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ABSTRACT: In complex geological mining conditions, residual coal often
collapses into the goaf, where it becomes saturated with water and
undergoes air drying. This process ultimately leads to the formation of
water-immersed coal. Coal that has been immersed in water shows a much
greater tendency for spontaneous combustion than untreated coal, posing a
significant safety hazard in mining operations. This study seeks to
investigate how water immersion affects the heating and oxidation processes
of bituminous coal along with the changes in key chemical groups during
these stages. Long-flame coal and fat coal were selected as the research
materials, and water-immersed coal samples were prepared with water to
coal mass ratios of 1:2, 1:1, and 2:1. Experiments using scanning electron
microscopy, low-temperature nitrogen adsorption, programmed temper-
ature gas chromatography, and in situ Fourier transform infrared
spectroscopy were conducted to examine the alterations in the microscopic physical structure, oxidation behavior, and active
functional groups of coal samples before and after water immersion. Pearson correlation analysis was utilized to determine the
primary active groups in coal samples throughout each phase of heating and oxidation. The research results indicate that (1) as the
duration of water immersion increased, both the pore and fracture structures of long-flame coal and fat coal exhibited a progressive
enlargement. The average pore diameter of the raw coal increased from 4.16 and 7.33 nm to 5.12 and 9.09 nm in the C2:1 and F2:1
coal samples, respectively. The proportions of mesopores and macropores increased to 21.87, 19.64, and 78.16, 73.24%, respectively.
(2) In the early stages of coal spontaneous combustion and oxidation, water immersion acts to hinder the oxidation process of
bituminous coal. However, as the temperature rises, the moisture inside the coal pores evaporates, causing the water immersion to
reversely promote the oxidation of bituminous coal. During the rapid oxidation stage, the highest oxygen consumption for C1:2 and
F1:1 coal samples was 9.94 and 10.93%, respectively. Their oxygen consumption rates were 1.43 and 1.21 times that of raw coal,
respectively. During the intense oxidation stage, the highest CO production for C1:2 and F1:1 coal samples was 23,157 and 25,699
ppm, respectively. Compared to raw coal, this represents an increase of 1.83 and 1.48 times, respectively. (3) Water immersion
results in a higher concentration of hydroxyl and oxygen-containing functional groups in the coal, while simultaneously reducing the
proportion of aliphatic and aromatic hydrocarbon groups. Hydroxyl groups are the key functional groups in the slow oxidation stage,
exhibiting correlation coefficients of −0.955 and −0.941 with untreated long-flame coal and bituminous coal, respectively. Aliphatic
hydrocarbons also serve as critical functional groups during the slow oxidation stage, with correlation coefficients of −0.876 and
−0.892 for untreated long-flame coal and bituminous coal, respectively. In the intense oxidation stage, oxygen-containing functional
groups are pivotal, where untreated long-flame coal and fat coal show correlation coefficients of 0.934 and 0.980 with carbonyl (C�
O) groups and 0.859 and 0.913 with carboxyl (−COOH) groups, respectively.

1. INTRODUCTION
Coal remains a critical energy resource in China, serving as a
cornerstone for national security, economic growth, and the
supply of essential industrial raw materials.1−3 According to the
“2023 China Energy Outlook” published by the International
Energy Agency (IEA), coal is projected to continue contributing
approximately 45% of China’s energy consumption by 2030.4

Each year, around 200 million tons of coal is lost as a result of
underground coal fires. Spontaneous combustion-related mine

fires are particularly common under complex geological
conditions, such as mines with deep coal seams and water-
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flooded environments. During the mining process at the
working face, residual coal often falls into waterlogged areas.
After being soaked in water and subsequently air-dried, it
transforms into immersed coal.5,6 Water immersion causes
significant changes in the physical and chemical properties of
coal, especially when compared to raw coal.7 As coal seams are
mined, the water that accumulates in the goaf gradually drains
away, leading to the formation of additional fractures in the
overlying rock layers. This process creates intricate air leakage
pathways, which, in turn, expand the contact area between the
residual coal and oxygen. Due to the increased air leakage
intensity, water-immersed coal bodies experience further
dehydration and drying. During the mining or unsealing of
working faces, these coal bodies become more susceptible to
oxidation, which, in turn, elevates their risk of spontaneous
combustion.
At present, many scholars have carried out a large number of

experimental studies on the influence of water immersion on the
oxidation stage of coal, mainly focusing on activation energy,
characteristic temperature, heat absorption, discharge, etc.,
which provides important theoretical and practical support for
solving the problem of coal spontaneous ignition after the
drainage of water immersion gob in coal mines. Bu et al.8

employed a programmed temperature oxidation apparatus to
examine the changes in kinetic parameters for both raw and
water-immersed coal at various oxidation stages under different
oxygen concentrations. Their observations revealed that during
the third oxidation stage, the heat release rate of the water-
immersed coal samples was lower compared to that of the
untreated coal. Zhang et al.9 divides the low-temperature
oxidation process of coal into three stages according to the
production rate of CO and CO2. Through gray correlation
analysis, it is found that soaking water has the most significant
effect on the accelerated oxidation of coal. Through the study of
thermogravimetric analyzer, Zhang et al.10 found that water
immersion can inhibit the water evaporation stage of coal and
promote the water immersion in the oxygenation stage and the
combustion weight loss stage. Deng et al.11 found that under the
same heating rate, water-soaked air-dried coal has less heat
absorption stage, and its peak heat absorption temperature is
lower than that of raw coal. Liu et al.12 divided the variation
curve of minimum floating coal thickness (Hmin) with
temperature into three stages and found that theHmin sequence
of stage II and stage III was the same as that of stage I, indicating
that at the same temperature, the thermal enrichment of water-
impregnated coal and oxidized coal was more obvious, and coal
spontaneous combustion was more likely to occur. Huang et
al.13 used thermogravimetric analysis to divide the quality
change of water-impregnated coal in the process of temperature-
programmed oxidation into three stages. Zhang et al.14 found
that the oxidation characteristic temperature points on TG and
DSC curves and the activation energy E of TG at the second and
third stages were significantly lower than that of the immersed
coal at room temperature.
The evolution of coal’s spontaneous combustion character-

istics is essentially due to the change of its internal chemical
structure. Therefore, it is very important to explore the evolution
law of coal microstructure after water immersion to reveal the
mechanism of coal spontaneous combustion and its control
strategies. Zhong et al.15 compared and analyzed the difference
of the initial functional group structure and the evolution rule of
the two coal samples in the oxidation process by measuring the
three-dimensional in situ Fourier transform infrared spectrum of

the spontaneous combustion water-immersed coal and raw coal
in the process of low-temperature oxidation. Guo et al.16 used
Fourier transform infrared (FTIR) spectroscopy to analyze the
chemical structure of raw coal and soaking coal. Lu et al.17 used
infrared spectrum to qualitatively analyze the distribution and
change of functional groups before and after coal immersion in
water. Huang et al.18 conducted in situ infrared spectroscopy
experiments to investigate the changes in functional groups in
coal both before and after water immersion, while also assessing
the effect of temperature on these transformations. Their results
revealed that water immersion reduced the temperatures at
which internal aliphatic hydrocarbons and oxygen-containing
functional groups started reacting with oxygen to form coal-
oxygen complexes. Zhai et al.19 found that, compared to
untreated coal, water-immersed coal samples exhibited longer
side chains and a greater degree of branching in the aliphatic side
chains. This indicates an increased tendency for spontaneous
combustion.
In summary, current research mainly focuses on the impact of

water immersion on the overall oxidation stages of coal, while
there is limited study of the spontaneous combustion character-
istics and specific evolution patterns of key functional groups
during the low-temperature oxidation stages of coal. In China’s
bituminous coal mining regions, spontaneous combustion
incidents involving water-immersed coal are common, with
long-flame coal and fat coal representing a significant proportion
of the bituminous coal involved. Building on this, this study
selected long-flame coal and fat coal as the research subjects.
This study employs scanning electron microscopy, low-temper-
ature nitrogen adsorption, programmed temperature rise-gas
chromatography, and in situ Fourier transform infrared
spectroscopy to examine how the microstructural properties of
long-flame coal and fat coal are altered under different water
immersion conditions. In addition, we analyzed the rates of
gaseous product formation throughout the heating and
oxidation process, determined the apparent activation energy,
and investigated the variations in the active functional groups at
each stage of the reaction. Moreover, Pearson correlation
analysis was employed to pinpoint the crucial functional groups
in bituminous coal at different stages of low-temperature
oxidation. The results of this study enhance our understanding
of howwater immersion influences the spontaneous combustion
characteristics of bituminous coal, offering a theoretical
foundation for the prevention and control of spontaneous
combustion under similar conditions.

2. COAL SAMPLE PREPARATIONAND EXPERIMENTAL
METHODS
2.1. Experimental Coal Sample Preparation. This

research concentrated on samples of long-flame coal and fat
coal sourced from the Datong mining area in Shanxi Province.
First, freshly collected coal samples were obtained from the
active mining face of the coal seam, sealed in containers, and
then transported to the laboratory for subsequent analysis. The
oxidized layer on the surface of the samples was meticulously
stripped away, after which the coal was crushed by using a jaw
crusher. The resulting material was then screened to isolate coal
samples with mesh sizes ranging from 60 to 80. By mixing 60 g
coal samples with different amounts of water by an electric
mixer, 6 groups of coal samples with a mass ratio of water and
long-flame coal and fat coal are 1:2, 1:1, and 2:1, respectively.
These were named C(1:2), C(1:1), C(2:1), F(1:2), F(1:1), and
F(2:1), respectively.20 The long-flame coal and fat coal without a
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water immersion treatment were named CM and FM,
respectively. The prepared samples were stored in a cool
environment for 30 days, after which they were vacuum-dried at
40 °C for 48 h. Ultimately, both the untreated coal samples and
the vacuum-dried, water-immersed coal samples were sealed and
stored for future analysis. The process flow for preparing the coal
samples and conducting the experiments is illustrated in Figure
1. Moreover, Table 1 provides the results of the industrial and
elemental analyses conducted on both long-flame coal and fat
coal.
2.2. Controlled Temperature Increase Experiment.

The programmed temperature increase experiment employed a
gas chromatography device independently developed by North
China University of Science and Technology. Its main
components include a gas generator, a programmed temperature
furnace, a gas chromatograph, and an information processing
system. Experimental Steps: Weigh 50 g of raw coal and water-
immersed coal samples, place them into the heat transfer coal
sample tank, cover evenly with a 2−3 mm thick asbestos layer to
prevent coal dust from clogging the pipeline; connect the gas
circuit and check the airtightness of the device, set the flow
meter parameter to 100 mL·min−1. Heating Program: Increase
the temperature from room temperature to 30 °C within 10
min,21 maintain at a constant temperature of 30 °C for 20 min,
then increase at a rate of 2 °C·min−1 until it reaches 220 °C.
Before 100 °C, collect gas samples every 10 °C interval; after 100
°C, collect gas samples at every 20 °C interval. The collected
gases are then analyzed for their components using a gas
chromatograph. Repeat the above experimental steps to obtain
the gas composition and concentration generated by long-flame
coal and fat coal at various temperature stages under different
water immersion conditions.

2.3. Scanning Electron Microscopy and Low-Temper-
ature Nitrogen Adsorption Experiment. A Zeiss Gem-
iniSEM 360 scanning electron microscope (SEM) was
employed to examine the pores and fractures in both long-
flame coal and fat coal under various water immersion
conditions. The scanning parameters were set as follows:
acceleration voltage of 3.00 kV, resolution of 1.0 μm, and
operation in high vacuum mode. In order to enhance the
conductivity of the coal samples and protect the instrument, a
thin layer of gold was applied to the samples prior to the
experiment.
The experiment was conducted using a JW-BK112 static

nitrogen adsorption instrument produced by Beijing Jingwei
Gao Bo. The experimental steps include: Taking 2 g of raw coal
and water-treated coal samples, placing them separately in
physical adsorption containers, ensuring that the samples are dry
before operation to avoid interference from external moisture;
accurately weighing the sample tube to m0, then connecting the
sample tube to the nitrogen adsorption instrument for degassing
treatment. The degassing process involves heating in a vacuum
environment at a rate of 5 °C/min to 150 °C andmaintaining for
1 h to remove volatile impurities and adsorbed moisture from
the sample; after degassing is completed, slowly cool the sample
tube to room temperature and equilibrate under nitrogen
protection to ensure stable sample temperature and prevent
readsorption of moisture; place the degassed sample tube into
the adsorption instrument, start the low-temperature nitrogen
adsorption experiment, record the nitrogen adsorption and
desorption curves, and maintain stability through a constant
temperature device; at the end of the experiment, automatically
collect and generate the nitrogen adsorption isotherm. Finally,
the total weight of the sample tube and its contents after the

Figure 1. Schematic of coal sample preparation and experimental procedures.

Table 1. Proximate Analysis and Elemental Coal

proximate analysis (%) ultimate analysis (%)

samples Mad Aad Vad FCad Cdaf Hdaf Odaf Ndaf

CM 4.51 3.28 32.37 59.84 74.35 3.67 1.81 20.17
FM 4.26 3.82 27.56 64.36 77.72 3.11 1.38 17.79
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experiment were weighed as m1, and the actual adsorption
amount of the sample was determined by calculating the
difference between m0 and m1.

2.4. In Situ FTIR Experiment. The infrared spectrum
analysis was conducted by using a Fourier transform infrared
spectrometer (Bruker VERTEX 70), which was fitted with a

Figure 2. SEM micrographs of coal samples: (a) CM; (a1) FM; (b) C1:2; (b1) F1:2; (c) C1:1; (c1) C1:1; (d) C2:1; (d1) C2:1.

Figure 3. Diagrams of average pore diameter and pore structure distribution ratio for long-flame coal and fat coal: (a, a1) long-flame coal; (b, b1) fat
coal.
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PiKE in situ reaction cell. The measurement wavelength range
was 700−4000 cm−1, and the scanning rate was 64 times per
second. During the experiment, the sample and potassium
bromide were ground and mixed in a mass ratio of 1:100. The
uniformly mixed sample was placed in the reaction cell, and the
heating program was set to heat from 40 to 240 °C at a rate of 10
°C/min. Infrared spectroscopy scans of the coal samples were
performed every 20 °C (before the start of the experiment, KBr
was scanned as a background).
2.5. Pearson’s Correlation Analysis Method. The

Pearson correlation coefficient,22 alternatively referred to as
the Pearson product-moment correlation coefficient, is a
statistical measure used to evaluate the strength and direction
of the relationship between two variables, X and Y. It is
calculated by dividing the covariance of the two variables by the
product of their individual standard deviations. The general
formula for determining the correlation coefficient (R) is
presented below:

= =
[ ]

R
X Y

D X D Y

E X Y

D X D Y
Cov( , )

( ) ( )

( )( )

( ) ( )
X Y

(1)

The Pearson correlation coefficient can be expressed as the
ratio of the covariance and standard deviations of the sample as
follows:

= =

= =
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where X, Y: two variables, representing two different features
used to calculate correlation; R: Pearson correlation coefficient;
n: number of samples.
When the Pearson correlation coefficient R is 0, it indicates no

correlation between the variables. When R falls between 0 and
±0.3, this suggests a weak positive or negative correlation. If R
lies between ±0.3 and ±0.5, it indicates a low-level positive or
negative correlation. When R is between ±0.5 and ±0.8, it
reflects a significant positive or negative correlation. Finally,
when R is between ±0.8 and ±1.0, it indicates a high level of
positive or negative correlation between the variables.

3. RESULTS AND DISCUSSION
3.1. Surface Microstructure and Pore Distribution of

Coal Samples before and after Water Immersion. This
study explores how water immersion affects the surface structure
and pore distribution characteristics of long-flame coal and fat
coal, with particular emphasis on the microstructural level. The
analysis is performed by using SEM and LTNA techniques. This
forms a foundational basis for examining the stages of
spontaneous combustion behavior and investigating the key
functional groups involved. Figure 2 presents the SEM images of
long-flame coal and fat coal under various water immersion
conditions.
It can be seen from Figure 2a−d,a1−d1 that the surfaces of

long-flame coal and fat coal without water immersion treatment
are relatively smooth, with fewer large pores and cracks.
Following water immersion, the coal exhibits an increase in
the number of pore cracks. Additionally, with the increase in
water immersion volume, the coal’s pore structure becomes
increasingly developed. When the water-to-coal mass ratio of
long-flame coal and fat coal is 1:2, a few cracks emerge on the
surface of both coals, resulting in a slightly rough texture. As the
water-to-coal mass ratio increases to 1:1, the number of pore
cracks in the coal rises, with the pores becoming interconnected
to form intricate coal-oxygen contact pathways. This pro-
gressively leads to amore porous coal structure.When the water-
to-coal mass ratio reaches 2:1, there is a marked increase in both
the number of cracks and large pores in the coal sample with
enhanced connectivity. This creates additional pathways for
oxygen diffusion and release of volatile substances.
The effect of water immersion on the pore structure of

bituminous coal was quantitatively assessed by using LTNA.
The aperture distribution and average pore diameter of both
long-flame coal and fat coal, under different water immersion
conditions, are shown in Figure 3a,b,a1,b1, respectively.
As shown in Figure 3a,b, under water immersion conditions,

the proportion ofmicropores in both long-flame coal and fat coal
gradually decreases. Specifically, it drops from 12.85 and 21.87%
before water immersion to 8.65 and 19.64%, respectively. At the
same time, the proportion of mesopores increases, with the most
notable rise observed in long-flame coal, where it increases from
76.31 to 78.16%. This occurs because water immersion causes

Figure 4. O2 concentration curve of long-flame coal and fat coal under different water leaching conditions: (a) long-flame coal; (b) fat coal.
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soluble minerals and organic matter within the micropores of
coal to dissolve. Through bridging effects, these processes lead
to the formation of mesopores.23 In addition, water immersion
results in an increase in the proportion of large pores in two
types of bituminous coal with different metamorphic degrees, in
which the proportion of long-flame coal increases from 10.84 to
13.19% and the proportion of fat coal increases from 6.72 to
7.52%. This observation is consistent with the changes in the
surface morphology seen under SEM.
As seen in Figure 3a1,b1, the average pore diameters of both

long-flame coal and fat coal gradually increase as the duration of
water immersion increases. When the water-to-coal mass ratios
are 1:2, 1:1, and 2:1, the average pore diameters of long-flame
coal are 4.38, 4.79, and 5.12 nm, respectively, while for fat coal,
the average pore diameters are 7.81, 8.62, and 9.09 nm,
respectively. After water immersion, the average pore diameter
of long-flame coal increased by 6.55, 17.60, and 24.01%, while
that of fat coal increased by 5.29, 15.54, and 23.08%. Water
immersion has a more pronounced effect on long-flame coal,
resulting in a greater increase in the average pore diameter
compared to fat coal. The observed difference can be attributed
to the lower metamorphic rank of long-flame coal, which has a
more developed pore structure. This characteristic facilitates the

transformation of micropores into mesopores and macropores
more readily.24 Additionally, long-flame coal contains a higher
content of soluble minerals and organic matter internally. The
dissolution process is more pronounced during water
immersion, further promoting expansion of the pore diameters.
3.2. Analysis of Programmed Temperature Rise-Gas

Chromatography Experiment Results. 3.2.1. O2 Concen-
tration Consumption Analysis. The variation in the concen-
tration of the O2 with temperature during the programmed
temperature rise process for both long-flame coal and fat coal
under different water immersion conditions is shown in Figure 4.
As shown in Figure 4a,b, under various water immersion

conditions, the oxygen concentrations in both long-flame coal
and fat coal gradually decrease as the temperature increases.
However, the rate of decline follows a pattern of being initially
slow, then rapid, and finally becoming more intense as the
temperature rises. Based on the oxygen consumption rate, the
oxidation of coal samples induced by temperature can be divided
into three stages: slow oxidation, rapid oxidation, and intense
oxidation.25,26 During the slow oxidation phase (Stage I), which
occurs between 30 and 80 °C, the oxygen concentration in both
long-flame coal and fat coal decreases gradually as the
temperature increases. Among these, the oxygen concentration

Figure 5. Change curves of CO and CO2 concentrations of long-flame coal and fat coal under different leaching water quantities: (a, a1) long-flame
coal; (b, b1) fat coal.
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in CM and FM experiences the most significant decline, with
their oxygen consumption rates notably higher than those of the
water-immersed coal samples. The oxygen concentration
decreases from initial values of 20.52 and 20.44% to 18.61 and
18.02%, respectively. This is mainly attributed to water
immersion, which raises the moisture content within the coal’s
pores, consequently slowing the oxidation process. When
heated, the evaporation of water absorbs some of the heat
generated during the low-temperature oxidation of bituminous
coal, thereby reducing the rate of the oxidation reaction.27

Due to the lower metamorphic degree of long-flame coal, its
pore structure is more developed, with a relatively higher
proportion of macro- and mesopores. This structure facilitates a
more rapid oxidation reaction.28 As a result, the rapid oxidation
phase of long-flame coal concludes earlier than that of the fat
coal. During the rapid oxidation stage (Stage II), the
temperature range for long-flame coal is between 80 and 140
°C, whereas for fat coal, it extends from 80 to 160 °C. The
oxygen concentration decreases rapidly as the temperature
increases during this stage. Among the samples, C1:2 and F1:1
exhibit the highest oxygen consumption, reaching 9.94 and
10.93%, respectively. These values are 1.43 and 1.21 times
higher than that of raw coal. This phenomenonmay be explained
by the fact that as the temperature increases, the moisture in the
pores gradually evaporates, which enhances the oxygen flow rate
within the coal and thus accelerates the oxidation process. As a
result, with the evaporation of moisture, the coal shifts from
physical and chemical adsorption to more vigorous chemical
reactions, thereby accelerating the oxidation process. During the
intense oxidation stage (Stage III), the temperature range for
long-flame coal is between 140 and 220 °C, whereas for fat coal,
it extends from 160 to 220 °C. During this stage, as the
temperature increases, the oxygen concentration drops sig-
nificantly. The oxygen consumption of C1:2 and F1:1 coal
samples is the highest, which are 4.77 and 4.34%, respectively.
By this point, all moisture in the coal has evaporated, and the
porosity of the coal increases further, which promotes a faster
oxidation process. As the contact area between coal and oxygen
increases significantly, the reaction becomes more vigorous.
This enhanced interaction accelerates the oxidation process,
reaching a maximum intensity.

3.2.2. CO and CO2 Production Analysis. Figure 5 illustrates
the production of CO and CO2 from long-flame coal and fat coal
under varying water immersion conditions during the
programmed temperature increase process.
As seen in Figure 5a,a1,b,b1, under different water immersion

conditions, the generation rates of CO and CO2 in both long-
flame coal and fat coal exhibit a trend of initially slow increase,
followed by a rapid rise and finally a sharp increase as the
temperature rises. Additionally, the generation patterns of CO
and CO2 are consistent with oxygen consumption, exhibiting
similar segmented characteristics and corresponding temper-
ature ranges. In the slow oxidation stage, both long-flame coal
and fat coal exhibit low generation rates of CO and CO2, which
gradually rise as the temperature increases. Notably, CO2 is
consistently produced throughout the entire heating oxidation
process. However, there is a difference in the initial CO
generation temperature. For the non-water-immersed long-
flame coal and fat coal, the initial CO generation temperatures
are 60 and 70 °C, respectively, with production amounts of
11.90 and 8.07 ppm.
During the rapid oxidation stage, as the coal temperature

further increases, chemical reactions accelerate, leading to a

rapid rise in the level of CO and CO2 gas production.
Experimental results indicate that for CM coal samples, the
generation of CO and CO2 reached peak values of 753 and 2554
ppm, respectively, at 140 °C. For FM coal samples, the
generation of CO and CO2 reached peak values of 2755 and
10,661 ppm, respectively, at 160 °C. This difference is primarily
due to the lower degree of metamorphism in long-flame coal,
which makes it more susceptible to oxidative decomposition
under the same temperature conditions. As a result, the reaction
extent is higher, leading to greater CO production.29 In the
intense oxidation stage, the production of CO and CO2
increases sharply with temperature and the generation rate
escalates dramatically. The production of CO and CO2 from
long-flame coal and fat coal does not show a linear increase with
the amount of water immersion. At 220 °C, the CO production
from the C1:2 and F1:1 coal samples is the highest, reaching
23,157 and 25,699 ppm, respectively. This represents an
increase of 1.83 and 1.48 times compared to raw coal. The
production of CO reflects the intensity of the coal oxidation
reactions. Therefore, when the mass ratio of water to long-flame
coal is 1:2 and the mass ratio of water to fat coal is 1:1, the
spontaneous combustion tendency is the highest.

3.2.3. Analysis of Kinetic Parameters. Building on the results
from the programmed temperature rise experiments, the
activation energy for both long-flame coal and fat coal was
calculated to further investigate howwater immersion influences
the spontaneous combustion properties of bituminous coal.
This method offers a comprehensive, quantitative analysis of
how water immersion affects the coal’s behavior during various
stages of oxidation. The activation energy is determined by
assessing the oxygen consumption of the coal samples during the
programmed temperature increase. This enables a quantitative
evaluation of the energy needed for oxidation reactions in
various stages of coal heating.
The formula used to calculate oxygen consumption is

provided below:30
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To simplify the calculation process, the difference between
the inlet oxygen concentration and the outlet oxygen
concentration during coal oxidation can be considered as
oxygen consumption. This difference reflects the amount of
oxygen consumed by the coal during the oxidation process at
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By combination of eqs 3 and 4, the following expression can
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where ρg is the gas density, kg/m3; Ea represents the apparent
activation energy, J/mol; R is the gas constant, 8.314 J(k·mol);
S−1 is the pre-exponential factor; A0 is the porosity; cO d2

1 denotes
the oxygen concentration at the inlet, %; cOd2

2 represents the
oxygen concentration at the outlet, %; and j is the porosity.
Because the difference between the inlet oxygen concen-

tration and the outlet oxygen concentration in Stages I is smaller,

the accuracy of ln
c c

c
O2
1

O2
2

O2
2 is relatively low. Therefore, Stages II
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Figure 6. Comparison of apparent activation energies of long-flame coal (a−d) and fat coal (a1−d1) at different temperature oxidation stages under
different leaching water conditions.

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

https://doi.org/10.1021/acsomega.4c10912
ACS Omega 2025, 10, 7264−7282

7271

https://pubs.acs.org/doi/10.1021/acsomega.4c10912?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10912?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10912?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10912?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and III are selected for the analysis of the activation energy
changes.

The ln
c c

c
O2
1

O2
2

O2
2 is linearly related to

T
1 . By fitting the

experimental data into eq 5, the activation energies for both

Figure 7. In situ infrared spectra of long-flame coal (a−d) and fat coal (a1−d1) under different water leaching conditions.
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long-flame coal and fat coal during Stages II and III, under

various water immersion conditions, can be determined. The

fitting curves and activation energy Ea are shown in Figure 6.

As shown in Figure 6, the change of leaching water has little
influence on the activation energy of long-flame coal and fat coal
during stage II of heating oxidation. The activation energies for
CM, C1:2, C1:1, C2:1 and FM, F1:2, F1:1, and F2:1 are 3.16,

Figure 8. Results of Fourier transform infrared (FTIR) spectroscopy analysis for coal samples, both before and after water immersion treatment: (a)
long-flame coal; (b) fat coal.

Figure 9. FTIR peak fitting diagram of long-flame coal in different wavenumber bands.
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1.60, 2.02, and 2.11 kJ/mol and 5.32, 5.20, 4.68, and 5.02 kJ/
mol, respectively. This is attributed to the fact that Stage II
primarily involves the evaporation of internal moisture and the
thermal breakdown of macromolecules in the coal, during which
oxygen plays a relatively minor role in the reaction.31 During
Stage III, the activation energy of the coal samples decreases due
to water immersion. With an increase in water immersion, the
activation energy first rises and then falls. This indicates a
complex relationship between the water content and the coal’s
oxidation characteristics at elevated temperatures. The
activation energies for long-flame coal and fat coal, when not
subjected to water immersion, are 10.67 and 28.21 kJ/mol,
respectively. Both values are greater than the activation energies
observed for the coal samples that underwent water immersion,
suggesting that water immersion helps to reduce the activation
energy, thereby promoting the oxidation process and increasing
the likelihood of spontaneous combustion. Compared to raw
coal, the activation energy of C1:2, C1:1, C2:1 and F1:2, F1:1,
F2:1 has decreased by 21.2, 10.5, 9.27% and 5.21, 33.5, 12.4%,
respectively. This suggests that even a small amount of water
immersion enhances the self-ignition tendency of bituminous
coal by reducing the activation energy, thus facilitating the
oxidation process. However, excessive water immersion may
inhibit the oxidation process by saturating the coal, which
reduces the available surface area for the reaction and, in turn,
decreases its reactivity.
3.3. In Situ Infrared Analysis. The variation in functional

groups was investigated by analyzing the FTIR spectra of both
raw coal and coal samples subjected to different water
immersion conditions. This analysis provided a clearer under-
standing of howwater immersion affects the functional groups in
coal, shedding light on the mechanisms by which it alters the
chemical structure and reactivity of the coal. Figure 7 displays
the in situ infrared spectra of long-flame coal and fat coal
subjected to different water immersion conditions.

3.3.1. Analysis of the Infrared Spectral Characteristics of
Long-Flame Coal and Fat Coal at Ambient Temperature. By
examination of how water immersion affects the functional
groups in long-flame coal and fat coal at room temperature, the
inherent chemical properties of the coal can be uncovered

without the need for external thermal activation. This analysis
offers valuable data for understanding how functional groups
evolve during the heating process, shedding light on the
chemical transformations that may take place as coal undergoes
various thermal conditions. At 40 °C, the infrared spectra of
long-flame coal and fat coal with water-to-coal mass ratios of 1:2,
1:1, and 2:1 are shown in Figure 8.
As shown in Figure 8a,b, a noticeable increase in the intensity

of characteristic peaks for hydroxyl groups (−OH) and oxygen-
containing functional groups (such as carbonyl C�O and
carboxyl COOH) is observed in both long-flame coal and fat
coal after water immersion compared to the raw coal samples.
This indicates that water immersion promotes the formation of
these polar groups. However, the absorption peak strength of
aliphatic hydrocarbons (−CH3/−CH2) decreased only slightly,
while that of aromatic hydrocarbons (C�C) changed more
slowly, indicating that the structure of aromatic hydrocarbons
was more stable at room temperature compared to other active
functional groups.
Peakfit software was used to perform peak fitting on the

infrared spectra in the wavenumber ranges of 3600−3700,
3000−3600, 2800−3000, and 1300−1800 cm−1.32−34 The peak
fitting curve for the non-water-immersed long-flame coal is
shown in Figure 9, with the same method applied to the peak
fitting analysis of the other experimental coal samples.
Figure 9a shows that in the range of 1300−1800 cm−1, V1

corresponds to the vibration of the carbon−carbon double bond
(C�C), V2 corresponds to the vibration of the carbonyl group
(C�O), and V3 corresponds to the vibration of the carboxyl
group (−COOH). Figure 9b shows that in the range of
2800−3000 cm−1, V4 and V5 correspond to symmetric and
antisymmetric stretching vibrations of saturated C−H bonds
(CH3 and CH2), respectively. Figure 9c shows the wide peak
characteristics of hydroxyl (−OH) corresponding to V6 in the
range 3000−3600 cm−1. Figure 9d shows the vibration of V7
corresponding to the free hydroxyl group (−OH) in the range of
3600−3700 cm−1.
Figure 10 shows the percentage of aliphatic hydrocarbons,

aromatic hydrocarbons, oxygen-containing functional groups,

Figure 10. Percentage of main active functional groups in experimental coal samples at 40 °C: (a) long-flame coal; (b) fat coal.
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and hydroxyl groups in long-flame coal and aliphatic coal under
different water leaching conditions at 40 °C.
As illustrated in Figure 10, the content of hydroxyl groups

(−OH) in coal increases notably at 40 °C with even a slight
amount of water immersion. Specifically, the hydroxyl contents
for C1:2 and F1:1 are the highest, at 52.08 and 40.35%,
respectively. This can be attributed to the fact that following
water immersion, coal surfaces and internal pores absorb
moisture. The hydrogen−oxygen (H−O−H) bonds in water
molecules interact with active sites on the coal surface, such as
free radicals or unsaturated bonds, leading to the formation of
hydroxyl groups.35 When the mass ratio of water to long-flame
coal is 1:2, and that of water to fat coal is 1:1, hydroxyl oxidation
generates more carbonyl groups (C�O) and carboxyl groups
(−COOH), the percentage of which increases from 1.48, 8.35,
5.6, and 9.00% of raw coal to 1.91, 8.91, 6.28, and 9.58%,
respectively. At this stage, the rise in hydroxyl groups further
triggers a chain reaction involving aliphatic hydrocarbons
(−CH3/−CH2), resulting in the consumption of more of
these groups and consequently a reduction in their percentage
content. This reduces from the original coal’s 26.41 and 18.19%
to 23.14 and 15.59%, respectively. Due to the relatively stable
molecular structure of aromatic hydrocarbons, they are less
likely to participate in reactions during the low-temperature
oxidation process. Consequently, their content experiences only
minor fluctuations.36

Moreover, the optimal levels of water immersion that
correspond to the highest self-ignition tendencies differ
significantly between long-flame coal and fat coal. Because of
its lower metamorphic grade, long-flame coal possesses a greater
number of pore fractures, resulting in a higher proportion of
macro- and mesopores compared to other coal types. As a result,
when the water-to-coal mass ratio is 1:2, water is able to
penetrate the pores more effectively and make thorough contact
with the active sites, thereby greatly enhancing the oxidation
reactions within the coal. Fat coal, having undergone a higher
degree of metamorphism, possesses a more compact pore
structure characterized by a greater proportion of smaller pores.
At a water-to-coal mass ratio of 1:1, water is able to more
efficiently infiltrate the pores, thereby enhancing the activation

of surface active sites in fat coal. However, when bituminous coal
is soaked in excess water, the hydroxyl (−OH) groups in the
water preferentially bond with hydrogen bonds in the coal
structure, resulting in a decrease in the hydroxyl content in the
coal, which in turn leads to a decrease in the carbonyl and
carboxyl content.3,13 At the same time, the content of aromatic
hydrocarbons (C�C) increases, which reduces the oxidation
activity of coal.

3.3.2. Examination of How Water Immersion Affects the
Staged Evolution of Active Functional Groups in Coal. Under
different water immersion conditions, Figures 11−14 illustrate
the variation in the percentage content of aliphatic and aromatic
hydrocarbons, oxygen-containing functional groups, and
hydroxyl groups in both long-flame and fat coal as the
temperature rises from 40 to 240 °C.
Figure 11 demonstrates that under various water immersion

conditions, the percentage of hydroxyl groups (−OH) in both
long-flame coal and fat coal initially decreases gradually,
followed by a more rapid decline as the temperature rises.
Additionally, the relative content of −OH in coal samples that
have undergone water immersion is greater than that in the
original, nonimmersed coal. In the early stage of temperature-
induced oxidation, the reduction in the percentage of hydroxyl
groups (−OH) in both untreated and water-immersed coal
occurs gradually. As the moisture adsorbed on the coal’s surface
evaporates, hydroxyl groups are mainly consumed through mild
chemical reactions with oxygen. In this phase, the reaction
temperature remains relatively low, leading to a slow rate of
−OH consumption, which is reflected in a gradual decrease over
time. Additionally, water immersion postpones the rise in the
reaction temperature of the coal sample, resulting in a slower
rate of hydroxyl group consumption in the water-immersed coal
compared to the untreated samples.
During the second stage of temperature-driven oxidation, the

oxidation rate of the hydroxyl groups in the untreated coal rises
sharply. This phase is characterized by the formation of coal-
oxygen complexes, leading to the generation of carbonyl groups
(C�O). These carbonyl groups then participate in further
reactions, leading to the formation of carboxyl groups
(−COOH) and other oxygen-containing functional groups.

Figure 11. Changes of percentage of hydroxyl content in coal with temperature under different water leaching conditions: (a) long-flame coal; (b) fat
coal.
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Simultaneously, as the active sites within the coal structure are
activated, the diffusion and reactivity of oxygen are significantly
improved, leading to faster depletion of hydroxyl groups. This is
reflected in a sharp decrease in the trend. Following water
immersion, the coal structure experiences an increase in pore
fissures, which enhances the rate of oxygen diffusion.
Consequently, the reaction rate of −OH groups in the water-
immersed coal samples is significantly higher compared with the
untreated coal, leading to a faster reduction in the hydroxyl
group content. In the third stage of temperature-induced
oxidation, following water immersion, the increased number of
hydroxyl groups further enhances their involvement in oxidation
processes, leading to their transformation into carbonyl and
carboxyl groups or their direct participation in carbon−oxygen
chain reactions. Because of the heightened reaction intensity
during this stage, the rate at which hydroxyl groups are
consumed peaks, reaching its highest point.

Figure 12 illustrates that under various water immersion
conditions, the behavior of aliphatic hydrocarbons (−CH3/−
CH2−) in the oxidation process of both long-flame and fat coal
begins with a gradual increase, which is then followed by a rapid
decline. Moreover, water immersion leads to a reduction in the
concentration of aliphatic hydrocarbons in the untreated coal.
During the slow oxidation phase, the oxidation of coal is mainly
governed by physical adsorption and weak chemical inter-
actions, resulting in limited breakdown or transformation of the
aliphatic hydrocarbon groups. As the consumption of aliphatic
hydrocarbons is relatively low, their proportion within the
functional groups gradually rises. The presence of a surface water
film on water-immersed coal samples reduces the oxygen
diffusion rate, hindering the reactions and leading to a slower
change in their content.
In the rapid oxidation phase, as the temperature increases, the

activity of the aliphatic hydrocarbon groups significantly
intensifies, leading to chain scission reactions. This process

Figure 12.Changes of the percentage of aliphatic hydrocarbon content of long-flame coal and fat coal with temperature under different water leaching
conditions: (a) long-flame coal; (b) fat coal.

Figure 13. Change of percentage of aromatic hydrocarbon content of long-flame coal and fat coal with temperature under different water leaching
conditions: (a) long-flame coal; (b) fat coal.
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generates a considerable amount of radicals, including −CH3
and −CH2. At this stage, the free radicals undergo further
reactions with oxygen, leading to the formation of peroxide or
alcohol intermediates, accompanied by the release of heat. In
water-soaked coal, the more developed pore structure facilitates
faster oxygen diffusion, which accelerates the oxidation of the
aliphatic hydrocarbons. As a result, the content of these
hydrocarbons decreases more significantly compared with
untreated coal. In the intense oxidation stage, the chain scission
of the aliphatic hydrocarbon groups becomes more pronounced.
The free radicals produced primarily transform into gaseous
byproducts like CO and CO2, resulting in the release of
significant heat. At this stage, the rate of consumption of
aliphatic hydrocarbons peaks, causing their content to decrease
rapidly. The increased porosity and enhanced oxygen availability
in water-soaked coal samples lead to more vigorous reactions of
aliphatic hydrocarbon groups. As a result, a larger number of free
radicals are generated, which further accelerates the intense
combustion reactions of bituminous coal.
As depicted in Figure 13, the proportion of the C�C content

steadily increases with the rise in oxidation temperature,

although the rate of this increase remains relatively gradual.
This can be explained by the fact that aromatic hydrocarbons
exhibit limited reactivity during the oxidation process at
temperatures below 220 °C, due to their relatively stable
molecular structure. The proportion of aromatic rings increases
slightly during oxidation, likely due to the cleavage of the side
chains attached to them. Following water immersion treatment,
the relative content of aromatic rings in both long-flame coal and
fat coal decreases. This suggests that water immersion alters the
concentration of other active groups, thereby influencing the
proportion of aromatic hydrocarbons and, consequently,
impacting the entire temperature oxidation process.
Figure 14 illustrates that the levels of carbonyl (C�O) and

carboxyl (COOH) groups consistently increase in both
untreated and water-immersed coal samples during the heating
and oxidation phases. During the initial phase of slow oxidation,
the reduced reaction temperature between coal and oxygen
slows the oxidation of −OH and −CH3/−CH2 groups, leading
to the gradual accumulation of carbonyl and carboxyl groups.
Moreover, immersing the coal in water decreases the interaction
surface between oxygen and the coal, which in turn slows the

Figure 14. Changes of oxygen-containing functional group content percentage of long-flame coal and fat coal with temperature under different water
leaching conditions: (a, a1) long-flame coal; (b, b1) fat coal.
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formation rate of C�O and COOH groups in the water-soaked
samples relative to the untreated coal.
During the rapid oxidation phase, the rate at which carbonyl

and carboxyl groups form rises significantly. As the temperature
increases, the aliphatic and aromatic side chains break down
more quickly, reacting with oxygen to produce considerable
amounts of C�O and −COOH functional groups. Simulta-
neously, the oxidation of hydroxyl groups intensifies, leading to

the generation of additional precursor groups that facilitate the
formation of carbonyl and carboxyl groups. In water-immersed
coal samples, the enhanced pore structure and improved oxygen
diffusion capacity facilitate the increased formation of C�O
and −COOH groups. The rates at which carbonyl and carboxyl
groups form peak during the intense oxidation phase. In this
phase, the oxidation reactions are primarily driven by
decomposition and intense oxidation, resulting in the formation

Figure 15. Correlation coefficients of active groups in bituminous coal: (a−d) long-flame coal and (a1−d1) fat coal under different water leaching
conditions and each temperature rise oxidation stage.
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of a large quantity of C�O and −COOH functional groups.
These groups undergo further oxidation, leading to the
production of small molecular products like CO, CO2, and
water, accompanied by the release of substantial heat. The
oxidation of aliphatic hydrocarbons and aromatic ring side
chains persists, supplying precursors for the formation of C�O
and −COOH groups. In the case of the water-immersed coal
sample, which has a greater number of active sites, the
decomposition and oxidation reactions are more pronounced.
This leads to a sustained high level of C�O and −COOH
contents throughout the high-temperature stage.

3.3.3. Analysis of the Correlation between Functional
Groups and Coal Heating and Oxidation Stages. This study
utilizes Pearson correlation analysis to investigate the key
reactive groups present in long-flame coal and fat coal under
varying water immersion conditions across different stages of
heating and oxidation. Figure 15 shows the correlation
coefficients between the functional groups in both untreated
and water-immersed coal samples at various stages of heating
and oxidation.
Figure 15 indicates that while water immersion treatment did

not alter the overall correlation pattern between the
experimental coal samples and their functional groups at each
heating and oxidation stage, there were variations in the
correlation coefficients. In the initial (slow oxidation) stage, the
hydroxyl group (−OH) shows the strongest correlation with
both fat coal and long-flame coal. For non-water-treated long-
flame coal and fat coal, the correlation coefficients are −0.955
and −0.941, respectively. This suggests that the hydroxyl group
plays a crucial role during this stage. Due to its strong polarity,

the hydroxyl group is capable of adsorbing water, forming a
water layer that covers the coal surface. This water coverage
effectively occupies the active sites, limiting the interaction
between oxygen and the coal, which, in turn, slows down the
oxidation process. This reduces the interaction between oxygen
and coal, thereby slowing the oxidation reaction. The analysis
reveals that water immersion treatment notably enhanced the
proportion of hydroxyl groups in both fat coal and long-flame
coal. The presence of moisture further infiltrates the coal’s pore
structure, effectively isolating oxygen and thereby decreasing the
likelihood of spontaneous combustion during this phase.
During the second stage, which is the rapid oxidation phase,

the correlation coefficients between fat coal, long-flame coal, and
aliphatic hydrocarbons (−CH3/−CH2−) are the highest,
reaching −0.876 and −0.892, respectively. This suggests that
aliphatic hydrocarbons play a crucial role in this phase. During
this stage, the aliphatic hydrocarbon chains undergo cleavage,
producing a substantial number of free radicals such as −CH3,
and releasing considerable heat. This process significantly
accelerates the coal’s oxidation reaction. The free radicals
producedmay also interact with other functional groups, leading
to the formation of intermediate compounds, such as peroxides
or alcohols. This process further generates heat, thereby
increasing the likelihood of spontaneous combustion. The
findings reveal that water immersion notably raised the
proportion of aliphatic hydrocarbons in both fat coal and
long-flame coal, thereby supplying a greater amount of reactants
for the oxidation process and increasing the coal’s reactivity.
In the third stage (intense oxidation stage), the spontaneous

combustion process of bituminous coal has the highest

Figure 16. Spontaneous combustion tendency and microstructure change mechanism of the immersed coal sample in the heating oxidation stag.
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correlation with oxygen-containing functional groups. The
correlation coefficients of fat coal and long-flame coal with a
carbonyl group (C�O) are 0.934 and 0.980, and the correlation
coefficients with a carboxyl group (−COOH) are 0.859 and
0.913, respectively. This shows that the oxygen-containing
functional group is the key group in this stage. This indicates that
in this phase oxygen-containing functional groups are pivotal in
the oxidation process. At higher temperatures, functional groups
such as carbonyl and carboxyl undergo swift decomposition,
leading to the release of large quantities of CO2, H2O, and a
smaller amount of CO, while also generating considerable heat.
This increases the coal’s propensity for vigorous combustion
reactions. Water immersion treatment increases the concen-
tration of oxygen-containing functional groups in both fat coal
and long-flame coal, thereby supplying more reactants for the
oxidation process at higher temperatures. As a result, the
oxidation reaction within the coal becomes more intense.
Additionally, the CO and CO2 produced during the breakdown
of oxygen-containing groups can undergo further oxidation or
secondary reactions. This leads to the generation of flammable
gases, such as ethylene and ethane, which accelerates the
spontaneous combustion of the coal.

3.3.4. Investigation into the Mechanism of Water
Immersion Treatment during the Low-Temperature Oxida-
tion Stages of Bituminous Coal. This research explores how
water immersion affects bituminous coal at various heating and
oxidation stages, revealing the underlying mechanisms and
trends of its impact, as depicted in Figure 16.
As depicted in Figure 16, even a small amount of water

immersion results in the development of a more complex coal-
oxygen interaction pathway within the coal’s internal pore
structure. This facilitates better oxygen adsorption and diffusion
at lower temperatures, thereby increasing the number of active
sites available on the coal’s surface. Consequently, the rate of
spontaneous combustion in coal is significantly enhanced.
However, when water immersion exceeds a certain level, the
coal’s pore structure becomes fully saturated, which hinders the
diffusion of oxygen. As a result, the number of active functional
groups on the coal surface decreases, leading to a decrease in the
rate of low-temperature oxidation.
Significant differences are observed in the spontaneous

combustion behaviors and primary reaction mechanisms of
the coal samples with water immersion across the three heating
and oxidation stages. In the slow oxidation stage, the hydroxyl
(−OH) group acts as a key reactive site. Its tendency to absorb
water results in the formation of a water layer on the coal surface,
which subsequently restricts direct contact between oxygen and
the coal. This notably delays the initiation of the oxidation
reaction. As the process advances into a rapid oxidation stage,
aliphatic hydrocarbons (−CH3/−CH2−) become the dominant
reactive groups. During the chain scission process, aliphatic
hydrocarbons break down to form a large number of free radicals
(such as −CH3), along with small amounts of CO and CO2, and
the release of significant heat. This combination of factors
accelerates the coal’s oxidation reaction. As the process advances
into the rapid oxidation phase, oxygen-containing functional
groups such as carbonyl (C�O) and carboxyl (−COOH)
undergo intense decomposition. This reaction produces CO2,
H2O, and CO, releasing significant heat in the process. This
greatly speeds up the coal oxidation process. Moreover, the CO
and CO2 generated during the decomposition reactions can
engage in secondary reactions, producing flammable gases such

as ethylene and ethane. This, in turn, intensifies the spontaneous
combustion tendency of the coal.

4. CONCLUSIONS
In this study, scanning electron microscopy, low-temperature
nitrogen adsorption experiment, in situ Fourier transform
infrared spectroscopy experiment, Pearson correlation analysis,
and other methods were used. It investigated the variation
patterns of coal pore and fracture structures, spontaneous
combustion characteristics, and the correlation between key
functional groups and heating oxidation stages for long-flame
coal and fat coal under three different water immersion
conditions. The comprehensive analysis leads to the following
conclusions:
(1) As water immersion increases, both the number and

average size of pores and fractures in bituminous coal
steadily increase. The water molecules cause the coal
samples to swell and fracture, leading to a greater
proportion of mesopores and macropores in the water-
immersed coal. When the mass ratio of water to long-
flame coal and fat coal reaches 2:1, the peak values are
21.87, 19.64% and 78.16, 73.24%, respectively. As a result,
the contact area between the coal and oxygen is
significantly enhanced, making the water-immersed coal
more susceptible to spontaneous combustion.

(2) The impact of water immersion on the spontaneous
combustion behavior of bituminous coal differs across
various stages of heating and oxidation. In the slow
oxidation phase, water immersion raises themoisture level
within the coal’s internal pores, thereby delaying the onset
of the oxidation reaction in the coal sample. At this stage,
the oxygen consumption rate is highest for both long-
flame coal and fat coal prior to water immersion. Their
oxygen concentrations decrease from 20.52 and 20.44%
to 18.61 and 18.02%, respectively. In the rapid oxidation
and intense oxidation stages, water immersion causes the
coal’s internal structure to become looser, increasing the
pore area and enhancing its capacity to absorb oxygen.
This makes the coal more prone to spontaneous
combustion. At 220 °C, the CO production for C1:2
and F1:1 reaches its peak, with concentrations of 23,157
and 25,699 ppm, respectively. This represents a 1.83- and
1.48-fold increase compared to untreated coal.

(3) In the rapid and intense oxidation stages, the spontaneous
combustion propensity of both long-flame coal and fat
coal increases with the initial rise in water immersion.
However, as the level of immersion continues to increase,
this tendency starts to decline. When the mass ratio of
water to long-flame coal is 1:2, and the mass ratio of water
to fat coal is 1:1, the tendency for spontaneous
combustion is highest. At this time, C1:2 and F1:1 in
the intense oxidation stage (stage III) have the lowest
activation energy of 8.4 and 18.74 kJ/mol, respectively,
which represents a reduction of 21.2 and 33.5% compared
to raw coal. As the amount of water immersion increases
further, the activation energy of the coal sample also
increases, leading to a reduction in its tendency for
spontaneous combustion. At this point, water immersion
exerts an inhibitory effect on the coal, reversing its earlier
impact.

(4) The water immersion treatment did not alter the overall
correlation pattern between the experimental coal
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samples and their functional groups at each heating and
oxidation stage; instead, only variations in the correlation
coefficients were observed. During the slow oxidation
stage, the −OH group serves as the primary functional
group in both long-flame coal and fat coal, exhibiting
correlation coefficients of −0.955 and −0.941, respec-
tively. In the rapid oxidation stage, aliphatic hydrocarbons
are the dominant reactive groups, with correlation
coefficients of −0.876 for long-flame coal and −0.892
for fat coal. In the intense oxidation stage, oxygen-
containing functional groups (C�O, −COOH) become
the key functional groups for both long-flame coal and fat
coal, showing correlation coefficients of 0.934 and 0.980
for long-flame coal, and 0.859 and 0.913 for fat coal.
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