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Abstract

The coal-rock reservoir exhibits a dual porous medium characteristic, where fractures are the primary contributor to perme-
ability, while pore structure influences the gas adsorption properties of coal rock. Gas adsorption induces swelling in the
coal matrix, leading to a reduction in fracture width and subsequently causing decreased permeability and reduced well
production. Investigating the impact of geological characteristics of coal-rock on gas adsorption and desorption properties
can enhance our understanding of the patterns governing changes in coal-layer production. This study focused on the 3* coal
seam in China's Qinshui Basin as its research subject. It involved an analysis of mineral composition, physical properties,
gas content, and pore structure characteristics to explore the adsorption traits of different gases and conduct experimental
studies on variations in gas adsorption and desorption capabilities under diverse conditions. The research findings suggest
that the coal rock in the study area is primarily characterized by micropores and small pores, with well-developed larger
pores and fractures. The pore connectivity is somewhat limited, and the predominant pore size ranges from 100 to 200 nm.
The average permeability measures 0.198 x 10~ um?, while the mean specific gas content stands at 21.7 m*/t. Analysis of
the isothermal adsorption curve reveals a substantial increase in adsorption when pressure falls below 3.5 MPa due to a steep
slope; as pressure continues to rise, there is a gradual upward trend in adsorption until reaching 8 MPa, after which point
adsorption increases slowly and stabilizes. Results from binary gas adsorption—desorption experiments indicate low desorp-
tion levels and rates for CO, components compared to relatively higher desorption amounts and rates for CH, components.
Furthermore, it was observed that CO, has a displacement effect on CH,; higher CO, concentrations are more conducive to
CH, release and CO, storage.
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Introduction

The coal-rock reservoir exhibits the characteristics of a
double pore medium, with the pore structure significantly
impacting coal adsorption to gas. The majority of coalbed
methane is present in the pores through adsorption, leading
to expansion of the coal matrix and reduction in permeabil-
ity due to fracture narrowing. Additionally, gas adsorption
weakens the mechanical properties of coal, resulting in poor
stability of the coal seam. The formation environmental con-
ditions for coalbed methane refer to in-situ stress, geother-
mal and groundwater pressure conditions (Boyer et al. 1998;
Atkins et al. 2003; Zhang et al. 2010), which are manifesta-
tions of energy within Earth’s crust. These conditions con-
trol both occurrence and output of coalbed methane (War-
wick et al. 2005; Wang et al. 2009; Siriwardane et al. 2009).
Coalbed methane primarily exists as adsorption within the
coal seam, with its occurrence state varying based on dif-
ferent degrees of coalification and changes in environmental
conditions. Changes in in-situ stress, groundwater pressure
and geothermal conditions significantly affect desorption,
diffusion and seepage processes for both adsorbed gas and
free gas within the reservoir (Pashin et al. 2018; Li et al.
2020; Chen et al. 2006; He et al. 2021). Therefore, accurate
analysis of environmental conditions within the reservoir
and their impact on permeability is crucial for understanding
changes in permeability patterns within a coal seam, opti-
mizing engineering operations, and effectively developing
coalbed methane.

The coalbed methane (CBM) is present in coal seams pri-
marily in adsorbed, free, and dissolved states. The adsorbed
gas is predominantly stored in micro-pores and small pores
of the coal matrix, while fractures act as channels for the
migration of CBM. Therefore, the pore-fracture structure
significantly impacts the adsorption and fluidity of CBM.
Gas adsorption results in expansion of the coal matrix,
which reduces fracture width and permeability while also
weakening the mechanical properties of coal rock, leading
to poor stability. The complex double pore structure system
makes matrix pores and fractures the main reservoirs and
migration channels (Jia et al. 2020; Hu et al. 2014; Zhong
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et al. 2020; Wang et al. 2023). Consequently, the structure,
morphology, and other characteristics of pores and fractures
in coal rock have a significant impact on gas concentration
and migration ability within coal seams. Matrix pores are
influenced by various factors with complex morphology
that can be affected by internal factors (Cai et al. 2016; Lau
et al. 2017). Yalcin et al.’s detailed investigation on Carbon-
iferous coal in the basin revealed that specific surface area
and pore volume were influenced by maturity and micro-
structure variation characteristics (Cai et al. 2013a; Giirdal
et al. 2001; Lin et al. 2024). The coalbed methane under-
goes the processes of desorption, diffusion, and percolation.
The adsorption and desorption characteristics of coal have
garnered significant attention from scholars both domesti-
cally and internationally. The adsorption capacity and rate
of coal to gas are influenced by various factors such as coal
petrological composition, physical and chemical characteris-
tics, coal grade, moisture content, as well as external factors
including temperature, pressure, electric field, sound field,
low-frequency vibration. Additionally, there are differences
in the adsorption capacity between different gas (Cai et al.
2013b; Yang et al. 2014). Research on pore structure indi-
cates that for similarly developed coals, the gas adsorption
capacity increases with micropore volume; under high pres-
sure conditions it linearly increases with micropore volume.
This suggests that the adsorption capacity of high-pressure
gas is primarily controlled by micropore volume (Mohamed
et al. 2020; Wang et al. 2021).

The adsorption capacity and rate of gases by coal are
influenced not only by its petrographic composition, physi-
cal and chemical properties, rank, moisture content, but
also by external factors such as temperature, pressure,
and low-frequency vibration. Additionally, different gases
exhibit varying adsorption properties on coal. The adsorp-
tion experiment demonstrates that for coal formations with
similar levels of maturity, the gas adsorption capacity of
the coal increases as the volume of micropores expands.
At high pressures, the adsorption capacity exhibits a linear
increase in tandem with the expansion of micropore vol-
ume, indicating that under high pressure conditions, the gas
adsorption capacity of the studied coal formations is pri-
marily governed by their micropore volume (Li et al. 2023;
Zhang et al. 2024). The coal sample used in the isothermal
adsorption experiment is typically coal powder smaller than
the target grain size, which does not match the grain size of
coal in situ. For particles within a certain scale range, the
adsorption time increases as the particle size increases in
the absence of fractures. The saturated adsorption capacity
of dry coal samples with different particle sizes is usually
larger than that of saturated water coal samples. The particle
size has a minor effect on the adsorption capacity of both
dry and saturated water coal samples, primarily resulting in
an extended adsorption time with increasing particle size. In
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saturated water coal samples, at low pressures, larger particle
sizes lead to smaller saturated adsorption capacities and a
tendency for the adsorption rate constant to decrease (Sie-
mons et al. 2003).

The presence of water in coal rock leads to competition
for adsorption with gas. As the water content increases, the
adsorption capacity of coal rock for gas decreases. Once
the water content reaches a certain level, further increases
in moisture have minimal or even negligible impact on the
coal rock’s adsorption capacity (Ahamed et al. 2019). The
adsorption theory suggests that, for the same coal sam-
ple, the maximum adsorption capacity of coal rock for gas
should remain consistent under any temperature condition
(Perera et al. 2012). However, prior to reaching adsorption
equilibrium, the ability of coal rock to adsorb gas weakens
with increasing temperature and strengthens with increasing
pressure. When considering the combined effects of temper-
ature and pressure, the impact on the gas adsorption capacity
of coal rock is more pronounced at lower temperatures and
pressures (Wang et al. 2022). Whereas it is primarily influ-
enced by temperature at higher temperatures and pressures.
The adsorption capacity of coal rocks for gas is consistently
higher when the equilibrium pressure is below a certain
threshold, regardless of the degree of metamorphism (Yan
et al. 2021). Furthermore, as the degree of metamorphism
increases, so does the ability of coal rocks to adsorb gas.

Previous studies have extensively investigated the influ-
encing factors of coal adsorption and desorption capacity,
with a focus on coal mining. In comparison to the oil and gas
industry, coal mining operates at relatively low pressure and
temperature. To meet the requirements of coalbed methane
extraction, it is essential to thoroughly explore the physical
properties of coal rock reservoirs and their adsorption char-
acteristics for coalbed methane under reservoir pressure and
temperature conditions, in order to establish a theoretical
foundation for efficient development of coalbed methane.
Gas isothermal adsorption experiments were conducted to
simulate the adsorption and desorption behavior of CH,-CO,
mixed gases, based on the analysis of mineral composition,
physical properties, gas content, and pore structure charac-
teristics of coal rocks. This aimed to clarify the adsorption
and desorption patterns of CH, in coal rocks under different
geological conditions. These accomplishments hold signifi-
cant importance for optimizing coalbed gas recovery pro-
cesses and enhancing the productivity of coalbed gas wells.

Geological characteristics of coal seam
Analysis of coal seam characteristics

(1) Evaluation of coalbed methane reservoir.

The depth of coal seam is 300-800 m, which belongs
to shallow and middle-level. Coal seam gas content is
15-27 m>/t, with an average of 21.7 m*/t, which belongs to
the medium and high gas content. The reserve abundance of
coal seam 3" is 1.41 x 10® m3/km?, and that of coal seam 15%
is 0.58 x 10® m?/km?, which belongs to the medium reserve
abundance. The daily gas output of a single well is gener-
ally 1 0003 000 m*/d, with an average of 2138 m*/d, which
belongs to medium and low productivity. As a whole, the gas
field belongs to the shallow middle-level, middle-low yield
and middle-abundance coalbed gas field, which is very suita-
ble for the exploration and development of coalbed methane.

The maceral component of coal seam is mainly vitrinite
(Fig. 1), the average content of vitrinite in coal seam 3* is
86.8%, and that in coal seam 15" is 81.9%. The measured
vitrinite reflectance of coal seam 3% is 2.54-3.86%, with an
average of 3.31%, and the measured vitrinite reflectance of
coal seam 15% is 2.67-3.72%, with an average of 3.34%.

(2) Gas bearing property.

The gas content of 3% coal seam is generally 15-27 m*/t,
with an average of 21.7 m>/t, and the gas saturation is
89-99%. The gas content of 15 coal seam is mostly
15-21 m>/t, with an average of 18.6 m*/t, gas saturation is
72-94%, which belongs to high saturation coalbed methane
field.

Physical property characteristics

(1) Scanning electron microscopy analysis.

The SEM analysis provides direct information on the
mineral types, occurrence, and pore filling within the
pores, serving as a crucial method for studying pore
structure. It not only offers insights into the types, sizes,
contents, and coexistence relationships of particles in the
pore system but also enables determination of clay min-
eral types, occurrence, and contents while observing the
morphology, size, and connectivity of pore throats. The
SEM results indicate that the rock is dense with predomi-
nant micropores and microfractures; quartz and imogo-
lite are distributed on grain surfaces; framework feldspar
appears striated and weathered; severe quartz dissolution
leads to an uneven rough surface; imogolite is interspersed
with it along with traces of pyrite weathering. Addition-
ally, localized gas pores (biogenic pores) develop on the

Fig. 1 Appearance of 3 # coal rock
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matrix surface filled with imogolite and other clay miner-
als alongside microcrystalline quartz, feldspar, and calcite.
Overall porosity in coal rock is relatively good (Fig. 2).

(2) Porosity-permeability property.

Injection/pressure drop well test confirmed that the
permeability of coal seam in this area is poor, and the
effective permeability is (0.013-0.527)x 10~® um?,
with an average of 0.198 x 10 um?, of which the
3% coal seam is (0.024-0.516)x 1073 pmz, with an
average of 0.173x 107 um?, and the 15* coal seam
is (0.013-0.072) x 10~ um?, with an average of
0.047 x 107 um?.

The pore structure characteristics of coal seam deter-
mine the existence form and movement form of pore fluid.
Coal reservoir is a kind of double-porosity medium, with
matrix pores and fissures. Different from common dou-
ble-porosity gas reservoirs, coal is divided into several
matrix blocks by cleavings in coalbed methane reservoir.
The matrix contains a large number of tiny pores and is
the main space for gas storage with low permeability. The
cleat is the secondary pore system in coal, but it is the
main channel for fluid (gas and water) seepage in coal
seam.

The coal types in Qinshui Basin are relatively complete,
from gas coal to anthracite are distributed, but mainly met-
amorphic coal and anthracite. Each coal seam is composed
of saproic coal, and its macro-coal rock composition is
mainly bright coal, followed by dark coal, mirrorcoal and
silk carbon less. The pore range of coal rock in southern
Qinshui area is relatively wide, the pore size of matrix
is from less than 1 nm to several hundred nm, and the
fractures in the coal seam can be seen by naked eye. By
using mercury injection experiment method to measure the
micro-pore structure of coal seam, the capillary pressure
curve as shown in Fig. 3 is obtained. The capillary pres-
sure curve of coalbed methane field in southern Qinnan
is characterized by about 50-80% mercury intake before
the pressure is 0.1 MPa. When the pressure is between
0.1 and 20 MPa, the mercury intake is very small. After
20 MPa, the amount of mercury into the increase, about
4-15% of the amount of mercury into. This shows that the
coal samples in Qinshui Basin have relatively developed

Fig.2 Results of scanning elec-
tron microscopy (SEM)

(a) The whole picture of coal rock (x74)
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Fig. 3 Capillary pressure curve of coal seam in southern Qinnan area

cleavage and large pores, but few middle pores, followed
by transition pores and micropores.

At the same time, it can be found that the capillary pres-
sure curve in the above figure also has the following proper-
ties: the maximum mercury saturation is very large, close
to 100%. The drainage pressure is not easy to determine.
The median pressure is low and the median radius is large.
High mercury removal efficiency, large apparent pore-throat
volume ratio, and relatively uniform pore-throat sorting.
According to the mercury injection experiment, the pore
structure of coalbed methane reservoir in southern Qinshui
is as follows: the large pore is about 76.56%, the medium
pore is about 2.05%, the small pore is about 15.21%, and the
micro pore is about 6.18%.

Although large pores account for a large proportion in the
coal seam, they have basically no impact on the surface area
of the coal seam (Table 1). The main factors affecting the
surface area in the coal seam are the small holes and micro-
holes, and the relationship with the volume of the middle
holes is not obvious.

Through the low-temperature nitrogen adsorption experi-
ment of Qinshui coalbed methane field, it can be concluded
that the pore size is mainly distributed in 100-200 nm. It can
be seen from the characteristics of low temperature nitro-
gen experiment that the coal seam pores in Qinshui Basin
are mainly micro-pores and small holes, large pores and

(b) Micro-pores (x984) (¢) Micro-fractures (x984)
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Table 1 Specific surface area of coal sample mercury injection method

Coal Samples  Hole specific surface area (m%/g)

Hole specific surface area ratio (%)

Large hole = Mesopore  Eyelet Microholes

Total pores

Large holes  Medium hole  Eyelet = Microholes

Anthracite 0.002 0.0378 4.2478 1.9969

6.3845

0 0.6 67.6 31.8

fractures are relatively developed, and the pore connectiv-
ity is slightly poor.

Due to the development of coal micropores and large spe-
cific surface area, it is conducive to the adsorption of gas
on the surface of coal matrix, forming the reservoir space,
and the cleave-fissures form the seepage channel of coalbed
methane. The special chemical structure and pore structure
of coal in coalbed methane reservoir determine the differ-
ent storage and migration forms of coalbed methane in coal
seam compared with conventional gas reservoirs.

Composition of coalbed methane

For the phase state research of CBM in southern Qinshui
of China, the first research is the composition of CBM. The
chemical composition of hydrocarbon in reservoir is the
internal factor of phase transformation, while the change of
pressure and temperature is the external condition of phase
transformation.

The main component of coalbed methane is methane,
whose content is generally greater than 85%, which is
formed in the process of coalification. The hydrocarbon
gases of coalbed methane are mainly methane, ethane, pro-
pane, butane and isobutane, while the non-hydrocarbon
gases are mainly N,, CO,, CO, H,S, H, and trace inert gases.
The composition of coalbed methane varies with different
CBM reservoirs and different positions of the same CBM
reservoir. The chemical composition of coalbed methane is
related to the composition of coal, reservoir pressure, degree
of coalification, hydrogeological conditions and desorption
of coalbed methane.

Because the coalbed methane in the southern Qinshui
Basin is composed of various gases, the physical properties

Table 2 Physical properties of common components in coalbed metha

ne

of coalbed methane in this area are the comprehensive
physical properties of various gases. Under the condition
of 0 °C, methane is colorless, tasteless, bromine free and
non-toxic gas, but the coal reservoir often contains a small
amount of other aromatic hydrocarbon gas, so it is often
accompanied by some apple aroma. Under the standard
conditions of standard atmospheric pressure and tempera-
ture, the density of coalbed gas is 0.716 kg’/m, and the
specific gravity is about 0.554 compared with air. When
the air is mixed with 5.3—-16.0% methane, it can burn or
explode in the event of fire, and the methane concentra-
tion reaches 9.5%, and the explosion is the most violent
in the event of open fire. When the methane concentration
reaches 43%, people feel shortness of breath. At 57.0%, the
person is in a coma. The physical properties of each gas
component in coalbed methane, such as water solubility,
explosive, toxicity, odor, color and relative density of gas,
are shown in Table 2.

It can be seen that although methane itself is non-toxic,
it will explode within a certain concentration range and
produce a huge safety hazard. Coalbed methane released
in coal mine production is also known as mine gas, which
affects and threatens the normal safety production of coal
mines. It poses a great threat to the safety operation of coal
mine mainly in the aspects of gas accumulation, coal and gas
outburst and gas explosion. At the same time, the release of
coal mine gas into the atmosphere will also produce serious
greenhouse effect on the atmospheric environment. Com-
pared with CO,, the greenhouse effect of methane calcu-
lated by mass is 20-60 times larger than that of CO,. Min-
ing Coalbed methane and reducing the amount of methane
released into the atmosphere are of great importance in pro-
tecting the global environment.

Gases CH, CcO Cco, H,S SO, NO, H,
Taste There is no Slightly sweet ~ Slightly sour ~ Foul smell Sour tasteSulfur Prickly Pungent There is no
flavor flavor

Color There is no There is no There is no There is no There is no Maroon There is no
Relative specific 0.554 0.97 1.52 1.19 2.27 1.57 0.07

gravity
Water soluble Insoluble  Lightly soluble Soluble Eutectic Dissolvable Extremely soluble Slightly soluble
Explosive (%) 5-16 12.5-75 Non-explosive 4.3-45.5 4-74.2
Toxicity There isno There are There is no There are  There are There are There is no
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Adsorption and desorption characteristics
of coal seam

Mathematical model of adsorption and desorption

In order to reflect the migration process of coalbed meth-
ane such as desorption, diffusion and seepage, many simu-
lation models have been proposed, which can be roughly
divided into three types (Liu et al. 2022; Liu et al. 2021;
Zhang et al. 2022).

(1) Empirical model. It is only a simple mathematical
description of the observed physical phenomenon.

(2) Equilibrium adsorption model. The coal seam is treated
as a single porous medium, and the gas adsorption phe-
nomenon is the simplest treatment. This model assumes
that once the gas is desorbed, it immediately enters the
fracture, so that the gas concentration in the micropores
is only related to the pressure in the fracture and has
nothing to do with time, so that the gas adsorbed on the
pore of the coal seam is in a continuous equilibrium
state with the free gas in the pore.

(3) Non-equilibrium adsorption. It is assumed that the coal
seam is a double medium of micropores and fractures,
considering the adsorption and desorption of gas in
micropores and the time of diffusion from micropores
to fractures.

Occurrence state of coalbed methane

Coalbed methane is mainly stored in coal seams in three
forms, namely, adsorption state adsorbed on the surface
of coal pores, free state in coal pores and fractures, and
dissolved state in coal seam water. In general, the meth-
ane gas generated in the process of coalification will first
meet the adsorption state, and then the free state and the
dissolved state. Its main occurrence state is the adsorption
state, and the adsorption gas volume accounts for the vast
majority of the coalbed methane volume.

(1) Adsorption state.

Coal is a porous medium, the van der Waals force of the
particles surface molecules attracts the surrounding gas
molecules, is a physical adsorption process on the solid
surface, in line with the Langmuir isothermal adsorption
equation. Through adsorption, a large amount of meth-
ane is absorbed and stored on the wall of coal pores. The
grain surface of coal also adsorbs a thin layer of coal-
bed methane to accumulate on the surface of coal rock,
and combines with the large surface of coal grains in the
matrix unit, making adsorption the main mechanism of
gas storage.

@ Springer

(2) The free state.

Free gas refers to natural gas stored in pores or fractures
that can move freely. This part of the gas is subject to the
general gas equation, and its amount depends on the pore
volume, temperature, gas pressure and gas compression
coefficient.

(3) Dissolved gas.

Methane has a certain solubility in pure water at room
temperature and atmospheric pressure, but the solubility
is very small. The solubility of methane in water mainly
depends on the temperature, salinity, ambient pressure and
gas composition of the water.

Coalbed gas exists in the above three forms in the coal
seam, and when the amount of hydrocarbon generation in the
coal seam increases or the external environment changes, the
three storage forms can be converted into each other. Under
normal circumstances, more than 90% of the gas is stored
on the inner surface of the coal in the form of adsorbed gas,
less than 10% of the free gas, and only a small part of the
dissolved gas.

Under the formation condition, the coal reservoir is a
three-phase coupling system of solid-liquid-gas. The interac-
tion of solid-gas, gas-liquid and solid-liquid occurs together.
The solid coal matrix is a complex porous medium with
microporous development and mainly composed of organic
macromolecules. The gas phase is mainly methane, contain-
ing a small amount of gaseous water, carbon dioxide, nitro-
gen, heavy hydrocarbon gas, etc. The liquid phase mainly
refers to liquid water, and sometimes liquid hydrocarbons
can be seen. The adsorption and desorption of gas by coal
matrix is the main form of solid gas action, and the large
pore volume of coal matrix provides space for gas migra-
tion and storage. Gas-liquid action mainly refers to the dis-
solution and escape of gas in water. The solid-liquid action
mainly includes the wetting of the surface of the coal matrix,
the filling and migration of pore water.

Adsorption of coalbed gas

Different from conventional natural gas reservoirs, adsorp-
tion is the main way to store CBM in CBM reservoirs, and
CBM is mainly stored in coal seams in adsorption state.
The adsorption state of gas in coal can be divided into
physical adsorption and chemical adsorption. Table 3 lists
the comparative characteristics of physical adsorption and
chemisorption. It can be seen from the essential difference
between physical adsorption and chemical adsorption at
the solid-gas interface that the gas adsorbed on the solid
surface by physical adsorption is relatively easy to be des-
orbed, as long as the pressure is reduced or the temperature
is increased; The chemical adsorption state of gas desorption
is more difficult, from the chemical adsorption state into
the physical adsorption state need to climb over the energy
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Table 3 Comparison the

[ Properties
essential differences between

Physical adsorption

Chemisorption

physical adsorption and

¢ § Adsorption Force
chemisorption

Heat of adsorption
Adsorption temperature

Van der Waals forces
Heat of liquefaction
Low (below critical temperature)

Chemical bond forces
Heat of chemical reaction
Fairly high (well above boiling point)

Adsorption rate fast Sometimes slower
Selective There is no There are
Adsorbed layers Single or multiple layers Single layer

Desorption properties

Complete desorption

Difficulty in desorptionOften accom-
panied by chemical changes

barrier, the energy barrier is the adsorbent and the adsorbent
surface to form a chemical bond required energy.

Experimental determination and theoretical analysis of
coal intermolecular structure show that the adsorption of
coalbed methane molecules in coal pore structure is physical
adsorption. Its essence is because coal is a porous medium,
which is distributed with a large number of pores, with a lot
of plant tissue holes, intergranular holes, mold holes, inter-
granular holes, corrosion holes and polycondensation holes.
Coalbed methane is mainly adsorbed in these microvoids.
There is van der Waals force interaction between solid sur-
face molecules and adsorbed gas molecules. Van der Waals
force interaction mainly includes three aspects: electrostatic
force, induction force and dispersion force. Part of the attrac-
tion of coal molecules points to the saturation state of the
coal molecular structure, while the other part points to the
space, the unsaturated state, and produces an adsorption
force field on the surface of the coal pore to adsorb the sur-
rounding gas molecules, which is physical adsorption. Due
to the existence of van der Waals force between particle
surface molecules and adsorbed gas, physical adsorption
becomes the main way of coal seam adsorption.

Physical adsorption is characterized by the adsorption of
the molecules to maintain its personality, and adsorption on
the surface of the adsorbent to maintain the van der Waals
force. The adsorbent molecules fall on the surface of the
adsorbent and maintain a force field on it for a certain time,
and then desorption. When the adsorption rate is greater
than the desorption rate, the adsorption continues until the
adsorption equilibrium is reached when the adsorption rate
is equal to the desorption rate, and the adsorbent molecules
form an adsorption layer on the surface of the adsorbent.
The adsorption heat of physical adsorption is very low, its
speed is fast and reversible, and it has selective adsorption
in the presence of a variety of gases, and in the physical
adsorption process, it complies with the langmuir isothermal
adsorption equation, that is, in the isothermal adsorption
process, pressure has a significant impact on the adsorption,
and the adsorption amount increases significantly with the
increase of pressure. Chemisorption is mainly adsorbed by
ionic bond, which requires a large amount of energy to open

the ionic bond and desorption methane. The proportion of
this state is very small.

Due to the development of micropores in Panhe area and
Shizhuangnan area in southern Qinshui Basin, the specific
surface area of coal seam is large, the physical adsorption
capacity is large, and the chemical adsorption capacity is
small.

Single molecular layer adsorption theoretical model
- Langmuir model

For the phase analysis, reserve calculation and production
analysis and calculation of coalbed methane in various
blocks in southern Qinnan area, it is necessary to calcu-
late the adsorption amount of coal and the theory of coal
adsorption and desorption. All of them are based on Lang-
muir isothermal adsorption model. The theoretical models
used to describe coal seam gas adsorption include Lang-
muir model, BET model, potential energy theory model, etc.
Various models have different application ranges. Langmuir
model is the main model widely used in coal adsorbability
at home and abroad, which is used to describe the relation-
ship between the adsorption capacity and pressure of coal
physical adsorption.

Langmuir proposed the single molecular layer adsorption
theory from the kinetic point of view in 1916. The basic
assumptions are: (1) the adsorption equilibrium is dynamic
equilibrium. The solid surface is uniform; There is no inter-
action between adsorbed molecules. Only a single molecular
layer is formed by adsorption. Its mathematical expression is

_a-b-P |
T 1+0bP M

It can be seen that the adsorption capacity of Coalbed
methane is a function of pressure, and with the increase of
pressure, the adsorption capacity of coal increases. Through
the experiment of isothermal adsorption—desorption of coal
samples in the laboratory, the isothermal adsorption curve of
coal seam can be measured, and then the adsorption constant
a and pressure constant b in formula (1) can be obtained. The
Langmuir volume and Langmuir pressure are more widely
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used and can better show the gas adsorbability of coal seam.
That is, another expression of Langmuir equation

V= @

In general, monolayer adsorption often occurs on the sur-
face of non-reactive solids above the critical temperature
of the gas. Therefore, the above Langmuir equation can be
used to calculate coalbed methane adsorption in the southern
Qinshui area of China. It can be seen that the larger the vol-
ume of Langmuir, the greater the adsorption capacity of gas.
The larger the Langmuir pressure, the smaller the adsorption
capacity of the gas. For a specific component of a specific
coal seam, the value of Langmuir volume and Langmuir
pressure is constant, so the adsorption law of coal seam gas
can be expressed by measuring and calculating its value.
Through the application of Langmuir isothermal adsorp-
tion equation, the law of mutual transformation between
adsorbed state and gaseous state can be obtained.

Adsorption isotherm curve of coal

Through the adsorption isothermal experiment on the coal
sample collected in the laboratory, the isothermal adsorp-
tion and desorption curve of the coal seam can be obtained,
reflecting the adsorption and desorption law of the coal seam
under the formation conditions.

(1) Isothermal adsorption curve characteristics in south-
ern Qinshui of China.

The 3% coal seams in Panhe area and Shizhuangnan
area in the south of Qinshui Basin are anthracite with high
adsorption capacity and high coal rank. The adsorption iso-
therm curve of anthracite coal seam in Jincheng Mining”
area can be measured through the adsorption isotherm
experiment of the anthracite coal sample in the third coal
seam of Jincheng Mining area. From the isothermal adsorp-
tion curve of coal seam, it can be seen that the adsorption
capacity of coalbed gas is a function of pressure, and the
adsorption capacity increases with the increase of pressure.
In the case of low pressure, CBM is easy to be absorbed
into the surface of coal grains, and the adsorption amount of
coal can be increased a lot with a small increase in pressure;
When the pressure rises, the gas molecules repel each other
in the small space on the surface of the coal grain, and the
increasing pressure can only increase the small adsorption
amount and slow down the absorption rate; In the case of
high pressure, the gas molecules form close packing, and the
absorption rate tends to 0.

Figure 4 shows the isothermal adsorption curve of coal
seam 3* in Qinshui Basin, obtained by experimental tests.
According to the curve, the Langmuir volume constant and
pressure constant can be calculated to obtain the adsorption
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Fig.4 Isothermal adsorption curve of coal from a well in Jincheng
mining area

law, and the recovery rate and recovery efficiency can be
predicted. It can be seen from the Fig. 4 that, when the pres-
sure is lower than 3.5 MPa, the slope of the adsorption curve
is larger, the adsorption capacity increases greatly, and the
adsorption power of coal to methane is enhanced. When
the pressure continues to increase, the adsorption curve
shows a gentle upward trend. When the pressure increased
to 8 MPa, the adsorption capacity increased slowly and basi-
cally remained unchanged.

(2) The application of adsorption isotherm curve.

The isothermal adsorption curve of coal seam reflects the
adsorption (desorption) characteristics and ability of differ-
ent coal rocks to methane gas. The reversibility of coal's gas
adsorption makes it possible to develop the adsorbed gas in
coal seam. The application of adsorption isotherm in coal-
bed methane research mainly has the following five aspects:

@ To evaluate the maximum adsorption capacity of coal
seam for gas, the measured value is often low.

® Predict the maximum value and release rate of gas
released when the reservoir pressure is reduced in the pro-
duction process.

® Determine the critical desorption pressure. The pres-
sure at which the CBM begins to desorption under forma-
tion conditions is called the critical desorption pressure. The
method to determine the desorption pressure of undersatu-
rated coalbed methane is on the adsorption isotherm curve,
and the pressure corresponding to the actual gas content is
the critical desorption pressure.

@ Determine the gas saturation. Gas saturation refers to
the ratio of the actual gas content under certain conditions
(reservoir pressure, temperature and coal quality, etc.) to
the theoretical adsorption amount under the corresponding
conditions, expressed as a percentage. If the ratio is 100%, it
is a gas saturated reservoir. If the ratio is less than 100%, it
is undersaturated reservoir. If the ratio is greater than 100%,
it is supersaturated, indicating that there are free and dis-
solved gases in the reservoir. The actual content is obtained
by desorption experiment, and the theoretical adsorption is
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obtained by isothermal adsorption experiment. In general,
gas saturation is generally less than 100% because coalbed
methane has a certain degree of loss in geological time. If it
is less than 100%, especially when the gas is in the unsatu-
rated state, that is, the amount of gas contained does not
reach the maximum adsorption capacity, the test to deter-
mine the gas saturation is very important.

® To obtain the recovery rate of coalbed gas. The recov-
ery rate of coalbed methane is the percentage of the ratio
of the adsorbed gas content in the depressurized desorption
zone to the gas content under critical desorption pressure
(experimental gas content). This is also a theoretical result
under artificial experimental conditions, but the actual for-
mation conditions, in any case, can not reach the labora-
tory conditions. Therefore, this recovery rate is reliable in
evaluating the adsorption characteristics of different coal
and rock, but there is a considerable error in determining the
final recovery rate of coalbed methane in the actual produc-
tion process.

Adsorption capacity of coal

Coal is a substance with a large surface area, so it is an
excellent natural adsorbent and has a strong adsorption
capacity for various gases, which is the material basis for
the different gas storage mechanism of coalbed methane and
conventional reservoirs. Due to the control of various fac-
tors, the adsorption capacity of coal is quite different. The
adsorption of coal to Coalbed methane occurs on the solid
surface of coal (outer surface and inner surface of pores). Its
adsorption capacity is affected by external factors in addition
to the characteristics of coal itself. The former such as the
material composition of coal, metamorphism degree, parti-
cle size; The latter such as temperature, pressure, moisture
and so on. The experimental results show that the adsorption
capacity of coal is significantly affected by the degree of coal
metamorphism, temperature and moisture content.

The adsorption characteristics of coal were studied by
using high pressure volumetric method. The method of
determining the methane adsorption capacity of coal by
high pressure volumetric method is: The treated dry coal
sample, into the adsorption tank, vacuum degassing, deter-
mine the volume of the adsorption tank, fill a certain volume
of methane into the adsorption tank, so that the adsorption
tank pressure balance, some gas is adsorbed, some gas is still
in the free state in the remaining volume, known to fill the
methane volume, deduct the free volume in the remaining
volume, that is, the adsorption volume. Connected is the
adsorption isotherm.

(1) The influence of coal metamorphism on adsorption
capacity.

The adsorption of methane by coal is a physical process
that occurs on the inner surface of pores, and the adsorption

capacity is affected by the characteristics of pores. In the
process of coal metamorphism, the pores are changing,
which affects the adsorption capacity of coal. As can be
seen from Table 4, from lignite to anthracite, the adsorption
capacity also increases with the increase of coal metamor-
phism. The coal grade is high, mainly anthracite, with high
gas capacity and adsorption capacity, gas concentration is
generally 10—20 m*/t, the highest up to 35 m3/t.

(2) The effect of temperature on the adsorption property
of coal.

At present, the temperature of 30 °C is generally used
in the isothermal adsorption experiments of coal samples
under the conditions of, 25 °C, 35 °C, 45 °C, and 50 °C.
It can be seen that the adsorption capacity of coal changes
at different temperatures, and the adsorbability of coal to
methane decreases regularly with the increase of tempera-
ture. The research shows that the ability of coal to adsorb
gas decreases by about 8% with the increase 1 °C of tem-
perature. The reason is that gas activity increases with the
increase of temperature, and it is difficult to be adsorbed by
coal. At the same time, the adsorbed gas molecules are easy
to obtain kinetic energy and escape from the surface of the
coal body. At the same time, the influence of temperature on
the adsorption capacity of high coal grade coal is stronger.
If the methane adsorption capacity of coal at present 30 °C
is known, the adsorption capacity at other temperatures can
be approximated by the following formula

V, = Ve [e™ 3)

(3) The effect of water on the adsorption property of coal.

In many areas of China, the enrichment degree of coal-
bed methane is extremely poor, showing a serious problem
of undersaturation of coalbed methane adsorption. The gas
geology community interprets this phenomenon as ground-
water runoff carrying away methane from coal seams, so that
the content of Coalbed methane in these zones is reduced,
and even the so-called coal seams are free of gas. In the gas

Table 4 Average values of adsorption constants of coal with different
coal rank (T=30 C, including equilibrium moisture)

Coal Langmuir volume Langmuir
(cm’/g) pressure
(MPa)
Lignite 12.17 8.31
Long Flame Coal 17.22 6.39
Gas coal 17.66 3.63
Fat coal 18.43 347
Coking coal 21.45 2.12
Lean coal 25.27 1.62
Lean coal 28.33 1.98
Anthracite 40.92 2.55
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geology community, this rule is summarized as "if there is
water, there is no gas, there is no water". The occurrence
of this phenomenon indicates the existence of coalbed gas
displacement and desorption.

Desorption of coalbed methane

In addition to the adsorption amount of coal, the output of
Coalbed methane is also closely related to the desorption of
coal. As a representative of low coal rank basins, the coal-
bed methane content of Powder River Basin in the United
States is generally 0.78—1.6 m?/t, the highest is not more
than 4 m?/t, and the average daily production of a single well
is 4530 m®/d. As a representative of high rank basins, the
southern Qinshui Basin in Shanxi Province generally has a
CBM content of 10-20 m>/t, and the highest is up to 35 m3/t,
while the average daily production of a single well is gener-
ally lower than 1000 m>. The reason for this phenomenon
is closely related to the degree and rate of desorption of
coalbed methane.

(1) Factors affecting coalbed methane desorption.

Factors affecting the desorption rate of coalbed methane
are:

® The influence of pressure on desorption rate. When
the pressure is closer to the critical desorption pressure, the
desorption rate of methane is slower; The lower the pressure,
the faster the desorption rate of methane. Therefore, the key
to increase the desorption rate is to increase the pressure
drop rate in the largest area.

® The influence of coal seam water content on desorp-
tion rate. The adsorption amount of methane in coal seam is
inversely proportional to the coal seam water content. This
shows that the faster the drainage rate, the faster the desorp-
tion rate.

® The influence of coal particle size on desorption rate.
Coal particle size has a great influence on the desorption
rate. The larger the particles, the greater the distance the
methane diffuses and travels, and the longer the desorption
time. Reducing the particle size will greatly improve the
desorption speed and productivity.

@ The influence of temperature on the desorption rate.
The higher the temperature, the faster the desorption rate.
Increasing the temperature of the coal seam can increase the
desorption rate.

® The influence of permeability. Increasing the perme-
ability end point increases the flow rate of methane after
desorption. Increasing permeability also increases the rate
of pressure drop during drainage, thus increasing the rate
of desorption.

Coalbed methane desorption is a very complicated
problem, not only depressurization desorption, but also the
displacement of adsorbed methane gas by water and other
gases in coal seam is a type of coalbed methane desorption
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that cannot be ignored. The essence of displacement des-
orption is that the unadsorbed water molecules or other gas
molecules replace the methane molecules in the adsorbed
state in order to achieve dynamic equilibrium, so that the
methane molecules in the adsorbed state become free. By
using this principle, gas can be injected to improve the
recovery rate of coalbed methane. CO, gas injection is
widely used.

(2) Coal displacement desorption: the influence of com-
ponent concentration in CH,-CO, gas mixture on CH,
desorption.

Using the principle of displacement desorption, when
CO, is injected into the coal seam, it will promote the
desorption of Coalbed methane adsorbed in the coal seam.
By using gas isothermal adsorption desorption instrument,
professor of China University of Geosciences conducted
isothermal adsorption—desorption experiment on anthra-
cite equilibrium water coal sample of Jincheng coal seam
3# Qinshui Basin, Shanxi Province. Different CH,—CO,
components were used to study the quantitative influ-
ence of different component contents on desorption. In
the experiment, the following three different CH,-CO,
mixed components were used for comparative experi-
ments: ® 75% CH, +25% CO, adsorption-desorption test.
®35% CH, + 65% CO, adsorption—desorption test. ® 15%
CH, +85% CO, adsorption-desorption test. For CH,, CO,
pure components of the adsorption—desorption experi-
ment, the data obtained are shown in Table 5.

The results of binary gas adsorption and desorp-
tion experiments for different components are shown in
Table 6. After comparing the theoretical model estab-
lished with the experimental test results on the influence of
component concentration on CH, desorption in CH,-CO,
mixed gas, it was found that the predicted results of the
theoretical model were in good agreement with the experi-
mental results. Furthermore, the experiment revealed the
nonlinear influence of component concentration on the
CH, desorption process and the differences in CH, des-
orption rates at different concentrations. Therefore, the
experimental test results further proved the reliability and
accuracy of the theoretical model and provided strong
evidence for predicting the CH, desorption behavior in
CH,-CO, mixed gas.

Table 5 Adsorption and desorption of pure component gas (30 ‘C)

Gas Composition 100% CH, 100% CO,

Kinds of experi- Adsorption Desorption Adsorption Desorption

ments
Vi (mh) 28.91 28.91 31.31 37.58
P, (MPa) 1.09 0.98 0.35 1.05
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Table 6 Adsorption and

desorption of gases of different Gas composition 75% CH,+25% CO, 35% CH,+65% CO, 15% CH,+85% CO,
binary components (30 °C) Kinds of experiments ~ Adsorption  Desorption  Adsorption Desorption  Adsorption  Desorption
\'SY (m/t) 31.66 29.22 37.58 37.58 46.98 46.98
P, (MPa) 0.88 0.63 0.6 0.64 0.76 0.48

Conclusions

This study focuses on the No. 3 coal from the Qinshui Basin
in China, analyzing its mineral composition, physical prop-
erties, gas content, and pore structure characteristics in
depth. Furthermore, it discusses the adsorption characteris-
tics of different gases in coal rock and conducts experimental
research to investigate changes in gas adsorption and desorp-
tion capacity under varying conditions.

(1) The coal formation in the study area is predomi-
nantly characterized by micropores and small pores, with
well-developed larger pores and fractures. The pore con-
nectivity is somewhat limited, and the predominant pore size
ranges from 100 to 200 nm. The average permeability meas-
ures 0.198 x 107> um?, while the mean specific gas content
stands at 21.7 m>/t. Vitrinite reflectance has been measured
at 3.32%. It provides a comprehensive analysis of the micro-
scopic environmental characteristics of gas adsorption in
coal rocks, offering valuable insights into the migration and
storage behaviors of gases in underground reservoirs.

(2) The isothermal adsorption curves of coal rock for CH,
indicate that at pressures below 3.5 MPa, the slope of the
adsorption curve is steep and there is a significant increase
in adsorption; as the pressure further increases, the adsorp-
tion curve exhibits a gradual upward trend; once the pressure
reaches 8 MPa, the adsorption amount increases slowly and
stabilizes. The gas adsorption capacity of coal rock rises
with increasing coal rank. These findings offer valuable ref-
erence information for further investigating the role played
by different types and qualities of coal rock in storing and
releasing natural gas in gas reservoirs.

(3) The CO,-CH, mixed gas demonstrates distinct char-
acteristics during adsorption and desorption: the desorption
amount and rate of the CO, component are lower, while
those of the CH, component are relatively higher. This dis-
parity arises from the diverse interactions between the gas
molecules and the solid adsorbent. Due to their stronger
dipole moment and greater polarization ability, CO, mol-
ecules tend to form more robust and stable bonds with the
solid surface, resulting in a reduced desorption amount and
rate compared to CH, molecules. The non-polar nature of
CH, molecules leads to a weaker bond on the solid sur-
face, resulting in a higher desorption rate and amount. As
the relative concentration of CO, increases, both CH, des-
orption rate and CO, adsorption rate also increases under
identical pressure drop conditions. This phenomenon can

be attributed to the competitive influence of multi-compo-
nent mixed gases on the solid surface. With an increase in
CO, concentration, it occupies more available positions and
impacts CH,'s ability to detach from the solid surface, lead-
ing to an escalation in CH, desorption rate.
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