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Molecular simulation study of
adsorption-diffusion of CH,, CO,
and H,0 in gas-fat coal

Jinzhang Jia'2, Yinghuan Xing?*“, Bin Li?, Yumo Wu'? & Dongming Wang'-?

In order to clarify the microscopic dynamics mechanism of CH,, CO, and H,0 adsorption and diffusion
in coal, and to reveal the mechanism of the influence of different temperatures and pressures on the
adsorption and diffusion characteristics of coal adsorbed CH,, CO, and H,0 molecules. In this paper,
the macromolecular structure model of Jixi gas-fat coal was constructed, based on the Giant Canonical
Monte Carlo (GCMC) and Molecular Dynamics (MD) methods. The adsorption-diffusion characteristics
of CH,,CO, and H, 0 single-component gases in the gas-fat coal macromolecule model at temperatures
ranging from 273.15 K to 313.15 K and pressures ranging from 0.01 MPa to 15 MPa were investigated
by using Material Studio software. The research results indicated that: The adsorption of three gases,
CH,, CO, and H,0, increased with the increase of equilibrium pressure, and the adsorption isotherms
conformed to Langmuir type | isotherms. The amount of saturated adsorption of CH, ranged from
11.18 to 14.37 ml/g, the saturated adsorption of CO, ranged from 20.40 to 24.70 ml/g, and the
saturated adsorption of H,O ranged from 66.61 to 84.21 ml/g. With the increase of temperature, the
saturated adsorption of CH, and CO, both decreased, and the saturated adsorption of H,O firstly
increased and then decreased, and the adsorption of H,0 by low temperature and high temperature
had both an inhibitory effect on the adsorption of H,0. The potential energy distributions of CH,,

CO, and H,0 molecules are poisson distributed. The absolute values of the most available interaction
energies are, from highest to lowest: H,0 > CO, >CH,; the activation energies for diffusion of CH,, CO,
and H,0 are 12.20 kJ/mol, 3.36 kJ/mol, and 8.47 kl/mol, respectively, and the diffusion of CO, is the
more likely to occur. The adsorption of CH, and CO, in coal is physical adsorption, while the adsorption
process of H,O molecules is beyond the scope of physical adsorption. The absolute value of the
interaction energy is H,0 >CO, > CH, in descending order.

Keywords Coal mine gas control, Coal macromolecular modeling, Molecular simulation, Grand canonical
Monte Carlo, Adsorption-diffusion

Coal bed methane (CBM) is mainly composed of CH, and a small amount of CO, CO, and N,. A large number of
experts and scholars have carried out a large number of experimental and simulation studies on the adsorption
and diffusion mechanism of CBM in coal to provide theoretical support for the injection of CO, and N, to
promote gas extraction and to improve the efficiency of CBM development.

Liang Bing' conducted methane isothermal adsorption experiments on pulverized coal and lump coal using
a self-developed experimental platform, and the results showed that pulverized coal has a larger adsorption
capacity compared with lump coal, and the smaller the particle size of pulverized coal, the larger the adsorption
capacity. Long? investigated the adsorption of CH,, CO, and N, in in different sizes of microporous structures
by molecular simulation, the results indicate that the amount of adsorption in the pore model increases with the
increase of the pore size, the heat of adsorption decreases with the increase of the pore size, and the larger the
pore size, the more beneficial to the diffusion of the gas, the radius of action between gases and carbon atoms is
investigated by using a radial distribution function, and the smallest effective distance between CO, and carbon
atom is found with the biggest effective radius, and the biggest effective distance between N, and carbon atoms
is found with the smallest range of action. Lin? investigated the microscopic adsorption mechanism of CH,, CO,
and N, single, binary as well as triple components in Wiser bituminous coal by GCMC and MD methods. The
result indicated that CO, has the highest adsorption capacity and N, has the lowest adsorption capacity, and the

1College of Safety Science and Engineering, Liaoning Technical University, Fuxin 123000, China. 2Key Laboratory
of Mine Thermodynamic disasters and Control of Ministry of Education (Liaoning Technical University), Huludao
125105, China. 3School of Environmental and Chemical Engineering, Shenyang Ligong University, Shenyang
110159, China. *email: 1436529185@qq.com

Scientific Reports | (2024) 14:24131 | https://doi.org/10.1038/s41598-024-74647-3 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf

www.nature.com/scientificreports/

adsorption amount increases and the adsorption separation coefficient decreases with the concentration of CO,
in the binary component. High concentration of CO, had a negative effect on competitive adsorption.CO, had
the strongest interactions in the coal molecule, and the isosteric heat of adsorption was inversely proportional
to the molar volume fraction of CO,. Wu! in order to reveal the microscopic mechanism of the competitive
adsorption of CO,, O,, and N,, and to provide theoretical support for injecting coal combustion flue gas into the
goafto effectively store CO, and prevent fire. A macromolecular coal model was established, and the competitive
adsorption of monomer, binary and ternary was investigated based on the GCMC and MD methods, and the
results showed that CO, has greater electrostatic and van der Waals energies with coal, and the interaction energy
with coal is greater than that of O, and N,, so the adsorption of the three gases is: CO,>0,>N,. Mazumder’
and Mabuza® et al. investigated the adsorption of flue gases on coal by experimental methods and concluded
that CO, is the optimal adsorption component. Wu” investigated the micro-mechanisms of CO, storage and
CH, recovery during flue gas injection into coal beds in a coal-fired power plant, established dry and wet coal
macromolecular models, and investigated the mono- and multivariate adsorption between flue gas and CH,. The
results indicate that the adsorption of mixed gases in coal is related to the physical properties of the individual
gases themselves on the one hand, and affected by the gas molar fraction on the other. As the preferential
adsorption sites are occupied by water, the moisture in coal is unfavorable to the adsorption of gases, and the
effect on CO, is particularly obvious. Kurniawa® investigated the adsorption behavior of multicomponent gases
in coal by GCMC method and confirmed that CO, is more easily adsorbed on coal molecules than N, and CH,.
Asif® investigated the competing adsorption behavior of CO, and CH, on different coal ranks, and the results
of the research indicated that: the competing adsorption capacity of CO, increases gradually with the increase
of the coal rank, and this is mainly related to the structure of coal’s functional groups, fat side chains and other
structures. Brochard'? investigated the effect of different factors on the competitive adsorption of CH,/CO,
using numerical simulations, and the results indicated that the selectivity of CH,/CO, adsorption was affected
by temperature, gas concentration, pressure and other factors.

Experts and scholars have carried out a large number of experimental and simulation studies on CH, and
CO, adsorption, revealing the competitive adsorption mechanism between coal and CH, and CO, single and
binary components, and scholars have carried out a large number of experimental studies on coal adsorption
of water molecules, revealing the adsorption characteristics of water in the coal seam. However, the effect of
water molecules on the adsorption characteristics of CH, and CO, has been less studied, and there have been
few studies on the microscopic mechanism of water molecules adsorption in coal, and there is a relative lack
of molecular level studies on the adsorption and diffusion characteristics of coal adsorption of CH » CO,, and
H,0 molecules at different temperatures and pressures. The aim of this paper is to investigate the adsorption-
diffusion behaviors of CH,, CO,, and H,O single-component gases in a gas-fat coal macromolecule model at
temperatures ranging from 273.15 K to 313.15 K and pressures ranging from 0.01 MPa to 15 MPa by using the
Giant Canonical Monte Carlo (GCMC) and molecular dynamics (MD) methods with Material Studio. Analyze
the effects of pressure and temperature on gas adsorption, energy distribution, probability concentration
distribution, diffusion coefficient, isosteric heat of adsorption and interaction energy.

Methodology

Molecule model

Coal is a kind of non-homogeneous porous material with complex physical and chemical structure, domestic
and foreign experts and scholars use a variety of characterization and testing instruments to analyze the coal
macromolecular structure, to obtain all kinds of functional groups and microcrystalline structure information
of coal, and construct a large number of models of coal macromolecular structure. Fuchs!! first constructed a
coal model in 1942, Given'? in 1960, 1970 Wiser'?, 1984 American scholar Shinn'* have constructed the coal
macromolecular structure model, in this paper, using FTIR, XPS, IBC-NMR, XPS, industrial, elemental analysis
and other test methods, independently constructed the gas-fat coal macromolecule model, the molecular
formula (C,,,H,;,0,,N,S), the planar two-dimensional structure shown in Fig. 1.

The two-dimensional planar model of gas-fat coal was imported into MS software, saturated with hydrogen,
and geometrically optimized, annealed, and dynamically optimized to finally obtain the macromolecular lowest
energy configuration of gas-fat coal. The Amorphous Cell module was used to construct the three-dimensional
cell structure of gas-fat coal, and 15 macromolecule minimum energy models of gas-fat coal were put into
the cell to add three-dimensional periodic boundaries, and the parameters were set as shown in Table 1, and
the molecular dynamics method was used to perform the geometric optimization, annealing optimization, and
dynamic optimization on the cell structure of Jixi gas-fat coal to get the minimum energy configuration of the
three-dimensional cell structure of Jixi gas-fat coal, as shown in Fig. 2.

The density of gas-fat coal macromolecule cell model is stable at 1.14 g/cm?, and the measured density of Jixi
gas-fat coal is 1.17 g/cm?, and the simulated density is slightly lower than the measured value. On the one hand,
due to the presence of quartz sand, kaolinite and other non-mineral substances in the coal, on the other hand,
there are small molecules of organic matter in the coal macromolecule model, the modeling process does not
take into account the non-mineral substances and small molecules of organic matter resulting in the simulated
density is lower than the experimental density, it is considered that the gas-fat coal cell structure constructed
in this paper is reasonable. The cell structure of Jixi gas-fat coal has the dimensions A=B=C=4.09543 nm,
a=f=y=90° and the molecular formula C, , H,...N, O S .. The microporous distribution characteristics
of Jixi gas-fat coal were investigated by using the Atom Volumes & Surfaces module, with the Connelly probe
radius of 0.13 nm and the van der Waals’ scanning factor of 1.0 A. The microporous distribution of the model is
shown in the following table. A, the microporous distribution of the model is shown in Fig. 2.

Using Material Studio software to construct CH » CO, and H,0 molecules, CH 418 tetrahedron structure,
CO, is rectilinear triatomic structure, and H,O is folded triatomic structure, the energy optimization of gas
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Fig. 1. Planar model of macromolecular structure of gas-fat coal.

Setting Parameter Setting Parameter
Take Construction | Force field COMPASS
Quality Medium Charges Forcefield assigned
Density 1.14 g/cm® Electrostatic | Atom based
Temperature | 298 K van der Waals | Atom based

Table 1. Density simulation parameters.

small molecule model to get the lowest energy model of CH,, CO, and H,O molecules, as shown in Fig. 3, the
three gas molecules were optimized to get the final energy close to zero, the three adsorbate molecules have a
large difference in terms of their physical properties, as shown in Table 2, which is an important reason of the
different nature of gas-fat coal adsorbed on them.
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(a) CHs

Fig. 2. 3D macromolecular pore characteristics of gas-fat coal.

179.962

(b) CO2

Fig.3. CH » CO2 and HZO small molecule models.

CH, Tetrahedron 111.65 0.38 | 2.60 |0 0 —0.596 |0.149 | -
CO, Linear 194.65 033 1265 |0 4.30 | 0.892 - — 0.446
H,0 Folded linear 373.15 0.27 | 1.48 | 1.86 9.77 | - 0.336 | — 0.672

Table 2. Physical properties of CH,, CO, and H,0. Dd dynamic diameter/nm, Pr polarization ratio/10~2*cm?,

Dm dipole moment/10~ esu cm, Qm quadrupole moment/10~2%esu cm?

Simulation methodology and parameter setting
The adsorption behavior of CH,, CO, and H,0 molecules on the macromolecular structural model of Jixi gas-
fat coal were investigated based on the Giant Canonical Monte Carlo and molecular dynamics methods. The
Sorption module was used, and the parameter settings of the MS software are shown in Table 3.

The adsorption volume (moleculars/u.c) obtained from the software simulation was converted to the
experimental and engineering adsorption volume (ml/g), which can be expressed as:

Q- M

In formula: Q is the gas adsorption amount, mol/g; N is the number of adsorbed gases, moleculars/u.c; M is the
molar mass of coal as macromolecules, g/mol;

The relationship between excess adsorption amount and absolute adsorption amount conversion is shown
in Eq. (2):
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Setting Parameter Setting Parameter

Task Fixed pressure | Production steps | 2x 107

Quality Customized Charges Forcefield assigned
Forcefield COMPASS Electrostatic Ewald
Equilibration steps | 1Xx 107 van der Waals Atom based

Ewald accuracy 0.001 keal/mol | Cutoff distance | 12.5A4

Exchange 0.40 Conformer 0.2

Rotate 0.2 Translate 0.2

Table 3. Adsorption simulation parameter settings.

N(l = {Vab — NAPV;*/RT (2)

In formula: N, is the amount of excess adsorption of gas molecules in the coal macromolecular structure,
moleculars/u.c; N, is the amount of absolute adsorption of gas molecules in the coal macromolecular structure,
moleculars/u.c; N, is Avogadro’s constant, which is taken to be 6.02x 10%; and Vs the pore volume of accessible
pores in the coal macromolecular structure, mL.

Converting the excess adsorption of gas molecules adsorbed by the coal macromolecular structure model to
the adsorbed amount mL/g at the standard condition can be expressed as:

Nel‘
Qer = 22,400 x 3)

In formula: Q,_is the excess adsorption of the modelled coal macromolecular structure, mL/g.

Pressure and fugacity conversion

Material Studio simulation uses fugacity rather than pressure, fugacity can describe the state of motion of an
object, usually expressed in terms of the velocity and acceleration of an object, representing the state in which the
object is in, and indicates the propulsive force or escape ability of the object to migrate in that state, it was chosen
to use the Peng-Robinson'” equation of state to convert the pressure of a gas to fugacity; as follows:

RT a(T)

P= _ 4
Vb VIV Ib bV b “@
Rewrite Eq. (4) in the form of Eq. (5):
Z°~(1-B)Z*+ (A-3B*-2B)Z — (AB— B> - B’) =0 (5)
In formula: Z is the gas compression factor, A and B are the equation coefficients, which can be expressed as:
aP
A= g ©
bP
B=— 7
BT (7)
PV
7 = — 8
T (8)
In formula: P is the gas pressure, MPa; R is the gas molar constant; V is the gas molar volume, 22.4 L/mol.
In formula: Eq. (4) has!® Egs. (9), (10) at critical points and non-critical points as shown in Eq. (11)
RT?
a(T,) = 0.45724——< 9)
RT,
b(T.) = 0.07780 (10)
P,
a(T)=a(Te) a(T,,w)
2
RT? T (11)
= 045724—5- |1+ (0.37464 + 1.54226w — 0.26992w?) (1 - T)
RT,
b(T)=0b(T.) =0.07780 f2 . (12)

¢
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Absorbate | P/MPa | T/K | w

CH, 4.5992 | 190.56 | 0.012
CO, 7.3773 | 304.13 | 0.224
H,0 22.0640 | 647.10 | 0.345

Table 4. Thermodynamic parameters of CH,, CO, and H,O.
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Fig. 4. Fugacity of CH,, CO, and H,O at different temperatures and pressures.

In formula: T.is the critical temperature, K; Tr is the contrast temperature, K; P_is the critical pressure, MPa; w
is the eccentricity factor.

Substituting Eq. (13) into Eq. (4), the expression of fugacity f can be obtained as follows:

[TV
T A L A T P
"), \RT P I
. A Z +2.414B
=2 —1-W(Z-B) - —ph( 7=

The physical parameters of the three gases in Table 4 are brought into the written Matlab programmes to
obtain the relationship between the fugacity coefficient and pressure of the three gases as shown in Fig. 4,
which indicates that: the fugacity coeflicient decreases gradually with the increase of the pressure at the same
temperature; the higher the temperature, the larger the fugacity coefficient is at the same pressure. From 0 to
15 MPa, the fugacity coefficient of CH, decreases with the increase of pressure, and the higher the temperature,
the smaller the fugacity coefficient, that is, the higher the temperature, the closer the fugacity is to the pressure,
and the lower the temperature, the larger the difference between the fugacity and the pressure. CO, fugacity
coefficient and the pressure of the relationship between the existence of sudden changes, 273.15 K, 283.15 K,
293.15 K fugacity coefficient curve gradient there is a sudden change, at this time the CO, is in the supercritical
state of the transition from the gas state to the liquid state, at this time the fugacity coefficient decreased rapidly,
the temperature of 303.15 K and 313.15 K, with the increase in the pressure of the fugacity coefficient of the
sudden phenomenon disappeared. The fugacity coefficient of H,O is significantly affected by pressure when
H,0 is converted from gaseous state to liquid state under high pressure. When the temperature is 313.15 K, the
pressure exceeds 2 MPa, the fugacity coefficient decreases abruptly and approaches zero, at which time H,O is
converted from a gas state to a liquid state. With the decrease of temperature, the critical temperature of phase
transition gradually decreases. From 0 to 15 MPa, the fugacity coefficients decreased from 1.0 to 0.7 for CH,, 1.0
to 0.2 for CO,, and 1.0 to 0.0 for H,O; the degree of variation of the fugacity coefficients of the three gases was
inversely proportional to the critical temperature T and critical pressure P, and positively proportional to the
excursion factor. For binary gas components', the fugacity coefficients can be obtained by Eqgs. (15) and (16).

(13)

(14)

Inp; = b%(Z —1)—In(Z-B) - % (bﬁ, - 225”“) In Z;B (15)
b A[b 2> ya Z+B
ln(,aj:b—i(Z—l)—hl(Z—B)—E(Fj_ aJ .7)111 ~ (16)
A5794 R2T2
o) DATURT 1)
Pei
0.45724R2T2,
aj = —— (18)
pcj
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0.07780RT;
Pci
0.07780RT,;
bj=—r" (20)
Dej
A5 = ;@ (1 — k1]> (21)

In formula: T , T, are the critical temperatures of single components i, j, respectively, K; P_, P . are the critical
pressures of single components i, j, respectively, MPa; ¢, ¢, are the fugacity coefficients of single components i,
j, respectively.

For binary components, the coefficients a, b are calculated based on the van der Waals mixing rule using the

following equation:
a=2_> v (22)
J

i

b= uibi (23)

The result of the fugacity expression is given by the following equation:
fi=yipip (24)
In formula: f, Jj is the fugacity of single component i, j, MPa.

Interaction energy

The interaction energy is the work done by the interaction force between gas molecules and coal surface after
they approach each other, representing the stability of the system. At the same time, the adsorption capacity of
the adsorbent for the adsorbate can be measured. The interaction energy is defined as follows:

Einf = Er:oal/ gas E(',oal - Egas (25)

In the formula, E_ fgas 1S the total energy of coal after adsorption of gas molecules, k]/mol; E_  and E_, are the
energies of the coal and gas molecules, kJ/mol, respectively; E,  is the interaction energy, k]/mol; A" negative
value of E,  is an exothermic reaction, and the larger its absolute value, the stronger the adsorption.

Adsorption model reliability validation

In order to verify the correctness of the constructed gas-fat coal molecule and adsorbent small molecule
models as well as the correctness of the force field parameter settings, the adsorption isotherms of CH, and
CO, molecules on the gas-fat coal macromolecule model were compared with the experimental data at the
temperature of 293.15 K and the pressures of 0.01-15 MPa, using the gas-fat coal macromolecule model as the
adsorbent. The experiment was carried out by using HCA-type high-pressure volumetric gas adsorption device
for the adsorption of CH, and CO, single-component gases on gas-fat coal, which mainly consists of a vacuum
drying system, a degassing system, an inflatable system, an adsorption system and a detection system. Put the
gas fertilizer coal in the coal sample tank, open the constant temperature water bath device (60°C), check the
airtightness connected to the vacuum pump, open the vacuum pump for degassing the system, vacuum to 4 Pa
below and then continuously degassed for 20 min, put the coal sample tank in the constant temperature water
bath, the temperature is set to 20°C, open the piston, calibrate the level of the level bottle with the level of
liquid in the tube to the same level, open the high pressure valve in the coal sample tank, the CH,, CO, into the
tank, when the adsorption rate of coal samples is less than 0.5cm*/h, when the adsorption reaches equilibrium.
Calibrate the liquid level in the leveling bottle and measuring tube to the same level again. The difference between
the initial and post adsorption equilibrium liquid level of the measuring tube is the adsorption amount.

As shown in Fig. 5, the trend of adsorption isotherms of different gases obtained from experiments and
molecular simulation is basically the same, with a slight deviation in values, and the experimental data are smaller
than the simulated data, which is due to the fact that in this paper, only the structure of organic macromolecules
is taken into account in the process of constructing coal macromolecule model, and inorganic structures, such as
quartz, silicon oxide, and silicate, are ignored, which results in the macromolecule model having slightly higher
pore volumes and specific surface areas so that the simulated adsorption amount is was slightly higher than the
experimental value. The above proves the rationality of the gas-fat coal macromolecule and adsorbent small
molecule models constructed in this paper as well as the force field parameter settings.

Results and discussion

Adsorption amount of CH,, CO, and H,0

The adsorption isotherms of gas-fat coal macromolecule model for adsorption of CH,, CO, and H,O molecules
at different temperatures are shown in Fig. 6a—c. The absolute adsorption amounts of all three gases increase with
the increase of equilibrium pressure, and the adsorption can be divided into three stages: rapidly adsorption,
slowly adsorption, and gently adsorption stage. The adsorption amounts of gas-fat coal adsorption of CH,, CO,
and H,O molecules were fitted using the Langmuir model, and the curves conformed to the Langmuir I-type
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Fig. 6. Adsorption isotherm of gas-fat coal.

isotherms. The fitting results are shown in Table 5, and the R? are all greater than 0.99.The basic assumptions
of the Langmuir model include: the existence of adsorption sites on the surface of the adsorbent and that
adsorbent molecules can only be adsorbed to these sites in a monolayer. The adsorption sites are homogeneous
in both the thermodynamic and kinetic senses. The surface of the adsorbent is homogeneous in properties. The
molecules of adsorbent do not interact with each other, and the adsorption-desorption process is in dynamic
equilibrium. Non-homogeneity in the number and spatial distribution of coal body pores. The pores of the coal
body are characterized by multiple scales, diverse pore types, complex structure and strong anisotropy and non-
homogeneity, but the internal surface properties of the pore structure have the characteristic of homogeneity.
Although the pore structure of the coal body is nonhomogeneous, it still meets the Langmuir I-type isotherm.
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System type Temperature/K | a/(ml/g) | b/(1/MPa) | R?
273.15 15.414 1.165 0.9884
283.15 13.895 2.882 0.9924
Gas fat coal and CH,, system | 293.15 13.176 | 2.258 0.9958
303.15 12.305 2.841 0.9852
313.15 11.445 2.879 0.9996
273.15 25.825 1.783 0.9884
283.15 24.161 1.752 0.9924
Gas fat coal and CO, system | 293.15 22.833 1.928 0.9958
303.15 21.563 1.817 0.9852
313.15 21.274 1.714 0.9996
273.15 58.086 0.353 0.9927
283.15 67.997 0.856 0.9983
Gas fat coal and H,O system | 293.15 65.811 0.966 0.9925
303.15 66.141 0.832 0.9964
313.15 61.345 0.943 0.9914

Table 5. Langmuir constants of CH,, CO, and H,O gas adsorbed by gas-fat coal macromolecule model.

The amount of CH,, CO, and H,O molecules adsorbed at different temperatures increases with increasing
equilibrium pressure, and the increase in equilibrium pressure promotes the contact of adsorbate molecules
with the surface of the adsorbent matrix, which allows more adsorbate molecules to be retained in the adsorbed
phase. The increase in equilibrium pressure has a significant promoting effect on the adsorption of single
component gases, but there is a critical point in this promoting effect, when the pressure is below the critical
equilibrium pressure, the adsorption amount rapidly increases with the increase of equilibrium pressure, while
when the equilibrium pressure is greater than the critical pressure, the adsorption amount slowly increases. The
critical equilibrium pressures for the three systems of gas-fat coal CH,, gas-fat coal CO,, and gas-fat coal H,O are
3 MPa, 4.5 MPa, and 6 MPa, respectively. This is mainly because coal has a smaller adsorption amount for CH »
while it has a larger adsorption amount for CO, and H,O, making it difficult to achieve equilibrium, achieving
equilibrium requires a greater equilibrium pressure. As can be seen from Fig. 6, the adsorption increment of CH,,
CO, and H,0 molecules with the increase of pressure showed an exponential decay trend of firstly decreasing
rapidly, then slowly decreasing, and finally decreasing gently.At the same pressure, the lower the temperature the
larger the adsorption increment, indicating that temperature plays a negative role in the adsorption of CH, and
CO,.According to the size of the adsorption increment, the adsorption process is divided into three phases of
rapidly increase, slowly increase and gently increase in the adsorption process in this paper.

With the increase of temperature, the saturated adsorption amount of CH, and CO, by gas-fat coal gradually
decreased, the saturated adsorption amount of CH, decreased from 14.37 ml/g at 273.15 K to 11.18 ml/g at
313.15 K, the saturated adsorption amount of CH, decreased by 22.20%; the adsorption rate of CH, molecules at
283.15 K was faster compared to that at 273.15 K, and the increase of temperature led to the increase of kinetic
energy of CH, molecules, The increase of CH, molecules’ kinetic energy increased the contact probability
between CH, molecules and coal pore surface, which improved the adsorption rate, and the saturated adsorption
amount of CO, decreased from 24.7 ml/g at 273.15 K to 20.4 ml/g at 313.15 K, which was a decrease of 17.4%.
On the contrary, the saturated adsorption amount of H,O was the lowest at 273.15 K, only 66.61 ml/g. The gas-
fat coal macromolecules showed inhibition of water molecule adsorption at low temperature, which was caused
by two reasons: on the one hand, the movement rate of molecules under low temperature was low, and it was
difficult to reach adsorption equilibrium within a short period of time; On the other hand, the condensation
of water vapor at low temperature changes part of the water from gaseous phase to liquid phase, which blocks
the pores and forms water locks, thus inhibiting the adsorption. The adsorption of H,O molecules increased
from 66.61 ml/g to 84.21 ml/g when the temperature was increased from 273.15 K to 283.15 K. When the
temperature was increased from 283.15 K to 313.15 K, the adsorption decreased to 75.46 ml/g, and the saturation
adsorption decreased by 10.39%, and the adsorption of H,O molecules in the coal was inhibited at both low and
high temperature, which is in agreement with the results of Gao'> obtained. In gas-fat coal, according to the
magnitude of decrease in gas adsorption at elevated temperatures, the adsorption of methane is most sensitive to
temperature, and the temperature has less influence on the adsorption of CO, and H,O molecules. The increase
of temperature is not conducive to adsorption, higher temperature will make the adsorbate molecules obtain
higher kinetic energy, so that the adsorbate molecules have high enough energy to overcome the bonding of van
der Waals force, electrostatic force and hydrogen bonding force to change from adsorption to free state, and high
temperature will inhibit the molecules from the free state to adsorption state, and also show that the adsorption
of CH,, CO, and H,0 molecules by the Jixi gas-fat coal is an exothermic reaction.

Under the same conditions of temperature and pressure, the adsorption of H,0 molecules by gas-fat coal was
the largest, followed by CO,, and CH, was the smallest, and the adsorption of the three adsorbates by gas-fat
coal was in the following order from the hardest to the easiest: CH, < CO, <H,O, which is in agreement with the
conclusions obtained by'”-?2. The reasons for the different saturation adsorption amounts of the three adsorbates
are mainly related to their own physical properties. On the one hand, it is related to the molecular dynamics
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radius of the three gases, the molecular dynamics radius from smallest to largest is: H,0 < CO, < CH,, which is
in the opposite order of the adsorption amount, mainly because the micropores used for the adsorption of H,O
are the most abundant, followed by Co,, and CH 4 molecules have the least space available for adsorption, and
the smaller the pore size of the pore, the larger the potential of its adsorption.

The linear shape and smaller molecular dynamics diameter allow H,O to enter smaller micropores, but due
to the molecular sieve effect, CH, and CO, molecules cannot enter some micropores. The boiling point of CH,
is lower than that of CO, and H,O, which means that CH, is more likely to escape from the gas rich coal
macromolecule structure through “evaporation”. CO, and H,O have a permanent quadrupole moment, and the
charge of CH, molecules is neutral. The quadrupole moment can enhance the electrostatic interaction between
CO, and H,0 and coal molecules, making the molecule more easily “captured” by the coal pore surface. The
adsorption of H,O molecules in coal is mainly affected by the hydrogen bonding effect, which is greater than the
van der Waals energy interactions. As the amount of adsorption increases, the strong hydrogen bonding between
water molecules leads to capillary coalescence, and the coalescence of water gradually forms a new adsorption
site, which results in a larger adsorption amount.

Potential energy distribution of CH,, CO, and H,0

By analyzing the information on the energy distribution of adsorbate molecules during the adsorption of CH,,
CO, and H,0 by gas-fat coal, the distribution of adsorption sites of different adsorbates can be obtained. Energy
distribution represents the probability density of adsorbate molecules distributed in different energy regions,
in other words, the potential energy distribution of adsorbate molecules in Jixi gas-fat coal, the region with the
smallest interaction energy is the preferred adsorption site, the larger the absolute value of the potential energy
at the adsorption site, the higher the adsorption potential well, the stronger the interaction with adsorbate, and
the more likely to adsorb gas molecules, and the more preferred adsorption site. Comparison of the energy
distribution at different temperatures can tell the effect of temperature on the migration of adsorption sites, and
comparison of the potential energy curves at different pressures can tell the changes of adsorption sites during
the adsorption of CH,, CO,, and H,O on Jixi gas-fat coal's.

In this paper, the molecular scale adsorption sites as well as the potential energy probability density
distributions were obtained, and the adsorption interaction energy distribution maps can determine the
preferential adsorption sites on the surface of the coal molecules's, and the potential energy distribution
curves of CH » CO,, and H,0 molecules on a gas-fat coal macromolecule model at different temperatures are
shown in Fig. 7. Define potential energy peaks as most significant interaction potentials. It is observed that the
interaction energy probability distributions of CH,, CO, and H,0O molecules are poisson distributed, with their
peaks corresponding to the potential energies of the most significant interaction sites, and the potential energy
probability distributions are symmetrically distributed center on the most significant interaction potentials, and
the peak heights of their probability distributions are in ascending order as CH, > CO, > H, 0, respectively. The
energy range of CH, adsorption sites was —32.81~-7.85 kJ/mol, CO, adsorption sites was —15.32~-53.84 k]/
mol, and H,O adsorption sites was —18.65~-100.73 kj/mol. The distribution curves of interaction energies
during the adsorption of H,O were wide and short, while the distribution curves of CH, adsorption were narrow
and high. The distribution of H,O adsorption sites was more dispersed and abundant, while the distribution
of CH, adsorption sites was more concentrated but sparse, and the number of adsorption sites for CO, ranges
between CH, and H,0.

The peaks of the potential energy distribution curves are the most available interaction energies of CH,, CO,
and H,0O molecules interacting with the macromolecule model of gas-fat coal during the adsorption process,
and the larger the absolute value is, the stronger the interaction capacity is. In the adsorption process between
gas-fat coal and the three adsorbates, H,O has the largest most significant interaction potentials, and the most
significant interaction potentials is located near — 60 kj/mol, which is the main adsorption site of H,0 molecules;
CO, has the second largest most significant interaction potentials, and the peak is located at about — 35 kj/mol;
and CH, has the smallest most significant interaction potentials, and the peak is located at about —23 kJ/mol.
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Fig. 7. Distribution of potential energy of single component adsorption at different temperatures.
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Fig. 8. Potential energy distribution of single component adsorption at different pressures at 293.15 K.

This indicates that the three gas molecules have different adsorption sites in the gas-fat coal macromolecule
structure, and the absolute values of their interaction energies are from high to low: H,0> CO, > CH , which is
consistent with the order of adsorption amount of the three molecules.

Figure 7a shows the energy distribution of CH,, when the temperature rises from 273.15 K to 313.15 K, the
most significant interaction energy of CH, is shifted from —22.69 kJ/mol to -21.08 k]/mol, and the peak value
of the energy distribution curve gradually decreases, the increase in temperature leads to a gradual decrease
in the adsorption potential corresponding to the most significant adsorption sites of CH,. The temperature
increases to inhibit the adsorption of CH, molecules, the kinetic energy of CH, molecules increase, have more
energy to break free from the adsorption site, to the free state conversion, to the low potential well adsorption
site transfer. As the temperature increases, the peak value of the energy distribution curve of CH, gradually
decreases, mainly because the increase in temperature leads to a decrease in the adsorption amount of the
preferred adsorption site, resulting in a decrease in the probability density at that adsorption site. Figure 7 (b)
shows the energy distribution diagram of CO, molecules, and the most significant interaction energy is less
affected by temperature. As temperature increases, the peak value of the potential energy distribution decreases.
Figure 7(c) shows the energy distribution of H,0 molecules, when the temperature is increased from 273.15 K to
293.15 K, the most significant interaction energy of H,O molecules is shifted from — 50.04 kJ/mol to -62.92 k]J/
mol, which is moved to the adsorption site with higher adsorption potential well, and when the temperature is
increased from 293.15 K to 313.15 K, the most significant interaction energy is shifted from —62.92 kJ/mol to
-58.56 kJ/mol to the adsorption site with smaller interactions, indicating that the adsorption site of gas-fat coal
adsorbed water molecules is susceptible to temperature, which is in agreement with the conclusions obtained
by, that both low and high temperatures play an inhibitory role in the adsorption of H,0O molecules.

The distribution of interaction energies during adsorption of single-component CH,, CO, and H,O at
different pressures at a temperature of 293.15 K is shown in Fig. 8, where four representative pressure points,
0.01 MPa, 1 MPa, 8 MPa and 15 MPa, were selected. It was found that the energy distribution curves of all three
molecules, CH,, CO, and H,0, shifted to the right with increasing pressure, and the adsorption sites shifted
from the preferential adsorption sites with larger interaction energies to the secondary adsorption sites with
smaller interaction energies. It was observed that the most significant interaction energy of CH, molecules
migrated from —25.67 kJ/mol to -20.72 kJ/mol when the pressure was increased from 0.01 MPa to 1 MPa,
and to -20.52 kJ/mol at 15 MPa; When the pressure is increased from 0.01 MPa to 1 MPa, the most significant
interaction energy of CO, molecules migrates from —38.88 kJ/mol to -35.53 kJ/mol, and then to -33.64 kJ/mol
at 15 MPa. When the pressure is increased from 0.01 MPa to 1 MPa, the most significant interaction energy
of H,0 molecules migrates from — 55.78 kJ/mol to -45.71 kJ/mol, and then to -41.53 kJ/mol at 15 MPa. This
is because the adsorbate is preferentially adsorbed to the priority adsorption site with stronger interaction in
the gas-fat coal macromolecule model, but the capacity of the priority adsorption site is limited, and when the
priority adsorption site is occupied by the adsorbate molecules, the adsorbate molecules are transferred to the
sub-priority adsorption site with the increase of the pressure, which causes the migration of the adsorption
site, which is the most obvious with the equilibrium pressure increasing from 0.01 MPa to 1 MPa. When the
equilibrium pressure was increased from 1 MPa to 15 MPa, the CH, molecules and CO, molecules moved to
the right in smaller steps, while the H,O molecules moved to the right in larger distances, which was mainly
due to the fact that the primary adsorption sites had been filled and the second adsorption sites appeared in the
adsorption process.

Probability density distributions for CH,, CO, and H,0

The probability density distribution is the probability of adsorbate molecules appearing in each adsorption site,
which can directly observe the distribution of adsorption sites of each adsorbate molecule in the macromolecule
model of Jixi gas-fat coal, and the adsorption probability density distribution graphs can be used to analyze
the whole process of the adsorption sites being filled. The probability density distributions of the molecular
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adsorbates of CH » CO,, and H,0O in the case of temperature of 293.15 K, pressure of 0.01 MPa, 1 MPa, 8 MPa,
15 MPa are shown in Fig. 9.

The first to occupy in the low-pressure adsorption stage is the preferential adsorption site, and the adsorption
site with the largest probability density is the most available adsorption site. The probability density of single-
component CH, adsorption process is shown in Fig. 9, at 0.01 MPa, CH, molecules adsorbed sporadically
in the pores of the coal, the adsorption sites of CH, are very few and the density is very small, at this time
it is a low-pressure adsorption stage. When the pressure was increased to 1 MPa, some CH, molecules were
aggregated at the preferential adsorption sites, and most of the pore probability densities were blue, with only a
small portion of the pore centers showing sporadic red color; The pressure was increased to 8 MPa, more and
more CH, molecules were filled on the preferential adsorption sites, the density continued to increase, some of
the preferential adsorption sites were filled, and the rest of the CH, molecules were shifted to the sub-preferential
adsorption sites. As the pressure rises to 15 MPa, most of the pore center probability densities appear red, at
which point a large number of preferential adsorption sites become saturated. Observing the probability density
distribution, it can be seen that the probability density at the center of the pore is red, and the surrounding area
is blue, and the adsorbate molecules firstly gather in large quantities at the center of the adsorption site, and
then transfer to the surrounding area of the adsorption site. In the low-pressure adsorption stage, the adsorbate
molecules firstly occupy the priority adsorption site, with the increase of adsorption amount, the priority
adsorption site is saturated and the adsorbate molecules gradually transfer to the second priority adsorption
site until the adsorption equilibrium is reached. The probability density distribution of the adsorption of CO, in
the process of adsorption is shown in Fig. 9, and the law of adsorption of CH, applies to the adsorption of CO,
molecules.
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Fig. 9. Probability density distribution in CH,,CO, and H,O adsorption process.
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The probability density distribution of H,O molecules under different pressures is shown in Fig. 9. When
the pressure is 0.01 MPa, the adsorption sites in gas-fat coal are occupied by H,0 molecules, and the probability
of most adsorption sites is small, mostly appearing blue. When the pressure rises to 1 MPa, H,O molecules
continue to fill the adsorption sites, and some probability density centers turn red. When the pressure rises to
8 MPa, some adsorption sites exhibit H,O molecule aggregation, and the probability density at each adsorption
site increases, gradually forming water clusters. New adsorption sites gradually form on the water clusters,
leading to an increase in the number of adsorption sites. When the pressure rises to 15 MPa, the probability
density appears red, and the adsorption sites tend to become saturated.

According to the distribution of gases in the gas-fat coal macromolecule model, it can be seen that the
probability density located around the model is larger than that in the center of the model, indicating that most
of the adsorption sites are located in the surrounding area of the model, and there are fewer sites located in the
center of the model, and most of the adsorbates are adsorbed at the boundaries of the model.

Comparing the probability densities of the adsorption processes of CH,, CO, and H,0, it can be seen that
the adsorption sites of H,O molecules are the most abundant, followed by CO,, and CH, molecules have the
least adsorption sites. On the one hand, it is related to the molecular dynamics radius of the three adsorbates,
the smaller the molecular radius is, the larger the adsorption space can be provided by the micropores inside the
coal; On the other hand, it is related to the nature of the adsorbate itself, the H,O molecules form new adsorption
sites due to the capillary cohesion effect during the adsorption process, which results in the largest adsorption
amount of the H,O molecules.

Diffusion patterns of CH,, CO, and H,0

Molecular dynamics calculations of gas diffusion using the Focite module in MS can be used to obtain the
Mean-Square Displacement(MSD) curves of different gases in the coal macromolecular structure, where the
Mean-Square Displacement (MSD) is: the diffusion coefficient is the rate of change of the particle’s MSD with
time, which is obtained from Einstein’s formula (26)%3.

‘ 1 N 2
D= lim 6N3t<z[n(t) —7”7;(0)]> (26)

i=1

In formula: D is the gas diffusion coefficient, m%/s; r{t), r0) are the position of particle i at moment ¢ and the
initial moment;  is the simulation time, ps; N is the number of particles.

The mean square displacement of CH,, CO,, and H,O molecules in the macromolecular structure of gas-fat
coal at different temperatures and pressures of 15 MPa over time is shown in Fig. 10. The diffusion coefficient
results calculated by the Einstein equation are shown in Table 6. As shown in the figure, the mean square
displacement slopes of CH,, CO,, and H,O gas molecules gradually increase with increasing temperature, and
the diffusion coefficient of the gas is directly proportional to temperature.

From Table 6, it can be seen that the temperature increased from 273.15 K to 313.15 K, and the diffusion
coefficient of CH, molecules increased from 0.42x 10~°m?/s to 0.82x 10~?m?/s, with a diffusion coefficient of
CO, molecules ranging from 1.02x10~°m?/s to 1.21 x 10~°m?/s, with a diffusion coefficient of H,O molecules
ranging from 1.13x107°m?%/s to 1.82x 10~ °m?/s. This is similar to the results obtained by*!, the diffusion
coefficients of the three gases at the same temperature have the relationship of H,0>CO,>CH,, which is
consistent with the inverse order of the dynamic radius of the three molecules, the smaller the radius of the gas
molecules, the more easily to enter into the coal micropore, the coal molecular wall has much less influence on
its diffusion in the pore space, the more space it can move, and the larger diffusion coeflicient. The diffusion
coefficients of CO, and H,O diffusion coefficients are greater than CH,, indicating that injecting CO, and H,0
into the coal seam can replace CH, in the coal micropores. The diffusion coefficients of the three gas molecules
in the coal macromolecule model are proportional to the temperature. The higher the temperature, the greater
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Fig. 10. Mean square displacement of CH,, CO,, and H,O gases at different temperatures.
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In( D) /10°m?s!

Diffusion

coefficient/1 X 10~ °m?2-s~!
Temperature/K | CH, co, H,0
273.15 0.42 1.02 1.13
283.15 0.50 1.06 1.32
293.15 0.62 1.11 1.50
303.15 0.70 1.16 1.67
313.15 0.82 1.21 1.82

Table 6. Diffusion coefficients of CH,, CO, and H,O at different temperatures.
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Fig. 11. Fitting curve between InD and T~! for CH,, CO, and H,O gases.

the internal energy of the molecules, and according to the theorem of conservation of energy, the internal energy
will be converted into kinetic energy, which makes the molecules move faster and the easier it is to diffuse.
High temperature reduces the viscosity of gas molecules, so that the diffusion resistance becomes smaller, high
temperature will cause the expansion of the coal matrix structure, resulting in the opening of the originally
closed pore roar orifices, increasing the connectivity of the fissures, making the effective gas diffusion channels
in the coal body increase, and high temperature can promote the diffusion of the gas in the coal.

The diffusion coefficient indicates the speed of diffusion of adsorbate molecules, and the diffusion activation
energy indicates the difficulty of adsorbate diffusion. The nature of the diffusion of various types of adsorbates
in the coal body is the diffusion activation process®®, gas molecules from a certain equilibrium position to
jump the potential barrier AG to reach another equilibrium position, the gas will diffuse, the diffusion process
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Fig. 13. Relationship between adsorption amount and isosteric heat of adsorption for CH,, CO, and H,0 at
different temperatures.

to overcome the potential barrier is called the activation energy of diffusion E,,, the activation energy of gas
diffusion is commonly used in the Arrhenius formula®® for the calculation, as shown in Eq. (27).

D= Dye (27)
In formula: D), is the finger front factor, m?/s; E,, is the diffusion activation energy, k]J/mol, and R is the ideal gas
constant, taken as 8.314 J/(mol-K).

As shown in Fig. 11, the diffusion activation energies of CH,, CO,, and H,O are 12.20 k]/mol, 3.36 k]/mol,
and 8.47 kJ/mol, respectively, which are similar to the results calculated by[106]. The activation energies of
diffusion from high to low are CH,>H,0> CO,.The activation energies of diffusion reflect the sensitivity of
diffusive motion to temperature, and the diffusion of CO, is the most sensitive to temperature. It shows that
within the coal macromolecules, CO, is more likely to diffuse, linear and discoidal molecules are affected by
a larger effect than spherical molecules of the same volume equivalent, CO, is a linear molecule, CH 4 Isan
tetrahedron molecule, H,O is a folded triatomic molecule, and the coal molecular wall has a much smaller effect
on the diffusion of CO, in the pore space, resulting in smaller diffusion activation energy.CO, is more likely to
diffuse phenomena, providing theoretical support for CO,-ECBM technology.

Relative concentration distributions of CH,, CO, and H,0

To further study the distribution of CH » CO, and H,0 in gas-fat coal, the distribution of adsorbate molecules
in gas-fat coal macromolecules can be obtained by analyzing the relative concentration along the Z-axis of
different models after kinetic optimization from a microscopic point of view. The data in the figure are the
average relative concentrations of CH,, CO, and H,O along the Z-axis at different temperatures. As can be seen
in Fig. 12, the average relative concentration of CH, molecules in coal macromolecules shows a bimodal or
trimodal distribution, with most CH, molecules in the middle part of the model showing a laminar distribution
along the Z-axis; most of the CO, molecules are located in the range of 15~ 30 A, with a band-like distribution
along the direction of the Z-axis; and the distribution of the concentration of H,O molecules show a multi-
peak structure in the concentration distribution along the Z-axis direction, and they are distributed in multiple
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clusters along the Z-axis direction. With the increase of temperature, the relative concentration peaks of CH,,
and CO, molecules gradually increased, while the relative concentration peaks of H,O molecules gradually
decreased.

Isosteric heat of adsorption of CH,, CO, and H,0

Isosteric heat of adsorption is an important parameter to characterize the adsorption behavior of coal, which
can show the change rule of heat in the system, and it is often used to judge the physicochemical nature of coal
adsorption, which is of great significance to reveal the adsorption law. Adsorbate molecules from the high energy
level state into a low energy level state, there will be heat generation, this part of the heat generated is called
heat of adsorption, adsorption heat of the nature of the adsorbate free state and adsorption state of the potential
energy difference, to a certain extent, the heat of adsorption can reflect the adsorption capacity of the material?.
Adsorption of a certain amount, and then adsorbed a trace amount of adsorbate heat released is called the
isosteric heat of adsorption [109], the isosteric heat of adsorption is calculated using the Clausius-Clapeyron?’
equation, as shown in Egs. (28) and (29).

,(O0lnP
o 2
Qs = RT ( T )q (28)
lnP:—g;—&-C (29)

In formula: Q . 18 the isosteric adsorption heat, kJ/mol; T is the temperature, K; P is the pressure, MPa; R is the
gas constant,8.314 J/(mol-K). The equivalent adsorption lines for CH,, CO, and H,O were plotted according to
InP versus 1/T corresponding to different adsorption amounts, and the isosteric adsorption heat corresponding
to different adsorption amounts was obtained by calculating the slopes.

The relationship between the amount of adsorption and the isosteric heat of adsorption of CH,, CO, and
H,0 at different temperatures is shown in Fig. 13. If the adsorbent material is homogeneous, the magnitude
of the isosteric heat of adsorption is independent of the amount of adsorption, and when the surface of the
adsorbent material has a non-homogeneous characteristic, the isosteric heat of adsorption varies with the
amount of adsorption?®. The isosteric heat of adsorption of CH, and CO, decreases gradually with the increase
of adsorption, in contrast the isosteric heat of adsorption of H,O molecules increases gradually with the increase
of adsorption, which suggests that the distribution of pores inside the coal body is not homogeneous. The
variation of the isosteric heat of adsorption is affected on the one hand by the non-homogeneity of the coal
body, which has an anisotropic pore distribution, which leads to the decrease of the isosteric heat of adsorption
with the increase of adsorption amount. The pores have different adsorption potentials at each position, and the
adsorbate molecules preferentially occupy the adsorption sites in the high adsorption potential wells, when the
isosteric heat of adsorption is released to the greatest extent; The number of high-potential energy adsorption
sites is limited, and when the high-energy adsorption sites are saturated, each adsorbate gradually transfers to
the second-priority adsorption sites, and the interaction energy between the adsorbate and the coal decreases,
leading to a decrease in the isosteric heat of adsorption. On the other hand, influenced by the interactions
between adsorbates, the interactions between adsorbates gradually increase, resulting in a gradual increase in
the isosteric heat of adsorption. Within the adsorption system of Jixi gas-fat coal, these two interactions have
opposite effects on the isosteric heat of adsorption. CH, and CO, molecules dominate the non-homogeneous
interactions of the coal body during the adsorption process, so the heat of adsorption gradually decreases,
while H,O molecules gradually dominate the H,0-H,O interactions during adsorption, which results in the
heat of adsorption increasing gradually with the increase of adsorption amount. The ranges of isosteric heat
of adsorption of CH,, CO, and H,O are 23.21~25.72 kJ/mol, 36.52 ~39.95 kJ/mol and 46.45 ~ 58.74 kJ/mol,
respectively, which are similar to the results obtained from the calculations of Zheng Zhong®, and the isosteric
heat of adsorption of CH, and CO, are both less than 42 k]J/mol, so the adsorption of the two gases on the coal
body is physical adsorption, while the isosteric heat of adsorption of H,O molecules is greater than 42 kJ/mol,
which is beyond the scope of physical adsorption. The isosteric heat of adsorption of H,O is the largest, the
isosteric heat of adsorption of CO, is the second, and the isosteric heat of adsorption of CH 418 the smallest, which
is consistent with the order of the adsorption amount of the three adsorbate. The isosteric heat of adsorption
of CH, and CO, decreases rapidly in the low-pressure stage, and then decreases slowly with the increase of the
pressure; the isosteric heat of adsorption of the H,O molecule increases rapidly in the low-pressure stage, and
then the isosteric heat of adsorption increases slowly when the pressure reaches a certain point.

The adsorption of CH,, CO, and H,O molecules on Jixi gas-fat coal is a dynamic equilibrium process of
adsorption and desorption, the adsorption process is an exothermic reaction, and the desorption process is an
adsorptive reaction, with the increase of adsorption amount, the adsorption sites gradually saturated, and the
adsorption behaviors were gradually weakened, resulting in a decrease in the isosteric heat of adsorption.

The isosteric adsorption heat at different adsorption amounts at temperatures ranging from 273.15 to
313.15 K was calculated using Material Studio software. The Clausius-Clapeyron equation is used in MS software
to calculate isosteric adsorption heat. Isosteric adsorption heat of CH,, CO, and H, O at different temperatures
and adsorption amount are shown in Tables 7, 8, 9 and 10. The mean isosteric adsorption heat at different
temperatures is calculated by taking the average of the isosteric adsorption heat at different adsorption amount
at different temperatures.

With the increase of temperature, the isosteric heat of adsorption of CH, and CO, slightly decreased, and the
increase in temperature was not conducive to the adsorption behavior, and the isosteric heat of adsorption of
H, 0 firstly increased and then decreased, which was consistent with the change of adsorption amount.
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TEM/K 273.15 283.15 293.15 303.15 313.15

Data point ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat

1 1.12 25.78 1.18 25.56 0.86 25.40 0.35 24.50 0.57 24.54

2 9.37 23.79 11.38 23.85 9.97 23.75 9.22 23.89 9.45 23.68

3 12.04 23.72 13.02 23.83 11.54 23.73 11.03 23.72 11.36 23.45

4 13.59 23.65 12.70 23.64 12.33 23.56 11.68 23.70 11.95 23.59

5 14.02 23.62 13.73 23.54 12.18 23.55 10.89 23.58 12.01 23.34

6 13.90 23.46 13.67 23.43 12.53 2351 11.40 23.54 12.87 23.54

7 13.76 23.44 13.50 23.41 13.69 23.39 11.41 23.53 12.36 23.37

8 13.05 23.41 14.49 23.40 12.59 23.38 11.13 23.37 11.94 23.28

9 13.14 23.32 11.96 2336 13.63 2331 11.71 2335 12.56 2337

10 14.38 23.22 13.19 23.30 11.65 23.31 10.26 23.31 11.99 23.22

11 13.63 23.21 12.99 23.20 12.50 23.30 10.85 23.21 11.87 23.21

Mean/kJ-mol~! | 23.69 23.68 23.65 23.61 23.53
Table 7. Isosteric adsorption heat of CH Lat different temperatures and adsorption amount. TEM temperature,
ADS amount adsorption amount/ mL/g, ISO heat isosteric heat/kJ/mol.

TEM/K 273.15 283.15 293.15 303.15 313.15

Data point ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat

1 5.93 39.83 5.60 39.37 5.53 39.38 5.88 38.96 5.88 38.58

2 18.50 37.95 18.81 37.56 18.32 37.89 16.70 37.80 16.70 37.67

3 21.11 37.90 21.92 37.49 21.42 37.82 20.11 37.79 20.11 37.43

4 22.77 37.69 23.51 37.49 22.27 37.69 20.35 37.62 20.35 37.20

5 23.40 37.63 23.69 37.41 21.31 37.47 21.36 37.37 21.36 37.18

6 21.76 37.57 23.10 37.41 21.06 37.37 21.96 37.37 21.96 37.17

7 21.39 37.56 23.40 37.38 21.89 37.07 20.69 37.36 20.69 37.17

8 21.55 37.48 23.68 37.34 21.47 36.99 19.75 37.13 19.75 36.96

9 21.15 37.42 23.44 37.24 19.79 36.94 2055 36.99 20.55 36.76

10 21.77 37.41 22.56 37.00 20.35 36.88 21.19 36.82 21.19 36.66

11 21.78 37.33 21.99 36.93 20.78 36.80 21.00 36.76 22.34 37.28

Mean/kJ-mol~! | 37.80 37.51 37.48 37.45 37.28
Table 8. Isosteric adsorption heat of CO, at different temperatures and adsorption amount. TEM temperature,
ADS amount adsorption amount/ mL/g, ISO heat isosteric heat/kJ/mol.

TEM/K 273.15 283.15 293.15 303.15 313.15

Data point ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat | ADS amount | ISO heat

1 57.92 46.81 23.25 54.64 18.10 52.96 17.85 54.77 14.41 53.30

2 21.21 48.52 38.74 54.97 39.68 55.85 43.08 54.62 36.17 54.84

3 30.36 50.56 48.63 56.54 4858 57.08 49.67 55.96 44.70 56.94

4 35.18 53.16 52.67 58.69 51.77 58.08 53.78 56.62 49.41 57.10

5 39.55 53.11 56.30 58.32 54.92 58.63 56.69 58.95 51.56 58.64

6 41.00 55.50 58.10 58.34 56.78 59.70 56.48 58.71 53.55 59.02

7 42.30 55.93 59.84 59.06 59.86 58.50 57.25 59.02 54.46 58.74

8 44.49 55.83 62.39 59.10 61.37 58.54 56.69 59.75 55.64 58.85

9 46.83 56.84 63.01 58.89 61.35 58.81 58.61 59.45 57.53 58.02

10 49.04 56.39 62.87 59.66 61.64 59.12 60.42 58.79 56.57 58.88

11 51.24 56.45 64.01 58.86 62.25 59.23 61.47 59.41 58.05 59.58

Mean/kJ-mol~! | 53.56 57.92 57.86 57.82 57.63

Table 9. Isosteric adsorption heat of H,O at different temperatures and adsorption amount. TEM temperature,
ADS amount adsorption amount/ mL/g, ISO heat isosteric heat/kJ/mol.
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Interaction energy of CH J(kJimol)

Interaction energy of CH,/kJ-mol !
Pressure/MPa | 273.15K |283.15K |293.15K |303.15K |313.15K
0.01 —180.778 | — 142.777 | —121.499 | —114.344 | — 90.1083
1 —664.196 | —644.402 | — 555.727 | — 515.832 | — 517.486
8 —805.875 | —789.661 | —789.858 | —745.102 | — 685.013
15 —929.187 | —844.418 | —830.159 | — 826.752 | — 818.059

Table 10. Total interaction energy of CH,.
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Fig. 14. Interaction energy of single component CH,, CO, and H,O adsorption at different temperatures.

Interaction energy of CO, /kJ-mol™!

Pressure/MPa | 273.15K |283.15K |293.15K |303.15K |313.15K
0.01 —956.131 | —919.924 | —827.9 —801.807 | —632.603
1 —1480.77 | — 1441.03 | —1392.33 | — 1348.95 | — 1281.09
8 —1735.64 | — 1571.16 | — 1519.23 | — 1442.63 | — 1379.44
15 —1705.38 | —1679.37 | —1609.7 | —1483.36 | — 1340.12

Table 11. Total interaction energy of CO,.

It is observed that for CH, and CO,, which are adsorbed in larger quantities, the isosteric adsorption heat
data points become scattered in the high adsorption amount stage. The Monte Carlo method is a numerical
computational method centered on probabilistic statistical theory. The simulation process begins with the
development of an appropriate stochastic process or probabilistic model for a given problem so that the
mathematical expectation of the probabilistic event is equal to the solution to the problem. There will be random
rise and fall of adsorbate molecules within the system of this method, the number of adsorbate molecules is not
a conserved quantity, and the adsorption process is an open system for adsorbate molecules in the pores of the
adsorbent, and the adsorbate molecules within the pores can exchange substances and energy. With the increase
of adsorption amount, the high potential energy adsorption sites are gradually occupied, and the adsorbate
is gradually shifted to the sub-priority adsorption sites. When the adsorption amount reaches a certain level,
the adsorbate molecules gradually tend to saturation, and the insertion and deletion of adsorbate particles
become frequent at that stage, which is in the process of dynamic equilibrium, which leads to the phenomenon
of random rise and fall of the isosteric heat of adsorption of CH, and CO, at high adsorption amount, resulting
in the dispersion of the data of the isosteric heat of adsorption, which is permissible.

Interaction energy of CH,, CO, and H,0

The interaction energy represents the intensity of the interaction between gas and coal during the adsorption
process, which to some extent reflects the stability of the gas adsorption state. The interaction during the
adsorption process is the sum of the interaction energy between adsorbent-adsorbate and adsorbate-adsorbate.
There are mainly three types of interactions between coal molecules and gas molecules: van der Waals force,
electrostatic force, and hydrogen bonding force?*. To further investigate the relationship between adsorption
capacity, adsorption heat, and interaction energy, the interaction energy during the adsorption process of single
component CH,, CO,, and H,O was studied. The interaction energy of single component CH,, CO,, and H,0
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Interaction energy of H,0 /kJ/mol !

Pressure/MPa | 273.15K | 283.15K |293.15K |303.15K |313.15K
0.01 —1643.69 | —3537.15 | —3070.58 | —2752.94 | —2158.86
1 —3489.74 | —4268.64 | —4097.77 | — 3762.14 | — 3593.72
8 —4787.16 | —4954.95 | —4905.67 | — 4862.53 | — 4862.53
15 —4741.05 | — 5773.86 | —5483.03 | — 4861.34 | — 4985.70

Table 12. Total interaction energy of H,O.

adsorbed in the Jixi gas fertilizer coal macromolecular model at five temperatures (273.15 K, 283.15 K, 293.15 K,
303.15 K, 313.15 K) and four pressures (0.01 MPa, 1 MPa, 8 MPa, 15 MPa). is shown in Fig. 14.

The interaction energy gradually increases with the increase of pressure, and decreases with the increase
of temperature. The total interaction energies of CH,, CO,, and H,O molecules under different temperature
and pressure conditions are shown in Tables 10, 11 and 12,The maximum absolute value of the adsorption
interaction energy of H,O molecules is -1643.69 kJ/mol~-5773.86 k]/mol, The interaction energy of CO, takes
the second place, ranging from —956.131 kJ/mol to -1705.38 k]/mol, The minimum interaction energy of CH,
is -180.778 kJ/mol~-929.187 kJ/mol, and the calculated results are similar to®!%>*3°, During the adsorption
process of H,O molecules, the interaction energy is the highest, followed by the interaction energy of CO,, and
the interaction energy of CH, is the lowest, which is consistent with the order of adsorption capacity of the three
adsorbents. As the temperature increases, the interaction energy decreases, which is consistent with the trend
of adsorption capacity changing with temperature. Gas molecules are adsorbed into the pores of coal through
interactions, and the adsorption amount is positively correlated with the interaction energy.

The interaction energy between CH, and CO, during adsorption is mainly composed of van der Waals forces
and electrostatic forces. CH, and CO, are polar molecules with charged atoms. When two polar molecules
approach each other, they undergo the phenomenon of homopolar repulsion and heteropolar attraction. The
attraction effect caused by the orientation of these polar molecules is called orientation effect, also known as
electrostatic force, which is related to the dipole moment and quadrupole moment of polar molecules, and the
larger the dipole moment, the stronger the orientation effect. More than 99% of the interaction energy in the
CH, adsorption process was van der Waals energy, and van der Waals interaction energy dominated the CH,
adsorption process. The interaction energy in the CO, adsorption process was dominated by van der Waals
interactions, which accounted for 64.41%, and the rest were electrostatic interactions, which accounted for
35.59%. Due to the existence of quadrupole moments, CO, adsorption has a large electrostatic interaction, while
CH, does not exist dipole and quadrupole moments, so the electrostatic interaction between CH, molecules and
coal molecules is weak, but there is a certain polarisation rate, and in the process of adsorption, the van der Waals
force is mainly derived from dispersive and induced forces. During the adsorption of CO,, the van der Waals
force mainly comes from the directional force caused by the inherent dipole reversal. The interaction energy in
the adsorption process of H,O molecules is mainly dominated by hydrogen bonding, accounting for about 98%
of the total interaction energy, supplemented by van der Waals interactions, accounting for 2%. On the one hand,
the water molecules form stable hydrogen bonding structure with the polar functional groups on the coal surface,
on the other hand, with the adsorption, the water molecules undergo capillary condensation phenomenon and
form water clusters, and hydrogen bonding is generated between H,0-H,O. With the increase of pressure, when
the pressure increases to 8 MPa, the van der Waals energy becomes positive, and the H,O molecules adsorbed
in the early stage are repelled from those adsorbed in the later stage, and the van der Waals energy becomes a
negative energy term in the adsorption process of H,O. The hydrogen bonding energy is always negative, which
is a positive energy term in the adsorption process of H,O molecules, and it is continuously enhanced with the
increase of pressure. The absolute value of the hydrogen bonding energy is greater than the absolute value of the
van der Waals interaction energy, and the overall interaction energy is negative and adsorption can still occur.
When the pressure is 15 MPa, the interaction energy of H,0 molecules is 3.46 times that of CO, molecules and
6.37 times that of CH, molecules.

Conclusion

(1) The adsorption amount of CH » CO,, and H,0 increases with the increase of pressure, and the adsorption
isotherms are consistent with Langmuir I isotherms. With the increase in temperature, the saturated ad-
sorbed amount of CH, decreased from 14.37 ml/gat 273.15 K to 11.18 ml/g at 313.15 K, which is a decrease
of 22.20%, and the saturated adsorbed amount of CO, decreased from 24.7 ml/g at 273.15 K to 20.4 ml/g at
313.15 K, which is a decrease of 17.4%. The adsorbed amount of H,0O molecules increased from 66.61 ml/g
to 84.21 ml/g from 273.15 K to 283.15 K. The adsorbed amount decreased from 66.61 ml/g to 84.21 ml/g
at 313.15 K, and the saturated adsorbed amount decreased by 10.39%. The potential energy distributions
of CH,, CO, and H,O molecules are poisson distributed. The absolute values of the most significant inter-
action energies were, from high to low, H,0>CO,>CH,; the increase in temperature leads to a gradual
decrease in the adsorption potential corresponding to the most significant adsorption sites of CH,, and the
water molecules moved first to the adsorption site with higher interaction energy and then to the adsorp-
tion site with smaller interaction. The energy distribution curves of all three molecules, CH » CO, and H,0,
shifted to the right with increasing pressure, and with adsorption, the adsorbate moved from the preferen-
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)

3)

tial adsorption site with larger interaction energy to the secondary adsorption site with smaller interaction
energy.

From the probability densities of CH,, CO, and H,O adsorption processes, it can be seen that H,O mol-
ecules are the most abundant in adsorption sites, CO, has the second highest content of adsorption sites,
and CH, molecules have the lowest content of adsorption sites. The adsorption sites of the three adsorbent
molecules overlap, and competition for the same adsorption site occurs during the multiple adsorption
process. The temperature was increased from 273.15 K to 313.15 K. The diffusion coefficient of CH, mole-
cules was increased from 0.42 x 10~?m?/s to 0.82x 10~°m?/s, that of CO, molecules from 1.02x 10~ ?m?/s
to 1.21 X 10~°m?/s, and that of H,O molecules from 1.13x 10~°m?/s to 1.82xx10~"m?/s. The diffusion
coefficients of the three gases at the same temperature have the relationship: H,0>CO,>CH,, and the
activation energies of diffusion of CH,, CO, and H,O are 12.20 kJ/mol, 3.36 k]/mol and 8.47 k]/mol, respec-
tively, and the diffusion of CO, is more likely to occur.

CH, molecules are distributed in layers in the middle part of the model; CO, molecules are distributed
in bands along the Z-axis; H,O molecules are distributed in multiple clusters along the Z-axis. With the
increase of adsorption amount and pressure, the isosteric heat of adsorption of CH, and CO, gradually
decreases, and the isosteric heat of adsorption of H,O molecules gradually increase. The non-homogene-
ous effect of coal body dominates the adsorption process of CH, and CO, molecules, and the H,0-H,0
interaction gradually dominates the adsorption process of H,O molecules. The adsorption of CH, and CO,
in the coal belongs to physical adsorption, while the adsorption process of H,O molecules is beyond the
scope of physical adsorption. The absolute values of the interaction energies were in the following order:
H,0>CO,>CH,, with the increase of temperature, the absolute values of the interaction energies of CH 4
and CO, decreased, and the absolute values of the interaction energies of H,0 increased and then de-
creased; with the increase of equilibrium pressure, the absolute values of the interaction energies increased.
van der Waals” energy dominated the adsorption process of CH, and accounted for more than 99% of the
total interaction energy. During CO, adsorption, electrostatic energy accounted for about 35.59% and van
der Waals energy accounted for 64.41%.The interaction energy of H,O adsorption was dominated by hy-
drogen bonding, which accounted for about 98% of the interaction energy, and supplemented by van der
Waals energy, which accounted for 2% of the interaction energy. When the pressure was greater than 8 MPa,
van der Waals interactions had a negative effect on adsorption.
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