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Evolution of pore characteristics
and methane adsorption
characteristics of Nanshan 1/3
coking coal under different stresses

Shuhao Fang, Hongqing Zhu™‘, Min Gao, Xin He, Qi Liao & Lintao Hu

To ascertain the evolution of pore characteristics and methane adsorption characteristics of the unit
cell of Nanshan 1/3 coking coal under different stresses, proximate analysis, ultimate analysis, solid-
state 3C nuclear magnetic resonance spectroscopy (**C-NMR) and X-ray photoelectron spectroscopy
(XPS) experiments were performed on the coal samples, and a molecular unit cell model of 1/3 coking
coal was established. As the increase of stress, pore diameter, proportion of larger pores, number

of pores, surface area, and pore volume all decrease, the rate of decrease gradually decreases, and
the smaller pores are less affected. Under 8 kinds of stress, the methane adsorption capacity and the
overall system energies all conform to the Langmuir adsorption curve; as the stress increases, the
methane adsorption capacity and the overall system energies both decrease, the rate of decrease
gradually decreases, and the order of the adsorbed methane increases. Stress changes the methane
adsorption capacity by changing the pore characteristics of the unit cell, and the stress has a more
obvious effect on larger pores. As the stress increases, the speed of the stress’s influence on the pores
weakens. This has certain guiding significance for studying the saturated adsorption capacity of
methane under different original in-situ stresses.

Coal is a complex and heterogeneous polymeric material composed of aromatic, aliphatic, various functional
groups and microcrystalline graphite sheet'™. Coal has the properties of porous media, divided into micropores
(<2 nm), mesopores (2-50 nm) and macropores (>50 nm)°>~. The adsorption of methane is mainly in micropores
and mesopores®’. There are many ways to calculate the pore information of a material.

The Poreblazer program can obtain information about the pore structure, but it also has some shortcomings'®.
For example, when the pore size is smaller than the size of the N, molecule, the pore size distribution (PSD) of
the material cannot be displayed'!. The Zeo + + program is based on Voronoi decomposition, which can better
characterize the pore structure properties'>'*. The radica Voronoi tessellation can effectively calculate the pore
structure of systems containing atoms of different radii'*. Martin et al.'® proposed the similarity coefficient based
on the void space structure of the material through Voronoi hologram. Martin et al.'® proposed an algorithm
for the assembling of crystalline porous polymer structure models that can be used in Zeo + + software. PSD
characterize the proportion of different pore sizes in the research object!”. Brochard et al.’® concluded that the
poromechanical response of a microporous medium to adsorption significantly depends on the PSD.

The radial distribution function (RDF) is the ratio of the local density in the radial to the average bulk
density of the system, which can reflect the characteristics of particle aggregation and order and structure
information'®-*%,

The gas adsorption theory of coal includes the Langmuir model of single-layer adsorption proposed by
Langmuir in 1916?*%*, the BET model of multilayer adsorption proposed by Brunauer, Emmett and Teller®®
in 1938, the DS model proposed by Dubinin and Stoeckli*® in 1980, and the adsorption potential model?. etc.
A large amount of literature has studied the influencing factors of coal’s methane adsorption capacity. Zhang
et al.”® concluded that temperature affects the structure of coal molecules, thereby affecting gas adsorption. Liu
et al.” concluded that the micropores of coal play an important role in gas adsorption capacity. Liu et al.* found
that the adsorption of methane in coal is mainly micropore filling adsorption. Yan and Yin et al.’"** believe that
the pore structure and specific surface area of coal directly affect the methane adsorption capacity. Bai et al.**
concluded that the injection of N, and CO, into coal inhibits methane adsorption. Wen et al.** concluded that
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Proximate analysis

w/% Ultimate analysis w4,/%
Coalsample | R%,,, | M,y |Aq Vaat C H Ogg |N Sia | Sample coal type
Nanshan 1.56 1.17 | 1843 |[3231 |76.84 |488 |17.11 [0.78 |0.39 |1/3]

Table 1. Proximate and ultimate analyses of Nanshan 1/3 coking coal. R°,, the vitrinite reflectance values;
(see the literature™ for the meaning of symbols).
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Figure 1. *C-NMR spectrum split peak fitting.

Type A A A R
1/3coking | 60.39 |19.86 |40.53 |2351 |17.02 |7.76 |578 |9.97 [3961 |1271 |97 |172

Table 2. *C-NMR structural parameters in coking coal (See the literature for the meaning of symbols).

temperature inhibit coal gas adsorption. Zhang et al.** studied the influence of micropore parameters and oxy-
genic functional groups on the adsorption capacity of methane. Wang and Pan et al.’**” studied the influence
of temperature, pressure and moisture content on the adsorption capacity of methane. Mosher, Liu and Wang
et al.®®%% studied the effect of pore size and pressure on the methane adsorption capacity of coal. Nie, Chen,
Zhao and Liu et al.*'=* studied the influence of pore structure characteristics on coal’s gas adsorption capacity
through simulation and experiment. Shan and Yeganegi et al.*>* studied the influence of pore shape on the gas
adsorption capacity of coal. Liu et al.#’ studied the influence of pressure and moisture content on the gas adsorp-
tion capacity of coal. Dang et al.*® studied the influence of functional groups, pressure and electrostatic on the
gas adsorption capacity of coal.

Based on the above literature analysis, the research on methane adsorption characteristics of coal seam under
three-dimensional stress is insufficient. Based on the experiment, the molecular model of Nanshan 1/3 coking
coal is established, this article comprehensively analyzes the evolution of the pore characteristic parameters of the
unit cell model and the adsorption characteristics of methane under different stress conditions (the six sides of the
unit cell are subjected to the same stress). The research has a certain guiding significance for the evolution of coal
pore characteristics and the saturated adsorption capacity of methane under different in-situ stress conditions.

Coking coal molecular model construction

Coal sample test results. Proximate analysis, ultimate analysis, ?*C-NMR and XPS tests were performed
on Nanshan 1/3 coking coal. The methods refer to literature*->'. The results of proximate analysis and ultimate
analysis are shown in Table 1.

For the peak fitting of the >*C-NMR spectrum, the structure attribution of the carbon element is judged
according to the chemical shift value®*-’, and the peak fitting is shown in Fig. 1. According to the relative area
value of each structure, the *C-NMR structural parameters of the coal sample were calculated, as shown in
Table 2.

According to the structure parameter value, calculate the ratio of aromatic bridge carbon to perimeter carbon,
Xgp as shown in Eq. (1),

B
Xpp = 20— f“P < = 0326 (1)
fat +fa +ha
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Figure 2. The split peak spectra.

The Avantage software was used to perform peak fitting of heteroatoms (C, O, N) in XPS*, ignoring the lower
content of $°, and judge the structure attribution of C, O, N elements based on chemical shifts®'~%*. The C(1s),
O(1s) and N(1s) split peak spectra of 1/3 coking coal are shown in Fig. 2a—c. The proportion of the structure is

calculated by the relative area, and the structure parameters of each peak position shown in Table 3.

Unit cell model construction. Based on the results of proximate analysis and ultimate analysis, different
aromatic hydrocarbon have different Xy, values and XPS analysis results®, it is concluded that the molecule
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Element Peak Area (P) | Proportion (%) | Types
284.74 | 43,654.13 | 67.37 C-C,C-H
285.62 | 15,942.67 |24.61 C-0,C-0-C
¢ 287.01 4057.39 6.26 C=0
287.76 1139.31 1.76 COO-
532.32 | 13,165.86 | 50.07 C=0
(6] 533.32 8180.55 | 31.11 Cc-0
534.02 4949.69 18.82 COO-
398.77 400.26 | 33.74 Pyridinic nitrogen (N-6)
N 400.32 433.74 | 36.56 Pyrrolic nitrogen (N-5)
401.01 35231 [29.70 Quaternary nitrogen

Table 3. Structure attribution of C, O and N element.

Figure 3. Molecular structure model diagram of Nanshan 1/3 coking coal.

contains three naphthalene, one phenanthrene, one chrysene, and one pyridinic nitrogen, the number of oxygen
atoms is 30, including 24 oxygen-containing functional groups, of which 10 carbonyl oxygens, 6 carboxyl oxy-
gens, and 8 ether bond oxygens.

The calculated Xpp value is 0.296, and the final molecular formula is determined to be C5,H;;0NO3,. Using
ChemDraw software, the analyzed molecular structure is combined and constructed, and the macromolecular
structure of coking coal is shown in Fig. 3.

The molecular model was geometrically optimized and annealed in the Forcite module of Materials Studio
software, and the temperature was set at 293.15 K. Based on the optimized coal molecules, a unit cell containing
7 coal molecules is established. After geometric optimization and annealing, the model with the lowest energy
is selected, as shown in Fig. 4. The lattice parameters are a=b=c=30.7748 A and a=p=y=90°.

Pore characteristics of the unit cell model
For the established lowest energy unit cell model, the same stress is applied to all six faces of the unit cell. The
stress is 0 GPa, 0.2 GPa, 0.4 GPa, 0.6 GPa, 0.8 GPa, 1 GPa, 1.2 GPa and 1.4 GPa, a total of 8 conditions. Then the
molecular models were geometrically optimized, annealed and dynamically balanced, and the respective unit
cell models were finally determined.

The density of the unit cell model under 8 kinds of stress is shown in Fig. 5. As the stress increases, the density
of the unit cell gradually increases, and the rate of increase gradually decreases.

The RDF of the unit cell model under 8 kinds of stress is shown in Fig. 6. Under different stresses, the RDF of
the unit cell is basically the same, indicating that the order of the unit cell is basically unchanged.
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Figure 4. Unit cell model.
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Figure 5. Relationship between stress and density.

Use the zeo + +-0.3 code to calculate the pore size, PSD, constrained stochastic ray tracing, surface area and
pore volume of the unit cell under 8 kinds of stress. In order to find out the characteristics of the pores, the Monte
Carlo algorithm is used, the radius of the probe is 0.5 A, and the sample is 100,000.

Pore size. The pore size of the unit cell model under 8 kinds of stress is shown in Fig. 7. The three pore sizes
are: global cavity diameter > largest cavity diameter > pore limiting diameter. As the stress increases, the global
cavity diameter, pore limiting diameter, and largest cavity diameter all show a smaller decreasing trend.

The three-dimensional and cumulative PSD of the unit cell model under eight kinds of stress are shown in
Fig. 8a,b. The unit cell model under 8 kinds of stress shows a large peak when the pore diameter is smaller, and a
small peak when the pore diameter is larger, which indicates that the proportion of smaller pores is larger than
that of larger pores. As the stress increases, the maximum pore size of the unit cell model decreases, and the range
of PSD decreases, showing a trend of increasing the proportion of smaller pores and decreasing the proportion
of larger pores, and the trend is gradually decreasing.

The PSD and constrained stochastic ray tracing have distinct but complementary characteristics when detect-
ing pores®. The constrained stochastic ray tracing distribution of the unit cell model under 8 kinds of stress is
shown in Fig. 9. The constraint stochastic ray tracing distributions of the unit cell models under the eight stress
conditions are all asymmetric single peaks. The right side of the peak is much smoother than the left side, and
the ray lengths corresponding to the peaks are basically the same. After being greater than the peak ray length,
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Figure 7. Relationship between stress and pore diameter.

as the ray length increases, the number of the same ray length decreases. As the stress increases, the number of
rays with the same length decreases, and the speed at which the number of rays decreases gradually decreases; the
number of rays with a smaller length is basically unchanged. This shows that as the stress increases, the number
of all pores in the unit cell model decreases, and the rate of decrease gradually decreases, and the smaller pores
are less affected.

Surface area and volume. The accessible surface area is more suitable for characterizing adsorbed porous
solids than the Connolly surface area®. The accessible surface area depends on the size of the probe molecule.
The accessible surface area of the unit cell model under 8 kinds of stress is shown in Fig. 10. As the stress
increases, the accessible surface area gradually decreases, and the rate of decrease gradually decreases.

The accessible and probe-occupiable pore volume is the closest to the experimentally measured pore volume.
The geometric pore volume is the upper limit of this value, while the accessible pore volume greatly underesti-
mates the experimental value®’.

The pore volume and volume fraction of the unit cell model under 8 kinds of stress are shown in Fig. 11a,b.
The relationship between the three pore volumes is consistent with the theory. As the stress increases, the values
of accessible and probe-occupiable pore volume, geometric pore volume and accessible pore volume generally
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Figure 8. PSD of the unit cell model under eight kinds of stress.

show a decreasing trend. The volume fraction of accessible and probe-occupiable pore volume is approximately
20%. The volume fraction of geometric pore volume is about 40%, which is twice of the volume fraction of acces-
sible and probe-occupiable pore volume. The volume fraction of accessible pore volume is about 10%, which is
half of the volume fraction of accessible and probe-occupiable pore volume.

Molecular dynamics simulation
Fugacity. The Soave-Redlich-Kwong equation can be expressed by the Eq. (2).%

7’—7"— (BP+B—A)Z—AB=0 )

where Z is compression gactor, A= aa(T)p/RZTZ, B="0bp/RT,a= 0.45724R2T3/pc, b = 0.08664RT./p.,
a(T) = [1+ k(1= T>)]", k = 0.48 + 1.574w — 0.1760%, T, = T /T, wis the acentric factor of methane, 0.008,
T, is the contrast temperature , K, T is the temperature, 293.15 K, T is the critical temperature of methane,

Scientific Reports |

(2022) 12:3117 | https://doi.org/10.1038/s41598-022-07118-2 nature portfolio



www.nature.com/scientificreports/

225+
The stress
200+ ——0GPa
1754 ----0.2GPa
[d
2 150 0.4 GPa
R B O ' S e 0.6 GPa
© 1251 0.8 GPa
é 1004 f = mu et 1 GPa
£ g 1.2 GPa
z 75 ---- 1.4 GPa
50 ;
254 §
0__-_!] T T ‘:éy%‘ s T T 1
0 5 10 15 20 25 30

Ray length (107" m)

Figure 9. Constrained stochastic ray trace distribution of unit cell model under 8 kinds of stress.
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Figure 10. Relationship between stress and accessible surface area.

190.56 K, p is the pressure, MPa, p, is the critical pressure of methane, 4.5992 MPa, R is molar gas constant,
8.31 J/(mol*K).
The fugacity coeflicient of methane (¢) is shown in Eq. (3).
A Z+B

—Z—1-In(Z—-B)— ===
Ing In( ) Bln 7 (3)

The fugacity of methane ( f) is shown in Eq. (4).
f=op (4)

The corresponding relationship between pressure and fugacity calculated by Egs. (2), (3) and (4) is shown
in Fig. 12. The fugacity coeflicient of methane is less than 1, and decreases with the increase of pressure, and
finally stabilizes.

The unit adsorption capacity of methane is equal to the ratio of the number of adsorbed methane to the molar
mass of unit cell, that is, Eq. (5).

Ncna

- MM *NM (5)

X
where Ny, is the number of adsorbed methane, N, is the number of coal molecules, 7, M, is the molar mass
of coal molecules, 2.845 kg/mol, x is the amount of adsorbed methane, mol/kg.

Methane adsorption results. The simulation was carried out using the “Sorption in the Forcite” module
of the Materials Studio. In the simulation, the injected pressure of methane is 0.1 MPa, 1 MPa, 5 MPa, 10 MPa,
15 MPa, 20 MPa, 25 MPa, 30 MPa, 35 MPa, 40 MPa, 45 MPa, a total of 11 conditions. Under the action of dif-
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ferent stresses, the adsorption results of unit cells when the methane injection pressure is 45 MPa are shown in
Fig. 13a-h.

The methane injected pressure is converted to the corresponding fugacity application according to Fig. 12,
and the amount of methane adsorbed by the simulation is converted according to Eq. (4). The adsorption capac-
ity of the unit cell under the action of 8 kinds of stress under different methane injected pressure conditions is
shown in Fig. 14a,b.
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Figure 13. The adsorption results of unit cells when the methane injection pressure is 45 MPa.

Langmuir fitting was performed on the methane adsorption capacity under 8 kinds of stress, as shown in
Fig. 14a. The correlation coefficients of the Langmuir fitting under 8 kinds of stress are all greater than 0.93,
indicating that the methane adsorption capacity conforms to the Langmuir adsorption curve. The amount of
methane adsorption showed a Langmuir curve increase with the increase of methane injection pressure. Under
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Figure 14. Methane adsorption capacity under different stress and injected pressure conditions.

different stresses and the same methane injection pressure, the amount of methane adsorption decreases as
the stress increases. The higher the methane injection pressure, the faster the amount of methane adsorption
decreases with the increase of stress.

Take stress as the abscissa and Langmuir adsorption constants a and b as the ordinate respectively to draw
curves, as shown in Fig. 15.

With the increase of stress, the value of the limit adsorption capacity a of methane decreases, and the value
of the adsorption constant b first decreases rapidly and then increases.

Overall system energies and RDF of methane. The overall system energies of the unit cell under 8
kinds of stresses under different methane injection pressure conditions is shown in Fig. 16. Langmuir fitting was
performed on the overall system energies under eight kinds of stress conditions. The correlation coefficients of
Langmuir fitting under the eight kinds of stress were all greater than 0.92, indicating that the overall system ener-
gies conformed to the Langmuir curve. As the stress increases, the overall system energies decrease, and as the
injection pressure increases, the overall system energies increase, and the change of the overall system energies
is basically the same as the change in the amount of methane adsorption.

Select the unit cell model at 45 MPa methane injection pressure under 8 kinds of stresses to calculate the
RDF of methane, as shown in Fig. 17. There are two peaks in the RDF of methane, the closer peak is higher. As
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the stress increases, the peak value also increases, indicating that the greater the stress, the greater the order of
the adsorbed methane. The greater the stress, the smaller the amount of methane adsorbed, and its order will
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increase, which is consistent with the RDF of methane.

Conc

The application of stress causes the pores of the unit cell to shrink, and the larger pores are reduced by a higher
rate, which leads to a decrease in the methane adsorption capacity of the unit cell. The change in applied stress

lusions

and the pore shrinkage of the unit cell are not linear.

1. The unit cell models under 8 kinds of stresses of 0 GPa, 0.2 GPa, 0.4 GPa, 0.6 GPa, 0.8 GPa, 1 GPa, 1.2 GPa,
and 1.4 GPa were established. As the stress increases, the density of the unit cell gradually increases, and the

T

45

Overall system energies under different stress and injection pressure conditions.

rate of increase decreases, and the order of the unit cell remains unchanged.

2. With the increase of stress, the global cavity diameter, pore limiting diameter, and largest cavity diameter all
decrease, the proportion of smaller pores increases, the proportion of larger pores decreases, and the number
of pores decreases, the speed of reduction gradually decreases, and the smaller pores are less affected. As the
stress increases, the accessible surface area, accessible and probe-occupiable pore volume, geometric pore

volume and accessible pore volume all show a decreasing trend.

3. The fugacity coefficient of methane is less than 1, and decreases with the increase of pressure, and finally
stabilizes. Under 8 kinds of stresses, the amount of methane adsorption conforms to the Langmuir adsorption
curve. As the stress increases, the methane adsorption performance of the unit cell decreases, and the rate
of decrease gradually decreases. The change of overall system energies is basically the same as the change of
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Figure 17. Radial distribution function of methane.

amount of methane adsorption. As the stress increases, the amount of methane adsorbed decreases, and the
order of methane increases.

Data availability
The primary data used to support the findings of this study are available from the corresponding author upon
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