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Abstract: This paper aims to describe methane adsorption in coal under the conditions of high
temperature and high pressure, as well as quantitatively decipher the change rule of energy in the
isothermal adsorption process. The isothermal adsorption test was carried out with four groups of
middle-rank coals from the Linxing area with different degrees of metamorphism. The impacts of
the degree of deterioration of coal, temperature, and pressure on adsorption were analyzed with
regard to the adsorption amount, adsorption potential, and adsorption space. Additionally, the
energy change during the adsorption of methane by the coal was considered. The results show
that the coal adsorption capacity hinges on the degree of deterioration of the coal, as well as the
pressure and temperature. Additionally, the impact of temperature upon coal methane adsorption
under depth conditions is highlighted. Like the adsorption space, the adsorption potential is an
important parameter used to quantitatively characterize the adsorption ease and adsorption capacity;
furthermore, the adsorption potential of millipores exceeds that of mesopores, as they are capable of
offering a larger specific surface area for adsorption. The total decrease in the surface free energy
during adsorption increases as the pressure increases; simultaneously, the increase rate is fast and
then slow. The total decrease in the above-described free energy diminishes as the temperature
escalates. Under the same pressure, the total decrease in the aforementioned free energy increases
as the reflectance of the specular body of the coal increases. The decrease in the aforementioned
free energy at each point of pressure lessens as the pressure grows; notably, when the pressure is
comparatively low, the reduction is very fast. As the pressure escalates continuously, the decrease
speed is slow. Regarding the effect of pressure and temperature upon adsorption, the adsorption gas
volume of coal exists in a conversion depth from 1200 m to 1500 m; at the same time, the impact of
pressure upon adsorption is dominant up to this depth. Additionally, beyond this depth, temperature
gradually comes to have the greatest impact on adsorption.

Keywords: isothermal adsorption; methane adsorption; high-temperature and high-pressure; surface
free energy

1. Introduction

A coal system is a porous medium, and the adsorption of methane by coal is a process
in which methane molecules collide with the surface of the coal’s pore structure through
thermal movement. As for adsorption, it essentially constitutes the reduction in the sur-
face tension by coal in order to reduce the surface free energy, which explains different
adsorption phenomena on the basis of energy changes during the adsorption process [1,2].
Regarding the isothermal adsorption of coals with disparate coal body structures, experi-
mental analysis shows that the changes in the total decrease of the above-described free
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energy, adsorption capacity, and adsorption potential were affected by the coal body struc-
tures; moreover, the disparate levels of the coal body fragmentation control the adsorption
amount and the energy exchanged during adsorption [3]. Wu et al. discussed the adsorp-
tion behavior, adsorption characteristic curve, and the change rule of the equal amount
of adsorption heat from coalbed methane under supercritical conditions [4]. Guo et al.
studied the effect of water on the adsorption characteristics of low-rank coal, and the results
showed that the methane adsorption isotherm of low-rank coal was consistent with those
of Langmuir’s adsorption law. Water significantly inhibits the gas adsorption capacity of
low-rank coal, and the degree of inhibition increases with the increase in the water content.
However, with the increase in the water content, the growth rate of the inhibition effect
decreases gradually [5]. Xie et al. used quantum chemical calculation methods to study the
interaction energy between methane molecules and coal-based molecules with disparate
levels of metamorphism. Furthermore, they discovered that, as the coal-based diameter
increased, the interaction energy between the methane molecules and coal-based molecules
escalated gradually [6]. Li et al. conducted adsorption experiments with five different
grades of coal and concluded that the maximum adsorption capacity was significantly
positively correlated with the specific surface area and pore volume of micropores smaller
than 2 nm, and the adsorption heat was significantly positively correlated with the specific
surface area and pore volume of micropores in the range of 0.38~0.76 nm, and the micro-
pores in this range played a major role in determining the methane adsorption heat [7].
Nie et al. and Li et al. analyzed the nature of energy change during adsorption based
on molecular dynamics and thermodynamic theory, and derived the heat of adsorption
calculation formula [8,9].

The isothermal adsorption test is a crucial research tool for analyzing coal adsorp-
tion characteristics. These characteristics can be discussed based on various aspects, in-
cluding coal physical properties (such as coal grade, pore properties, and particle size),
material composition (including microcomponents, industrial components, and miner-
alogical components) and experimental conditions (such as temperature, pressure, and
aqueous content) [10-13]. Previous studies have primarily concentrated on shallow coal
bed methane (CBM). These studies have primarily focused on analyzing the factors that
influence the adsorption capacity of CBM. They have typically employed lower experimen-
tal temperatures and pressures. However, there have been relatively few studies on the
adsorption characteristics of CBM under high-temperature and high-pressure conditions.
By analyzing experimental data of coal isothermal adsorption under high pressure and high
temperature, we analyze the comprehensive influence of pressure, temperature and coal
metamorphism upon coal adsorption capacity during isothermal adsorption and calculate
the theoretical “depth conversion point” of the change in coal adsorption capacity with the
depth of coal seam in the joint action of pressure and temperature with the background of
the pressure and temperature gradients of a coal reservoir within the Linxing area. The
“depth conversion point” refers to the calculation of the coal adsorption gas volume with
respect to the depth of the coal seam, considering the combined influence of pressure and
temperature. In this context, the changes in adsorption potential, adsorption space, and free
energy associated with variations in coal grade, pressure, and temperature are examined.
The objective is to provide a reference for future research on coal adsorption and gas in
deep coal reservoirs.

2. Samples and Experimental Methods
2.1. Sample Collection

The coal specimens used in the test were sourced from the Linxing area and the Xiegou
coal mining, as depicted in Figure 1b. The research area is located in the Jinxi flexural fold
belt, situated at the eastern boundary of the Ordos Basin. The region is characterized by a
monoclinic structure, with a generally uniform stratigraphic dip [14]. In the late Paleozoic
period, several east-west extended anticline structures were formed, and faults with a small
scale in the N-W and N-E directions were developed locally, as shown in Figure 1a,c [15].
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Affected by the early Cretaceous tectonic thermal events of North China, the east Linxing
area is the Purple Mountain rock mass uplift area, as shown in Figure 1c. The No. 8 + 9 coal
seam developed within the Benxi Formation of the Upper Carboniferous System is the main
coal seam for investigation and advancement of deep coalbed methane within the Linxing
area [16]. Except for the rock mass uplift area, the coal seam burial depth is 1700~2200 m,
the coal reservoir temperature is 46~64 °C, the reservoir pressure is 15.5~21.5 MPa, and the
vitrinite reflectivity (R max) of coal is between 1.0 and 1.8%. In the Purple Mountain uplift
area, the coal seam burial depth becomes shallow to about 1000 m. The maturity of coal
increases significantly, and the reflectivity of vitrinite reaches more than 3%. The depth
of coal seams within the Xiegou coal mine area inside the northeast of the Linxing area
becomes shallow, generally 400~1100 m; additionally, gas coal is dominant in the coal rank.
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Figure 1. Geographical location of coal samples and structural outline of Linxing area. (a) Study area
location in the Ordos Basin; (b) sample location; (c) structural outline map of the study area.

2.2. Experimental Methods

Experimental tests were implemented for four coals with disparate levels of dete-
rioration. (1) Coal industrial analysis, specular body reflectance and microcomponent
testing. The specular body reflectance and quantitative statistics of coal components were
counted on the optical microscope under oil-immersed reflected light conditions ([17],
GB/T6948-2008). For industrial analysis, refer to [18], GB/T212-2008. (2) Isothermal
adsorption experiment. The experimental instrument was the ISO-300 isothermal adsorp-
tion experimental device produced by Terratek; the temperature of adsorption was set at
4 temperatures (30 °C, 45 °C, 60 °C and 75 °C) with a difference gradient of 15 °C. The
pressure of adsorption balance was set based upon the actual reservoir pressure from
the coal seam in the field of the research, with the maximum pressure of about 25 MPa
and 11 pressure points set. During the test, the coal specimens were first squashed to
60~80 mesh; synchronously, the balance humidity treatment was implemented at 30 °C.
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Methane concentration of 99.9% was used for the experiment. (3) N, adsorption-desorption
and CO; adsorption experiments. The specimens were pulverized into a 60~80 mesh coal
powder; additionally, 48 h was required to dry them for processing. The adsorption instru-
ment was the Micromeritics ASAP2020 Specific Surface Area Analyzer. Regarding the Ny
adsorption—-desorption experiment, its temperature reached 77.15 K. Moreover, as for the
CO;, adsorption experiment, its temperature reached 273.15 K.

3. Experimental Data and Analysis

As shown in Table 1, the maximal vitrinite reflectance of the tested coals reaches
0.77~1.78%. The maceral composition analysis of the coal specimens indicates that the
coal is predominantly composed of vitrinite, followed by inertinite, and then exinite.
The vitrinite is chiefly desmocollinite and telocollinite; we observe telinite occasionally.
The mineral composition is mainly pyrite, as shown in Figure 2. The vitrinite content is
76.45~85.20%, the inertinite component content is 5.40~10.20%. The ash component reaches
7.85~14.64%, and the mean value is 11.03%. The volatile component reaches 12.66~35.12%,
the mean value reaches 23.72%, and the moisture content is relatively low at 0.63~2.41%.

Table 1. Sample information and test results.

Sample Information Maceral Composition Proximate Analysis Pore Specific Surface Area
Sample Depth Ro,max Coal Vitrinite Inertinite Moisture Ash Valitile N, CO,
Numbers (m) (%) Rank (%) (%) (%) (%) (%) (m?/g) (m?/g)
XG 450.0 0.77 gas coal 78.32 7.86 241 10.50 35.12 0.26 44.90
L10 1636.6 1.16 fat coal 76.45 8.50 0.95 11.12 26.85 0.27 54.62
L41 2158.0 147 C‘élgg;g 85.20 10.20 112 7.85 20.24 0.60 65.90
L8 1888.0 1.78 thin coal 82.42 5.40 0.63 14.64 12.66 0.89 7231
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Figure 2. Photos of maceral constitution of coal specimens. (a) The vitrinite and fuinite of sample
XG (burial depth of 450.0 m). (b) The telocollinite of sample L10 (burial depth of 1636.6 m). (c) The
telinite and pytite of sample L41 (burial depth of 2458.0 m). (d) The semifuinite of sample L8 (burial
depth of 1888.0 m).
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During the N; adsorption tests, the sizes of the pores were found to range between
1.7 nm and 300 nm. For the CO, adsorption tests, the pore sizes ranged from 0.489 nm to
1.083 nm. Pores with sizes smaller than 2 nm were classified as ultramicropores [19]. The
specific surface area of the tested ultramicropores ranged from 44.90 to 72.31 m? /g, and the
specific surface area of the pores tested for N, adsorption ranged from 0.26 to 0.89 m?/g.
The effect of the ultramicropores on the adsorption was decisive.

The molecular kinetic diameter of nitrogen is 0.36 nm, and it is generally accepted
that the range of tested pore sizes is 1.7~300 nm. The molecular kinetic diameter of carbon
dioxide is 0.33 nm, and the molecular kinetic energy of CO; is higher and diffusion is
faster compared to liquid nitrogen adsorption at a temperature of 273.15 K. It is used to
investigate the distribution of micropores with sizes below 2 nm. In the mixed carbon
dioxide and nitrogen adsorption test analysis, the comparison of adsorption separation
coefficients suggested that CO, had the highest adsorption capacity, whereas N, had the
lowest capacity. When the CO, concentration in the gas mixture was high, the adsorption
amount was large and the adsorption separation coefficient was small [20].

The results of the isothermal adsorption tests indicate that the adsorption of coal-bed
methane in coaly coal is influenced by factors such as adsorption pressure, the degree of coal
deterioration, and temperature. As depicted in Figure 3, this impact of adsorption pressure
upon adsorption was analyzed with the degree of coal deterioration and temperature as
quantitative. At adsorption pressures ranging from 0 MPa to 5 MPa, the volume of the
adsorbed gas escalates speedily as the adsorption pressure grows, which is an express
adsorption stage. When the adsorption pressure reached 5~25 MPa, the adsorption gas
volume increased slowly as the pressure escalated, which was just a slow adsorption stage.
We analyzed the effect of temperature on adsorption by quantifying the degree of coal
deterioration and adsorption pressure. On account of the escalating temperature, the
volume of the adsorption gas decreased, and the escalating temperature was unfavorable
to adsorption. Taking the L8 coal of Rp max as an example, when comparing the adsorption
isotherms at four different temperatures, it was observed that the difference of adsorption
amount increased gradually as the adsorption pressure escalated, which indicated that
during the rapid adsorption phase, the effect of temperature on adsorption was limited,
while the effect of adsorption pressure was significant. In the slow adsorption stage,
the impact of adsorption pressure decreases step by step. Simultaneously, this effect of
temperature on adsorption becomes more pronounced.

16 20
E[, B30°C ®45°C +60°C A75°C = W30°C #45°C +60°C A75°C
= o .
E 12 § 15
ERR: § 10
8 g
B E=]
é 4 g 5
Z a. Ry pay=0.77% ﬁ b. Ry pa=1.16%
0 1 1 1 1 I 0 1 1 I )
0 5 10 15 20 25 0 5 10 15 20 25
Pressure(MPa) Pressure(MPa)
- 25 o o 450 o o
20 T a3gec e4sec e60°C ATSC _ B30°C =45°C *60°C A75°C
20 20
% 5 20
§1s 3
T 2
! 515
S 10 S
.S E‘ 10
I &
g ° g s
3 ¢. Ry pu=1.47% Z d. R py=1.78%
0 L L . L ), 0 L L L s ,
0 5 10 15 20 25 0 3 10 15 20 25
Pressure(MPa) Pressure(MPa)

Figure 3. Methane adsorption isotherms with the equilibrating water for disparate coal ranks.
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The maximal adsorption capacity of coal is characterized by the Langmuir volume, as
shown in Figure 4, and the effect of coal metamorphism on adsorption was analyzed on the
part of the temperature as a quantitative measure, and the temperature of 30 °C was used
as an example. As the vitrinite reflectance of coal Ro max for 0.77% increases to 1.78%, the
Langmuir volume increases from 12.23 cm3/g to 30.64 cm®/g. By quantifying the degree
of deterioration of coal, we can analyze its adsorption characteristics. Taking coal with
a maximum reflectance of vitrinite (Rp max) of 1.78% as an example, as the temperature
increases from 30 °C to 75 °C, the Langmuir volume of coal decreases from 30.64 cm3/ g
to 20.78 cm3/g. This suggests that temperature has a passive influence on adsorption.
Additionally, as the degree of coal deterioration increases, the coal adsorption capacity
becomes stronger. This indicates that deteriorated coal has a higher capacity for adsorption
compared to less deteriorated coal.
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Figure 4. Relationship between Langmuir volume and vitrinite reflectance under different tempera-
ture conditions.

In fact, the temperature, adsorption equilibrium pressure and coal maturity in the
experimental tests all contribute to controlling the adsorption amount of gases in coal
reservoirs. This understanding can be employed to predict or assess the gas component in
coal reservoirs. The study shows that the variation of gas component with the increase in
coal buried depth does not become a single positive or negative correlation, but a tendency
of initial ascending and subsequent descending [21]. Based on the statistical dissection
of suitable temperature logging and great experiment figures, the ground temperature
gradient becomes 2.3 °C/100 m, and the formation pressure gradient is determined to
be 0.98 MPa/100 m. By converting the temperature and adsorption equilibrium pressure
conditions from the previous isothermal adsorption experiments to depth, we can establish
characteristic curves that depict the correlation relationship between the theoretical adsorp-
tion gas quantity (Figure 5) and the depth at which the coal seam is buried. These curves
provide valuable information on the potential gas content and distribution within the coal
seam as a function of depth. Upon analysis, it is observed that the adsorption gas quantity
displays an “inflection point” around 1200~1500 m. In a shallow depth, the adsorption
gas quantity increases as the above-described depth escalates. The adsorption gas quantity
decreases as the burial depth beyond this depth escalates. According to the Langmuir
equation, shallow coal reservoirs are strongly influenced by reservoir pressure; as depth
(i-e., hydrostatic pressure) increases, the ability to absorb methane increases significantly.
However, with the increase in depth, the temperature also increases, which is unfavor-
able to the adsorption, and the negative effect of temperature becomes the main factor
controlling the adsorption amount, which leads to the decrease in the gas content [22].
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Figure 5. Correlation between theoretical adsorption gas volume and the depth at which coal seam
is buried.

It has to be noted that the depth at which the adsorbed gas volume is converted is
different within different CBM regions. Qin et al. consider the eastern edge of the Ordos
Basin to be one instance, and find that the conversion depth is in the range of 600~700 m
through the measured CBM content and theoretical analysis [23]. The reason for the
difference in the depth is that, on the one hand, the ground temperature gradient used in
the calculation is different, and Qin et al. used 3.0 °C/100 m as the ground temperature
gradient. On the other hand, the reason is the difference between the measured gas
component and the theoretical gas adsorption.

Consequences of desorption tests illuminate that the measured gas content of deep coal
reservoirs in the Linxing area is 7.18~21.64 cm®/g, and the gas component of coal reservoirs
within the Xiegou coal mine field is 3~8 cm3/g. As depicted in Figure 6, When the depth
of the coal seam is less than 1200 m, the gas content tends to increase with the depth of
the coal seam. When the above-described depth is 1700~2100 m, the gas component of
the coal reservoir does not have any obvious change rule with that depth as the variable.
The gas component has a close correlation with the level of coal metamorphism, which
shows that with the escalating coal metamorphism, the gas content of coal reservoirs
becomes higher. The gas component of coal beds is influenced by various factors, including
geological and tectonic conditions, coal bed methane preservation cover conditions and
coal material composition. Therefore, the critical conversion depth of coal reservoir gas
content is controlled not only by pressure and temperature. When predicting deep coalbed
methane resources, it is essential to identify the dominant elements that control the gas.
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Figure 6. Vertical variation of gas content inside coal reservoirs within Linxing and Xiegou coal mine.
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4. Energy Changes during Isothermal Adsorption Process
4.1. Adsorption Potential and Adsorption Space

The conception of adsorption potential is applied to the thermodynamic theory to
describe the adsorption process. It represents the change in the Gibbs free energy of the
methane surface after methane adsorption is accomplished on the coal pore surface per
unit of molar mass [24]. The equipotential surface is the surface formed by each point of
equal adsorption potential energy on the coal matrix surface, and the adsorption space
is between the equipotential surface and the adsorbent surface, which is used for storing
adsorbed methane molecules. Coal is highly inhomogeneous, and equipotential surfaces
on the coal matrix surface are capable of forming potential wells of varying depths. The
quantity of coal methane adsorbed depends upon the depth of potential wells and the
quantity of potential wells. Moreover, the adsorption potential can be used to express
the adsorption amount, so the coal adsorption capacity can be analyzed by adsorption
potential. The adsorption potential and pressure are presented below:

P,
e= [ " TR4p — RTIDO

1
b P P’ @

in which ¢ refers to the adsorption potential, ] /mol; Py refers to the pressure of the saturated
vapor, MPa.

The critical methane temperature reaches —82.6 °C; synchronously, the critical pressure
reaches 4.6 MPa. Since the temperature at which methane is adsorbed by coal surpasses
the critical temperature greatly, the pressure of the saturated vapor at this point is not
applicable to the calculation of the adsorption potential. As for the saturated vapor, its
virtual pressure in supercritical circumstances can be applied for calculation [25]

Tk

PO = PC(T) ’
C

)
where P, refers to the methane critical pressure, which reaches 4.62 MPa; T. refers to the
methane critical temperature, which reaches 190.6 K; k refers to the coefficient related to
the adsorption system, which is 2 for the D-R equation.

The adsorption space becomes a characteristic parameter characterizing the microp-
orous construction and could be employed with the objective to expressing the quantity of
content of methane adsorbed by coal (adsorption capacity), which is calculated as

W=Vt 3)

in which w refers to the volume of the adsorption space, cm®/g; V,4 refers to the absolute
adsorption capacity, cm®/g; M refers to the methane molecular weight, g/mol; p,q refers to
the adsorption phase density, g/cm?.

The adsorbed phase density is the ratio of the total amount of adsorbed gas to the
volume of the adsorbed phase, which cannot be measured directly through the existing
experimental means [26,27]. It could be calculated by Formula (4). This calculation assumes
that the adsorbed phase can be considered as a superheated liquid. Further, the value of
the thermal expansion is assumed to be independent of the species of the adsorbate [28].

Pad = Ppexp[0.0025 x (T —Ty,)], @)

in which p,q refers to the adsorption phase density, g/cm3; p}, refers to the density of
methane at boiling point, g/cm?, its value is 0.4224, and Ty, refers to the boiling point
temperature of methane, and its value is 111.7 k.

The amount of adsorption at the pressure and temperature of an isothermal adsorption
experiment is the apparent amount of adsorption, which is also known as the Gibbs
adsorption quantity or added adsorption quantity. When applying the adsorption quantity
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to calculate the adsorption space, it is necessary that the apparent adsorption quantity is
converted to the absolute adsorption quantity. The equation for the absolute adsorption
amount is listed under the premise that the adsorption amount in the standardized state is

altered tO a m()lar V()luIIle.
Po 7 (E)

Pad

Vad =

where V,, denotes the absolute capacity of adsorption, cm3/ g Vap denotes the excess
adsorption capacity, cm?/g.

Based on Equations (1)—(5), these theoretical characteristic parameters of adsorption
potential at four temperatures are calculated for four categories of coals with four levels
of metamorphism. In the calculation process, p; in Equation (1) corresponds to the ad-
sorption equilibrium pressure in isothermal adsorption experiments. T in Equation (2) is
the adsorption experimental temperature, which needs to be converted from °C to k. As
shown in Figure 7, the control of temperature on the adsorption potential was analyzed
using coal specular plasma reflectivity and pressure as quantitative measures, and it can
be concluded that the adsorption potential increases with the increase of temperature. It
is determined through analysis that with the escalating temperature, methane molecule
movements intensify, resulting in a growing difficulty of adsorption. The effect of pressure
on the adsorption potential is analyzed using the reflectance of coal mirror plasmas and
temperature as quantitative measures. It can be concluded that adsorption potential and
adsorption balance pressure are negatively correlated; in addition, the adsorption potential
descends rapidly as pressure increases when the pressure is in a range from 0 to 5 MPa.
While the pressure ascends, the adsorption potential decreases slowly. The analysis shows
that the methane molecules prefer to choose the position exhibiting a higher adsorption
energy potential for adsorption. First, the adsorption is carried out on the inner wall of the
pore, and gradually, from monolayer to multilayer, the adsorption potential generated by
the first adsorption is larger [29].
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The influence of temperature on adsorption capacity is analyzed by quantifying the
reflectivity and pressure of coal mirror plasmas. The analysis indicates that temperature and
adsorption capacity are negatively correlated, and this negative correlation becomes more
pronounced as pressure increases. As an example, the distinction between adsorption space
at 30 °C and 60 °C for XG coal samples is 0.004 cm®/g at a pressure of 3.5 MPa. When the
pressure reaches 11 MPa, this distinction in adsorption space between the two temperatures
is 0.005 cm?3/g. Similarly, when the pressure reaches 19 MPa, this value is 0.007 cm®/g.
The reason for analysis is just that as the adsorption pressure escalates, the adsorbed
gas volume escalates; in addition, changes in temperature and pressure bring about the
variations within the density of the adsorbed phase, which, in turn, impacts the adsorption
space of the coal.

As depicted in Figure 8, taking adsorption equilibrium pressure as a quantitative
parameter, the adsorption space gradually ascends as the reflectance of the coal specular
plasma ascended, which is associated with the specific surface of coal pores, and the
adsorption pores become more developed as the coal metamorphism level escalates. When
the adsorption pressure increases, the difference between the adsorption spaces of coals
with disparate levels of the metamorphism becomes more obvious. For example, at a
temperature of 60 °C and an adsorption equilibrium pressure of 21.5 MPa, the pore specific
surface area of the nitrogen adsorption test increases from 0.26 m?/g to 0.89 m?/g, the
pore specific surface area of the carbon dioxide adsorption test increases from 44.90 m?/g
to 72.31 m?/g, and the adsorption space increases from 0.064 m?/g to 1.137 m3/g as the
deterioration degree of the coal increases, suggesting that the adsorption space and pore
specific surface area show a positive correlation.
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Figure 8. Adsorption space versus pressure at 60 °C adsorption temperature.

Previous studies have shown that the distinction between the capacity of the abso-
lute adsorption and the capacity of the apparent adsorption becomes significant as the
adsorption balance pressure grows. If the coal adsorption capacity is greater, the difference
between the two is greater, too. The adsorption parameters derived from the absolute
adsorption amount can more realistically reflect the quantity of methane adsorbed by coal
at a high pressure [30-32].

4.2. Surface Free Energy

Coal consists of highly condensed aromatic rings or hydrogenated aromatic rings,
linked by disparate forms of chemical bonding, and it is a macromolecular structure with
carbon atoms as the backbone, containing an enormous quantity of branched chains with
oxygen-containing functional groups or alkyl groups as the main components [33-35]. Car-
bon atoms on the coal pore surface can break equilibrium between the coal macromolecular
skeleton, and vacancies on the side of the carbon atoms cause unbalanced forces. Methane
molecules move towards the interior of the coal structure due to the gravitational pull
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of coal, and the energy gained by carbon atoms on the coal surface is the surface free
energy [36,37]. The decrease in surface tension resulting from coal methane adsorption can
be determined by the following equation:

—dg = RTTd(InP), (6)

in which o denotes the surface tension, J/m?; I denotes the surface excess, mol/m?.
After the adsorption of a certain amount of methane molecules on the coal matrix

surface, the methane concentration on the surface is higher than that in the interior of the

matrix, and this concentration difference is known as the surface excess, which can be

expressed as

_ Vap

r=_2,
SV,

@)

in which S denotes the specific surface of pores in coal, m?/g; Vi denotes the molar volume
of the gas in the standardized condition, 22.4 L/mol.

In association with Equations (6) and (7), the overall reduction within surface free
energy of coal during adsorption under supercritical conditions could be calculated as

RTV,p
Ay =
Y= 75y,

In(P), ®)

in which Ay denotes the total reduction value of the above-described free energy, J/ m2,
indicating the change in the surface freedom produced by coal adsorption of methane.

Differentiating P in Equation (8), the change value in the above-described free energy
at different adsorption pressure points is obtained:

RTV,p
SV,P

Ayp = )

in which Ayp denotes the reduction value of the aforementioned free energy at each point
of pressure, ] /m?.

In Equations (6)—(9) calculating the surface free energy, S is the specific surface area of
pores, mainly adsorption pores, which can be obtained from the N, and CO; adsorption
experiments in Table 1. P is the adsorption equilibrium pressure, and there are eleven
adsorption equilibrium pressure points for each set of isothermal adsorption experiments.

Calculating the accumulated decrease in the aforementioned free energy at each point,
when the adsorption pressure gradually increases, the accumulated decrease on the coal
matrix surface exhibits a tendency of slow increase, but the increasing magnitude becomes
smaller and smaller, which is similar to the variation rule of the adsorption quantity with
pressure during the isothermal adsorption. The coal mechanism lessens its surface free
energy through adsorbing methane molecules, and along with the adsorption process.
As the free energy of coal pores decreases, more methane molecules will be adsorbed
onto the coal surface, resulting in a larger volume of adsorbed gas. This is because a
lower free energy indicates a more favorable environment for the adsorption process.
As a result, if the accumulated decrease in free energy of coal pores is larger, it means
that the overall conditions for adsorption are more favorable. Therefore, the strength of
the coal adsorption for methane molecules could be judged using the magnitude of the
accumulated change in the aforementioned free energy of coal. In addition, in the same
pressure condition, the total decrease in the aforementioned free energy accelerates as
the coal specular reflectance ascends, which corresponds to the strong coal adsorption
with a large specular reflectance. Contrasting Figure 9a,b, it could be concluded that the
aforementioned free energy decreases as temperature increases, which means that the
energy that can be reduced by the system decreases. In accordance with the energy change,
it also indicates that the rise in temperature is unfavorable to the coal adsorption of methane
gas. From the information described in Figure 9, the variation law of surface free energy
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at each adsorption equilibrium pressure point can be obtained. It can be seen that as the
pressure increases gradually, the surface free energy at each point of pressure decreases step
by step; in addition, the decrease is faster at the start of adsorption. At first, there are more
high-potential energy sites on the coal matrix surface; methane molecules are adsorbed on
them preferentially; the adsorption amount changes greatly with pressure; and the speed
of the above-described free energy decrease is fast. As the adsorption process proceeds,
the high-potential energy sites decrease, coupled with more methane molecules adsorbed
onto the coal matrix surface. The universal gravitation of the coal matrix to free methane
molecules decreases, and the amount of adsorbed methane decreases by increasing the unit
pressure. Additionally, the speed of the surface free energy reduction decreases slowly.
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Figure 9. Surface free energy changes in coal systems under pressure and temperature.

5. Conclusions

The adsorbability to coalbed methane is controlled by combining the degree of coal
deterioration, pressure and temperature. As the burial depth of the coal seam is shallow,
pressure is the main factor controlling adsorption. When the burial depth exceeds a certain
value, the temperature gradually becomes the main factor affecting the adsorption. For
the four coal samples tested, as the degree of coal deterioration increased, the number of
developed coal ultra-micropores and micropores increased, the pore specific surface area of
the coal increased, and thus the adsorption capacity of the coal became stronger. The gas
theoretical adsorption in coal reservoirs changed with the depth of burial, and there was a
“critical conversion depth”, which is between 1200 and 1500 m in the Linxing area.

During the isothermal adsorption process, there are several correlations worth noting.
First, pressure and adsorption space are positively correlated. Conversely, an increase in
temperature leads to a decrease in adsorption space. Second, pressure and adsorption
potential are negatively correlated, and an increase in temperature makes the adsorption
potential larger. Third, the total decrease in surface free energy of coal is positively corre-
lated with the adsorption equilibrium pressure, but decreases with increasing temperature.
Finally, the surface free energy at each pressure point decreases with increasing pressure.
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However, the rate of decrease slows down, reflecting that it becomes more difficult to
adsorb methane molecules onto the coal surface as the pressure increases.
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