and desorption characteristics of coal. A 
series of important findings have been obtained. Studies 
have shown that these characteristics are affected by 
multiple factors, such as coal rank, coal structure, 
temperature, pressure, and moisture content. 
Meanwhile, scholars have established various 
adsorption and desorption models such as the Langmuir 
model and Freundlich model, which are used to describe 
the adsorption and desorption processes of coal. 
   However, the initial pressure determines the "driving 
force" of methane in coal pores. The equilibrium 
pressure reflects the "saturated state" of coal adsorbing 
methane. The difference in the variation of the two 

pressures is directly related to coal's adsorption capacity. 
Traditional studies have focused on the calculation of 
adsorption capacity. Yet, uneven coal sample density 
and complex pore structure are prone to causing errors 
in adsorption capacity. In contrast, pressure changes can 
directly and accurately characterize the adsorption 
process. Desorption capacity is the core indicator for 
evaluating to measure the "recoverability" of coalbed 
methane. It directly determines gas extraction efficiency 
and economic benefits. Tian Fuchao et al.[3] 
independently developed an experimental platform for 
tracing competitive adsorption-desorption-oxidation 
coupling disasters in gas-bearing coal. This platform 
realizes continuous physical simulation of the entire 
process of competitive adsorption, desorption and 
spontaneous combustion of multi-component gases 
under different temperature and pressure working 
conditions. It provides basic support for the monitoring, 
early warning, prevention and control of spontaneous 
combustion of gas-bearing coal in the complex disaster 
environment of mine goafs. Chen Liuyu et al.[4] studied 
the pore structure parameters of outburst-prone coal and 
found that such coal exhibits relatively well-developed 
pore structures. There are a large number of "ink-bottle" 
type pores and a small number of closed slit pores, but 
the pore permeability is poor, resulting in a high residual 
gas content. Wang Lei et al.[5] found that with the 
increase of pressure, the fracture structure development 
of gas-bearing coal is not obvious, and the proportion of 
isolated pores is large. The connectivity between 
fractures and isolated pores is poor. Adsorbed gas causes 
the cracking and failure of coal microstructures through 
non-mechanical effects, the mechanical effects of 
swelling stress, and the gas wedge effect by free gas on 
coal. Shuang Haiqing et al.[6] studied the gas occurrence 
characteristics in the Chenghe Mining Area. They found 
that the gas content in the mining area shows an upward 
trend with the increase of burial depth and coal seam 
thickness. Tectonic stress is one of the main factors 
controlling gas occurrence. Xu Huimin[7] analyzed the 
variation law of gas adsorption and desorption of coal 
samples with temperature and pressure through 
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experiments. They found that the gas adsorption 
capacity of coal samples is negatively correlated with 
temperature and positively correlated with pressure. Liu 
Peng et al.[8] found that the gas adsorption and 
desorption behaviors of coal has changed significantly 
after being modified via broadband ultrasonic excitation. 
Yan Min et al.[9] conducted a theoretical analysis of the 
gas adsorption-desorption-diffusion behaviors of coal. 
By conducting experiments to investigate the effects of 
varying temperatures on diffusion coefficients and 
kinetic diffusion parameters, they found that the higher 
the temperature, the larger the initial effective diffusion 
coefficient and kinetic diffusion parameters. 
   In the field of thermogravimetric analysis (TG), 
scholars worldwide primarily employ 
thermogravimetric analyzers to study the pyrolysis 
characteristics of coal. Thermogravimetric analysis can 
obtain information such as TG curves and derivative 
thermogravimetric (DTG) curves of coal at different 
temperatures. This facilitates an in-depth understanding 
of the pyrolysis process and mechanism of coal. At 
present, thermogravimetric analysis has become one of 
the important methods for studying the pyrolysis 
characteristics of coal. Li Zhenrong et al.[10] conducted 
thermogravimetric-infrared spectroscopy (TG-IR) 
combined experiments. He found that with an increase 
in adsorption pressure, CH4 occupies the adsorption sites 
of coal-oxygen reactions, leading to a reduction in the 
number of compounds participating in oxidation 
reactions. Adsorbed CH₄ prevents the oxidation of some 
organic matter in coal and inhibits coal oxidation. 
Mohalik NK et al.[11] analyzed 80 coal samples from 
Indian coalfields using TG and found that in the 
temperature range of 150-350℃, oxygen adsorption 
leads to an increase in coal sample mass. Selcuk Nevin 
et al.[12] studied the combustion of coal in O₂/N₂ and 
O₂/CO₂ atmospheres using TG-IR, and found that the 
type and concentration of external gases have almost the 
same impact on the pyrolysis evolution of coal. 
   In the field of BET experiments, scholars worldwide 
primarily employ BET specific surface area analyzers to 
determine the specific surface area and pore structure of 
coal. BET experiments can determine key parameters 
including the specific surface area, pore volume, and 
pore size distribution of coal samples. This lays an 
important foundation for investigating coal's adsorption-
desorption characteristics and gas migration laws. Li et 
al.[13] found through BET experiments that the pore 
volume and specific surface area of coal samples 
decrease monotonically with an increase in temperature 
and pressure. Meanwhile, the proportion of micropores 
and mesopores that facilitate coal-oxygen reactions 
shows an upward trend. Zhou Xiaoqing[14] conducted 

experiments and found that with the increase of 
degassing temperature for anthracite, a large number of 
pores are exposed. This leads to a significant increase in 
pore structure parameters (i.e., BET specific surface 
area, total pore volume, and adsorption capacity), while 
the average pore diameter continuously decreases. Zhou 
Ya[15] found through liquid nitrogen adsorption 
experiments that in terms of gas-bearing properties: for 
high-rank coal, Langmuir pressure and Langmuir 
volume generally show an upward trend with increasing 
coal maturity. For medium-rank coal, the correlation 
between its pore volume and Langmuir 
volume/Langmuir pressure is not statistically. With the 
increase of BET specific surface area, the Langmuir 
volume of medium-rank coal exhibits a weak positive 
correlation with this parameter, while Langmuir pressure 
shows a negative correlation. Li Xijian[16] took tectonic 
coal and primary-structured coal from Qinglong Coal 
Mine, Xiaotun Coal Mine (located in Bijie), and coal 
mines in the Liupanshui area as research objects. He 
studied the pore characteristics of the two types of coal. 
The results show that tectonic coal has a larger BET 
specific surface area, a smaller pore diameter, and a 
higher desorption capacity than primary structure coal, 
which has a significant impact on adsorption-desorption 
characteristics. 
   As one of China's important coal production bases, 
Xiaohuigou Coal Mine also faces severe gas problems 
during coal mining. The coal mine is characterized by 
high gas content, high gas pressure, and unstable gas 
emission intensity. Therefore, this paper takes 
Xiaohuigou Coal Mine as the research subject, and 
collects coal samples to conduct proximate analysis. 
Moisture content, ash content, volatile matter content, 
and fixed carbon content of coal samples were 
determined to understand their basic properties. 
Meanwhile, ultimate analysis experiments were 
conducted to measure the contents of carbon, hydrogen, 
oxygen and other elements in coal samples, so as to 
analyze their elemental composition. Adsorption-
desorption experiments were carried out to study the 
adsorption-desorption characteristics of coal samples 
under different pressure conditions. Thermogravimetric 
experiments (TG) were performed to analyze the 
pyrolysis characteristics and mechanism of coal 
samples. BET experiments were conducted to determine 
the specific surface area and pore structure of coal 
samples, and to explore the influence of pore structure 
on gas adsorption-desorption characteristics. 
   Most existing studies have focused on the effects of a 
single factor on coal gas adsorption-desorption 
characteristics, or been limited to the correlation analysis 
between coal structure and oxidation activity under 
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conventional temperature and pressure conditions. In 
contrast, few studies have conducted research on the 
synergistic effects among coal gas adsorption-
desorption characteristics, coal structure, and oxidation 
activity under deep high-temperature and high-pressure 
environments. Additionally, the coupling mechanism 
between laboratory test results and the optimization of 
field gas extraction parameters has not yet been 
established. On the contrary, this study takes the 2201 
working face of Xiaohuigou Coal Mine as the 
engineering background, integrates multiple 
characterization methods, and realizes the cross-scale 
correlation analysis of coal structure-oxidation activity-
adsorption-desorption behavior. This study aims to 
enhance the utilization efficiency of gas resources in the 
coal mine and provide theoretical support and 
engineering reference for optimizing gas extraction 
parameters in deep high-gas coal mines and ensuring the 
safe and efficient mining of coal mines. 
 

2. Experimental Apparatus and Scheme 
 
2.1. Experimental Materials and Pretreatment 
 
The coal samples employed in this experiment were 
sampled from the 2201 working face of No. 2 coal seam 
in Xiaohuigou Coal Mine. This working face is located 
in the eastern wing of the No.1 mining area. It is one of 
the main mining faces of the coal mine and exhibits good 
representativeness. 
   First, the collected coal samples were pretreated to 
remove surface impurities and adherent gangue. Then, 
the coal samples were crushed to a particle size of less 
than 25 mm to facilitate subsequent experimental 
operations. Crushing was performed using a jaw crusher, 
and the discharge particle size of the crusher was 
controlled to ensure it meets the requirements. 
During the crushing process, attention was paid to  
 

controlling the crushing duration and rotational speed, 
which avoided changes in the properties of the coal 
samples caused by frictional heating. The crushed coal 
samples were sieved with a standard sieve. Coal samples 
within the particle size fraction of 0.2-0.25 mm were 
selected for subsequent experiments[17]. Specifically, 
10 g of coal samples in this particle size range were 
weighed for each set of experiments. Coal samples in 
this particle size range have a large specific surface area, 
which can better reflect the adsorption and desorption 
characteristics of coal. Finally, the sieved coal samples 
were sealed in airtight containers and stored in a low-
temperature, dark, and dry environment to prevent 
moisture absorption and oxidation that may alter the coal 
sample properties for later use. 
 
2.2. Design and Construction of Experimental 
Apparatus 
 
The adsorption-desorption experiments were conducted 
using a self-developed intelligent gas adsorption-
desorption testing apparatus. The apparatus consists of 
four main parts: the gas supply system, the adsorption-
desorption system, the vacuum pumping system, and the 
data acquisition and storage system. The schematic 
diagram of the experimental apparatus is shown in 
Figure 1. 
 
2.3. Experimental Methods and Procedures 
 
(1) Proximate Analysis  
 
Proximate analysis was performed using a proximate 
analyzer. The instrument integrates a far-infrared 
heating device with an electronic balance. It measures 
the mass change of coal samples during heating under 
specific atmospheric conditions, temperatures, and 
heating durations.

 

Figure 1. Schematic diagram of intelligent test device for competitive adsorption of multiple gases under variable temperature conditions 



Zou et al., Int. J. Energy Environ. Eng., 16(4) 2025                                                                                                                                   5 
 
 

  10.57647/ijeee.2025.1603.13 

Based on this, proximate analysis indicators such as 
moisture, ash, and volatile matter of coal samples were 
calculated. For moisture determination: The temperature 
was raised to approximately 145 ℃ and held isothermal 
for 20 minutes. The moisture analysis ends when the 
change in crucible mass did not exceed the system's set 
value. For volatile matter determination: The 
temperature of the high-temperature furnace was raised 
to 900 ℃. Determination was carried out after 
maintaining the constant temperature for a specified 
duration. For ash determination: The temperature was 
further increased again to 850 ℃ and maintained 
constant. The ash analysis ends when the change in 
crucible mass did not exceed the system's set value. 
(2) Ultimate Analysis  
Ultimate analysis was performed using an ultimate 
analyzer. Its working principle is based on the 
combustion method. Coal samples were burned in a 
high-temperature oxygen flow, converting elements 
such as carbon, hydrogen, and nitrogen in coal into 
corresponding oxides. Subsequently, chromatographic 
separation and detection technology was used to 
determine the content of each element. The instrument 
has a measurement accuracy of ±0.1% for carbon, 
hydrogen, and nitrogen, respectively. 
(3) Adsorption-Desorption Experiments  
An intelligent gas adsorption-desorption testing 
apparatus (Model: TZX-3000) was used. The gas used 
in the experiments was methane with a purity of 99.99%. 
Gas at different pressure levels was injected into the 
adsorption tank containing coal samples. After reaching 
adsorption equilibrium, the pressure was gradually 
reduced. The volume change of gas during desorption 
was measured to characterize the gas adsorption-
desorption behaviors of the coal samples. The 
instrument has a pressure measurement range of 0-
10MPa (with an accuracy of ±0.1MPa) and a volume 
measurement accuracy of ±0.01 cm³. 
(4) Thermogravimetric Analysis (TG)  
A thermogravimetric analyzer (Model: STA6000) was 
utilized. High-purity air was used as the heating 
atmosphere, with a gas flow rate of 50 mL/min. Under 
programmed temperature heating conditions, the mass 
change of the prepared coal samples during heating was 
measured. This facilitated the acquisition of the 
pyrolysis characteristics and underlying mechanism of 
coal samples. The instrument's temperature range is 
from room temperature to 1000 ℃. The heating rate can 
be adjusted within 1-50 ℃/min, and the mass 
measurement accuracy is ±0.01 mg. 
(5) BET Analysis  
A physical adsorption analyzer (Model: ASAP2020)  
 

was used for BET analysis. Operating on the principle of 
liquid nitrogen adsorption, the adsorption capacity of 
nitrogen onto the surfaces of the prepared coal samples 
under different relative pressures was measured. The 
specific surface area and pore structure of coal samples 
are calculated via the BET equation. The instrument has 
a specific surface area measurement range of ≥0.0005 
m²/g, a pore diameter measurement range of 1.7-300nm, 
and a minimum pore volume detection limit of 0.0001 
m³/g. The schematic experimental flowchart is shown in 
Figure 2. 
 

3. Results and Analysis 
 
3.1. Basic Characterization Results of Coal Samples 
 
3.1.1. Proximate Analysis 
 
The proximate analysis was conducted on coal samples 
collected from Xiaohuigou Coal Mine. The results are 
shown in Table 1. It can be observed that the proximate 
analysis indicators of the coal sample exhibit a "three 
lows and one high" pattern: low moisture, low ash, low 
volatile matter, and high fixed carbon. The moisture 
content is 1.04%, thus classifying the coal as ultra-low 
moisture coal. This indicates a dry occurrence setting of 
the coal. The free water and bound water in the pores are 
extremely limited. This can reduce the blockage of gas 
diffusion channels and directly optimize the adsorption-
desorption process. The ash content is 5.24%, which 
meets the low ash coal classification standard (A < 
10%). The coal is high-quality thermal coal and 
chemical coal. The content of inorganic minerals such as 
SiO₂ and Al₂O₃ in the coal is low. This low ash content 
not only reduces the interference of minerals on 
pyrolysis characteristics in TG experiments but also 
prevents the invalid filling of pores in BET experiments, 
ensuring the accuracy of the determination of parameters 
such as specific surface area. The volatile matter content 
is 11.86%, falling within the low volatile matter range 
(V < 20%). Combined with the high fixed carbon 
characteristic, it can be judged that the coal sample has 
a high degree of metamorphism, close to the category of 
lean coal or meager coal. Its molecular characteristics—
a well-developed aromatic ring structure and a limited 
number of side chain groups—will directly affect gas 
adsorption capacity and pyrolysis reaction activity. The 
fixed carbon content is 87.35%, significantly higher than 
the 60%-80% range for conventional bituminous coal. 
As the core of combustible organic matter in coal, the 
high content ensures a stable coal matrix skeleton and a 
well-developed, regular pore structure. It not only 
provides abundant active sites for the adsorption of gas 
molecules but also lays a material foundation for stable 
combustion in the high-temperature phase of TG 
experiments. These characteristics collectively 
determine the basic physical and chemical properties of 
the coal sample. 
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Table 1. Results of proximate analyzes of the coal 

Analysis Items Content（ad, %） 

Mad 1.04 

Aad 5.24 

Vad 11.86 

FCad 87.35 
Note: "ad" is the abbreviation of air-dried basis, which complies with 
the standard terminology for coal analysis. 
 

Table 2. Results of ultimate analyzes of the coal 

Analysis Items Content（ad, %） 

C 89.32 

H 3.76 

N 1.40 
Note: "ad" is the abbreviation of air-dried basis, which complies with 
the standard terminology for coal analysis. 
 

3.1.2. Elemental Analysis 
 
Elemental analysis was performed on coal samples from 
Xiaohuigou Coal Mine using an ultimate analyzer. The 
results are shown in Table 2. The elemental composition 
of the coal sample exhibits a "high carbon, medium 
hydrogen, and low nitrogen" characteristic. This 
characteristic is highly consistent with the conclusion 
regarding the high degree of metamorphism revealed by 
proximate analysis. The carbon content reaches 89.32%, 
significantly higher than that of typical conventional 
bituminous coal (75%-85%) and close to the category of 
anthracite. As the dominant component of organic 
matter, carbon predominantly exists in the form of 
highly condensed aromatic ring structures. It is the core 
source of the stable coal skeleton and active sites for gas 
adsorption. The hydrogen content is 3.76%, placing it in 
the transition zone between bituminous coal and 
anthracite. Hydrogen is mainly bonded to aliphatic side 
chains and bridge bonds. Despite the high 
metamorphism degree, some short-chain aliphatic 
structures are still retained. This provides a material 
basis for the generation of pyrolytic volatile matter and 
gas desorption. The nitrogen content is 1.40%, thus 
classifying the coal as low-nitrogen coal. Nitrogen in the 
coal mainly exists in heterocyclic forms such as pyrrole 
and pyridine. It originates from nitrogen-containing 
components such as proteins in coal-forming plants. Its 
content is affected by both the original coal-forming 
materials and the degree of metamorphism. 
   Combined with the results of proximate and elemental 
analysis, the coal sample from Xiaohuigou Coal Mine 
can be categorized as a high-metamorphism coal, close 
to lean coal or meager coal. This coal rank is closely 
correlated with its gas adsorption potential. Specifically, 
the high fixed carbon content (87.35%, proximate 
analysis) and high carbon content (89.32%, elemental 

analysis) indicate a well-developed condensed aromatic 
ring structure in the coal matrix. This structure not only 
forms a stable pore skeleton but also provides abundant 
active adsorption sites for gas molecules, enhancing the 
physical adsorption capacity of coal. Meanwhile, the low 
volatile matter content (11.86%) reflects the limited 
number of aliphatic side chains in the coal, which 
reduces the competitive adsorption of volatile 
components on gas molecules and further optimizes the 
gas adsorption process. The low ash content (5.24%) 
avoids the invalid filling of pore channels, ensuring 
smooth gas diffusion and adsorption-desorption 
dynamics. In addition, the medium hydrogen content 
(3.76%) indicates the retention of a small amount of 
short-chain aliphatic structures, which can promote the 
desorption of adsorbed gas under the action of external 
factors (e.g., temperature rise, pressure drop). In 
summary, the coal rank determined by proximate and 
elemental analysis is the intrinsic factor controlling the 
gas adsorption-desorption potential of the coal sample. 
 
3.2. Analysis of Adsorption-Desorption Experimental 
Results 
 
3.2.1. Changes in Adsorption Pressure 
 

Adsorption experiments were conducted on coal 
samples from Xiaohuigou Coal Mine. The adsorption 
pressure variation curves under different temperature 
conditions were obtained, as shown in Figure 3. 
   By analyzing the adsorption pressure variation 
characteristics under different initial pressures presented 
in Figure 3, it can be concluded that under the same 
temperature condition, the higher the initial pressure, the 
higher the resulting adsorption equilibrium pressure. For 
example, at 30 ℃, when the initial pressure increases 
from 0.5MPa to 2.5MPa, the adsorption equilibrium 
pressure rises from 0.45MPa to 2.26MPa. This is 
because a higher initial pressure provides a stronger 
driving force for gas molecules to diffuse into the pores 
of the coal matrix. A greater number of gas molecules 
are adsorbed onto the coal surface, leading to a higher 
system pressure at equilibrium. 
   Regarding the influence of temperature on adsorption 
pressure, under the same initial pressure, the adsorption 
equilibrium pressure shows an upward trend with 
increasing temperature. Taking an initial pressure of 1.0 
MPa as an example: when the temperature rises from 30 
℃ to 120 ℃, the adsorption equilibrium pressure 
increases from 0.88MPa to 0.95MPa. This is because 
elevated temperature weakens the adsorption 
interactions between gas molecules and the coal matrix 
surface. It diminishes the gas adsorption capacity of 
coal[18, 19], resulting in a higher system pressure at 
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adsorption equilibrium. This temperature-induced 
inhibitory effect on gas adsorption is more significant 
under high initial pressures. 
   In addition, it was found during the experiment that the 
time required for the adsorption pressure to reach 
equilibrium increases with increasing initial pressure 
and decreases with rising temperature. At low initial 
pressure (e.g., 0.5MPa), adsorption equilibrium is 
achieved in approximately 60 minutes at 30 ℃, while 
the adsorption equilibrium time extends to more than 
120 minutes at an initial pressure of 2.5MPa. Under the 
same initial pressure, the equilibrium time at 120 ℃ is 
30-40% shorter than that at 30 ℃. This is because gas 
molecules need more time to diffuse into the deep pores 
of the coal under high initial gas pressure conditions. In 
contrast, elevated temperatures accelerate the thermal 
motion of gas molecules, shortening the adsorption 
equilibrium time. 
 
3.2.2. Changes in Desorption Capacity 
 
Desorption experiments were conducted on the prepared 
coal samples from Xiaohuigou Coal Mine. The 
adsorption-desorption curves under different 
temperature and pressure conditions were obtained, as 
presented in Figure 4. 
   By analyzing the desorption capacity variation  
 

characteristics under different temperatures in Figure 4, 
it can be concluded that desorption capacity exhibits the 
characteristic of "rapid-growth and gradual-
stabilization" with the extension of desorption time. In 
the initial stage of desorption (0-20 min), gas molecules 
are rapidly desorbed from the coal surface and large-
diameter pores, leading to a sharp rise in desorption 
capacity[20]. After 20 min, the desorption rate gradually 
declines. The desorption capacity basically reaches a 
state of desorption equilibrium after 60 min. This is 
because the free and weakly adsorbed gas molecules, 
which are amenable to rapidly desorption, accounts for 
a high proportion in the initial stage. In the later stage, 
desorption is dominated by strongly adsorbed gas, which 
requires overcoming a higher adsorption energy barrier 
specific to strongly adsorbed gas[21, 22]. 
   It can be observed from the experimental results that 
temperature has a significant impact on desorption 
capacity. At the same desorption duration and initial gas 
pressure, the higher the temperature, the lower the 
desorption capacity. Compared with 30 ℃, the gas 
desorption capacity of the prepared coal samples at five 
preset pressure points exhibits a significant reduction at 
60 ℃, 90 ℃, and 120 ℃. The corresponding desorption 
capacities decrease by 2.34%, 3.11%, 2.99%, 4.76%, 
3.98%; 12.94%, 8.23%, 4.62%, 12.14%, 8.96%; and 
20.35%, 11.68%, 6.73%, 14.99%, 13.94% respectively. 
 

 

 

Figure 2. Experimental flow chart. 
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(a) 0.5MPa (b) 1.0MPa 

  

(c) 1.5MPa (d) 2.0MPa 

 

(e) 2.5MPa 

Figure 3. Adsorption pressure diagram 
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(a) 30℃ (b) 60℃ 

  

(c) 90℃ (d) 120℃ 

Figure 4. Desorption capacity diagram 

 

Compared with 60 ℃, the desorption capacities at 90 ℃ 
and 120 ℃ decrease by 10.86%, 5.28%, 1.68%, 7.75%, 
5.19% and 18.45%, 8.85%, 3.85%, 10.74%, 10.37% 
across the five preset pressure points. Compared with 90 
℃, the desorption capacity at 120 ℃ decreases by 
8.51%, 3.77%, 2.21%, 3.24%, 5.47% across the five 
preset pressure points. From the above analysis, it is 
clear that temperature significantly affects the gas 
desorption behavior of the coal matrix. With an increase 
in adsorption temperature, the inhibitory effect on the 
gas desorption capacity of coal tends to intensify[23]. 
This is because desorption is the reverse process of 
physical adsorption. 
   Under constant pressure, an increase in temperature 
reduces adsorption capacity, while a decrease in 
temperature enhances adsorption capacity. Therefore, 
adsorption capacity decreases with the increase of 
adsorption temperature, thus leading to a corresponding 
reduction in the volume of gas desorbed at ambient 
temperature. Meanwhile, combined with the coupling 
relationship between initial adsorption pressure and 
desorption capacity, it can be seen that the higher the 
initial adsorption pressure, the higher the corresponding 
desorption capacity. The desorption capacities of the 

coal sample at four temperature points at an initial 
pressure of 0.5MPa are 12.82 cm³/g, 12.52 cm³/g, 11.16 
cm³/g, and 10.21 cm³/g. At 2.5MPa, the desorption 
capacities at the four temperature points are 17.85 cm³/g, 
17.14 cm³/g, 16.25 cm³/g, and 15.36 cm³/g. Compared 
with the desorption capacity under 0.5MPa, they 
increase by 39.24%, 36.9%, 45.61%, and 50.44% 
respectively. This is because coal adsorbs a greater total 
amount of gas under high initial pressure, resulting in 
higher volume of desorbable gas. Combined with the 
actual detection results of gas composition in 
underground goafs, the gas present in such environments 
is mainly air and methane. It is worth noting that the 
increase in temperature and pressure directly affects the 
occurrence state of gas in coal. The increase of both 
inhibits the gas desorption process in coal, leading to a 
decrease in gas desorption capacity. 
 
3.3. Analysis of Thermogravimetric Results 
 
Thermogravimetric experiments were conducted on coal 
samples from Xiaohuigou Coal Mine that were subjected 
to different adsorption temperature and pressure 
conditions using a thermogravimetric analyzer (TGA). 
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The experiments were performed in a high-purity air 
atmosphere, which is the prerequisite for defining the 
combustion stage of coal samples and avoiding 
misunderstandings about the reaction process. The 
acquired thermogravimetric (TG) curves and derivative 
thermogravimetric (DTG) curves are shown in Figure 5, 
Figure 6, and Figure 7. 
   From the TG-DTG curves of raw coal sample in Figure 
5, it can be seen that the pyrolysis process of the coal 
sample can be divided into three stages: drying and 
dehydration stage (room temperature-200 ℃), pyrolysis 
weight loss stage (200-600 ℃), and char combustion 
stage (600-800 ℃)[24-26]. The weight loss rate in the 
drying and dewatering stage is only 1.0-1.5%. This low 
weight loss rate is consistent with the ultra-low moisture 
content of 1.04% determined via proximate analysis. It 
indicates that the content of free water and bound water 
in the coal sample is extremely low. The pyrolysis 
weight loss stage is the main weight loss interval, with a 
weight loss rate of 28-30%. Reactions such as cleavage 
of aliphatic side chains, ring-opening of aromatic 
structures, and release of volatile matter occur mainly in 

this stage. A distinct maximum weight loss rate peak 
appears at approximately 465 ℃ on the DTG curve. This 
corresponds to the temperature of concentrated volatile 
matter release. The weight loss rate in the char 
combustion stage is about 40-42%. The fixed carbon 
fraction reacts with oxygen to form CO₂ and CO in this 
stage. The weight loss profile is relatively gentle, 
reflecting the stable combustion characteristics of the 
high fixed carbon coal sample. 
 

 
Figure 5. Raw coal TG-DTG curves 

  

(a) 30-2.5 (b) 60-2.5 

  

(c) 90-2.5 (d) 120-2.5 

Figure 6. TG-DTG curves at different adsorption temperatures 
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By analyzing the TG-DTG curves under different 
adsorption temperatures in Figure 6, it can be concluded 
that adsorption temperature has a significant impact on 
the pyrolysis characteristics of the coal sample. As the 
adsorption temperature increases from 30 ℃ to 120 ℃, 
the pyrolysis weight loss rate exhibits a gradual 
increasing trend. The total weight loss rate is 29.27% at 
30 ℃ and increases to 31.13% at 120 ℃. This is because 
during high-temperature adsorption, gas desorption 
induces alterations in the pore structure of the coal 
matrix (e.g., fracture development)[27]. It Such pore 
structure alterations augment the contact area between 
oxygen and active sites within the coal matrix, 
promoting pyrolysis and combustion reactions[28]. The 
temperature corresponding to the maximum weight loss 
rate peak on the DTG curve decreases slightly with 
increasing adsorption temperature. This temperature 
measures 465.633 ℃ at 30 ℃ and decreases to 465.19 
℃ at 120 ℃. This indicates that the chemical structure 
of coal is more prone to decomposition after high-
temperature adsorption, accompanied by a slight 
reduction in thermal stability. In addition, the higher the 
adsorption temperature, the lower the weight loss rate in 
the char combustion stage. This suggests that high-
temperature adsorption may cause some strongly 
adsorbed gas to remain in the coal micropores, inhibiting 
the reaction between char and oxygen. 
   From the TG-DTG curves under different adsorption 
pressures in Figure 7, it can be seen that the influence of 
adsorption pressure on the pyrolysis weight loss 
characteristics of the coal sample differs from that of 
temperature. As the adsorption pressure increases from 
0.5 MPa to 2.5 MPa, the total pyrolysis weight loss rate 
exhibits a fluctuating trend of decreasing first, then 
increasing, followed by a subsequent decrease. It is 
31.99% at 0.5 MPa, 30.03% at 1.0 MPa, drops to 29.59% 
at 1.5 MPa, rises to 32.09% at 2.0 MPa, and falls again 
to 29.52% at 2.5 MPa. Under low pressures (0.5-1.5 
MPa), an increase in pressure enhances the adsorption 
affinity of gas molecules within the coal pores. These 
adsorbed gas molecules occupy some reactive sites, 
inhibits pyrolysis reactions, and leads to a decrease in 
weight loss rate. Under high pressures (1.5-2.5 MPa), 
excessively high pressure induces compression 
deformation of the coal matrix pore structure. Some 
micropores are converted into mesopores. Meanwhile, 
the desorption of more adsorbed gas molecules damages 
the coal structure and increases reactive active sites, 
thereby promoting pyrolysis reactions and increasing the 
weight loss rate. The temperature of the maximum 
weight loss rate peak on the DTG curve does not change 
significantly with adsorption pressure. 

It is basically stable between 465-467 ℃, indicating that 
adsorption pressure has little effect on the main reaction 
temperature of coal pyrolysis[29]. However, under high 
pressures (2.0-2.5 MPa), the DTG peak profile becomes 
broader. This indicates that the temperature interval for 
pyrolysis reactions is broadened. The structural damage 
to the coal matrix induced by the gas adsorption-
desorption process rendering the pyrolysis reactions of 
different reactive sites more kinetically dispersed. 
 
3.4 Analysis of BET Results 
 
3.4.1. Adsorption-Desorption Curves 
 
The adsorption-desorption curves of the coal samples are 
shown in Figure 8. Analysis of the curve characteristics 
of coal samples after adsorption and desorption under 
different temperatures and pressures reveals that all 
curves exhibit the features of Type IV adsorption 
isotherms with distinct hysteresis loops. This indicates 
that the coal samples are predominantly composed of 
mesopores and macropores, with well-developed pore 
structures. The hysteresis loops are characteristic of 
Type H4, suggesting the presence of slit-shaped and ink-
bottle-shaped pores within the coal matrix in the coal 
samples. Such pore structures can result in the 
entrapment of nitrogen molecules within the coal matrix 
pores during desorption, leading to a distinct separation 
between the desorption and adsorption branches of the 
isotherms. Under an adsorption pressure of 0.5MPa, the 
low-temperature nitrogen adsorption capacities of coal 
samples treated at 30 ℃, 60 ℃, 90 ℃, and 120 ℃ are 
6.346 cm³/g, 5.545 cm³/g, 5.725 cm³/g, and 5.696 cm³/g, 
respectively. Compared with the adsorption capacities 
under 1.5 MPa (3.591 cm³/g, 4.034 cm³/g, 3.525 cm³/g, 
3.962 cm³/g), they are higher than those at 43.41%, 
27.25%, 38.43%, and 30.44% respectively. Compared 
with the adsorption capacities under 2.5 MPa (2.499 
cm³/g, 2.319 cm³/g, 1.456 cm³/g, 2.279 cm³/g), they 
decrease by 60.62%, 58.17%, 74.57%, and 59.99% 
respectively. This is because under low pressure (0.5 
MPa), the pore structure of the coal matrix does not 
undergo significant compressive deformation. The 
connectivity of micropores (< 2nm) and mesopores (2–
50nm) is good, allowing nitrogen molecules to fully 
diffuse and adsorb on the pore surfaces, resulting in 
higher adsorption capacity. Under high pressures (1.5 
MPa and 2.5 MPa), the effective stress on coal increases, 
leading to a pore compression effect: micropores 
undergo closure, and the throats of mesopore become 
constricted, and the specific surface area and pore 
volume of the coal matrix decrease[30].  
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(a) 90-0.5 (b) 90-1 

  

(c) 90-1.5 (d) 90-2 

 

(e) 90-2.5 

Figure7. TG-DTG curves at different adsorption pressures 

The diffusion resistance of nitrogen molecules increases. 
Even with increasing pressure, the number of effectively 
available adsorption sites within the pores decreases, 
resulting in a substantial reduction in adsorption 
capacity. 
   The higher the pressure, the more intense the pore 
compression: the coal pore structure is more severely 
damaged under 2.5 MPa (especially the 90 ℃ treatment 
group, with a decrease of 74.57%). Thus, the adsorption 
capacity is further reduced compared with 1.5MPa, and 

the average reduction rate nearly doubles (average 
decrease rate from 34.88% to 63.34%). Experimental 
data show that the adsorption capacity reaches the 
minimum value of 1.456 cm³/g with the largest decrease 
(74.57%) under the 90 ℃-2.5 MPa combination. This 
reflects that adsorption temperature pretreatment 
enhances the pressure sensitivity of coal pores: high-
temperature treatment may impair the mechanical 
strength of the coal matrix skeleton, making the pore 
structure more prone to compression under high 
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pressure, resulting in the most significant loss of 
adsorption sites. In contrast, the adsorption capacity of 
the 60 ℃ treatment group is relatively stable under all 
pressures. This may be because this temperature not only 
eliminates excess moisture but also does not damage the 
coal skeleton structure, achieving "optimization" of the 
pore structure.  
 
3.4.2. Specific Surface Area and Pore Volume 

The specific surface areas and pore volumes of coal 
samples subjected to adsorption-desorption cycles under 
different temperature and pressure conditions are 
presented in Figure 9 and Figure 10. 
   From the pore specific surface area data under 
different adsorption temperatures and pressures in 
Figure 9, it can be seen that the specific surface area of 
the coal sample is mainly contributed by micropores and 
mesopores.  

 

  

(a) 0.5MPa-30℃ (b) 0.5MPa-60℃ 

  

(c) 0.5MPa-90℃ (d) 0.5MPa-120℃ 

  

(e) 1.5MPa-30℃ (f) 1.5MPa-60℃ 

Figure 8. Adsorption-desorption curves 
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(g) 1.5MPa-90℃ (h) 1.5MPa-120℃ 

  

(i) 2.5MPa-30℃ (j) 2.5MPa-60℃ 

  

(k) 2.5MPa-90℃ (l) 2.5MPa-120℃ 

Figure 8. Adsorption-desorption curves(continued) 
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on the specific surface area of different pores with 
different size fractions varies: as the temperature 
increases from 30 ℃ to 120 ℃, the micropore specific 
surface area shows a decreasing trend—measuring 
approximately 0.896 m²/g at 30 ℃ and decreasing to 
0.753 m²/g at 120 ℃.  
   This is because high temperature causes shrinkage or 
collapse of coal micropores, reducing the number of 
micropores. Mesopores have both a high specific surface 

area and favorable pore connectivity, serving as the main 
site for nitrogen molecule diffusion and adsorption[31].  
Data show that the mesopore adsorption capacity is the 
highest under all temperature-pressure combinations 
(reaching 4.315 m²/g at 30 ℃/0.5 MPa), and its variation 
trend is highly consistent with the total adsorption 
capacity (e.g., mesopore adsorption capacity under 1.5 
MPa: 30 ℃ > 60 ℃ > 120 ℃ > 90 ℃). This confirms 
that mesopores are the core pore size range affecting coal 
adsorption capacity. The macropore specific surface area 
is less affected by temperature, basically stable at around  
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0.1 m²/g. The influence of pressure on pore specific 
surface area is as follows: as the pressure increases from 
0.5 MPa to 2.5 MPa, both micropore and mesopore 
specific surface areas show a downward trend, reaching 
the minimum at 2.5 MPa[32]. This is consistent with the 
influence trend of pressure on pyrolysis characteristics 
in thermogravimetric analysis. Under low pressure, gas 
adsorption occupies the active adsorption sites within 
micropores and mesopores, reducing the detectable 
specific surface area. Under high pressure, the gas 
adsorption-desorption process damages the coal 
structure, leading to a relative decrease in the number of 
micropores and mesopores, resulting in a further 
decrease in their specific surface areas. The macropore 
specific surface area does not change significantly with 
pressure, indicating that pressure has little effect on the 
macropore structure. 
   From the pore volume data under different adsorption 
temperatures and pressures in Figure 10, it can be seen 
that the pore volume distribution of the coal sample is 
similar to the specific surface area distribution. The 
mesopore volume accounts for more than 50% of the 
total pore volume. The influence of temperature on pore 
volume is as follows: as the temperature increases from 
30 ℃ to 120 ℃, the micropore, mesopore, and 
macropore volumes of the coal sample exhibit distinct 
differential changes, a trend further modulated by the 
influence of adsorption pressure. Micropores show an 
overall fluctuating downward trend. The total decreases 
from 30 ℃ to 120 ℃ under 0.5MPa, 1.5MPa, and 
2.5MPa are 19.4%, 20.9%, and 30.8% respectively. 
After reaching the minimum at 60 ℃ or 90 ℃, the 
volume slightly rebounds at 120 ℃. The attenuation is 
more severe under high pressure: micropores tend to be 
nearly occluded at 2.5MPa and 90 ℃, recording a 
minimal volume of only 0.009 cm³/g. Mesopore volume 
exhibit non-monotonic fluctuation characteristics. They 
undergoes an overall reduction of 15.6% and 16.5% 
respectively under low pressure (0.5MPa) and high 
pressure (2.5MPa) respectively, dropping to the lowest 
at 90 ℃ before rebounding at 120 ℃. Under medium 
pressure (1.5MPa), an anomalous increase observed at 
90 ℃, reaching 9.091 cm³/g (167.7% higher than at 30 
℃), followed by a sharp drop to 3.002 cm³/g. Macropore 
volume is less susceptible to variations in adsorption 
pressure. They show a slow increasing trend with 
increasing temperature, with total increases of 5.2%, 
10.5%, and 3.8% from 30 ℃ to 120 ℃ under 0.5MPa, 
1.5MPa, and 2.5MPa respectively. The volume peaks at 
90 ℃ or 120 ℃ with an extremely narrow variation 
range. The influence of pressure on pore volume is as 
follows: as the pressure increases from 0.5MPa to 
2.5MPa, the total micropore volume shows a continuous 

downward trend. The total decreases from 0.5MPa to 
2.5MPa at 30 ℃, 60 ℃, 90 ℃, and 120 ℃ are 80.6%, 
81.2%, 97.1%, and 83.3% respectively. Micropores tend 
to be nearly fully occluded at 90 ℃ and 2.5MPa (only 
0.009 cm³/g), and the shrinkage degree of micropores 
becomes increasingly pronounced with increasing 
pressure in all temperature groups. The change in 
mesopore volume shows temperature-dependent 
differences. It decreases continuously with increasing 
pressure at 30 ℃, 60 ℃, and 120 ℃, with decreases of 
66.6%, 71.6%, and 68.8% from 0.5MPa to 2.5MPa 
respectively. At 90 ℃, it exhibits an anomalous 
"decrease-then-increase" trend: the mesopore volume 
increases to 9.091 cm³/g at 1.5MPa (1.77 times that 
recorded at 0.5MPa) and then declines sharply to 1.035 
cm³/g at 2.5MPa (a decrease of 88.6% compared with 
1.5MPa). Macropores are less affected by pressure. The 
variation range from 0.5MPa to 2.5MPa is less than 25% 
in all temperature groups. They show a slow downward 
trend at 30 ℃ and 60 ℃, and a slight fluctuating upward 
trend at 90 ℃ and 120 ℃, maintaining relative stability 
with a fluctuation range of 0.816~1.634 cm³/g. 
 
3.5. Field Application 
 
Based on the comprehensive analysis results of 
adsorption-desorption characteristics, 
thermogravimetric properties, and pore structure of coal 
samples collected from Xiaohuigou Coal Mine, 
integrated with the actual mining conditions of the 2201 
mining face in the mine, the concept of "pressure-
desorption capacity coordinated regulation" was applied 
to the optimization of gas extraction parameters. The 
2201 mining face of Xiaohuigou Coal Mine is located in 
the eastern wing of the first mining area and is one of the 
key production faces of the mine. It adopts a U-type 
ventilation system and mainly mines the No. 2 coal 
seam. The coal seam is stable and minable throughout 
the region, with a thickness of 1.20-3.47 m (average 2.60 
m) and a simple structure. The coal sample exhibits the 
proximate analysis characteristics of low moisture 
content, low ash content, low volatile matter content, and 
high fixed carbon content and the elemental composition 
characteristics of high carbon content, medium hydrogen 
content, and low nitrogen content, and possesses a high 
metamorphic grade, classifying it as a lean coal or 
meager coal. The mine faces problems such as high gas 
content, high gas pressure, unstable gas emission 
intensity, prominent gas over-limit at the upper corner, 
combustible and explosive coal dust[33]. Although it is 
classified as a non-spontaneously combustible coal 
seam, the risk of spontaneous combustion of residual 
coal in goaf still needs to be prevented and controlled. 
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(a) Pore specific surface area at different adsorption temperatures 

  

 

(b) Pore specific surface area at different adsorption pressures 

Figure 9. Pore specific surface area 
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(a) Pore volume at different adsorption temperatures 

  

 

(b) Pore volume at different adsorption pressures 

Figure 10. Pore volume 
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3.5.1. Setting and Implementation of Gas Extraction 
Parameters 
 
The field-applied large-diameter borehole gas extraction 
technology was adopted, using a ZDJ10000L large-
diameter drilling rig configured with Φ550 mm helical 
drill rods and Φ580 mm helical drill bits. Twelve large-
diameter boreholes were constructed in the 2201 
extraction roadway, with a borehole diameter of 580 
mm, an borehole collar elevation of 1.2-1.8 m, an 
inclination angle of -1°~8°, and a length of 16 m, drilled 
perpendicular to the strike of the coal pillar with a 
spacing of 12-40 m. The total engineering volume is 180 
m. The borehole construction followed the principle of 
"one borehole, one customized design; one borehole, 
one dedicated construction plan". Drilling parameters 
were optimized according to the differences in coal and 
rock properties: For coal boreholes: torque 6000-7000 
N·m, rotational speed 40-55 r/min, feeding pressure 9-
12 MPa, feeding force 140-160 kN; For rock boreholes: 
torque 7000-9000 N·m, rotational speed 30-40 r/min, 
feeding pressure 13-15 MPa, feeding force 170-180 kN. 
One-pass hole forming was achieved, and no 
construction anomalies such as  borehole collapse or 
borehole abandonment were encountered during 
construction. The construction time of a single borehole 
was only 4 hours. Casing pipes with Φ426 mm diameter, 
0.8 m length, and 3 mm wall thickness were used, jointed 
via internal socket connections and pushed into the 
borehole section by section through the drilling rig's 
thrust to accomplish borehole stabilization. The borehole 
sealing process adopted a combined technique of 
"cement mortar sealing at the borehole collar + pressure-
injected polyurethane sealing in the inner section": the 
hole mouth was sealed with 0.5 m of cement mortar, and 
the inner section was sealed with 6 m of polyurethane (3 
m at both ends) at a grouting pressure of 1.0MPa. 
The polyurethane expansion ratio exceeds 50 times, 
which can rapidly secure the casing pipes and effectively 
seal gaps. For zones with complex geological structures, 
shotcreting was performed around the boreholes to 
prevent gas leakage. In terms of gas extraction pipeline 
connection, the pipeline diameter matching was 
optimized in a targeted manner. Φ450 mm connecting 
pipes were used to connect the Φ426 mm boreholes with 
the Φ630 mm main extraction pipelines, realizing a 
gradual diameter enlargement from boreholes to 
connecting pipes to the main pipeline. This avoids the 
"bottleneck" phenomenon and ensures stable extraction 
flow. Meanwhile, the gas extraction flow rate was 
controlled to not exceed 224 m³/min, and the negative 
pressure was maintained at 8 kPa, achieving low-

negative-pressure, large-flow gas extraction mode to 
ensure extraction efficiency. The specific extraction 
design and on-site test results are presented in Figure 11. 
 
3.5.2.  Investigation and Verification of Extraction Effect 
 
The influence range of large-diameter borehole 
extraction was investigated through group shutdown 
tests. The results show that within the advance distance 
range of 30-50 m from the working face, the gas 
extraction concentration and net flow show a continuous 
increasing trend; beyond 50 m, the growth trend 
gradually slows down, indicating that the effective 
influence range of large-diameter borehole gas 
extraction is 30-50 m. By comparing the extraction 
effects between large-diameter boreholes and Φ113 mm 
cross-boreholes: when the 5# large-diameter borehole is 
connected in parallel with 80 Φ113 mm cross-boreholes 
for extraction, the average gas extraction concentration 
of the Φ630 mm pipeline is 2.92%, the mixed flow rate 
is 143.21 m³/min, and the net gas flow rate is 4.29 
m³/min. After independently shutting down the No. 5 
large-diameter borehole, only 80 Φ113 mm cross-
boreholes are used for extraction. The average extraction 
concentration drops to 1.43%, the mixed flow rate is 
34.88 m³/min, and the net flow rate is 0.52 m³/min. 
Calculations show that the net gas flow rate of a single 
large-diameter borehole (3.77 m³/min) is equivalent to 
the extraction effect of 580 Φ113 mm cross-boreholes, 
significantly improving extraction efficiency. As the 
number of combined large-diameter boreholes increases, 
the working face production output and gas control 
effect are synergistically optimized: When 1 borehole is 
used for extraction, the maximum gas concentration at 
the upper corner is 0.28%, and the maximum daily 
output is 3468 t; When 4 boreholes are used for 
combined extraction, the maximum gas concentration at 
the upper corner is 0.56%, and the maximum daily 
output reaches 9370 t. 
   High-intensity mining of the working face is realized 
on the premise that the maintaining gas concentrations 
below the regulatory limit. During the gas extraction 
performance evaluation period, the cumulative net gas 
extraction volume via large-diameter boreholes reached 
7.01×105 m³, with an average gas extraction 
concentration of 2.24% and an average mixed gas flow 
rate of the extraction system 166.3 m³/min. The average 
gas concentration in the 2201 mining face was 0.32%, 
while that at the upper corner of the working face 
averaged 0.40% (maximum: 0.67%), all of which were 
strictly maintained within the limits specified in the Coal 
Mine Safety Regulations. 
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Figure 11. Extraction design and on-site test results 

 

Figure 12. Verification results of gas extraction effect 

Notably, during the initial weighting stage of the 
working face—when the roof remained intact and no 
fracture network had yet been formed—the gas 
extraction concentration of large-diameter boreholes 
was stably maintained within the range of 1.95%–
12.40%. This effectively addressed the long-standing 
challenge of gas overrun at the upper corner during this 
critical stage. 

4. Conclusions 

(1) The coal samples from No.2 coal seam of 
Xiaohuigou Coal Mine exhibit the proximate analysis 
characteristics of “low moisture content, low ash 
content, low volatile matter content, and high fixed 
carbon content” and the elemental composition 
characteristics of "high carbon, medium hydrogen, and 
low nitrogen", classifying it as lean coal with a high 

metamorphic grade. Adsorption-desorption experiments 
indicate that temperature and pressure have a significant 
coupling effect on gas desorption capacity. Under the 
same initial pressure, an increase in temperature inhibit 
gas desorption—the maximum desorption capacity a 
120 ℃ decreases by 20.35% compared with that at 30 
℃. Under the same temperature, the higher the initial 
pressure, the larger the desorption capacity—the 
maximum desorption capacity at 2.5MPa increases by 
50.44% compared with that at 0.5MPa. Additionally, the 
adsorption equilibrium time is prolonged with increasing 
initial pressure and shortens with increasing 
temperature. 
   (2) Thermogravimetric and pore structure analyzes 
reveal that the coal pyrolysis process is divided into three 
stages: drying and dehydration stage (room temperature-
200 ℃), pyrolysis and devolatilization weight loss stage 
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(200-600 ℃), and char combustion stage (600-800 ℃), 
with the concentrated volatile matter release temperature 
around 465 ℃. An increase in the adsorption 
temperature promotes the pyrolysis weight loss process, 
with the total weight loss rate reaching 31.13% at the 
adsorption temperature of 120 ℃. The influence of 
adsorption pressure on coal pyrolysis follows the trend 
that adsorption pressure inhibits pyrolysis at the low-
pressure stage and promotes it at the high-pressure 
stage—this pattern avoids the misinterpretation that 
"higher pressure always enhances promotion". The pore 
structure is dominated by mesopores and macropores—
high temperature causes micropore shrinkage, while 
high pressure leads to pore compression. The gas 
adsorption capacity and specific surface area of coal 
samples under low pressure (0.5 MPa) are significantly 
higher than those under high pressure conditions (1.5 
MPa, 2.5 MPa). 
   (3) The optimized large-diameter borehole gas 
extraction technology (borehole diameter: 580 mm; 
grouting pressure: 1.5-2.0 MPa; negative pressure: 8 
kPa) based on experimental results has achieved 
remarkable on-site application effects. It not only 
effectively controls the gas concentration at the upper 
corner of the working face but also achieves a gas 
extraction efficiency by 580 times compared with 
traditional cross-boreholes, with a cumulative net gas 
extraction volume exceeding 700,000 m³ during the 
performance evaluation period. Meanwhile, the risk of 
spontaneous combustion of residual coal in goafs is 
effectively prevented and controlled by means of 
"arranging boreholes in the heat dissipation zone of 
goafs+ controlling the advancing speed". 
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