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The coal matrix can expand after gas adsorption, thus reducing the permeability of coal reservoirs and further affecting the
coalbed methane production. Whether the heat released by coal adsorbing gas is a cause of the coal expansion has not yet been
determined. Therefore, the anthracite coal with high gas adsorption capacity was used; under the conditions of 35°C and 1-
6 MPa, the adsorption capacity and the adsorption heat of coal adsorbing CO, and CH, were tested. The specific heat capacity
and thermal expansion coefficient of coal at 35°C were tested. The temperature change of the coal after being heated was
calculated by combining the absorption heat and specific heat capacity; also, the thermal expansion rate was calculated by
combining the temperature change and expansion coefficient. In addition, the cube law was used to calculate the permeability
change of coal before and after the adsorption expansion. The results show that the changes in the gas adsorption capacity and
adsorption heat of the coal obey the Langmuir equation, and those to CO, are both higher than to CH,. The temperature of
coal increases after the heat is released in the process of CO, and CH, adsorption, and the temperature change of coal
adsorbing CO, and CH, reaches 102°C and 72°C, respectively, at 6 MPa. The thermal expansion rate of coal adsorbing CO,
and CH, reaches 5.40% and 3.81%, at 6 MPa, respectively. It is found that a higher gas pressure could lead to a higher
temperature change, a higher thermal expansion rate, as well as a higher thermal expansion and coal deformation. After the
adsorption of CO, and CH,, the coal permeability is reduced by 20.43% and 14.66%, respectively, at 6 MPa. Both the thermal
expansion rate and the permeability change with the gas adsorption pressure obey the Langmuir equation. Therefore, the
adsorption expansion of coal may be thermal expansion caused by the heat released by coal adsorbing gas.

1. Introduction

Coal is a typical dual-porosity rock with matrix pores and
fractures, in which matrix pores are the main space for the
storage of coalbed methane (CBM), and fractures are the
main channels for CBM to migrate [1, 2]. The gas adsorp-
tion and desorption of coal can cause the expansion and
shrinkage of the coal [3, 4], leading to the change in fracture
width and so does the permeability, affecting the production
efficiency of CBM [5-7].

Previous studies have found that the coal expansion
caused by gas adsorption refers to different mechanisms
[8-10]. Specifically, during the gas adsorption process, the
pressure drives the gas molecules into the pores and frac-
tures of the coal, prompting the sorption layer to wedge
microfissures with similar diameters of gas molecules,
thereby causing the coal to expand [11]. Also, the interaction
between the gas molecules adsorbed on the coal surface and
the coal molecules may lead to expansion [12]. In addition,
the van der Waals force on the coal fracture surface is


https://orcid.org/0000-0001-9403-5113
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5201794

weakened during the gas adsorption process, causing a
decrease in the internal attraction energy of the coal and
an increase in the expansion energy, which could also result
in the expansion [13, 14]. Note that the heat change caused
by gas adsorption/desorption would lead to the change in
coal temperature [15-18], while coal has the property of
thermal expansion, which means thermal expansion during
the gas adsorption/desorption process could also be a cause
of coal deformation. However, there is no sufficient evidence
to prove this.

Some publications have studied the temperature change
of coal during the adsorption/desorption process through
contact thermometers or sensors [19-23]. They found that
the coal is accompanied by energy conversion, which indi-
cates that there will be a temperature change in the coal.
The gas adsorption in coal will release heat, which will
increase the coal temperature. While gas desorption is
reversible, it will absorb heat and reduce the coal tempera-
ture [24, 25]. Also, the change range of coal temperature is
related to multiple factors, such as the pressure, gas adsorp-
tion characteristics, and coal metamorphism degree. Gener-
ally, the higher gas pressure, gas adsorption ability, and the
coal metamorphism degree could lead to greater tempera-
ture change in the coal during the gas adsorption/desorption
process [26, 27].

In this paper, experiments were conducted to determine
the isothermal adsorption capacity and adsorption heat of
coal samples to CO, and CH,, the specific heat capacity,
and the expansion coeflicient of coal. On this basis, the tem-
perature change and thermal expansion rate of the coal after
being heated were calculated, and the relationship between
the temperature change and the deformation of the coal
was analyzed. The cubic law was used to determine the coal
permeability change, and the influence of thermal expansion
on permeability was investigated, which could provide a the-
oretical basis for further research on the CBM production
law and the geological storage of carbon dioxide in coal
reservoirs.

2. Experiments and Methods

2.1. Coal Sample Collection and Preparation. In this study,
coal samples from Zhongma Mine in Jiaozuo, Henan Prov-
ince, were collected as experimental samples, and the coal
characteristics are shown in Table 1. Some coal samples were
pulverized and sieved to 60-80 mesh for the tests of isother-
mal adsorption, adsorption heat, and specific heat capacity.
In addition, some coal was made into cubic coal blocks with
the size of 10 x5 x 5mm, and the prepared samples were
vacuum-dried in a DHG-9055A electrothermal vacuum
dryer at 100°C for 6h and sealed for the thermal expansion
coefficient test.

2.2. Isothermal Adsorption Test and Adsorption Heat Test.
The ISO-300 isothermal adsorption instrument was used
to measure the isothermal adsorption capacity of coal sam-
ples to CO, and CH, at 35°C. Under the conditions of
35°C and 1-6 MPa, the heat released by the adsorption of
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TaBLE 1: Vitrinite reflectance and proximate analysis of the coal
sample.

Proximate analysis
Mad (%) Aad (%) Vad (%) FCad (%)

ZM 4.2 0.43 9.64 8.28 81.65

Sample name Ro (%)

Ro: vitrinite reflectance; Mad: moisture; Aad: ash yield; Vad: volatile matter;
FCad: fixed carbon.

CO, and CH, in the coal samples was measured by the
French Setaram C80 calorimeter.

2.3. Test of Coal-Specific Heat Capacity and Thermal
Expansion Coefficient. The specific heat capacity of coal sam-
ples at different temperatures was measured by Naichi DSC
200F3 specific heat capacity instrument. The linear expan-
sion coefficient of the coal samples at different temperatures
was determined by DIL402C NETZSCH thermal expansion
coeflicient device.

3. Results and Discussion

3.1. Variation of Gas Adsorption Capacity and Adsorption
Heat. The results of the isothermal adsorption test and the
heat of adsorption test are shown in Table 2 and Table 3,
respectively.

Through Equation (1), the isotherm data of coal to CO,
and CH, were fitted, and the curve of the isotherm adsorp-
tion of the coal to the two gases was obtained (Figure 1).
With the increase of pressure, the adsorption capacity of coal
samples for both gases showed a trend of rapid increase at
first and then gradually stabilized. The adsorption capacity
of CO, is always greater than that of CH,. The Langmuir
volume V| and Langmuir pressure P; for CO, adsorption
of coal samples are 64.103 m?>/t and 0.436 MPa, respectively,
and those for CH, adsorption are 36.364m’/t and
0.684 MPa, respectively (Table 4).

v b 1)
P +p

where V is the adsorption capacity, m*/t, V| is the Langmuir
volume, m>/t, p is the pressure, MPa, and P; is the Langmuir
pressure, MPa.

Through Equation (2), the adsorption heat data of coal
to CO, and CH, were fitted, and the curve of the adsorption
heat of the coal to the two gases was obtained (Figure 2). The
results show that the adsorption heat of the two gases
increases with the increase of the pressure, which conforms
to the Langmuir equation and is consistent with the varia-
tion law of adsorption capacity. Also, it can be seen that
the heat released by adsorption is positively correlated with
the adsorption capacity. The adsorption heat parameter g;
and pressure parameter p; of coal samples for CO, are
217.37]/g and 6.41 MPa, respectively, and for CH,, they
are 195.92]/g and 10.71 MPa (Table 4).

qap (2)

quL‘*P,



Adsorption Science & Technology 3
TaBLE 2: Isothermal adsorption of CO, and CH, to coal samples under different pressures.
co, CH,
Pressure (MPa) 0.44 1.34 227 3.23 4.35 5.49 0.81 1.57 2.60 3.90 5.53 7.46
Adsorption capacity (m’/t) 3313  47.89 53.09 5639 5817 5938 19.41 2504 2930 31.05 3245 3323

TaBLE 3: Adsorption heat of coal samples to CO, and CH, under
the pressure of 1-6 MPa.

Pressure (MPa) Adsorption heat (J/g)

co, CH,
1 33.585 16.110
2 42.805 34.530
3 72.516 42310
4 87.786 50.897
5 94.750 60.210
6 103.274 72.980
B
=
g
=
(o)
o
g
&
g
el
<
6 7 8

Pressure (MPa)

—-=— CO,
—— CH,

Ficure 1:
samples.

Adsorption isotherms of CO, and CH, on the coal

where ¢ is the adsorption heat, J/g, q; is the adsorption heat
parameter, J/g, and p, is the pressure parameter, MPa.

The gas molecules adsorbed on the coal surface interact
with the coal surface molecules and generate intermolecular
forces with previously adsorbed gas molecules to release
heat. With the continuous gas adsorption process, the inter-
molecular forces become dominant, and the greater the
adsorption pressure, the greater the gas intermolecular force
and the heat released. In addition, consistent with the results
of the adsorption capacity, the adsorption heat of the coal
samples to CO, is greater than that of CH,, which is because
the physical adsorption force is the van der Waals force
including the dispersion force and the inductive force. The
greater the polarizability and ionization potential of the mol-
ecule, the greater the dispersion force and inductive force,

and therefore, the larger the adsorption heat. The polariz-
ability and ionization potential of CO, are 7.344 C-m*V!
and 15.6eV, respectively, which are greater than those of
CH, of 6.541 Cm?V! and 13.79eV [26]. Therefore, the
adsorption heat of CO, is greater than CH,.

3.2. Coal Sample Temperature Change. The results of the
specific heat capacity and the thermal expansion coefficient
test of coal at different temperatures are shown in Table 5.
In this paper, the specific heat capacity and thermal expan-
sion coeflicient of coal at 35°C is selected.

The temperature change of a unit mass coal after gas
adsorption and heat release can be calculated by

AT =

[SHEESY

) (3)

where AT is the temperature change of the coal samples, °C,
q is the adsorption heat, J/g, and c is the specific heat capac-
ity, J.g ' °C™.

The gas adsorption/desorption process is accompanied
by the temperature change of the coal. If the adsorption sys-
tem is adiabatic and does not exchange heat with the outside
environment, the temperature change of the coal can be cal-
culated by the adsorption heat and the specific heat capacity
(Table 6). Equation (4) was used to fit the temperature
change of coal samples to CO, and CH, under different
pressures, and the fitting result is shown in Figure 3. The
temperature change parameter t; and the pressure parame-
ter p; of the coal samples are 213.93°C and 6.41 MPa for
CO, and 192.85°C and 10.71 MPa for CH, (Table 4).

ar= 1P (4)
pLtp
where t; is the temperature change parameter, °C.

It can be seen from Figure 3 that the temperature change
of the coal samples increases with the gas pressure and obeys
the Langmuir equation (Equation (4)). Since the adsorption
heat of coal to CO, is larger than that of CH,, the tempera-
ture change of CO, adsorption by coal is always larger than
that of CH,, and the change law of its curve is similar to that
of adsorption heat. At 6 MPa, the temperature changes of the
coal samples adsorbing CO, and CH, reach 102°C and 72°C,
respectively, which has not been found in previous studies.
In the gas adsorption/desorption process under the in-situ
conditions of the reservoir, since the environment cannot
be adiabatic, the temperature change of coal will not be so
severe. According to the statistics of changes in reservoir
temperature during CBM development in Qinshui Basin
[28], it is found that with the progress of drainage, the reser-
voir temperature generally decreases.
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TaBLE 4: Parameters related to the adsorption capacity and adsorption heat and temperature change of coal to CO, and CH,,.

Parameters related to adsorption

Parameters related to adsorption

Parameters related to temperature

capacity heat change
Vi (m/t) P, (MPa) R? q. Ulg) Py (MPa) R? t, (C) Py (MPa) R?
CO, 64.103 0.436 0.999 217.37 6.41 0.982 213.93 6.41 0.985
CH, 36.364 0.684 0.999 195.92 10.71 0.990 192.85 10.71 0.992
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FIGURE 2: Variation of adsorption heat of CO, and CH, by coal
with pressure.

TaBLE 5: Specific heat capacity and linear expansion coefficient of
coal samples at different temperatures.

Temperature  Specific heat capacity Linear expansion
(O Jg'ch coefficient (K"
20 0.9070 0.29x107*

25 0.9402 0.02x107*

30 0.9740 0.76 x 1074

35 1.0161 1.77x1074
40 1.0570 2.98x107*

TaBLE 6: The temperature change of the coal samples under the
pressure of 1-6 MPa due to the adsorption of CO, and CH,.

o AT (‘C)

P (MPa) C(g'ch) co, cH,
1 33.05 15.85
2 42.13 33.98
3 71.37 41.64

1.0161

4 86.40 50.09
5 93.25 59.26
6 101.64 71.82

FIGURE 3: Variation of temperature change with pressure on coal
adsorption of CO, and CH,.

TaBLE 7: The thermal expansion rate and permeability change of
coal matrix adsorbing CO, and CH, under the pressure of
1~6 MPa.

B N K (%) AK (%)

P(MPy)  AKY  BEY oo oy o,
1 176 084 -691 -333
2 224 18 -876 -7.07
3 B 4 379 221 -1459 -8.65

1.77x 107 5.31x10

4 459 266 -17.52 -10.36
5 495 315 -1882 -122
6 540 381 -2043 -14.66

3.3. Thermal Expansion Rate and Permeability Change

3.3.1. Thermal Expansion Rate. Objects have expansion and
contraction due to temperature changes [9]. Through the
positive and negative values of the coal thermal expansion
rate, we can intuitively observe whether the increase in coal
temperature will cause the expansion of the coal matrix.
That is, the value of the coal thermal expansion rate is pos-
itive, which proves that the increase in coal temperature will
lead to the expansion of the coal matrix. So, the thermal
expansion rate in this section is calculated.

By measuring the linear expansion coefficient of the coal
samples, the volume expansion coefficient can be obtained as

B=3a, (5)
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FIGURE 4: Variation of thermal expansion rate and permeability change of coal adsorbing CO, and CH, with pressure.

TABLE 8: Parameters related to the thermal expansion rate and
permeability change of coal to CO, and CH,.

Parameters related to the
thermal expansion rate

Parameters related to
permeability change

k. (%) p,(MPa) R* Ak (%) p, (MPa) R
CO, 1134 639 0985  40.59 572 0.985
CH, 1027 1076 0992 3674 957 0.992

where f3 is the volume expansion coefficient, K™*, and « is the
linear expansion coefficient, K™

From Equation (5), the thermal expansion rate of the
coal can be obtained:

k = BAT x 100%, (6)

where k is the thermal expansion rate, %, 3 is the volume
expansion coefficient, K'', and AT is the temperature change
of the coal samples, °C.

The volume expansion coeflicient of the coal was
obtained according to Equation (5), and the thermal expan-
sion rate was obtained by substituting the volume expansion
coeflicient and the temperature change of the coal samples
into Equation (6), as shown in Table 7. The thermal expan-
sion rate of coal adsorption of CO, and CH, under different
pressures was fitted by Equation (7), which shows the similar
trends of the Langmuir equation (Figure 4), and the thermal
expansion rate of CO, is always greater than that of CH,,
and the thermal expansion coefficient k; and pressure
parameter p; of the coal samples are 11.34% and 6.39 MPa
for CO,, and 10.27% and 10.76 MPa for CH, (Table 8),
where k; and p, are the parameters derived from nonlinear
curve fitting of the curve of thermal expansion rate changing
with adsorption pressure through Origin drawing software.

According to the results, at 6 MPa, the thermal expansion
rate of the coal samples adsorbing CO, and CH, reaches
5.40% and 3.81%, respectively, indicating that the coal will
expand when it is heated.

k: kLp >
pLtp

(7)

where k; is the thermal expansion coefficient parameter, %.

3.3.2. Permeability Change. The coal will absorb the gas to
release heat and cause thermal expansion, while desorb the
gas to absorb heat and cause shrinkage, resulting in the
change of the reservoir fracture width (Figure 5). Cubic
law can be used to characterize the relationship between
fracture width and reservoir permeability, which treats the
fracture as a parallel plate with a certain degree of opening.
Under the action of a stable equilibrium pressure gradient,
the cubic law expression can be derived from the Navier-
Stokes equation and expressed as follows [29-31]:

3 dp
_ Wb
Q=0 ar (8)

where Q, is the flow rate, m®/s, b is the crack opening, m, p is
the pressure, Pa, [ is the length of the parallel plate, m, and y
is the dynamic viscosity coefficient of the fluid, mPa-s. Sub-
stitute the fracture porosity ¢ = bl/A (single fracture poros-
ity ¢, =1, A is the cross-sectional area of the sample, m?)
into Equation (8):

_ oA dp

Assuming the equivalent permeability of the fractured
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FIGURE 5: Variation of crack width before and after coal matrix expansion.

coal samples is K (m?), then Darcy’s law can be expressed as

KA dp
Q="7x g (10)

Comparing Equation (9) and Equation (10), the relation-
ship between equivalent permeability and fracture width can
be obtained as

b2
K= (11)

According to Equation (11), the permeability of the coal
before and after the thermal expansion can be obtained, and
then, the permeability change AK of the coal after thermal
expansion can be obtained (Table 7). The curve of the per-
meability change of CO, and CH, with pressure was
obtained by fitted in Equation (12), as shown in Figure 4.
The thermal expansion rate of coal to CO, is always greater
than that of CH,. With the increase of pressure, the perme-
ability decrease of coal adsorption of CO, and CH,
increases, which also obeys the Langmuir equation [32],
and the permeability change parameter Ak; and pressure
parameter p; of coal samples are 40.59% and 5.72 MPa for
CO, and 36.74% and 9.57MPa for CH, (Table 8). At
6 MPa, the permeability change of coal after the adsorption
of CO, and CH, is 20.43% and 14.66%, which are lower than
that before gas adsorption and are consistent with the
changing trend of adsorption capacity and adsorption heat.
It shows that the thermal expansion of the coal will occur
when it is heated and cause the fracture width to become
smaller, further leading to the decrease of coal reservoir per-
meability.

_ Akyp
pLtp

(12)

where Ak; is the change parameter of coal sample perme-

ability, %.
4. Conclusions

In this paper, the relationship among adsorption capacity,
adsorption heat, coal temperature change, thermal expan-
sion rate, and permeability change was obtained by analysis.
The cubic law is used to characterize the relationship
between the permeability and the coal fracture width.

It was found that the adsorption capacity and adsorption
heat of coal to CO, and CH, showed a trend of rapid
increase at first and then gradually stabilized with the

increase of pressure, and the adsorption capacity and
adsorption heat of coal to CO, were both larger than of
CH,. The coal temperature change, thermal expansion rate,
and permeability change have the same variation law as
the adsorption heat and all obey the Langmuir equation.

The heat released by the coal-adsorbed gas increases the
temperature of the coal. The greater the adsorption heat, the
greater the temperature change and the greater the thermal
expansion rate, that is, the greater the degree of expansion
deformation of the coal. It shows that the expansion caused
by coal-adsorbed gas may be caused by the thermal expan-
sion caused by the increase in coal temperature. The expan-
sion deformation of the coal will compress the fracture
channels of the coal, which leads to a decrease in permeabil-
ity. This study can provide an experimental basis for realiz-
ing the dual benefits of CBM production increase and
carbon dioxide sequestration in the process of engineering
application.
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