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ABSTRACT: Coal seam water injection is a kind of compre-
hensive prevention and control measure to avoid gas outburst and
coal dust disasters. However, the gas adsorbed in the coal seriously
influence the coal-water wetting effect. With the deepening of coal
seam mining, the gas pressure also gradually increases, but there is
still a lack of in-depth understanding of the coal-water wetting
characteristics under the high-pressure adsorbed gas environment.
Therefore, the mechanism of coal-water contact angle under
different gas environments was experimentally investigated. The
coal-water adsorption mechanism in pre-absorbed gas environment
was analyzed by molecular dynamics simulation combined with
FTIR, XRD, and 13C NMR. The results showed that the contact
angle in the CO2 environment increased most significantly, with
the contact angle increasing by 17.62° from 63.29° to 80.91°, followed by the contact angle increasing by 10.21° in the N2
environment. The increase of coal-water contact angle in the He environment is the smallest, which is 8.89°. At the same time, the
adsorption capacity of water molecules decreases gradually with increasing gas pressure, and the total system energy decreases after
the coal adsorbs gas molecules, leading to a decrease in the coal surface free energy. Therefore, the coal surface structure tends to be
stable with rising gas pressure. With the increase in environmental pressure, the interaction between coal and gas molecules
enhances. In addition, the adsorptive gas will be adsorbed in the pores of coal in advance, occupying the primary adsorption sites and
thus competing with the subsequent water molecules, resulting in a decline of coal wettability. Moreover, the stronger the adsorption
capacity of gas, the more obvious the competitive adsorption of gas and liquid, which further weakens the wetting capacity of coal.
The research results can provide a theoretical support for improving the wetting effect in coal seam water injection.

1. INTRODUCTION
Coal is the main energy source in China and occupies a
dominant position in the energy production and consumption
structure. According to statistics, the share of coal
consumption in primary energy in China reached 56% in
2021.1 In addition, coal production and consumption will
remain paramount for a longer period of time.
In the process of coal mining, coal dust disaster are major

hidden dangers that affect the safety production. The coal
seam water injection is a comprehensive measure to eliminate
the risk of reducing dust efficiently.2,3 When water enters the
coal body, the coal seam is wetted, which thus reduces the
generation of coal dust during crushing.
Additionally, it can also obstruct gas desorption, thereby

decreasing the risk of gas outburst.4,5 However, even after gas
extraction, there will still be residual gas in the coal seam,
which definitely affects the wetting effect of water.6 In previous
studies, the effects of gas pressure and gas adsorption on the
wetting characteristics of coal bodies were mostly ignored.

Thus, in order to promote the wetting efficiency of water
injection in gas-bearing coal seams, it is especially important to
investigate the wetting characteristics of coal under high-
pressure gas environments.
Lots of studies have been carried out on the wettability of

coal and attributed it to the properties of coal surface and the
solution. Cheng et al.7 analyzed the relationship between coal
wettability and its surface inorganic minerals, finding that the
primary minerals represented by quartz among the inorganic
minerals are crucial factors to improve the hydrophilicity of
coal dust. Furthermore, Li and Li8 analyzed the influence of
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functional groups on the coal wettability by infrared spectros-
copy experiments and indicated that oxygen-containing
functional groups can effectively improve the hydrophilicity
of coal. In addition, many studies have shown that the addition
of surfactants can reduce the surface tension of the solution
and thus improve the wetting effect of coal seam water
injection.9,10

It is well known that the contact angle is a significant index
to characterize the wetting properties of coal samples.
However, it should be noted that the contact angle is actually
a three-phase (solid, liquid, and gas) contact angle. In addition
to the property of the coal and solution, the gas condition is
also a vital factor affecting the contact angle. Yao and Liu11

investigated the effects of CO2 and He environment on the
wettability of coal by using a low-field NMR test and revealed
that the injection of CO2 into coal could inhibit the water
absorption of coal samples, thus reducing the wettability effect,
while the injection of He did not change the wettability of coal.
Additionally, Chen et al.12 verified that after coal adsorption of
CO2, the capillary dynamics of water absorption by coal
became smaller, thus making the hydrophobicity of coal
surface-enhanced and water absorption more difficult. More-
over, the presence of CO2 changes the environmental pH and
the surface charge of coal, making it more hydrophobic.13

Similarly, Ibrahim and Nasr-El-Din14 conducted coal-water
contact angle tests at different environmental pressures,
showing that the wettability of coal diminishes with increasing
pressure, and the contact angle could increase from 61° to
123° when the pressure increased from atmospheric pressure
to 13.79 MPa. Wei et al.15 studied the coal-water contact angle
characteristics under different gas environments and verified
that the wettability of coal weakens under higher gas pressure
conditions. The hydrophobicity of coal under the pre-
adsorption CH4 environment was significantly lower than
that under the He environment. The above studies
demonstrated that coal-water wettability has a crucial relation-
ship with the gas environment, and it is generally accepted that
coal-water wettability decreases with the increase of environ-
mental pressure. However, coal is a naturally porous medium,
and its complex internal pore structure provides space for gas
and liquid adsorption. Its unique adsorption characteristics
have an essential influence on coal-water wetting, especially for
the wetting characteristics of gas-bearing coal. Most of the
existing studies attribute the changes in the wetting features of
gas-bearing coal to the effect of environmental pressure,
ignoring the adsorption of gas, so it is still necessary to explore
the wettability of coal in different adsorptive gas environments.
In summary, a contact angle test system under controlled

temperature and pressure conditions was constructed to
investigate the variation law of coal-water contact angle in
various gas environments. Then, XRD, FTIR, and 13C NMR
were performed on the coal samples to analyze their
physicochemical properties. Additionally, the macromolecular
model of the coal sample was constructed to explore the
microscopic coal-water interaction characteristics under differ-
ent gas environments by molecular dynamics simulation. The
results can provide theoretical support for improving the
wetting effect of water injection in gas-bearing coal.

2. EXPERIMENTAL METHODS
First, the contact angle was measured in CO2, N2, and He
environments (pressure 0−2 MPa). Then, XRD, FTIR, and
13C NMR were used to obtain the mineral composition,

functional group structure, and carbon atom information of
coal samples. The molecular dynamics simulations were
performed to reveal the coal-water adsorption processes in
different gas environments, so as to obtain microscopic
parameters, such as adsorption amount, adsorption energy,
and interaction energy of coal on each adsorbent under
different gas environments. The experimental procedure is
shown in Figure 1.

2.1. Sampling. The experimental sample (SP) was
processed for subsequent testing. Some samples were cut
into circular slices of φ50 × 3 mm, and the surface of the coal
samples were polished smooth for contact angle test. The coal
powder was used for proximate analysis, elemental analysis,
XRD, FTIR and 13C NMR. The basic parameters of SP coal
are shown in Table 1.
2.2. Coal-Water Contact Angle Experiments in Differ-

ent Gas Environments. An experimental system that can
realize the coal-water contact angle measured in different
environments was built. As shown in Figure 2, the device is
mainly composed of an HD camera, a transparent gas canister,
a water injection device, and a computer. The experimental
procedure is as follows:
(1) 0.5 MPa He is injected into the chamber and sealed, and

the gas tightness is ensured by observing whether the
pressure changes. Then, the sample is placed into the gas
canister and degassed under vacuum to exclude the
residual gas inside the canister and the coal pores.

(2) Connect the gas injection device, fill the high-pressure
transparent chamber with gas at a preset pressure, and
then close the chamber and place it in a constant
temperature environment for 6−8 h (all experimental
temperatures in this paper are 30 °C).

(3) When the fluctuation of the pressure sensor value is less
than 0.05 MPa within 30 min, turn on the computer and
adjust the sample to the proper position.

(4) A drop of distilled water is slowly applied to the sample;
then, the contact angle is measured by the software and
the data are saved.

(5) Change the experimental gas conditions and repeat the
operation (1) to (5). In this paper, the experimental

Figure 1. Experimental flow chart of coal-water contact characteristics
under different gas environments.
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gases are CO2, N2, and He, and the gas pressure is 0−2.0
MPa.

2.3. 13C NMR Test. In order to model the macromolecular
structure of coal, information on the carbon atoms of the coal
sample is needed. The 13C NMR experiments were performed
on Bruker Avance 600 M solid-state NMR spectrometer. The
experiments were performed with a 4 mm dual resonance MAS
probe, a rotor operating speed of 10 kHz, a pulse width of 20
μs, and a pulse delay time of 2 s. The resonance frequency of
the 13C detection nucleus was 150.99 MHz, the sampling time
0.0344 s, and the number of scans was 4800.
2.4. FTIR Test. To obtain the composition of each organic

functional group in coal molecules and to analyze the effect of
functional groups on coal wettability, the infrared spectra of
coal samples were measured by Nicolet iS50 FTIR infrared
spectrometer. The samples were dried in a vacuum drying oven
at 60 °C for 60 min before the test. Then, 200 mg of potassium
bromide was taken as the carrier, and the coal sample and
potassium bromide were mixed and ground at a ratio of 1:100.
Eventually, the samples were pressed on a tablet press into thin
slices of 13 mm diameter and 0.1 to 1 mm thickness. In this
experiment, the infrared spectrum was scanned in the range of
400−4000 cm−1, with 64 scans and a resolution of 4 cm−1.

2.5. XRD Test. To analyze the mineral composition and
microcrystalline structure information of coal samples, XRD
tests were performed on coal samples using a Bruker D8
Advance X-ray diffractometer with the following experimental
conditions: Cu target radiation (λ = 0.15418 nm), scan range
5−80°, tube voltage = 40 kV, tube current = 40 mA, step size
0.02°, and a test speed 0.1 s/step.
2.6. Molecular Dynamics Simulation. Molecular dy-

namics simulations were designed for two sets of scenarios:
constant pressure adsorption and saturation adsorption. The
process of constant pressure adsorption simulation is to make
SP coal molecules adsorb different gas molecules to the preset
pressure, respectively, and then quantitatively adsorb H2O
molecules to analyze the adsorption capacity of coal to
different gases in different conditions. Saturation adsorption is
to add gas molecules to coal molecules one by one until the
system energy is reduced to a minimum, and it is determined
as the saturation state of gas adsorption. Then, H2O molecules
are added to coal molecules in this state until the adsorption is
saturated with H2O. The He group is no longer set for
saturation adsorption because of its non-adsorption ability, and
the specific experimental scheme is shown in Table 2.

Table 1. Proximate Analysis and Elemental Analysis of SP Coal Samplea

coal sample

proximate analysis/% elemental analysis/%

Mad Aad Vad FCad C H O N S

SP 1.18 13.67 8.13 77.02 75.00 3.218 20.205 0.98 0.597
aNotes: Mad: moisture content; Aad: ash content; Vad: volatile content; FCad: fixed carbon content.

Figure 2. Diagram of coal-water contact angle test apparatus.

Table 2. Molecular Dynamics Simulation Scheme

number simulation scheme inducing factors

constant pressure
adsorption

scheme 1 coal molecules adsorb CO2 gas molecules to a preset pressure (0−2
MPa), and then quantitatively adsorb water molecules

adsorption volume, adsorption energy, equivalent heat
of adsorption, and ambient pressure

scheme 2 coal molecules adsorb N2 gas molecules to a preset pressure (0−2 MPa),
and then quantitatively adsorb water molecules.

scheme 3 coal molecules adsorb He gas molecules to preset pressure (0−2 MPa),
then quantitatively adsorb water molecules

saturation
adsorption

scheme 4 adsorption of water molecules by coal molecules to saturation (control
group)

adsorbent, saturated adsorption capacity

scheme 5 coal molecules first adsorb CO2 gas molecules to saturation and then
water molecules to saturation

scheme 6 coal molecules first adsorb N2 gas molecules to saturation and then water
molecules to saturation
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The constant pressure and saturation adsorption simulations
were performed under the fixed pressure and locate functions
in the Sorption module, respectively. The simulation experi-
ments were performed by using the GCMC (Giant Canonical
Monte Carlo) method, with the Metropolis-focused sampling
method selected as the calculation method. The adsorption
simulation was performed under the COMPASS II force field,
the charge calculation was selected from Forcefield assigned.
The summation methods of electrostatic interaction and van
der Waals interaction were adopted from Ewald & Group and
Atom-based, respectively.

3. RESULTS AND ANALYSIS
3.1. Variation of Coal-Water Contact Angle in

Different Gas Environments. The coal-water contact angle
tests of SP coal in CO2, N2, and He environments is shown in
Figure 3. In the CO2 environment, the contact angle increased
from 63.29° to 80.91° with the pressure ranging from 0 to 2
MPa. Similarly, the contact angle increased from 63.29° to
73.50° and 72.18° with increasing pressure in the N2 and He
environments, respectively. In summary, the contact angle
always increases with increasing pressure, and the most
significant increase was in the CO2 environment, while the
contact angle changed the least in the He environment. The
increase in contact angle implies a weakening of coal
wettability.16,17 Preliminary analysis suggests that in CO2 and
N2 environments, the coal-water contact angle is affected by
both gas adsorption and gas pressure and therefore changes
more significantly compared to He because coal adsorbs CO2
and N2. Additionally, the contact angle increase differs due to
the difference in coal’s ability to adsorb the two gases. In
contrast, due to the non-adsorptive nature of He, the contact
angle in the He environment is only influenced by the pressure,
and the contact angle increase is minimal.
3.2. 13C NMR Test Results. The main component of coal

is elemental carbon, and the form of carbon atoms present in
coal is of great significance to study the properties of coal
samples and the construction of coal macromolecule structure.
Figure 4 shows the 13C NMR split-peak fitted spectra of SP
coal sample. There are three obvious carbon peaks in the coal
sample, which are the fatty carbon peak located at 50−80 ppm,
the aromatic carbon at 100−150 ppm, and the carbonyl and
carboxyl peaks at 175−220 ppm. Among them, methoxy at 59

ppm was the dominant peak in the lipid carbon region, and
protonated aromatic carbon at 125 ppm was the dominant
peak in the aromatic carbon region. Combined with 13C NMR
carbon atom chemical shift attribution, the absorption peak
parameters, such as peak position and relative content of each
functional group of SP coal samples, are listed in Table 3.
Meanwhile, the structural parameters of SP can be calculated
in Table 4. The data show that the aromatic carbon ( fa′)

Figure 3. Test results of coal-water contact angle under different gas pressures.

Figure 4. 13C NMR peak fitting spectrum of coal sample.

Table 3. Structure Parameters of 13C NMR Peak Fitting of
Coal Sample

number
peak

position
half-peak
width

relative
area

carbon atom
attribution

1 19.82 7.18 1.91 Ar−CH3

2 33.41 7.81 1.92 CH2

3 58.82 11.68 7.68 O−CH3, O−CH2

4 63.78 27.35 6.58 O−CH
5 124.85 15.29 50.17 Ar−H
6 126.91 5.55 3.13 Ar−H
7 139.26 8.27 5.44 Ar−C
8 148.79 20.13 1.99 Ar−O
9 189.97 11.99 8.21 CCOOH
10 193.77 6.36 1.99 C�O
11 194.79 24.53 10.96 C�O
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structure is the main component of SP coal molecules, with the
relative content accounting for 62.50%. Then, the carbonyl and
carboxyl ( faC) accounted for 20.79%, and aliphatic carbon ( fal)
accounted for 16.71%. In addition, the aromatic bridge carbon
to perimeter carbon ratio (XBP) is a vital parameter to reflect
the degree of aromatic ring condensation of coal samples, and
the ratio of bridge carbon to perimeter carbon of SP coal
samples is calculated to be 0.291 according to eq 1.

X
f

f f fBP
a

B

a
H

a
P

a
S=

+ + (1)

3.3. FTIR Test Results. FTIR can reflect the presence of
functional groups in coal. Figure 5 shows the spectra of the SP
coal sample in each band and the results of peak fitting. The
FTIR spectra are divided into four parts according to the
different types of functional groups: aromatic functional groups
at 700−900 cm−1 (Figure 5a), oxygenated functional groups at
1000−1800 cm−1 (Figure 5b), fatty structures at 2800−3000
cm−1 (Figure 5c) and hydroxyl structure at 3000−3800 cm−1

(Figure 5d). The absorption peak parameters and attribution
of each waveband are shown in Tables 5678. The results
indicated that the benzene ring in the aromatic functional
group of the SP coal sample is mainly substituted with the
benzene ring binary, accounting for 59.21%. The oxygen-

Table 4. Structural Parameters of SP Coala

coal sample fa faC fa′ faN faH faP faS faB fal fal* falH falo

SP 83.29 20.79 62.50 35.08 41.25 0.70 6.26 14.05 16.71 1.25 2.64 12.82
aNotes: fa − total sp2 heterocarbon; fal − total sp3 heterocarbon; faC − carbonyl (carboxy) carbon; fa′ − aromatic carbon; faH − protonated aromatic
carbon; faN − non-protonated aromatic carbon; faP − oxygenated aromatic carbon; faS − lipid-substituted aromatic carbon; faB − bridged aromatic
carbon; falH − non-methyl carbon; fal* − methyl carbon; falo − oxygenated lipid carbon.

Figure 5. FTIR fitting spectra of coal sample.
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containing functional groups in the SP coal sample exist in the
form of carbonyl, hydroxyl, and ether oxygen, while there are
almost no carboxyl groups due to their high degree of
metamorphism. In addition, the aliphatic carbon in coal is
mainly in the form of branched chains or linked aromatic rings,
such as aliphatic rings, side chains, or bridging carbon.18

Eventually, the results show that the coal samples have the
largest proportion of free hydroxyl groups, followed by
hydroxyl-π hydrogen bonds and self-conjugated hydroxyl
hydrogen bonds. Functional groups are principal factors
affecting the wettability of coal, and it is generally accepted
that coal contains oxygen functional groups, such as hydroxyl,
carboxyl, phenolic hydroxyl, and other polar state functional
groups. Due to their strong polarity, can join with the
hydrogen of water molecules in the form of hydrogen bonds by
dipolar force to enhance the hydrophilicity of coal.19 In
summary, the hydrophilic functional groups, such as hydroxyl
groups and other oxygen-containing functional groups are
more abundant in the SP coal sample. Therefore, this sample is
considered to have good wettability, and the results of FTIR
spectrum fitting lay the foundation for the construction of coal
sample macromolecules.
3.4. XRD Test Results. XRD is widely used to test the

types and contents of inorganic minerals in coal, and it can also
be used to characterize the structural features of coal
aggregates and reveal the structural composition of coal
macromolecules. Figure 6 shows the XRD spectrum of the SP

coal. The physical phase analysis of the inorganic mineral
composition of the coal samples revealed that the minerals in
the SP coal were dominated by kaolinite and quartz. These two
kinds of inorganic substances formed by Si element in different
coal-forming periods can effectively promote the wettability of
coal,20 so the high content of inorganic mineral components in
coal samples is one of the reasons for their better wettability.
Meanwhile, two peaks can be clearly observed in the spectrum,
located around 25° and 45°. They represent the peaks
generated by the 002 and 100 crystal planes, respectively.
The 002 peak includes the 002 band and the γ band, which are
the result of the joint action of both. The 002 band is related to
the stacking nature of the aromatic structure, while the γ band
is mainly formed due to the presence of branched micro-
crystals. Furthermore, the formation of the 100 peak is mainly
related to the degree of condensation of the aromatic ring.

Table 5. Infrared Fitting Parameters of Aromatic Structure

number
peak

position
half-peak
width

relative
area attribution

1 739.14 23.31 35.87 disubstituted aromatics
2 749.31 18.77 23.33 disubstituted aromatics
3 784.28 11.81 4.87 trisubstituted aromatics
4 795.95 21.45 17.32 trisubstituted aromatics
5 831.94 7.86 1.04 tetrasubstituted

aromatics
6 855.81 10.28 1.38 tetrasubstituted

aromatics
7 867.17 19.46 16.18 pentasubstituted

aromatics

Table 6. Infrared Fitting Parameters of Oxygen-Containing
Functional Groups Structure

number peak position half-peak width relative area attribution

1 1009.61 219.65 35.95 ash
2 1010.55 78.49 11.09 ash
3 1116.32 11.76 0.43 C−O expansion
4 1210.64 97.81 2.57 C−O expansion
5 1318.95 237.51 32.74 C−O expansion
6 1372.85 13.04 0.11 CH2 symmetric
7 1431.06 62.37 2.57 CH3, CH2

8 1556.92 153.37 10.59 C�C vibration
9 1597.45 50.55 2.95 C�C vibration
10 1658.23 29.86 0.98 C�O vibration

Table 7. Infrared Fitting Parameters of Aliphatic
Hydrocarbons Structure

number
peak

position
half-peak
width

relative
area attribution

1 2828.53 22.75 4.03 CH2 symmetric scaling
2 2849.11 17.97 5.67 CH2 symmetric scaling
3 2858.36 40.16 21.29 CH3 symmetric scaling
4 2910.71 67.26 63.39 CH asymmetric

expansion
5 2916.25 16.64 4.21 CH2 does not stretch

Table 8. Infrared Fitting Parameters of Hydroxyl Structure

number
peak

position
half-peak
width

relative
area attribution

1 3026.45 73.01 11.55 aromatic ring C−H stretching
2 3151.32 30.29 0.44 cyclic hydroxyl hydrogen

bonding
3 3196.52 71.14 1.93 cyclic hydroxyl hydrogen

bonding
4 3308.82 134.03 12.16 hydroxy-ether hydrogen bond
5 3380.43 86.58 7.14 self-conjugated hydroxyl

hydrogen bonds
6 3436.05 79.49 3.83 self-conjugated hydroxyl

hydrogen bonds
7 3464.98 90.92 5.39 self-conjugated hydroxyl

hydrogen bonds
8 3504.89 77.99 5.32 hydroxy-π-hydrogen bond
9 3529.28 52.43 2.13 hydroxy-π-hydrogen bond
10 3578.28 69.78 7.61 hydroxy-π-hydrogen bond
11 3586.55 71.22 4.66 hydroxy-π-hydrogen bond
12 3616.01 27.99 5.88 free hydroxyl group
13 3616.96 9.57 2.49 free hydroxyl group
14 3647.27 26.15 11.54 free hydroxyl group
15 3666.90 17.59 5.84 free hydroxyl group

Figure 6. XRD spectrum of coal sample.
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According to the Bragg equation and Scheele’s formula (eqs
2−5),21 the aromatic layer spacing (d002), the aromatic layer
sheet stacking height (Lc), and the planar ductility of the
aromatic layer (La) of SP coal were calculated for the
subsequent SP coal macromolecular model construction. The
relevant parameters are shown in Table 9.

d
2sin002

002
=

(2)

L
K

cosc
c

002 002
= ×

(3)

L
K

cosa
a

100 100
= ×

(4)

N
L

dave
c

002
=

(5)

where λ is the wavelength of X-rays, 0.15406 nm. θ002 and θ100
correspond to the diffraction angles of the 002 and 100 peaks,
and β002 and β100 correspond to the half-peak widths of the 002
and 100 peaks, respectively. Kc and Ka are the microcrystalline
shape factors of coal dust, Kc = 0.89, Ka = 1.84, and Nave is the
number of aromatic layers of coal molecules.
3.5. Molecular Dynamics Simulation Results.

3.5.1. Modeling of coal samples. Based on the elemental
analysis results, the molecular formula of coal samples was
initially estimated to be C179H92O36N2 using the mathematical
equation assumption method. Then the number of aromatic
carbon fa′ could be calculated as 112 from the results of 13C
NMR experiments. According to the XBP value of the coal
sample, it is known that the macromolecular structure of the
SP coal sample is dominated by naphthalene and anthracene
(phenanthrene) and supplemented by benzene and pyrene
rings. The number of aromatic rings, such as benzene ring,
naphthalene ring, and anthracene ring in the coal molecular
configuration was adjusted to make the bridge-carbon ratio
close to the calculated value. Then, the aromatic forms and
numbers of SP coal samples were obtained, as shown in Table
10. Finally, combined with the results of FTIR spectra fitting in

the previous section, the number, and structures of each atom
were adjusted to determine the chemical molecular formula of
the SP coal samples was determined as C175H96O36N2. The
planar model of the coal sample macromolecule was drawn by
Visualizer module of Materials Studio software, as shown in
Figure 7a. Then the structure was optimized and annealed to
obtain a structurally stable molecular model and adding
periodic boundaries to an SP coal molecule by Amorphous
Cell. The model was then optimized for density from 0.5 to 1.5
g/cm3, as shown in Figure 7b, thus determining the coal
molecular density to be 1.2 g/cm3. The final structurally stable
three-dimensional configuration of the coal molecule shown in
Figure 7c was obtained and used in the subsequent simulation
experiments.

3.5.2. Adsorption simulation experiment results. Figure 8
shows the simulation results of schemes 1−3, modeling the
process of adsorption of water molecules in different gas
environments. Figure 9 shows the adsorption capacity of each
gas by coal in different conditions.
The presence of lots of pores in coal makes it have a high

surface free energy.22,23 According to the principle that the
lower the energy, the more stable the system is. Coal pores will
continuously adsorb various tiny substances around to lower
the surface free energy, such as gas, water, etc.24

The constant pressure adsorption models (Figures 8 and 10)
show that with the increase of gas pressure, the adsorption of
coal on gas molecules increases from 32.10 moles/u.c. at 0.5
MPa to 36.81 moles/u.c. at 2 MPa for the CO2 environment.
and the adsorption of coal on gas molecules increases from
12.23 moles/u.c. at 0.5 MPa to 23.19 moles/u.c. at 2 MPa for
the N2 environment, while almost no adsorption on the He
environment. The gas adsorption gradually increases, which is
shown in the model diagram as a gradual aggregation of red
areas in the pores of coal molecules and an increase in area and
density. The magnitude of the equivalent heat of adsorption of
coal on gas can indirectly reflect the capacity of coal surface to
adsorb gas. The simulation results show that the equivalent
heat of adsorption of CO2 and N2 by coal is 37.63 and 18.52
KJ/mol, respectively.
To discover the wettability of the SP coal molecules after

pre-sorption of different pressure gases, the adsorption energy
between coal samples and each adsorbent in different gas
environments was calculated. The results are shown in Figure
10, where the curves in Figure 10a show the adsorption energy
data of coal for different gases during constant pressure
adsorption. Figure 10b shows the adsorption energy results of
coal samples for the quantitative adsorption of 5 H2O

Table 9. Microcrystalline Structure Parameters of Coal
Sample

coal sample d002/nm Lc/nm La/nm Nave
SP 0.34 1.83 2.01 5.33

Table 10. Type and Quantity of Aromatic Structure in Coal Samples
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molecules under different gas environments. The negative
value of adsorption energy here indicates that the adsorption is
an exothermic reaction and the energy of the system decreases.
While the smaller value of adsorption energy indicates that the
energy of the system decreases more, and the system is more
stable. So, it can be considered that the smaller value of
adsorption energy indicates that the adsorption behavior is
more likely to occur, i.e., the better wettability of the coal. The
data in the figure show that as the environmental pressure
increases, the gas molecules adsorbed on the pore surface of
coal gradually increase. It makes the carbon atoms on the coal
surface tend to be in equilibrium and thus reduces the free
energy on the coal surface. Therefore, after the coal adsorbed
with gas molecules is exposed to water again, the attraction
ability for H2O molecules is reduced compared with that
without the influence of gas adsorption (i.e., He environment).
This is identified as an important cause of the deterioration of
coal wettability. In contrast, the calculation results still
gradually increase for the non-adsorbed He environment. In

Figure 7. Construction and optimization of macromolecular structure model of SP coal sample.

Figure 8. Molecular models of coal adsorbing water under different gas environments.

Figure 9. Change curve of coal adsorption capacity for gas under
different gas pressure.
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this case, it is mainly due to the influence of environmental
pressure, which will be analyzed in detail later.
Figure 11 shows the results of saturation adsorption

experiments. Figure 11a shows the adsorption configuration
of the SP coal molecules when water molecules are adsorbed to
saturation. Besides, Figure 11b,c shows the adsorption
configurations of coal molecules when CO2 and N2 are
adsorbed to saturation, and then water molecules are added to
saturation one by one, respectively. The results show that the
coal sample was saturated with 15 H2O, 15 CO2, and 10 N2
adsorbed separately. However, when the coal sample was pre-
adsorbed with gas molecules, only 5 and 9 H2O molecules are
needed to reach saturation, respectively. Meanwhile, the
adsorption state of each adsorbent molecule in the pores of
coal molecules was observed. It shows that when H2O
molecules were added one by one, the H2O molecules were
firstly adsorbed near the oxygen-containing functional groups
such as the hydroxyl and ether bonds of the coal sample.
Additionally, as the number of H2O molecules increased, they
were adsorbed in the pores of coal from outside to inside. At
the same time, the adsorption sites of H2O molecules were
gradually shifted from coal molecules to the adsorbed H2O
molecules. This result is consistent with the conclusion of the
study by Jin et al.25 The hydrogen bonding energy between the
O atoms of the hydrophilic functional groups of coal molecules
and the H atoms of H2O molecules is the main reason for the

primary adsorption sites of H2O molecules. With the increase
of adsorption amount, the multi-molecular layer adsorption
was produced because of the stronger adsorption of CO2. So,
the effect of inhibiting wettability of coal by CO2 far exceeded
the effect of N2 atmosphere.26,27 In summary, when the
aqueous solution wets the coal sample containing gas
adsorption, the water molecules will compete with the gas
molecules for adsorption. Thus, resulting in fewer water
molecule adsorption sites, lower adsorption, and weaker
wettability.

4. DISCUSSION
4.1. Gas−Liquid Competitive Adsorption.Many studies

were conducted about the competitive adsorption mechanism
of gas−liquid in coal pores. These studies are primarily focused
on explaining the situation, where the gas and liquid are
adsorbed at the same time.28 However, in the actual coal seam
water injection process, gas has been preferentially present in
the pore of coal seam with adsorption and free state.29

However, the pre-adsorbed gas in the coal seam will inevitably
influence the wetting effect of water injection.
However, according to the saturated competitive adsorption

simulation results shown in Figure 11, the pre-adsorbed gas
molecules will preferentially occupy the primary adsorption
sites and reduce the surface free energy of the coal to make the
system more stable.30,31 When the water molecules are

Figure 10. Variation of adsorption energy of coal sample for each adsorbent under different gas environments.

Figure 11. Saturation adsorption model of coal on different gas and water molecules.
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adsorbed later, gas and water will compete to be adsorbed due
to the limited adsorption sites. Therefore, the water molecules
need more energy to get inside the coal body, making the
contact angle increase. Figure 12 shows the mechanism of
gas−liquid competitive adsorption on the pore surface of coal.
In the gas environment, the gas adsorption gradually changes
from monolayer adsorption to multilayer adsorption with the
increasing gas pressure. As the adsorption sites are occupied by
gas molecules in advance, the water molecules will seize the
adsorption sites along with the desorption of gas molecules.
Therefore, the presence of pre-adsorbed gas in the coal seam
will compete with the water molecules. The stronger the gas
adsorption capacity, the greater the impact on the adsorption
of water molecules, resulting in the deterioration of coal
wettability.
4.2. Effect of Environmental Pressure on the

Wettability of Coal. The above experimental results and
extensive studies have shown that environmental pressure is
one of the main factors affecting the wettability of coal. For the
adsorptive gases CO2 and N2, the density of gas molecules in
the coal pores increases as the pressure grows. It also enhances
the probability of gas contact with the pore surface of the coal
sample.32,33 Thereby, the gases are more readily adsorbed by
coal, causing an increase in the adsorption amount.34,35 To
further verify the effect of increased gas pressure on coal
wettability, the interaction energy between adsorbed gas
molecules and coal molecules under different gas pressure
environments was calculated by eq 6.

E E E Eint total surface absorbate= (6)

where Eint is the coal-gas interaction energy, Etotal is the total
system energy, Esurface is the coal molecular surface energy, and
Eadsorbate is the energy of the adsorbent gas molecular system.
The results of the interaction energy calculations of the SP

coal molecules with adsorptive gas molecules at different
pressures are shown in Figure 13. As the pressure increases
from 0.5 to 2 MPa, the interaction energy of coal with CO2
and N2 both decreases. The smaller interaction energy
represents a lower system energy and a more stable surface
system. Therefore, the results indicate that the increase in
environment pressure enhances the binding ability of the
adsorbed gas to the coal. It also results an increase in the
energy required for the H2O molecule to replace the gas
adsorbed on the coal surface, which leads to a weakening of
coal wettability.
It is well known that the capillarity of the coal pores plays an

essential role in the absorption of the water. For the non-
adsorptive gas He, it exists mainly in the free form in the
fissures of coal. Therefore, as the pressure rises, the free gas

gradually accumulates and will have a certain resistance to the
entry of liquid.
Figure 14 shows the variation process of the contact angle at

the molecular scale. With a certain gas pressure gradient, the

gas is gradually adsorbed on the surface of the coal and exists
in the form of a “gas film”36 and this creates an additional
barrier to coal-water contact. The higher the pressure, the
multi-molecular layer adsorption of the gas will result in a
thicker “gas film”, thus more deeply impede the effect of coal-
water wetting.

Figure 12. Gas−liquid competitive adsorption mechanism on coal pore surface.

Figure 13. Interaction energies of CO2, N2, and coal under different
pressure conditions.

Figure 14. Schematic diagram of coal-water contact angle variation
under different gas environments.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02645
ACS Omega 2023, 8, 22211−22222

22220

https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02645?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5. CONCLUSIONS

(1) The contact angle test results in different gas environ-
ments show that the higher the pressure, the higher the
contact angle, and the values are CO2 > N2 > He in
descending order.

(2) Based on the experimental results of XRD, FTIR, and
13C NMR, the SP coal macromolecular model was
constructed. The results of the molecular dynamics
simulation showed that the adsorptive gases, such as
CO2 and N2 would be pre-adsorbed in coal, occupying
the adsorption sites, and competing with the subsequent
entry of water molecules. In addition, the stronger gas
adsorption capacity is able to occupy more adsorption
sites and thus inhibit the water molecule adsorption.

(3) When coal molecules pre-adsorb different gas molecules,
the surface free energy of coal will be reduced and the
system becomes more stable, thus weakening the
adsorption ability of coal to water molecules. The
more gas is adsorbed, the more the surface free energy of
coal is reduced, and the worse the coal wettability.

(4) The pressure has a crucial influence on coal wettability.
The higher the gas pressure, the worse the coal-water
wettability. The effect of pressure on coal wettability is
mainly due to the increase of gas density in coal pores
caused by the increase of resistance of water molecules
to enter. The increase in air pressure will promote the
enhancement of coal-gas molecule binding ability. Thus,
it weakens the adsorption capacity of coal on water
molecules. The research can provide theoretical support
for water injection in gas-bearing coal seams.
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