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ABSTRACT: Water commonly occurs in coal reservoirs, and it can
block the gas flow channels. This has a significant influence on
methane transportation within coal. To reveal the gas emission law
of water-containing coal across the rank range, three typical coal
samples with different coal ranks covering lignite to anthracite were
selected in this work. The initial velocity of gas emission (ΔP) under
the effect of moisture was measured, and the combination of
scanning electron microscopy and mercury injection method was
adopted to study the pores and fracture characteristics within coal.
Distribution features of oxygen-containing groups in coal were
explored by X-ray photoelectron spectroscopy. The microscopic
influence mechanism of the water content on ΔP in coal was also
comprehensively elucidated. The experimental results show that the
moisture content has an obvious inhibitory effect on the ΔP of coal,
but the degree of influence on different coal rank samples was different. As the pore space of anthracite (sample XJ) is developed
with numerous gas transportation channels, the ΔP has less changes at the lower moisture content (<4.36%). When the moisture
content is >4.36%, a large number of water molecules will band together to form water clusters, hindering the gas release, thus
greatly reducing the ΔP. However, the change of lignite (sample SL) shows an inverse trend to that of anthracite. Its ΔP is sensitive
to the moisture content due to the small number of pores and low porosity. In addition, a great number of oxygen-containing groups
in lignite can also provide good surface hydrophilicity for water molecules, and even a small amount of the moisture content
(<3.21%) can block most of the pore and facture channels within coal, leading to the remarkable decrease in ΔP. For bituminous
coal (sample ML), the distribution of pores and oxygen-containing groups is the most uniform, and the ΔP decreases linearly with
the increase in the moisture content.

1. INTRODUCTION
With the depletion of shallow resources, coal mining is gradually
marching to deep areas.1−6 The occurrence conditions of deep
coal seams are complicated, such as high ground stress, high gas,
high heterogeneity, low permeability, low strength, and multiple
structures, which undoubtedly increase the difficulty of gas
control in coal mines in China.7−15 As an effective means to
prevent and control coal and gas outbursts, hydraulic
antireflection technology (hydraulic fracturing, hydraulic
punching, and hydraulic cutting) has been gradually promoted
in China since the 1960s and has achieved good control
effects.16−20

The initial velocity of coal gas emission (ΔP) reflects the
ability of the coal body to release gas, which is widely used in coal
mine production practice as an important coal and gas outburst
prediction index.21−25 It is generally believed that the greater the
ΔP, the stronger the initial gas release capacity of the coal body,
and the greater the risk of outburst.26−29 After coal seam water
injection, the surface of the coal body will be wetted and the ΔP
will also change, which has been studied by many scholars.

Crosdale et al.30 found that there is a logarithmic function
relationship between the ΔP and moisture content, and when
themoisture content is 1.4−7.9%, ΔP is decreased themost with
the increase in the moisture content. Wang et al.31 established
the relationship between the moisture content and ΔP and
found that the two showed a linear negative correlation. Hao et
al.32 concluded that moisture occupies some of the pore fissures
in coal, resulting in a decrease in the initial diffusion coefficient
and initial desorption rate of gas with the increasing moisture
content. Zhang et al.33 found that the presence of water can
reduce the amount of adsorbed gas in the coal, thus affecting the
ΔP. Brennan et al.34 experimentally proved that ΔP and the
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coefficient of coal solidity are greatly affected by the change of
the moisture content and proposed that it is necessary to limit
the moisture content of coal during the test of the outburst
parameters. Svabova et al.35 analyzed the law of the influence of
the moisture content on the gas adsorption and emission
characteristics of coal samples with different particle sizes and
found that the smaller the particle size of coal samples, the
greater the influence of moisture on the ΔP. Zhang et al.36

showed that the ΔP was significantly reduced after water
injection into the coal seam. When the moisture content of the
coal seam is 7−10%, the outburst prevention effect is the best.

As mentioned above, a lot of research work has been carried
out and more results have been achieved on the effect of the
moisture content on coal gas desorption and emission
characteristics.37−40 Most of the experiments were conducted
on coals with the same degree of metamorphism, and no
systematic research has been carried out on coals across the rank
range.41−43 Based on the existing results, this paper carries out a
study on the influence of different moisture contents on the
initial velocity of gas emission in the coal body for three different
metamorphic degree coal samples (lignite, bituminous coal, and
anthracite) to reveal the mechanism of the influence of moisture
in depth. The results of the study are of great significance for the
prevention and control of gas hazards, outburst prediction, and
risk assessments.44−46

2. MATERIALS AND METHODS
2.1. Coal Sample Preparation. Based on fully considering

the type of coal rock and coal-forming period, the three kinds of
coal samples used in the experiment were taken from the Shengli
coal field in Inner Mongolia, Malan mine, and Xinjing mine in
the Shanxi province. The fresh lump coal samples were collected
from the working face with reference to the national standard
GB/T482-2008, which were sealed, stored, and then sent to the
laboratory immediately. The lump coal samples were crushed,
ground, and screened, and the coal powder with a mass of about
10 g and a particle size of 60−80 mesh (0.20−0.25 mm) was
selected for the determination of the vitrinite reflectance (R0)
and industrial analysis according to the national standards GB/T
6948-2008 and GB/T212-2008, respectively, and the basic
industrial parameters of the coal samples obtained are shown in
Table 1. From Table 1, it can be seen that the vitrinite
reflectance of the three kinds of coal samples varied in the range
of 0.41−2.39%, and samples SL, ML, and XJ belong to low-
metamorphic lignite, medium-metamorphic bituminous coal,
and high-metamorphic anthracite coal, respectively, which
covered the three kinds of coal types with different metamorphic
degrees.

Coal samples with different moisture contents were prepared
by the method of wetting and then dried. First, the coal samples
were put into hermetic bottles with pure water and moistened
for 24 h to make the water fully wet the coal samples, dried
naturally indoors, and then put into the vacuum drying box after
the liquid water in the coal powder evaporated and then the
moisture content of the coal was controlled by the control of
drying time.

2.2. Experimental Methods. The method of variable
capacity and pressure was adopted in the test of the initial
velocity of gas emission (ΔP) for the coal samples with different
moisture contents. After checking the air tightness, 3.5 g of coal
samples with a particle size of 60−80 was weighed and put into
the specimen bottle, and after 1.5 h of vacuum degassing, the
inflation valve was opened, methane was filled into the specimen
bottle, the inflation pressure was kept at 0.1 mpa, and the
measurement of ΔP was started after the adsorption of gas for
1.5 h. The instrument used for the experiment was the WT-1
type fully automatic initial velocity of the gas emission tester, and
the measurement error was <1 mmHg. The test process was
referred to AQ1080-2009.

The pores and cracks in coal are the channels for gas
transportation, and different pore and crack structures directly
affect the initial velocity of gas emission from the coal body.
Using scanning electron microscopy (SEM) was adopted to
directly observe the pore and fissure morphology of the coal
samples; the pore structure parameters of the coal body were
obtained by the mercuric pressure method, the instrument used
was a 02111- 1PoreMaster-60 automatic mercuric pressure, and
the testing process was carried out in accordance with GB/T
21650.1-2008. The structural parameters such as the pore
diameter and pore volume of the coal samples were solved by the
calculation software of the instrument. Given the fact that water
molecules are prone to bond with polar chemical groups (e.g.,
hydroxyl groups and carboxyl groups) within coal, X-ray
photoelectron spectroscopy (XPS) was adopted to detect the
oxygen-containing groups using a surface analysis instrument
(ESCALAB250 Xi) in an ultrahigh vacuum system under room
temperature. After the survey spectra were scanned, the high-
resolution spectra were collected for the pulverized coal samples
at a step of 0.05 eV under a pass energy of 20 eV. Prior to data
processing, the binding energy should be corrected via assigning
the C 1s hydrocarbon peak around 284.6 eV. Peak fitting was
carried out after background subtraction using the XPS software.

3. RESULTS AND DISCUSSION
3.1. Gas Emission Characteristics of Water-Containing

Coal Samples.The variation curves of the initial velocity of gas
emission (ΔP) of coal samples with different moisture contents
are shown in Figure 1. As the figure shows, moisture has an
obvious inhibiting effect on the initial velocity of gas emission of
all three coal samples: ΔP of samples SL and XJ decreased from
8.09 and 33.17mmHg to 6.18 and 21.06mmHg, with decreasing
amplitudes of 23.61 and 36.51%, respectively; the ΔP of sample
ML decreased from 21.42 to 15.36 mmHg with a decreasing
amplitude of 28.29%. Comparing the ΔP change curves of the
three kinds of coal samples under the influence of different
moisture contents, it can be found that the ΔP of sample XJ has
the largest decrease, and sample SL has the smallest decrease.
Sample XJ belongs to the high-metamorphic anthracite, and
sample SL belongs to the lignite with the lowest metamorphic
degree, which indicates that the higher the coal rank, the larger
the influence of themoisture content on the initial velocity of gas
emission.

Table 1. Basic Industrial Parameters of the Coal Samples

sample no. colliery R0 (%) moisture (%) ash (%) volatile (%) fix carbon (%) coal type

SL Shengli 0.41 12.61 7.52 46.22 33.65 lignite
ML Malan 1.52 3.05 32.69 19.03 45.23 bituminous coal
XJ Xinjing 2.39 2.72 15.41 8.54 73.33 anthracite

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

https://doi.org/10.1021/acsomega.3c10295
ACS Omega 2024, 9, 17289−17296

17290

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2 shows the rate of change of the initial velocity of gas
emission with the moisture content. From the figure, it can be

seen that the ΔP change rate varies at different moisture content
intervals. For sample SL, when the moisture content is in the
range of 0−3.21%, the ΔP change rate is larger, and the initial
velocity of gas emission decreases rapidly with the increase in the
moisture content; when the moisture content is more than
3.21%, the ΔP change rate increases slightly and tends to be
stable, and the initial velocity of gas emission decreases slowly
and stabilizes gradually. For sampleML, the rate of change of ΔP
increases steadily with the increase in the moisture content, and
the initial velocity of gas emission shows a good linear negative
correlation with the moisture content. For sample XJ, when the

moisture content is less than 4.36%, the ΔP change rate is small,
and the initial velocity of gas emission decreases slowly with the
increase in the moisture content (Figure 1), and when the
moisture content is more than 4.36%, the ΔP change rate
increases sharply, and the initial velocity of gas emission
decreases rapidly.
3.2. Pore Structure of Coal Samples. The results of

scanning electron microscopy of each coal sample are shown in
Figure 3. As can be seen from the figure, the surface morphology
of these three kinds of coal samples differed significantly. The
surface of sample SL is relatively flat, containing some wedge-
shaped pores, and the pore diameter is large, mostly on the order
of micrometers. The surface of sample ML is rougher,
containing more elliptical pores and ink-bottle pores. However,
the surface of sample XJ is the roughest, the slit-shape pores are
widely distributed, the pore diameter is smaller, and the pores
are the most developed.

To quantitatively study the pore distribution characteristics of
each coal sample, this paper adopts the Hodot pore classification
standard, i.e., micropores (<10 nm), transitional pores (10−100
nm), mesopores (100−1000 nm), and macropores (>1000
nm).47,48 The mercury intrusion curves of the studied coal
samples are presented in Figure 4. The cumulative mercury
volume of sample XJ is the largest. Figure 5 shows the results of
the pore distribution of each coal sample obtained by the
mercury pressure method. It can be seen that sample SL has a
higher proportion of mesopores and macropores, sample ML
has a more uniform pore distribution with a small difference in
the volume of each type of pore, and sample XJ is dominated by
micropores and mesopores. In each type of pores, the order of
pore volume is XJ > ML > SL, which indicates that the pore
distribution and development degree of coal samples with
different metamorphic degrees differ significantly. The pore
volume of anthracite is highly developed and abundant in all
types of pores followed by bituminous coal, and lignite has the
least pore volume.
3.3. Distribution of Oxygen-Containing Groups within

Coal. To identify the surface chemical groups of coal, a wide
XPS spectrum was acquired with a binding energy of 0−1400
eV. Figure 6 shows the typical XPS spectrum of the studied coal
samples. The oxygen and carbon peaks are distinctly identified,
illustrating the major components of the coal surface. A weak
nitrogen peak (N 1s) is also recognized at a binding energy of
around 400 eV, implying the existence of a few nitrogen-
containing groups. Compared with the O 1s peak, the N 1s peak
is almost ignored. Thus, the impact of oxygen-containing groups
on surface hydrophilicity and gas flow is highlighted in this
study. It is apparent that sample SL has the largest O 1s peak,
while sample XJ has the least. The C 1s peak demonstrates the
opposite changing trend, indicating that sample XJ contains
developed aromatic carbons. The typical curve-fitting of the XPS
spectrum was performed at the O 1s peak region with binding
energy ranging from 527 to 539 eV. As shown in Figure 7, good
fits (R2 > 0.99) between the raw curves and cumulative fit curves
are obtained using Gaussian/Lorentzian peak shapes. It can be
seen that all the O 1s peaks can be decomposed into four small
peaks at binding energies of 531.3, 532.2, 533.0, and 534.3 eV.
These four peaks are attributed to C�O groups, OH groups,
C−O groups, and COOR groups, respectively.49−51 For
quantitative analysis, the peak area is used as an index to reflect
the content of functional groups in coal.52−55 Distribution of
oxygen-containing groups within coal samples is presented in
Figure 8. Obviously, OH groups account for the greatest

Figure 1. Variation curve of the initial velocity of gas emission in coal
samples with different moisture contents.

Figure 2. Change rate of initial velocity of gas emission with the
moisture content.
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proportions (36.83−56.25%) among all the oxygen-containing
groups followed by C−O groups. Sample SL has the highest
content of total oxygen-containing groups, which is 0.68 and
3.81 times larger than samples ML and XJ, respectively. Thus,
the oxygen-containing groups are more complicated in low-rank
coals, especially for lignite. These oxygen-containing groups
usually serve as side chains or cross-linking bonds in the surface
molecular structures of the coal samples.
3.4. Influence of Moisture on the Initial Velocity of Gas

Emission. Since the presence of moisture will occupy the coal
surface space, some of the pore cracks are blocked by water
molecules, resulting in the reduction of gas transportation
channels. As a result, the initial velocity of gas emission of the
above coal samples decreased significantly under the effect of
moisture, but the degree of influence on different coal rank
samples was different. With the increase in the moisture content,
the initial velocity of gas emission of sample SL decreased
rapidly and then decreased slowly, ΔP of sample ML decreased
linearly, and ΔP of sample XJ decreased slightly and then
decreased rapidly after exceeding a certain moisture content.
The differences in the effect of moisture on the initial velocity of
gas velocity of lignite, bituminous coal, and anthracite are related
to the distribution of pores in the coal body.

Influencing the mechanism of the moisture content on
methane emission within coal is illustrated in Figure 9. Both
surface chemical groups and pore/fracture distribution play a
vital role in gas emission of water-containing coal. Combined
with the pore structure test results, the total pore volumes of
anthracite (sample XJ), bituminous coal (sample ML), and
lignite (sample SL) are 0.0676, 0.0349, and 0.0188 cm3/g,
respectively, and the former is 1.94 and 3.6 times more than the
latter two. As the pore space of anthracite (sample XJ) is
developed with numerous gas transportation channels, the
number of oxygen-containing groups is also quite limited
(Figure 8). When the moisture content is low (<4.36%),
competitive adsorption between methane and water molecules
will occur in oxygen-containing groups.56−60 Though part of the
pore space is occupied by water molecules, there are still enough

Figure 3. (a−c) Scanning electron microscopy diagrams of coal samples.

Figure 4. Mercury intrusion curves of the studied coal samples

Figure 5. Pore size distribution of coal samples.
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gas diffusion channels; therefore, the moisture content does not
have much effect on the initial velocity of gas emission. Once the
moisture content exceeds 4.36%, a large number of water
molecules will band together to form water clusters (Figure 9).
These large clusters will occupy more pore cracks, hindering gas
release and thus greatly reducing the initial velocity of gas

discharge. For lignite (sample SL), due to the small number of
pores and low porosity, the number of channels for gas
transportation is limited. On the other hand, a great number of
oxygen-containing groups are found in lignite (Figure 8), which
can provide good surface hydrophilicity. Water molecules are
prone to bond with these polar groups; thus, even a small
amount of the moisture content can block most of the pore and
fracture channels within coal. It is not strange that when the
moisture content is low (<3.21%), the inhibitory effect of
moisture is also very significant. With the increase in the
moisture content (>3.21%), the effect of moisture will gradually
weaken, and the initial velocity of gas emission will slowly
decrease until it becomes stabilized. For bituminous coal
(sample ML), the distribution of pores and oxygen-containing
groups is the most uniform, the connectivity of pores is good,
and the initial velocity of gas emission decreases linearly with the
increase in the moisture content. In addition, coals have
numerous adsorption sites for water molecules and conse-
quently they have significant swelling potential upon water
adsorption. The higher adsorption capacity and the swelling
potential can lead to a significant alteration in the coal
porosity.61−63 This also leads to the decrease in migration
channels and affects gas emissions within coal, which will be
further studied in our future work.

Figure 6. XPS spectrum of the studied coal samples.

Figure 7. (a−c) Curve-fitting analysis of the XPS spectrum.

Figure 8. Distribution of oxygen-containing groups within the coal
samples.
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4. CONCLUSIONS
In this paper, taking coal samples with different degrees of
metamorphism as the research object, we studied the influence
law of different moisture contents on the characteristics of the
coal gas emission, and combined with the pore distribution
characteristics of the coal body, we elucidated the mechanism of
the influence of moisture on the initial velocity of gas emission of
coal samples. The following main conclusions were obtained:

1. Under the effect of moisture, the initial velocity of gas
emission of coal samples decreased significantly, and the
maximum decreases in the initial velocity of gas emission
of samples SL, ML, and XJ were 23.61, 28.29, and 36.51%,
respectively, which indicated that the higher the coal rank,
the greater the effect of the moisture content on the initial
velocity of gas emission.

2. The pore structure of each sample varied significantly:
high proportion of mesopores and macropores in sample
SL; more uniform distribution of pores in sample ML and
similar pore volume in each type; micropores and
mesopores dominated in the XJ sample. In each type of
pore, the order of pore volume is sample XJ > sample ML
> sample SL.

3. The differences in the effects of moisture on the initial
velocity of gas emission of lignite, bituminous coal, and
anthracite are related to the pore distribution of the coal
body.With the increase in themoisture content, the initial
velocity of gas emission of lignite decreased rapidly and
then decreased slowly, ΔP of bituminous coal decreased
linearly, and the initial velocity of gas emission of
anthracite decreased slightly and then decreased sharply.
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Figure 9. Influencing mechanism of the moisture content on methane emission within coal.
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