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Abstract The adsorption, diffusion, and aggregation of
methane from coal are often studied based on slit or carbon
nanotube models and isothermal adsorption and
thermodynamics theories. However, the pore morphology
of the slit model involves a single slit, and the carbon
nanotube model does not consider the molecular structure
of coal. The difference of the adsorption capacity of coal to
methane was determined without considering the external
environmental conditions by the molecular structure and
pore morphology of coal. The study of methane adsorption
by coal under single condition cannot reveal its
mechanism. In view of this, elemental analysis, FTIR
spectrum, XPS electron energy spectrum, 13C NMR, and
isothermal adsorption tests were conducted on the semi-
anthracite of Changping mine and the anthracite of Sihe
Mine in Shanxi Province, China. The grand canonical
Monte Carlo (GCMC) and molecular dynamics simulation
method was used to establish the coal molecular structure
model. By comparing the results with the experimental test
results, the accuracy and practicability of the molecular
structure model are confirmed. Based on the adsorption
potential energy theory and aggregation model, the
adsorption force of methane on aromatic ring structure,
pyrrole nitrogen structure, aliphatic structure, and oxygen-
containing functional group was calculated. The
relationship  between pore morphology, methane
aggregation morphology, and coal molecular structure was
revealed. The results show that the adsorption force of coal
molecular structure on methane is as follows: aromatic ring
structure  (1.96  kcal/mol) > pyridine nitrogen
(1.41 kcal/mol) > pyrrorole nitrogen (1.05 kcal/mol) >
aliphatic structure (0.29 kcal/mol) > oxygen-containing
functional group (0.20 kcal/mol). In the long and narrow
regular pores of semi-anthracite and anthracite, methane
aggregates in clusters at turns and aperture changes, and
the adsorption and aggregation positions are mainly
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determined by the aromatic ring structure, the positions of
pyrrole nitrogen and pyridine nitrogen. The degree of
aggregation is controlled by the interaction energy and
pore morphology. The results pertaining to coal molecular
structure and pore morphology on methane adsorption and
aggregation location and degree are conducive to the
evaluation of the adsorption mechanism of methane in
coal.

Keywords Grand Canonical Monte Carlo, pore
morphology, methane adsorption, molecular structure of
coal

1 Introduction

Methane mainly occurs in coal in a state of adsorption,
and the adsorption and diffusion behavior of coal to
methane is jointly determined by the molecular structure
of coal such as aromatic ring structure and fat structure,
pore morphology, and external environment such as
pressure and temperature (Meng et al., 2016; Tao et al.,
2019). At present, scholars use carbon nanotube models,
slit models, or aggregation models to study the
adsorption, diffusion, and migration behavior of gas in
the pore of its composition. When the carbon nanotubes
model is applied to the study, more emphasis is placed on
the influences of nano-pore structure, temperature, and
pressure on gas viscosity, resulting in the influences of
adsorption capacity and migration behavior. As the
influence of coal molecular structure differences on
methane adsorption behavior is not considered, so the
research results are incomplete. When applying the slit
model to research, staff in that particular laboratory tested
the layer spacing and chemical structure composition of
coal, and then constructed the slit model including the
aromatic ring structure, fat structure and interlayer
structure of coal. All the pores were regarded as slits,
which were different from the real pore shape (Yeganegi
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etal., 2016; Kazemi et al., 2017; Song et al., 2018; Tao
etal., 2018 ). A state of aggregation model compensates
for the nanotube model not considering defects in the
molecular structure of the coal, and it can overcome the
defect of the model of a single slit pore configuration. To
study coal methane adsorption, giving full consideration
to the coal molecular structure and the influences of pore
morphology of methane adsorption behavior: based on
this, according to the state of aggregation-model research,
this research aims to examine the mechanism of coal
methane adsorption.

In recent years, Mosher etal. (2013) verified the
accuracy of the grand canonical Monte Carlo (GCMC)
simulation method in nanoscale porous media through
simulation and experimental comparisons. Li et al. (2018)
compared the GCMC simulation results with the
measurement results of adsorbed coal samples from two
different coal mines using a laboratory gas absorption
instrument, and investigated the adsorption characteristics
of methane molecules on coal pores from different
perspectives. Song et al. (2018) studied the relationship
between excess isothermal adsorption lines, pore
morphology, and adsorption capacity through GCMC
simulations. The GCMC simulation method that is used
to study the adsorption characteristics of methane
molecules on coal pores has been gradually recognized by
many scholars, so it is adopted in the present research.

To reveal the mechanism of methane adsorption by
coal, the relationship between pore morphology, methane
adsorption location, and molecular structure was studied.
In this paper, elemental analysis, FTIR spectrum, XPS
electron energy spectrum, '3C NMR, and isothermal
adsorption tests on semi-anthracite and anthracite were
performed to construct the coal molecular structure
model. The results were compared with the experimental
test results (Liuetal,2018; Zhao etal.,2018; Dong
etal.,2019; Shangetal.,2019; Tao etal., 2020; Yan
et al., 2020) to ensure the accuracy and availability of the
established molecular structure model. The GCMC and
molecular dynamics simulation method was used to
assess methane adsorption on the aggregated coal
molecular structure model, allowing observation of the
morphology and composition of pores as well as the state
of adsorption of methane molecules in the pores. The
result lays a foundation for the study of the microscopic
adsorption mechanism of coal to methane.

2 Research methods and procedures
2.1 Research methods

The research methods are described as follows.

1) Coal samples from Sihe Mine and Changping Mine
(hereinafter referred to as SH coal and CP coal) in Shanxi
Province were separately collected, and elemental
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analysis, 13C NMR, FTIR, and XPS experiments were
undertaken to establish the macromolecular structure
model of coal.

Changping Mine is in Sizhuang Town, northwest of
Gaoping City, in the southern Qinshui Basin. The main
coal measures are 500— 720 m of Taiyuan Formation of
Upper Carboniferous and Shanxi Formation of Lower
Permian. Sihe coal mine is in the south-east edge of
Qinshui coalfield in the central and southern part of
Shanxi Province. The coal bearing stratum is the No. 3
coal seam in the lower part of Shanxi Formation of
Permian system, with a burial depth of about 450 m.

2) According to the coal high-pressure isothermal
adsorption test method (GB/T 19560-2008), isothermal
adsorption experiments were conducted on coal samples
from the two mines.

3) According to the macromolecular structure model
established, the isothermal adsorption curve of CH,
adsorption could be simulated.

4) Microcosmic mechanisms of CH, adsorption by coal
molecular structures were revealed.

The research method is as Fig. 1.

2.2 Research procedures

2.2.1 Establishing a molecular structure model for coal

1) According to coal industrial analysis method
(GBT212-2008.), the SH and CP coal samples were
subjected to elemental analysis.

2) The Bruker 600 MHz superconducting NMR spectro-
meter was used to perform 3C NMR tests on coal
samples. The 13C NMR parameter table was obtained by
means of peak separation fitting technique for the !3C-
spectrum after testing. The aromatic-ring structure in coal
was determined by using the formula for the bridge
carbon ratio, expressed as follows:

Xpp = f2/(f2+ L+ ), (1)

where Xp;, represents the ratio of aromatic bridgehead C
to aromatic peripheral C on aromatic rings; /B, /.5, fP,
and f;H denote aromatic bridgehead C, alkylated aromatic
C, aromatic C bound to hydroxyl or ether oxygen, and
protonated and aromatic C, respectively.

3) According to General Rules of Infrared Spectral
Analysis (GB/T 6040-2019), FTIR test was conducted on
coal samples from the two mines using an IS50-Seymour
Flyer Spectrometer. Combined with 13C NMR test results,
the existing form of aliphatic structure in coal was
determined.

4) According to general rules (GB/T19500-2004) for
X-ray photoelectron spectroscopy analysis, XPS tests
were conducted on coal samples from two mines using an
AXIS ULTRA DLD X-ray photoelectron spectrometer,
and according to the XPS test results, the distribution and
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Fig. 1 Research methods.

proportion of each atomic structure form were determined
by peak fitting.

5) After determining the composition of coal molecular
structure, Materials Studio® modeling software was used
to establish the coal molecular structure model. The
specific construction method refers to published research
(Bin et al., 2021).

The specific methods as follow.

1) Drawing of planar macromolecular structures and
verification of calculated results

Step 1: According to the determined forms of aromatic
hydrocarbons, aliphatic hydrocarbons, and heteroatoms in
the coal samples, their chemical structures are obtained
and drawn using the ACD/ChemSketch software.

Step 2: Chemical shifts of the drawn planar structures
are calculated by using ACD/CNMR predictor, thus
attaining the 13C NMR spectra, which are then imported
into Origin software for comparison with the experi-
mental spectra to verify the accuracy of the calculated !3C
NMR spectra.

2) Model optimization

To make the established molecular structure model of
coal better resemble the actual structures, molecular
mechanics and molecular dynamics (annealing kinetics)
in MS are used to optimize the planar macromolecular
structures. The specific procedure is described as follows.

At first, the molecular dynamics simulation is
performed to force the complex potential energy surface
of macromolecular structures in coal to a state of local
minimum energy. Then, the annealing process, compris-
ing 10 cycles of heating or cooling by 5 K from the initial
temperature of 300 K, with the highest temperature of
600 K, was conducted to determine the minimum energy
and thereby optimize the structures, avoiding local
minimization of the energy therein.

3) Isothermal adsorption experiments for coal

The ISO-300 isothermal adsorption apparatus was used
to measure the absorption at 298.15 K, and eight
pressure-points were used in these tests according to the

high-pressure isothermal adsorption test method for coal
(GB/T 19560-2008).

4) Simulation of CH, adsorption

(i) Optimization of the plane molecular structure model

The CH, molecular model was obtained using proprie-
tary software, and the best matching molecular structure
model was established by modifying the 13C NMR atlas
derived from experimental data.

(i1) Optimization of molecular mechanics and dynamics
of the molecular structure model

The specific parameters of molecular mechanics are as
follows: the maximum number of simulated loading steps
was 100000, the number of process steps was set to
100000, the temperature cycle was run five times using
automatic temperature control and automatic step
adjustment; the quality was set to medium; the Metropolis
calculation method was used, with the number of charge
balance steps being 100000, and the force field set to the
Dreiding force field model, which was cycled every 50
steps and averaged.

The molecular structure model was optimized by way
of the “Dynamics” task in Forcite modules. First, the
position of CH, adsorption was determined by using the
adsorption locator modules in the software and the
principle of simulated annealing in accordance with the
principle of energy minimization. The initial rate
followed a Boltzmann random distribution, and canonical
ensemble (NVT) and Dreiding force fields were adopted
(a Dreiding force field was found to be accurate and
reliable than the Uff force field and COMPASS force
field in predicting molecular systems composed of intra-
molar interaction forces. Therefore, the Dreiding force
field was used in molecular mechanics, dynamics, and
quantum mechanics simulations herein). Nose was
employed to maintain the temperature at 298.15 K. The
simulation was conducted for 3000 ps in increments of
0.5 fs, with output provided every 100 steps. The system
reached equilibrium in the first 1500 ps, while the
structural and dynamic properties of the system were
obtained in the last 1500 ps.
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5) Simulation of isothermal adsorption curves

The “Sorption isotherm” module in the software was
used. The temperature was set to 298.15 K and the
pressure ranged from 0 to 10 MPa (fugacity rather than
pressure, had to be input to the software, and the
pressure-fugacity conversion was realized by way of the
Peng-Robinson equation). The GCMC simulation was
based on periodic boundary conditions, and the initial
configuration was a molecular structure model with the
lowest energy and without adsorbate molecules.
Thereafter, according to the change in energy, Metropolis
operation rules were adopted to accept or reject the
generation, disappearance, translation, and rotation of
adsorbate molecules, so as to minimize the energy of the
system and form a new configuration. The probabilities
of accepting exchange of adsorbate molecules, configura-
tional isomerization, rotation, and translation were 40%,
20%, 20%, and 20%, respectively.

6) Formula for pressure-fugacity conversion

The comparison state method is used to convert
pressure to fugacity, and the formula is as follows (Du
etal., 2021):

PV
Z= @
f\ . mzZ-1
111(; —lngo—JO Pr dPr, (3)
P
P.=— 4
r Pc’ ( )

where f; ¢, R, and T represent the fugacity, dimensionless
fugacity coefficient, ideal gas constant, and temperature,
respectively; V, P, P, P, and Z represent the volume of
gas, actual pressure, critical pressure strength (gas-liquid
critical state), ratio of the real pressure to the critical
pressure, and compression ratio, respectively.

2.2.2 Interaction energy between coal molecular structure
and CH,

1) Interaction energy between CH, molecules

For a pure adsorbate system, the L-J potential function
was adopted to simulate the interaction between two CH,
molecules (Sposito et al., 2000; Brochard et al., 2012;
Wang et al., 2020; Men et al., 2021). Interaction energy

Table 1 Test results of contents of main elements and Ry nax
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(Ecn,-ch,) of the two in such a pure adsorption system
depends on the distance » between the reference atoms:

Ecn,-ci,(r) = 4scu, [( o'(;m )12 ~ (O’CH4 )6}’ )

r

where ¢ and ¢ denote the L-J parameters. Here L-J
parameters proposed by Yohanes-Kurniawan et al. (2006)
were used to calculate the density of CH, at the super
critical conditions (7, = 303.15 K and P, = 4.62 MPa).
2) Interaction energy between coal structures
Interaction energy between the coal macro-molecules is
modeled based on the following equation:

Ecoal—coal () = Z 4ei; [(?) _(%) ]’ (6)

iecoal =t

where ¢, ; and o, ; represent the L-J parameters between
gas adsorbates and the atom i of coal depending on the
nature of the atom i (C, H, N, or O). They can both be
calculated by application of the Lorentz-Berthelot rules.
The L-J parameters for the related atoms here are: o, =
336 A,04=2.42A,0,=3.033 A, &, =28ky, &, = 15.08kp,
and e, = 80.507kj.

3) Interaction energy between coal structure and CH,

Interaction energy (Ech,-coa) between the gas adsor-
bates and coal macro-molecules is modeled based on the
following equation:

(7

where Ep ., (Etotal is calculated by the Forcite module)
and E_, ... represent the total energy of CH, adsorption
by the coal molecular structure and the energy between
coal molecular structures, respectively (i.e., the energy by
which Ecy,—ch, is adsorbed on CH, molecules).

ECH4—coal = ETotal — (Ecoal—coal + ECH4—CH4)7

3 Results and discussion

3.1 Establishment of the molecular structure model of coal
1) Results of elemental analysis

The results of elemental analysis are listed in Table 1.

2) Construction of the molecular structure model of
coal

Among them, FTIR, XPS, and '3C NMR analysis
methods are all based on a peak-separation fitting method

of coal samples

Elemental analysis

Coal sample Serial number Ry maxTo

C% H% N% 0% S% H/C o/C
Changping mine coal Cp 2.68 88.91 3.77 1.91 4.98 0.43 0.51 0.04
Sihe mine coal SH 3.28 91.06 3.13 1.58 3.71 0.52 0.41 0.03

Note: R, is the average maximum vitrinite reflectance of coal.
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(Tao et al., 2018; Meng et al., 2021). Parameters obtained
by 13C NMR are listed in Table 2.

The numbers of C, H, O, and N atoms were calculated
using the results of elemental analysis, and the plane
molecular structure models of CP and SH coal were
preliminarily constructed. The molecular structure model
of coal was modified by using matching experimental
NMR spectra (Figs. 2 and 3). The element composition of
the molecular structure model is summarized in Table 3.

3) Optimized molecular structure model

According to the optimization steps for molecular
mechanics and dynamics of the molecular structure model
(i) in Step 4), optimized molecular structure models of
CP semi-anthracite and SH anthracite are demonstrated in
Figs. 4 and 5.

In the ball-and-stick model, gray represents carbon
atoms; the white sphere represents hydrogen; the red ball
denotes oxygen and the blue ball represents nitrogen
atoms.
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3.2 Comparison of coal isothermal adsorption experiments
and simulation results

From the adsorption isotherm module, the fugacity-
adsorption capacity curve of CH, adsorption by coal was
obtained. Eqgs. (2) to (4), used for pressure-fugacity
conversion, were adopted to calculate the relationship
between pressure and adsorption capacity. The simulation
and experimentation results are shown in Fig. 6.

As illustrated in Fig. 6, the simulated behavior of CP
and SH coal samples was aligned using a Langmuir
model (The points in Fig. 6 are the pressure points set in
the test simulation, and the curves in Fig. 6 are fitted
accordingly). The simulated values of V| for CP and SH
coal samples are 37 and 43 cm’/g. The values of V|
obtained experimentally are 34 and 42 cm’/g. The
simulated results are very close to the experimental
results, which can therefore be analyzed according to the
simulation.

Table 2 '3C NMR parameters

Coal sample number Xep  Sil% L% % [N fR% fS1% fB1% f9%  ful% 4% f% f,00%
cp 031 8693 7778 5470 2308 213 251 1844 915 1012 435 3.13 2.64
SH 036 8033 7325 47.68 2557 293 322 1942 708 1462 468 3.95 5.99

Notes: f;: total sp? hybridized C; f,;: total sp> hybridized C; £,C: carbonyl group or carboxyl group C (J > 165) ; f*,: aromatic C; f;H: protonated and aromatic
C (100 < 0 < 129); j;N: non-protonated and aromatic C; faP: aromatic C bonded to hydroxyl or ether oxygen (152 < § < 165); fas: alkylated aromatic C
(139 < § < 152); £;B: aromatic bridgehead C (129 < § < 139); f,*: CH, or quaternary C (8 = 16); f,,: CH or CH, (8 = 30); £,,©: aliphatic C bonded to

oxygen (75 < & < 90).
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Fig. 2 Macromolecular structure and NMR spectrum of CP coal.
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Fig.3 Macromolecular structure and NMR spectrum of SH coal.
Table 3 Planar macromolecular structure model parameters
Coal sample number Element content Molecular formula Molecular mass
cP C (88.65%) H (4.62%) N (1.84%) O (4.89%) C,6oH105N30; 2289
SH C (90.35%) H (4.62%) N (1.37%) O (3.66%) Cy30H,40N;0, 3057

Fig. 4 Molecular structure model of CP coal after optimization.

3.3 Microscopic mechanism of methane adsorption by coal
structure

3.3.1 The action mechanism of molecular structure on
methane

1) Effect of pore structure on methane adsorption
The adsorption conformation of CP molecular structure
is shown in Fig. 7.

Fig. 5 Optimized molecular structure model of SH coal.

As shown in Fig. 7, CH, is mainly adsorbed in CI to
CV-type pores in CP coal. The CI pore is U-shaped and
adsorbs nine CH, molecules. The pore includes the
pyrrole nitrogen CI,, pyrrole nitrogen CI,, and aromatic-
ring structure + oxygen-containing functional group CI;,
with values of Ecp,com of —0.65, —1.33, and
—1.71 kcal/mol, respectively.
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Fig. 6 Comparison of simulated and experimental isothermal

adsorption curves

The CII pore, a L-shaped narrow pore, adsorbs four
CH, molecules and comprises pyrrole nitrogen CII,
and aromatic-ring structure CII,. Ecn,—coal values are
(separately) —0.90 and —1.29 kcal/mol.

The CIII pore is classified as a K-type narrow pore that
adsorbs eight CH, molecules and it consists of the
aromatic-ring structure + oxygen-containing functional
group CIII,, aromatic-ring structure CIII,, and pyrrole
nitrogen CIII;. Their Ech,—cou values are —0.66, —3.81,
and —1.41 kcal/mol, respectively.

CIV denotes a connected pore of irregular shape that
adsorbs six CH, molecules and consists of the aromatic-
ring structure CIV,, aromatic-ring structure + oxygen-
containing functional group + aliphatic structure CIV,,
and aromatic-ring structure CIV,, with Ecy,—coal Values of
—0.99, —3.16, and —1.28 kcal/mol, respectively.

CV is a vase-shaped connected pore with a quadrilate-
ral mouth; it adsorbs eight CH, molecules. The pore
includes the aromatic-ring structure CV,, aromatic-ring
structure + pyrrole nitrogen CV, and aromatic-ring
structure + aliphatic structure + pyrrole nitrogen CV,, with

Q) Pore CIII
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values of Ech,-coal Of —2.42, —4.53, and —3.25 kcal/mol,
respectively.

The adsorption conformation of SH molecular structure
is shown in Fig. 8.

Figure 8 reveals that CH, is mainly adsorbed in SI to
SIII pores in SH coal. The SI connected pore adsorbs 18
CH, molecules in total and it comprises an aromatic-ring
structure + oxygen-containing functional group + aliphatic
structure SI;, aromatic-ring structure + pyridine nitrogen
SI,, and aromatic-ring structure + oxygen-containing
functional group SI;. The values of Ech,—coal thereof are
—3.45, -3.60, and —3.43 kcal/mol, respectively.

SII is an L-shaped pore that is narrow in the vertical
direction and wide at the bottom, in which seven CH,
molecules are adsorbed. The pore includes an aromatic-
ring structure + aliphatic structure SII;, aromatic-ring
structure + oxygen-containing functional group SII,, and
aromatic-ring structure + pyridine nitrogen SII;. The
EcH,-coat values thereof are —1.61, —2.85, and —3.13
kcal/mol, respectively.

SIII is a lenticular pore and adsorbs one CH, molecule,
including the aromatic-ring structure + aliphatic structure
SIII;, and SIII,. The Ech,-coat Vvalues are (separately)
—1.25 and —0.04 kcal/mol.

2) Interaction energy between molecular structures of
coal and CH,

EcH,-coal data in Tables 4 and 5 were analyzed by using
the following methods of calculation.

(D By calculating the average interaction energy of
ClIl,, CIIlL,, CIV,, CIV,, and CV, structures, the average
interaction energy of the aromatic-ring structure is
—1.96 kcal/mol.

2 By averaging Interaction energy of CI,, CL,, CII,,
and ClII; structures, the average interaction energy of the
pyrrole nitrogen is —1.05 kcal/mol.

®) According to SI, and SII; structures, the average
interaction energy of the aromatic-ring structure + pyridine
nitrogen is —3.37 kcal/mol. Then, after subtracting the
average interaction energy of aromatic-ring structures, the

Pore CI. CII
X

Fig. 7 Adsorption conformation of methane by molecular structure of CP coal.
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Table 4 CP methane saturated adsorption pore structure parameters table

. Ecy,-
Serial number Pore pattern Pore structure r(A) a dsorl'\;t?grllarrllzmber (k Cll'l“ Cozl'l_l)
cal-mo
CI1 pyrrole nitrogen 3.83 2 —0.56
Cl CI2 U-shaped pore pyrrole nitrogen 3.99 3 -1.33
B3 aromatic-ring structure + 5.56 4 “1.71
oxygen-containing functional group
CII1 pyrrole nitrogen 5.57 2 —-0.90
clI L-shaped narrow pore
CII2 aromatic-ring structure 431 2 -1.29
CII aromatic-ring structure + 732 2 ~0.66
oxygen-containing functional group
CIlI CIII2 K-type narrow pore aromatic-ring structure 4.47 4 -3.81
CII3 pyrrole nitrogen 4.28 2 —1.41
CIV1 aromatic-ring structure 6.13 1 -0.99
connected pore of aromatic-ring structure +
CIv CIV2 irreeular Sha o oxygen-containing functional group + 3.80 4 —3.16
g P aliphatic structure
CIV3 aromatic-ring structure 4.49 1 -1.28
CVl1 aromatic-ring structure 4.89 2 -2.42
cv cv2 vase-shaped aromatic-ring structure + 4.60 3 —453
connected pore pyrrole nitrogen
aromatic-ring structure + »
Cv3 aliphatic structure + pyrrole nitrogen 4.67 3 3.25
Note: Interaction energy is negative to indicate the adsorption force between the structure and methane.
Table 5 Pore structure parameters of SH methane saturation adsorption
Ech,-
Serial number Pore pattern Pore structure r(A) a dsorl;flt‘ii(tlrllagl‘?mber (& C;_L‘ cozlﬂ_l)
cal-mo
aromatic-ring structure + oxygen-containing _
8L, functional group + aliphatic structure 457 6 3.45
connected pore of . .o . B
SI SL, U-shaped pore aromatic-ring structure + pyridine nitrogen 4.51 6 3.60
ST aromatic-ring structure + 4.95 6 343
3 oxygen-containing functional group ) :
SII, aromatic-ring structure + aliphatic structure 3.86 1 -1.61
aromatic-ring structure + _
St SIL L-shaped pore oxygen-containing functional group 495 3 2.85
Sll, aromatic-ring structure + pyridine nitrogen 4.78 3 -3.13
SIII, . aromatic-ring structure + aliphatic structure 4.75 1 -1.25
ST lenticular pore
SIII, aromatic-ring structure + aliphatic structure 9.17 1 —-0.04

Note: Interaction energy is negative to indicate the adsorption force between the structure and methane.

Pore SII Pore SI

Fig. 8 Conformation of methane adsorption by SH coal molecular structure.
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average interaction energy of the pyridine nitrogen is
—1.41 kcal/mol.

@ Based on the average interaction energy of CI .,
CIII,, SI;, and SII, structures, the average interaction
energy of the aromatic-ring structure + oxygen-containing
functional group is —2.16 kcal/mol. The average
interaction energy of oxygen-containing functional
groups is —0.20 kcal/mol (after subtracting that of the
aromatic-ring structure).

® By subtracting the average interaction energy of
pyridine nitrogen CV,, the average interaction energy of
the aromatic-ring structure + aliphatic structure is
—2.20 kcal/mol. After removing the oxygen-containing
functional group, the average interaction energies of
aromatic-ring structures + aliphatic structures CIV, and
SI, are —2.96 and —3.25 kcal/mol, respectively. Finally,
by averaging with the interaction energies of SII; and
SIII,, the aromatic-ring structure + aliphatic structure is
found to have a mean average interaction energy of
—2.25 kcal/mol. After removing the aromatic-ring
structure, the average interaction energy of the aliphatic
structure is —0.29 kcal/mol.

The interaction energy between coal molecular structure
and methane is shown in Fig. 9.

Figure 9 illustrates that the aromatic-ring structure,
pyridine nitrogen, pyrrole nitrogen, aliphatic structure,
and oxygen-containing functional group are ranked (in
descending order) according to interaction energy.

3.3.2 The mechanism of the effect of pore morphology on
methane

1) Distribution state of methane molecules in CP coal

The distribution of methane molecules in pores CI to
CV of CP coal is shown in Fig. 10.

Figure 10 indicates that CH, molecules adsorbed in the
CI pore are mainly distributed around the turning part of
the U-shaped pore and the lower part of the turning
comprises pyrrole nitrogen CI, and CI,, while the upper

Pore CI CII,

CIlI, —>

N

Pore o CIL,
T Y

Pore CIII

%.
3l 5
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gen functional groups
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—1.41
pyridine N

—1.96  Aromatic ring structure

Fig. 9 Comparison diagram of interaction energy.

part consists of the aromatic-ring structure + oxygen-
containing functional group Cl;.

CH, molecules adsorbed in the CII pore are mainly
distributed around the turning end of the L-shaped pores,
where the aromatic-ring structure CII, and pyrrole
nitrogen CII, are shown.

CH, molecules adsorbed in the CIII pore are mainly
found at the K-shaped turning part, where it is composed
of the aromatic-ring structure + oxygen-containing
functional group CIII, and pyrrole nitrogen CIIL;. The
aromatic-ring structure CIII, is mainly found in a straight
section of the CIII pore.

In the CIV pore, CH, molecules are mainly distributed
around the center surrounded by three structures, i.e.,
CIV,, aromatic-ring structure in CIV,, and CIV.

In the CV pore, CH, molecules are uniformly arranged
within the irregular pore and are surrounded by CV,, by
pyrrole nitrogen in CV,, and the aliphatic structure in
CV,.

2) Distribution of CH, molecules in SH coal

The distribution of CH, molecules in SI to SIII pores in
SH coal is displayed in Fig. 11.

Figure 11 shows that more CH, molecules are adsorbed

e Pore CV

Pore CIV € _ ClV, Ccv~—<
=Z N Tl

CII, Bt s
g =

Fig. 10 Methane distribution in CP coal.
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Fig. 11 Methane distribution in SH coal.

in the SI pore and they are mainly concentrated near the
aromatic-ring structures in SI,, SI,, and SI;.

Only a few CH, molecules are adsorbed in the SII pore;
these are mainly concentrated near the aromatic-ring
structures in SII,, SII,, and SII,.

In the SIII pore, few CH, molecules are adsorbed; these
are mainly concentrated near the aromatic-ring structure
in SIII,.

3.4 Uncertainty analysis

1) This paper only studies the medium and high rank
coals of Changping coal and Sihe coal, but not discuss the
low rank coals. There are considerable differences in the
characteristics of coal pore fissure of different rank coals,
so the pore characteristics of low rank coals cannot be
characterized.

2) Due to the strong heterogeneity of coal samples and
the limitation of computer memory, the grand canonical
Monte Carlo simulation used in this paper has a certain
randomness, resulting in a certain difference between the
simulated calculation results and the measured results.

3) Coal matrix is composed of thousands of coal
molecules. In this paper, the macromolecular structure
model of coal was constructed based on the test samples,
and the adsorption mechanism of methane was studied.
The diversity of pore types leads to differences in coal
molecular structure and morphology, which needs further
research in the future.

4 Conclusions

1) Based on elements, FTIR, XPS, and 13C NMR, the
macromolecular structure models of CP semi-anthracite

and SH anthracite were optimized and established.
Isothermal adsorption experiments and GCMC simulation
methods were used to obtain the adsorption curves in
accordance with the Langmuir model. The V| of CP and
SH coal experiments is 34 ¢cm3/g and 42 cm?/g, and the
simulated values of ¥} are 37 cm3/g and 43 cm¥/g.

2) The molecular structure composition of CP and SH
coals and the strength of adsorption interaction between
methane and coal structure were evaluated. The aromatic-
ring structure (1.96 kcal/mol), pyridine nitrogen (1.41
kcal/mol), pyrrole nitrogen (1.05 kcal/mol), aliphatic
structure  (0.29 kcal/mol), and oxygen-containing
functional group (0.20 kcal/mol) were ranked (in
descending order) according to the adsorption force
between these molecular structures in coal and CH,.

3) The position at which CH, is adsorbed in semi-
anthracite and anthracite mainly depends on the positions
of aromatic-ring structures, pyrrole nitrogen, and pyridine
nitrogen. Its degree of aggregation is commonly affected
by interaction energy and pore morphology. CH, is
mainly accumulated at positions where the pore
morphonology changes (such as at the turning parts and
turning points of a pore).
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