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'e adsorption of methane in coal depends on both pressure and temperature, and the adsorption gas content decreases as the
temperature rises while increases as the pressure increases. When the gas molecule switches between the free state and adsorbed
state, energy exchange is accompanied. To study the thermodynamic characteristics (adsorption heat, adsorption content, and
adsorption time) of the methane adsorption of coal, the isothermal methane adsorption experiments of coal with different initial
free gas pressures at different temperatures (30–90°C) were conducted. In this paper, a well-defined mathematical function of the
adsorption heat was established on the basis of the actual gas state equation, Boltzmann energy distribution theory, and the two-
state energy model, and the function was verified by the experimental data. 'e results show that the mathematical function of
the adsorption heat can well describe the relationship among the adsorption heat, temperature, and initial free gas pressure in the
closed adsorption system, and the adsorption heat involves the initial free gas pressure.'e greater the initial free gas pressure, the
less the adsorption heat is. In the adsorption process with different initial free gas pressures at different temperatures, the real-time
free gas content increases with time and the adsorption system shows desorption process generally. For the adsorption process
with the same initial free gas pressure, the adsorption time increases with the rising temperature. For the adsorption process with
different initial free gas pressures at the same temperature, the greater the initial free gas pressure, the shorter the adsorption time
it takes to reach an equilibrium state. 'e results help to understand the thermodynamic characteristics and the heat and mass
transfer of methane in coal adsorption.

1. Introduction

In recent years, coalbed methane (CBM) has become a
potential alternative energy to fossil fuels for its clean
property, high calorific value, and large storage [1]. Coal is a
stable absorbent; as a natural reservoir, it has a great gas
adsorption capacity. Many theoretical and experimental
studies on the adsorption gas content of coal have been
reported [2–4]. For example, Lu et al. [5] performed the
isothermal methane adsorption experiments and studied the
supercritical methane adsorption characteristics of middle-
rank tectonically deformed coals (TDCs) from the Huaibei
coalfield, and the mechanism of methane adsorption in

TDCs was explored. Liu et al. [6] investigated the effect of
temperature on methane adsorption capacity and adsorbed
methane density for different size pores based on the grand
canonical Monte Carlo (GCMC) simulation. 'ey also
performed methane adsorption experiments, and the ex-
perimental data were directly validated to numerical model.
Feng et al. [7] prepared three different types of coal samples
(lean coal, anthracite, and coke coal) for adsorption ex-
periments with methane and nitrogen at temperatures be-
tween 30°C and 240°C and established a new mathematical
model to forecast the gas adsorption capacities of coal at any
temperature and pressure. Li et al. [8] and Zhao et al. [9]
studied the impact of temperature on the parameters in
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Langmuir equation, but they failed to obtain an improved
Langmuir equation to precisely describe the effect of
temperature or pressure variation on adsorption capacity.
In addition, many studies have been reported to discuss the
adsorption capacity and thermodynamic characteristics of
coal from the view of energy, such as the surface free energy
variation [10, 11] and isosteric heat [12–16]. For example,
[17, 18] demonstrated the adsorption heat of coal on
methane ranging 4-9 kJ/mol by molecular simulation. Tang
et al. [19] obtained the mean isosteric heats of methane on
anthracite, lean coal, and gas-fat coal as 23.31 kJ/mol,
20.47 kJ/mol, and 11.14 kJ/mol, respectively, on the basis
of the experimental results of isothermal tests from 243.15
to 303.15 K. Zhou et al. [20] processed the isothermal
adsorption test data at 298.15 K, 303.15 K, and 313.15 K
conditions and obtained the initial isosteric heats of
methane on coal to be 33.4 kJ/mol. Generally, the ad-
sorption heat ranges from 0 to 30 kJ/mol [21]. However,
only the adsorption heat value is not sufficient to fully
understand the adsorption mechanism of coalbed methane.
'e thermodynamic characteristics of CBM adsorption,
such as adsorption time and adsorption rate, are also
notably important for understanding the heat and mass
transfer mechanism of CBM in coal seams, while few
studies have been reported.

On the contrary, in most isothermal adsorption exper-
iments of coal, coal powders with mesh number of 60∼80 are
often used [22]. Actually, in the thermal exploitation of
coalbed methane (CBM), gas and vapor immigrate along
pores and fractures. Coal is a highly developed porous
material; however, in coal powders, the original macropores
and visible fractures are damaged, which impact the coal-
specific surface area and the paths for gas immigration a lot,
resulting in great adsorption difference between raw coal
and coal powders. 'e adsorption data on large-scale coal
samples instead of coal powders is much closer to the en-
gineering practice because of the great amount of remaining
original pores and fractures.

In view of the above gaps, a series of isothermal ad-
sorption experiments with different initial free gas con-
tent at different temperatures on raw coal were conducted
in this paper. Moreover, a mathematic expression of the
adsorption heat, temperature, and gas pressure was
established through a two-energy-state model of methane
to describe the methane adsorption process of coal, and
then the experimental data were used to verify the above
expression. Furthermore, the adsorption rate and ad-
sorption time at different temperatures were analyzed.
'e results of this paper help understand the energy
transform and the effect of temperature, gas pressure on
the heat, and mass transfer in methane adsorption of coal.

2. Experiments

2.1. Experimental Samples. 'e samples are raw lean coal
taken from the 9# coal seam at the buried depth of 400m in
Gucheng mine and the 5# coal seam at the buried depth of
200m in Gaohe mine, respectively, in the Qinshui coalfield
in North China. Raw lean coal was machined into cylindrical

core samples with a size of ϕ100mm × 150mm as can be
seen in Figure 1. Both the coal samples were machined
vertically to beddings in coal, and there were no visible
fractures on the coal sample surface. 'e samples were
numbered as #1 and #2, respectively, and then, the coal
samples treated at the temperature of 90°C were drying
before the isothermal adsorption experiments were
conducted.

'e proximate analysis, porosity, and vitrinite re-
flectance results of the coal samples are shown in Table 1. In
this paper, the coal samples with the same identical degree of
metamorphism were chosen for mutual verification.

2.2.Experimental System. 'e experimental system used for
the isothermal adsorption experiments of coal is shown in
Figure 2. 'e main experimental equipment includes the
adsorption instrument, high-temperature heater, and GW-
1200A temperature controller.'e dry coal sample is put in
the adsorption instrument. 'e adsorption instrument is
made of the 304 stainless steel, and it has a good thermal
conductivity. 'e aerodynamic circulation heating is used
in the precise heater to heat the coal sample in the ad-
sorption instrument to the preset temperature, and the
maximum heating temperature is 600°C.'e precise heater
is closed and has a good sealing performance with little
heat exchange with the outside. 'e thermocouple ther-
mometer sensor and automatic temperature-control sen-
sor are set in the adsorption instrument. 'e temperature
in the adsorption instrument is measured by the ther-
mocouple thermometer in real time, and the temperature
rise and control is conducted by the high-sensitivity
temperature controller with temperature control pre-
cision ±0.1°C. In addition, there are also some auxiliary
experiment devices, such as the precise digital pressure
gauge, vacuum pump, gas storage cylinder, and gas col-
lection equipment. 'e accuracy of the precise digital
pressure gauge is 0.001MPa, and it can record and store the
real-time free gas pressure inside the adsorption in-
strument in the entire experimental process. 'e gas
collection equipment is used for gas exhaust. In order to
ensure that the exhausted methane gas volume is equiv-
alent each time, the graduated cylinder with the mea-
surement range of 1 L and the least calibrations of 10mL
was used to drain water when collecting free methane gas.
'e entire experimental system is placed in a 20°C ther-
mostatic room with a temperature change of ±1°C.

2.3. Isothermal Adsorption Experiments. Once the experi-
mental system was assembled and fixed, a series of iso-
thermal methane adsorption experiments of coal at
different temperatures were conducted. 'e experimental
steps can be divided into three stages. 'e first stage dealt
with the system air tightness using high-pressure helium.
'e vacuum pump was taken on to degas the free methane
gas in the adsorption instrument and the gas inside the
coal. After 48 h of treatment, the vacuum pump was taken
off when the vacuum degree was lower than 0.05 Pa, and the
methane gas storage cylinder was open to inject gas to a
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certain volume. In the second stage, the isothermal ad-
sorption experiments were conducted. In these experi-
ments, seven temperatures were set, ranging from 30 to
90°C at an interval of 10°C. 'e precise digital pressure
gauge was used throughout the experiments to record the
real-time pressure of the free gas inside the adsorption
instrument. When the reading of the gauge was quite stable
and a change of no more than 0.002MPa was recorded over
a 20min period, the adsorption process was considered to
have reached an equilibrium state, and the final pressure
was recorded. It took about 6 hours for each adsorption
balance to be achieved before the temperature controller

was fixed to the next temperature. In the third stage, once
the adsorption balance at 90°C had been reached, the in-
strument was naturally cooled to room temperature 20°C
and the gas collection equipment used to drain water for
collecting methane gas was open to exhaust gas of a certain
volume and to change the free gas pressure in the ad-
sorption instrument. Consequently, the different initial free
gas content conditions were achieved. 'en, the isothermal
adsorption experiments at temperatures ranging between
30°C and 90°C in the second stage were then repeated at the
new gas pressure. 'ese steps were repeated six times with
the exhausted free methane gas volume constant at each
time [23]. 'e test scheme is shown in Table 2. 'e initial
injection gas content in the two samples was 18 L and 30 L,
and the initial free gas pressures were 1.145MPa and
1.595MPa, respectively.

3. Results

3.1. Adsorption Heat. 'e adsorption heat of methane ad-
sorption of coal reflects the energy change of methane
molecule in the process of adsorption or desorption, which is
a thermodynamic interaction between the methane mole-
cule and coal surface. 'e methane adsorption of coal is a
typical physical adsorption, and it can be drawn as follows:

freemethanemolecule⇌ adsorbedmethanemolecule;

ΔH � ε< 0,

(1)

where ∆H is the thermodynamic enthalpy and ε is the ad-
sorption heat of each methane molecular released when
switching from the free state to adsorbed state.

From equation (1), it can be seen themethane adsorption
of coal is exothermic and the methane desorption of coal is
endothermic. According to the real gas state equation, when
gas adsorption/desorption equilibrium is reached in a closed
system, the thermodynamic state of the free gas in the system
can be drawn as follows:

PV � nRTZ, (2)

where P is the equilibrium free gas pressure, MPa; V is the
volume of free gas, L; n is the quantity of the free gas, mol; R

(a) (b)

Figure 1: Experimental samples preparation.

Table 1: Proximate analysis, porosity, and vitrinite reflectance of
the coal samples.

Coal sample Ro,max
Porosity
(%)

Mad
(%)

Ad
(%)

Volatile
matter

Vad
(%)

Vdaf
(%)

#1 (Gucheng) 2.26 8.52 1.05 10.14 11.82 13.35
#2 (Gaohe) 2.02 9.17 1.08 8.69 14.02 15.52
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Figure 2: Experimental system. (1) Coal sample, (2) adsorption
instrument, (3) high-temperature heater, (4) thermocouple ther-
mometer, (5) GW-1200A temperature controller, (6) gas collection
device, (7) gas storage cylinder, (8) vacuum pump, (9) valve, (10)
digital pressure gauge with precision ±1.0 kPa, (11) connections,
and (12) pipings.
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is the gas constant, 8.3145 J/(mol·K); T is the gas temper-
ature, K; and Z is the compressibility coefficient of gas, and it
involves with temperature and gas pressure.

In a closed adsorption system, there are methane mol-
ecules in either the free state or adsorbed state. It is assumed
that the minimum energy that an adsorbed molecular re-
quired to escape from the coal surface and switch into the
free state was ε0, so the methane molecules can be simply
divided into two parts, that is, the methane molecules with
energy greater than ε0 are in the free state, and the methane
molecules with energy less than ε0 are in adsorbed state. 'is
is the two-energy state model of methane distribution in a
gas adsorption system [7, 21]. When the balance of the gas
adsorption is reached, the distribution of all the methane
molecules in the system can be defined according to the
Boltzmann energy distribution law. 'erefore, the number
of molecules in the free state can be simplified and calculated
as follows:

N � Ae
− ε0/kT( ), (3)

where N is the number of free gas molecules, A is a ratio
constant, and k is the Boltzmann coefficient, 1.38×10−23 J/K.

'e quantity of the free gas can be written as

n �
N

Na
, (4)

where Na is the Avogadro constant.
Substituting equations (3) and (4) into equation (2), and

we can get

P � BTe
− ε0/kT( ), (5)

where B is a coefficient and it can be written as
B � ARZ/VNa.

'e above equation can be transformed into an ex-
pression of the adsorption heat as follows:

ε � −kT ln
P

BT
 , (6)

where ε is the adsorption heat.
From the above equation, it can be seen that the ad-

sorption heat is a function of gas pressure and temperature,
and both temperature and pressure affect the adsorption
heat.

As the real-time pressure of free gas inside the ad-
sorption instrument was recorded by the precise digital
pressure gauge throughout the experiments, the equilib-
rium pressures in the closed system with different initial

free gas content at different temperatures are shown in
Figure 3; as can be seen, for each equilibrium pressure
curve with different initial free gas content, the equilibrium
pressure increases with the rising temperatures. At the
same temperature gradient, the equilibrium pressure in-
creases nonlinearly. Specifically, the equilibrium pressure
increases smoothly and slowly in low-temperature range,
while it presents a quick increase in high-temperature
range. In addition, such nonlinear increase trend is
much more significant for equilibrium pressures with more
free gas content, and it is not much obvious for the
equilibrium pressures with less free gas content. Generally,
the equilibrium pressure curves of the free gas in a closed
system and temperature are in a good nonlinear
relationship.

As shown in equation (6), the adsorption heat is a
mathematic function of both pressure and temperature, and
equation (5) is suitable to describe the relationship among
adsorption heat, temperature, and equilibrium pressure of
free gas, so equation (5) is used to fit the curves in Figure 3,
and the results are shown in Table 3.

In Table 3, it can be seen the correlation coefficients of
the fitting results approach to 1, which indicates equation
(5) derived on the basis of the actual gas state equation,
Boltzmann energy distribution theory, and two-state
energy model can well describe the relationship among
the adsorption heat, equilibrium pressure, and tempera-
ture in isothermal methane adsorption at different
temperatures.

In addition, comparing the adsorption heat values at
different equilibrium initial free gas pressures, it can be seen
that the adsorption heat involves initial equilibrium con-
ditions, specifically, the greater the initial equilibrium
pressure, the smaller the adsorption heat. It suggests that in a
closed adsorption system, the greater the initial free gas
pressure, the less the adsorption heat released for the free gas
to reach adsorption balance. 'erefore, it can be inferred
that at the same temperature gradient, the adsorption
process with greater initial free gas pressure is prone to reach
balance more quickly.

3.2. Adsorption Content. According to the final equilibrium
pressure at each adsorption balance, the actual gas state
equation, and the Langmuir adsorption theory [24, 25], the
methane adsorption content (absorbed methane volume per
mass of coal, cm3/g) with different initial free gas content at
different temperatures was calculated as follows:

Qa �
abPe

1 + bPe
, (7)

where Qa is the methane adsorption content, cm3/g, Pe is the
equilibrium pressure, MPa, a is the adsorption constant,
cm3/g, and b is the adsorption constant, MPa−1. 'e con-
stants a and b can be determined by the isothermal ad-
sorption experiments.

'e methane adsorption content curves with differ-
ent initial free gas content at different temperatures are
shown in Figure 4. As can be seen, the methane adsorption

Table 2: 'e test scheme.

Samples Free gas pressure
(MPa)

Free gas content
(L)

Temperature
(°C)

#1
P1 V1 30, 40, . . ., 90

P2 � P1 −ΔP V2 � V1 −ΔV 30, 40, . . ., 90
P3 � P2 −ΔP V3 � V2 −ΔV 30, 40, . . ., 90

#2
P4 � P3 −ΔP V4 � V3 −ΔV 30, 40, . . ., 90
P5 � P4 −ΔP V5 � V4 −ΔV 30, 40, . . ., 90
P6 � P5 −ΔP V6 � V5 −ΔV 30, 40, . . ., 90
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content decreases linearly with the rising temperature,
which indicates as the temperature rises, more desorbed
methane gas get free and the system shows a desorption
process generally. 'e rising temperature is in favor of
desorption.

3.3. Adsorption Time. As the real-time pressure of the free gas
inside the adsorption instrument was recorded by the precise
digital pressure gauge throughout the experiments, the real-time
free gas mass in the adsorption instrument n can be calculated
on the basis of the actual gas state equation (equation (2)),

Table 3: Fitting results of equation (5).

Coal Initial equilibrium free gas pressure (MPa) Fitting results Adsorption heat (ε) B Correlation coefficient

#1

1.145 P � 1.1664Te−1580.2/T 1580.2 1.1664 0.9980
0.821 P � 1.1533Te−1754.9/T 1754.9 1.1533 0.9983
0.630 P � 1.0970Te−1808.3/T 1808.3 1.0970 0.9930
0.445 P � 1.3371Te−1963.8/T 1963.8 1.3371 0.9919
0.305 P � 1.8109Te−2165.1/T 2165.1 1.8109 0.9918
0.190 P � 3.1230Te−2460.3/T 2460.3 3.1230 0.9922

#2

1.595 P � 1.6928Te−1367.4/T 1367.4 1.6928 0.9974
1.032 P � 1.3753Te−1747.6/T 1747.6 1.3753 0.9986
0.765 P � 1.5371Te−1866.0/T 1866.0 1.5371 0.9997
0.539 P � 1.7566Te−2000.9/T 2000.9 1.7566 0.9984
0.362 P � 2.210Te−2175.3/T 2175.3 2.2102 0.9942
0.189 P � 5.2735Te−2618.2/T 2618.2 5.2735 0.9944
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Figure 4: Methane adsorption content with different initial free gas content at different temperatures. (a) #1 coal sample (b) #2 coal sample.
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Figure 3: 'e Equilibrium pressure with different initial free gas content at different temperatures. (a) #1 coal; (b) #2 coal.
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n �
PV

RTZ
. (8)

And then, the real-time free gas content Vf can be
obtained.

Vf � n · Vm, (9)

where Vm is the molar volume of gas at the temperature of
25°C and under the gas pressure of 101.325 kPa, and it can be
calculated by the following equation:

Vm � 8.3145 J/(mol·K) × 293.15K/101.325 kPa

� 24.466 L/mol.
(10)

In addition, as the initial injection gas content and
exhausted gas content each time are known, the real-time
methane adsorption content Va can be calculated as
follows:

Va � V−Vf , (11)

where Va is the real-time methane adsorption content, L,
and V is the initial methane content, L.

'e adsorption methane content of coal sample #1 with
the initial free gas pressure of 0.445MPa as the temperature
rises from 20°C to 90°C was taken as an example, and
Figure 5(a) shows the real-time free gas content (Vf ) and the
real-timemethane adsorption content (Va) evolution curves,
in which seven adsorption phases were sectioned by tem-
peratures. Specifically, the real-time free gas volume (V30°C

f )
evolution curve and the real-time adsorption gas content
(V30°C

a ) evolution in the adsorption system at constant
temperature of 30°C are shown in Figure 5(b).

As can be seen in Figure 5(b), when the temperature
was constant in the system, the cumulative free gas volume
in the adsorption system increases gradually and then
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Figure 5: Real-time free gas and adsorption gas content evolution curves in the adsorption system of #1 coal with the initial free gas pressure
of 0.445MPa. (a) Real-time free gas and adsorption gas content evolution curves (Vf , Va) of #1 coal with the initial free gas pressure of
0.445MPa at different temperatures. (b) Real-time free gas and adsorption gas content evolution curves (V30°C
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a ) of #1 coal with the

initial free gas pressure of 0.445MPa at 30°C.
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finally stabilized, reaching an equilibrium state, while the
real-time adsorption gas content decreases at a transient
speed and then eventually stabilized at a dead slow speed.
Generally, the real-time free gas content increases with
time, and the adsorption system shows a desorption pro-
cess. In Figure 5(a), as the temperatures rises from 30°C to
90°C, the real-time free gas content evolution in the ad-
sorption system at each constant temperature is similar.
Specifically, the cumulative free gas volume increases and
the cumulative adsorption gas volume decreases gradually.
In a word, as the temperature rises, more adsorbed gas get
free.

In the thermal exploitation of coalbed methane (CBM),
the desorption efficiency and desorption time are two sig-
nificant dynamic parameters to evaluate the exploitation
speed. In engineering practice, desorption time is usually
defined as the cumulative time when desorption efficiency
reaches 65%. In the isothermal adsorption experiments in
this paper, as the real-time adsorption gas content decreases
gradually while the real-time free gas volume increases
gradually, the adsorption system shows a desorption process
generally, so the isothermal adsorption experiments at the
different increasing temperatures can be taken as desorption
processes at different temperatures, and then the corre-
sponding adsorption time can be calculated on the basis of
the experimental data similarly. Specifically, for each real-
time adsorption gas volume evolution curve, when the
adsorption efficiency reaches 65%, the time it takes is
considered as the adsorption time, as can be seen in
Figure 5(b). 'e adsorption time of each adsorption process
with different initial free gas pressures at different tem-
peratures were calculated and are shown in Tables 4 and 5.

As can be seen in Tables 4 and 5, for the adsorption
processes with the same initial gas pressure, the adsorption
time calculated varies at different temperatures; specifically,
the adsorption time increases with rising temperature. On
the one hand, at higher temperature, the adsorbed methane
gas is less than that at lower temperature, so it is harder for
methane to desorb at high temperature. On the other hand,
the adsorption promotion from free gas pressure in the
adsorption system to inhibit desorption still exists, and the
greater the gas pressure, the smaller adsorption promotion;
therefore, it takes more time for the adsorption system to get
into the equilibrium state.

Comparing the adsorption time at each temperature
with different initial free gas pressures, it can be seen that
the adsorption time and the initial free gas pressures are in
a close negative correlation no matter at low temperature
(30, 40°C) or high temperature (80, 90°C). Specifically, the
greater the initial free gas pressure, the shorter the ad-
sorption time it takes to reach an equilibrium state. It is
because the adsorption heat is smaller when the initial free
gas pressure is greater, which indicates that the less heat is
relieved in the closed adsorption system to reach the ad-
sorption balance. At the same temperature intervals, it
takes shorter time for the free gas to reach the adsorption
balance; correspondingly, the adsorption time at each
constant temperature is short, too, which is coherent with
the former analysis.

4. Conclusions

In this paper, the isothermal methane adsorption experi-
ments of coal with different initial free gas contents at
different temperatures were conducted, and the thermo-
dynamic characteristics (adsorption heat, adsorption con-
tent, and adsorption time) were studied. 'e main
conclusions are as follows:

(1) In a closed adsorption system, when the free gas
reaches an equilibrium state, the relationship among
the adsorption heat, temperature, and initial free gas
pressure can be expressed in a well-defined mathe-
matical function established on the basis of the actual
gas state equation, Boltzmann energy distribution

Table 4: Adsorption time of #1 coal sample.

Initial free gas
pressure (MPa) Temperature (°C) Adsorption time (min)

1.145

30 101.7
40 111.9
50 118.7
60 119.1
70 126.7
80 138.4
90 145.6

0.821

30 107.3
40 110.7
50 120.2
60 123.4
70 132.5
80 148.3
90 144.1

0.630

30 109.9
40 115.4
50 123.3
60 121.4
70 144.6
80 139.8
90 153.8

0.445

30 110.1
40 92.2
50 96.4
60 104.2
70 118.8
80 113.6
90 130.8

0.305

30 115.4
40 120.2
50 125.6
60 137.4
70 136.3
80 148.6
90 159.0

0.190

30 122.5
40 130.6
50 131.0
60 133.0
70 141.4
80 153.7
90 163.8
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theory, and two-state energy model. 'e adsorption
heat involves the initial free gas pressure, and the
greater the initial free gas pressure, the less the
adsorption heat is.

(2) In the adsorption process at different temperatures,
the real-time free gas content increases with time and
the adsorption system shows desorption process
generally. For the adsorption process with the same
initial free gas pressure, the adsorption time in-
creases with the rising temperature. For the ad-
sorption process with different initial free gas
pressures at the same temperature, the greater the
initial free gas pressure, the shorter the adsorption
time it takes to reach an equilibrium state.
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