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Abstract

The physical and chemical properties of the air-dried residual coal after soaking in the goaf will change, resulting in an
increase in its spontaneous combustion tendency. This study aimed to look into the features and mechanism of soaked-dried
coal's spontaneous combustion. Five samples of coal were dried to various degrees, and the weight loss features during
thermal processing were examined. Based on this, the pore structure and chemical structure characteristics of the coal
samples with the highest tendency to spontaneous combustion were quantitatively examined, and the mechanism by which
soaking-drying affected the spontaneous combustion heating process of the remaining coal in goaf was investigated in turn.
The results show that T, decreases with the increase of drying time, T,—T, shows a fluctuating change, and the ignition
activation energy of 36-S-Coal is smaller than that of other coal samples. The pore type of 36-S-Coal changes from a one-
end closed impermeable pore to an open pore, and the pore group area is large. During the 36 h drying process, the internal
channels of the coal were dredged, and a large number of gravels and minerals were precipitated from the pores with the
air flow. A large number of gravels were around the pores to form a surface structure that was easy to adsorb various gases.
Furthermore, infrared spectroscopy was used to analyze the two coal samples. It was found that soaking and drying did not
change the functional group types of coal samples, but the fatty chain degree of 36-S-Coal was reduced to 1.56. It shows that
the aliphatic chain structure of coal is changed after 36 h of drying after 30 days of soaking, which leads to the continuous
shedding of aliphatic chain branches of residual coal, and the skeleton of coal is looser, which makes the low-temperature
oxidation reaction of 36-S-Coal easier. Based on the above results, the coal-oxygen composite mechanism of water-immersed-
dried coal is obtained, and it is considered that the key to the spontaneous combustion oxidation process of coal is to provide
oxygen atoms and accelerate the formation of peroxides.

Keywords Water-soaked coal - Coal spontaneous combustion - FTIR - TG-DTG - Pore structure - Chemical structure
parameters

1 Introduction

Coal spontaneous combustion is a severe hazard in mining
(Fei et al. 2009; Liang et al. 2023; Niu et al. 2022; Tan et al.
2022; Wang et al. 2021). During coal seam mining, vari-
ous geological conditions create a large number of airflow

D4 Haiyan Wang cracks, water-conducting, and water-passing cracks on the
whycumtb@163.com roof fracture of the goaf (Niu et al. 2022; Wang et al. 2022;
B< Huiyong Niu Yu et al. 2013). Channel water gushing causes the residual
niuhuiyong@163.com coal in the goaf to form new pores and cracks after soaking,

significantly changing the physical structure of residual coal
(Pan et al. 2016; Yang et al. 2017). Moreover, soluble sub-
stances in coal change their chemical composition under the
influence of water, altering the oxidation rate and the coal
spontaneous combustion heating process (Huang et al. 2019;
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Onifade and Genc 2018; Xiaowei et al. 2019; Zeng and Shen
2022; Zhang et al. 2016). As the temperature increases in the
goaf, the residual coal dries after soaking. In the presence of
elevated oxygen concentration, spontaneous combustion is
prone to occur, leading to more severe coal mine fires (Fan
et al. 2020; Niu et al. 2022; Shi et al. 2018; Xu et al. 2021;
Yang et al. 2017; Zhang et al. 2018). Domestic and inter-
national scholars have conducted broad studies on water-
logged coal's pore structure and spontaneous combustion
properties. Hokyung Choi’s experimental results (Choi et al.
2011) showed that the micropore volume of coal after water
immersion and drying doubled that of raw coal. After water
immersion, Reich (1992) compared and analyzed the surface
structure of raw coal with coal samples after water immer-
sion and drying, finding that shallow water forms a film that
prevents air and pores from contacting, thereby isolating
oxygen. However, as the temperature rises, water evaporates,
and part flows through the coal body, resulting in increased
fragmentation and porosity. A vast amount of oxygen enter-
ing the pores can accelerate the coal combustion reaction. In
coal samples after being soaked, Huang's experimental study
(Huang et al. 2022) showed that the fraction of micropores
reduced, and the number of macropores grew. Sensogut et al.
(2007) studied the water-logged coal's spontaneous com-
bustion procedure and found that wet coal is more prone
to burning than dry coal. Additionally, Deng et al. (2016);
Zhang et al. (2019); Zhao et al. (2019) employed tempera-
ture-programmed tests to examine the combustion process
properties and gas production of coal samples after immer-
sion and drying. The results indicated that water immersion
drying increased the characteristic temperature. Odeh (2015)
concluded that the functional groups of coal tend to evolve
in stages with increasing coal metamorphism, leading to the
shedding of functional groups. sGhosh and Bandopadhyay
(2020) discovered that aliphatic CH- initially increased,
then decreased with increasing carbon percentage by FTIR.
Furthermore, Liu (2022) observed that with increased tem-
perature, C—C and H-H bonds in coal increased, while C—O
bonds decreased. The above research results show that the
change of pore structure caused by water immersion affects
the spontaneous combustion characteristics of coal. How-
ever, the spontaneous combustion process of coal with
different drying time was analyzed by thermogravimetric
method, and the microscopic pore structure, functional
group and chemical structure parameters of coal with the
highest natural tendency were further analyzed, so as to infer
the coal-oxygen composite mechanism of water-immersed
drying coal needs further study.

In view of this, the bituminous coal obtained from Gao-
jiapu Coal Mine in Shaanxi Province was used as the test
coal sample. The spontaneous combustion heating process
and activation energy of coal with different drying time after
30 days of soaking were analyzed, and the pore structure
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development characteristics and chemical structure param-
eters of coal with the highest natural tendency were further
studied. The coal-oxygen composite mechanism of water-
immersed-dried residual coal is summarized, which aims to
provide theoretical support for controlling the spontaneous
combustion of water-immersed-dried residual coal in goaf.

2 Experiment
2.1 Sample collection and preparation

The presence of surface water and rock strata endows the
coal seam and goaf with water immersion characteristics,
making Gaojiapu coal samples particularly valuable for
studying spontaneous combustion characteristics in water-
immersed and dry coal.Once collected on-site, the coal sam-
ples were meticulously packaged and sent to the laboratory,
conforming to standard protocols. After the outer layers of
the coal seam were stripped, a crusher was used for crush-
ing and screening, with coal particles sized at 0.27-0.55 nm
selected and duly sealed for preservation. The coal seam was
soaked in distilled water for 30 days and labeled with the
number and date. The equipment necessary for coal sample
collection, preparation, and experimentation is illustrated
in Fig. 1

2.2 Experimental test

After soaking for 30 days, the coal samples were removed,
laid flat on drying trays, and left to stand for 30 min, dur-
ing which time excess moisture was extracted using paper
towels. When the coal sample has no apparent water outflow,
it is divided into five parts, of which four parts are then
placed in a drum-drying oven to dry. Every 12 h, samples
were obtained while the drying process was underway at
30 °C. Samples were taken at 12-h intervals and stored in a
sealed container after removal. The coal samples used in this
experiment were numbered as follows: R-Coal (Raw coal
sample), 12-S-Coal (Dried for 12 h after water immersion),
24-S-Coal (Dried for 24 h after water immersion), 36-S-Coal
(Dried for 36 h after water immersion) and 48-S-Coal (Dried
for 48 h after water immersion). The coal sample prepara-
tion process and experimental test flow are shown in Fig. 2.

The thermal analyzer analyzed the thermal weight loss
of coal samples. The initial temperature was set to room
temperature, the heating rate was 10 °C/min, the end tem-
perature was 1000 °C, the mass of the coal sample was 15
(£ 1) mg, and the volume fraction of oxygen was 21%.

A high-power electron scanning microscope observed the
surface morphology distribution and change of coal samples
under different drying times. Five groups of coal samples
sealed in sealed bags were prepared according to the sample
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Fig. 1 Diagram of coal sample collection and preparation
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Fig.2 Experimental test flow chart

standard of the scanning electron microscope experiment.
In order to improve electrical conductivity, firstly, all coal
samples are glued to the conductive belt in a specific order.
Then the coal samples on the conductive belt are sprayed
with gold so that the coal samples, after spraying gold, are
stabilized. Please put it on the observation platform in the
test sample room, set the magnification to 1000 times, and
scan it.

The microstructure and pore types of coal samples were
evaluated through the usage of the liquid nitrogen adsorp-
tion method at low temperatures. Firstly, the sample tube
was weighed, and the residual water in the coal pores was

removed by high-temperature degassing. Then, the relevant
parameters were set, and the protective cover was installed
for testing.

The change in the functional group composition of coal
samples was examined using an infrared spectrometer. The
sample was created using the tableting technique for potas-
sium bromide. Dry KBr was added to the coal sample in a ratio
of 1:180, and the mixture was subsequently pulverized. Once
thoroughly mixed, the coal-KBr mixture was compressed
into a transparent sheet using a die press. This sheet was then
scanned using infrared spectrometry to obtain a Fourier infra-
red spectrum for each coal sample.

@ Springer
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3 Results and discussion The curve represents the rate of change of the total mass
of the coal sample during heating.

3.1 Analysis of thermal weight loss characteristics T, (dehydration temperature point), T, (growth tempera-

of coal with different drying time ture point), T5 (oxygen absorption temperature point), T,

(ignition temperature point), T5 (maximum weight loss rate

Soaking can alter dry coal's physical properties and  temperature point), and T (burnout temperature point) were
chemical structure, leading to a complicated impact on  the six distinct temperature points on the heating curve that
the spontaneous combustion and oxidation process (Wang  were selected to investigate the heating and oxidation traits
2012). The oxidation features of spontaneous coal com-  of various dry coal samples (Qi et al. 2017). Similarly, the
bustion were analyzed using a thermogravimetric analyzer ~ Whole heating process is divided into the dehydration weight
to examine the impact of various drying times. After the  loss stage (initial temperature ~T)), oxidation weight gain
experiment, the TG-DTG curve was output. The change  stage (T,—T;), and combustion weight loss stage (T5-T,)
rate of coal sample quality can be obtained by differentiat- ~ (Deng et al. 2018). The TG-DTG curve of the coal sample
ing the temperature and then multiplying the growth rate.  is shown in Fig. 1.
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Figure 3 shows that each coal sample's characteristic tem-
perature points and stages show different patterns. In order
to obtain more clearly the influence of the drying time on
the spontaneous burning process of the coal, the change in
the characteristic temperature points is analyzed, as shown
in Fig. 4.

It can be seen from Fig. 4 that T, decreases with the
increase in drying time, indicating that drying time affects
pore water loss and gas flow. T,-T4 showed fluctuating
changes, but the temperature of 36-S-Coal was higher than
that of other coal samples. This indicates that the coal sam-
ple reaches the best spontaneous combustion dryness after
drying for 36 h. However, only the size of the characteristic
temperature point demonstrates that the spontaneous com-
bustion tendency is not rigorous. Therefore, combined with
the characteristic temperature section and the thermal weight
loss process, the activation energy of the characteristic stage
of different coal samples is calculated (Song et al. 2019).

The solution process is as follows: firstly, the mass change
rate o of the coal sample is obtained, which is expressed as Eq.
(1), and then the differential form Eq. (2) and integral form Eq.
(3) of the reaction rate are obtained by analyzing the reaction
process, and the relationship between g(a) and f(«)is obtained
as (4). Since the temperature changes with time when Egs. (2)
and (3) are applied, Eq. (5) needs to be satisfied. The integral
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form Eq. (6) of the non-isothermal equation can be obtained
by Egs. (2) and (5). The Coast-Redfern integral method solves
Egs. (7) and (8) (Yang et al. 2019).

My —m _ Am

= ;g g (D

% = kf(a) @

gla) =kt 3
1 1

@= @ d[g(@)]/ da @
E

k=A-e w )

T=T,+pt (6)
a T T

gla) = da = é/ e_ng = é/ e_R_ETdT @)

o Sl B Jg B Jo

290

280 - T2

270

260

250

240

20 R-Coal 12-S-'C0al 24-S:Coal 36-S:C0al 48-S:Coal

“00- Coal samples

480 | ——T,

460 |

440 b

420 | /.

400 | - ‘ -

380 |

R-Coal 12-S-’C0al 24-S:Coal 36-S:C0al 48-S:Coal
Coal samples

900 —_— T6

880 |

860 |

840 |

800 | |

780 !

R-Coal 12-S-’C0al 24-S:Coal 36-S:C0al 48-S:C0al

Coal samples

Fig.4 R-Coal and characteristic temperature point change curves for coal at different drying times

@ Springer



68 Page 6 of 15

Y. Liu et al.

In [@] =In [M] _E 8
T? PE RT

where, my is the initial mass, g; m is the quality of a certain
moment, g; m, is the final residual mass of the coal sample,
g; Am is the mass loss of the coal sample at any time, g; k is
the reaction rate constant; A is the pre-exponential factor; E
is the activation energy, kJ/mol; T is Kjeldahl temperature,
K; R is the molar gas constant, 8.314 J/min K; § is the
heating rate, K/ min; 7, is the temperature at which weight
loss begins, K.

Whenn=1,In [ﬂ] is plotted against %, whenn=1,

T2(1-n)
In [w] is plotted against %, the slope k obtained is —%,

and the intercept is In 2—2. By bringing the different mecha-

nism function into the equation for analysis, it is possible to
find E.

The activation energy calculation results of different
stages are shown in Table 1. The tendency for spontane-
ous combustion is more substantial, the lower the activat-
ing energy. According to the data in Table 1, 48-S-Coal has
higher activation energy than 24-S-Coal, R-Coal, 12-S-Coal,
and 36-S-Coal during the dehydration phase. The activa-
tion energy of the oxygen absorption weight gain stage is
12-S-Coal > 24-S-Coal > R-Coal > 48-S-Coal > 36-S-Coal.
The activation energy of the combustion weight loss stage
is 24-S-Coal > R-Coal > 48-S-Coal > 36-S-Coal > 12-S-Coa
1. The activation energy obtained in the oxygen absorption
weight gain stage represents the ignition activation energy
in the combustion process of the coal sample, and the acti-
vation energy obtained in the combustion weight loss stage
represents the combustion activation energy in the combus-
tion process of the coal sample. In this study, the ignition

activation energy can more accurately reflect the difficulty
of spontaneous combustion of coal samples. Therefore, it
can be concluded that the natural tendency of coal samples
in this study does not increase with the increase of drying
time, and 36-S coal has a higher tendency of spontaneous
combustion.

3.2 Analysis of coal pore group distribution

Based on the thermogravimetric analysis, it is concluded
that 36-S-Coal has a higher spontaneous combustion ten-
dency. Coal is a complex solid material with porous media.
It has expansion characteristics and a developed internal
pore structure, increasing the probability of contact between
organic matter in coal and external gas and providing a large
contact area for the coal-oxygen mixed reaction (Li et al.
2023; Yu et al. 2013). Therefore, to observe the influence of
soaking and drying on the morphology of coal more intui-
tively, the pore fracture distribution of R-Coal and 36-S-Coal
was analyzed by scanning electron microscopy, as shown in
Fig. 5. The area surrounded by red (a—c) and blue (d-f) in
Fig. 5 represents the distribution of pore groups and fracture
groups of raw coal and 36-S-Coal coal samples, and contain
a large number of gravel filling in these areas.

Coal contains more minerals and has a complex structure.
The minerals distributed on the surface of coal account for
only a part of these minerals, and another amount of the
minerals are present inside the coal (Li et al. 2019). Accord-
ing to the scanning results, the SEM image is gray-scale
adjusted, and the pore group in the image is highlighted to
obtain the pore development degree of the coal sample after
soaking. It can be seen from Fig. 5a—c that the surface of
R-Coal is relatively smooth, the number of pores and cracks

Table 1 Activation energy of

: Coal sample Reaction stage Temperature range (°) Activation
coal samples at different stages energy (kJ/mol)
R-Coal Water-loss and weight-loss stage 50.0-186.7 42.9
Oxygenated weight gain stage 186.7-370.1 117.8
Burning weightless stage 370.1-877.9 54.0
12-S-Coal Water-loss and weight-loss stage 50.0-200.2 40.8
Oxygenated weight gain stage 200.2-330.4 163.1
Burning weightless stage 330.4-837.6 24.6
24-S-Coal Water-loss and weight-loss stage 50.0-191.1 43.0
Oxygenated weight gain stage 191.1-365.8 123.3
Burning weightless stage 365.8-834.0 56.1
36-S-Coal Water-loss and weight-loss stage 50.0-166.6 40.7
Oxygenated weight gain stage 166.6-370.0 101.8
Burning weightless stage 370.0-838.2 48.0
48-S-Coal Water-loss and weight-loss stage 50.0-160.4 44.5
Oxygenated weight gain stage 160.4-341.2 112.1
Burning weightless stage 341.2-814.0 50.2
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Fig.5 SEM images of R-Coal and 36-S-Coal samples. a—c is the pore structure diagram of R-Coal, d—f is the pore structure diagram of

36-S-Coal

is small, the proportion of pore group area is low, and a
small amount of gravel is attached to the coal surface and
around the cracks. The crack in Fig. 5b is likely caused by
the external force during crushing. After 30 days of soaking,
the pore cracks of coal samples are well developed. It can
be seen from Fig. 5d—f that the water immersion strengthens
the fracture of the original coal structure, dredges the pores
containing loose minerals, and further evolves into swelling
pores, increasing the internal pores.

Further analysis found that during the 36 h drying pro-
cess, the internal channels of coal pores were dredged. At
this time, a large amount of gravel and minerals are pre-
cipitated from the pores as the air flow, resulting in a large
amount of gravel around the pore group. It is obvious to
see that the number of pores in the coal dried for 36 h after
soaking for 30 days is relatively increased, and the porosity
of the coal body increases, and the proportion of the pore
group area also increases. At this time, the coal body forms a
surface structure that is easy to adsorb various gases, which
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leads to an increase in the possibility of oxygen adsorption
by the coal body, and further enhances the oxygen adsorp-
tion capacity in the process of coal oxidation. This further
indicates that 36-S-coal has a higher possibility of sponta-
neous combustion than R-coal, which is consistent with the
conclusion of thermogravimetric experiment.

3.3 Analysis of variations in coal pore types

On the basis of the pore structure distribution analysis, the
pore types of the coal samples were analyzed using a low-
temperature liquid nitrogen adsorption experiment. Simul-
taneously, the conclusion of the thermogravimetric inves-
tigation was verified. The adsorption experiment of liquid
nitrogen at low temperatures is the adsorption process of
pressurized nitrogen. In this process, the adsorption fol-
lows the order of micropores, micropores, mesopores, and
macropores, and the adsorption principle of transition from
single-layer to multi-layer delayed adsorption. The curve
shape formed in this process reflects the morphological
structure of the coal sample hole. Based on this experiment,
IUPAC divides the pores into micropores (pore size 50 nm)
according to the pore diameter and divides the adsorption
isotherm curve into 6 categories (Thommes et al. 2015), as
shown in Fig. 6.
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Fig. 6 Classification of adsorption isotherm curves (IUPAC)
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According to the classification characteristics of isother-
mal adsorption curves, the type of adsorption isotherm curve
(a) of R-Coal is between III and IV (a), which can be clas-
sified as IV (a), and the adsorption isotherm curve (b) of
36-S-Coal belongs to V type.

It can be seen from Fig. 4a that the loop of the R-Coal
curve is tiny, and there is no obvious inflection point when
the relative pressure is slight, and there is a weak hysteresis
loop. This is due to the continuous filling of coal micropores
during nitrogen adsorption. It is reasonable to presume that
the R-Coal sample's pore type is predominantly made up
of closed, impermeable pores at one end. The desorption
curve on the 36-S-Coal curve displays a distinct inflection
point of about 0.5, as seen in Fig. 4b. There is a typical
hysteresis loop between the adsorption curve and the desorp-
tion curve. According to the above analysis, the pore type
of coal sample developed from an impermeable pore to an
open pore after 30 days of soaking and 36 h of drying. It
can be explained that under underwater immersion, soluble
substances in coal are dissolved, and the connecting chan-
nel between pores is opened. After 36 h of drying, the air
permeability of coal samples is further enhanced. Pore-type
switching from impermeable to open pores encourages O,
circulation in coal, increasing the coal and oxygen contact
area. The open pores of coal are broken due to the tem-
perature rise, and the normal pore expansion phenomenon
manifests, increasing the likelihood that the coal-oxygen
combination effect will occur (Fig. 7).

3.4 Analysis of changes in functional groups of coal

The oxidation process of coal is essentially a process in
which different types of groups in coal undergo oxidative
decomposition reactions and release heat (Zhao et al. 2022).
These groups continuously react to release heat and activate
more groups to respond, so the coal temperature continues
to increase until it reaches the point where the coal sample
ignites (Chen et al. 2012; Dey 2012; Li et al. 2017). When
the number of functional groups in coal molecules changes,
the intensity of its infrared absorption peak will change
accordingly. Thus, analyzing the infrared spectrum curve
makes it possible to determine the distribution of different
functional groups in the coal sample and analyze the impact
of drying time on the effectiveness of the coal oxygen reac-
tion. Figure 8 displays the infrared spectra of coal samples
dried at various rates.

It can be seen from Fig. 8 that the two coal samples have
characteristic peaks at 1050 em™!, 1430 cm™!, 1610 cm™!,
2920 cm™, and 3460-3730 cm™', but the wavelength corre-
sponding to the characteristic peaks does not change. In the
characteristic absorption region of 1430 cm™'-1660 cm™!,
both R-Coal and 36-S-Coal showed strong absorption peaks.
This is because the pore structure on the surface of the coal
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sample is affected by the swelling of the water, and the size-
able cross-linked structure and the fat branch chain inside
the coal are destroyed, destroying the surface pores. The
infrared spectrum shows that immersion and drying do not
cause a wide variety of changes in the functional groups of
coal samples.

3.4.1 Split-peak fitting

In order to improve the accuracy of the analysis, the infrared
spectrum in the range of 700-3700 cm™~! was segmented.
Then, Peakfit software was used for peak separation and
fitting to obtain the characteristic peak data of oxygen-
containing functional groups in coal molecules (Zhou et al.
2015). An infrared comparative analysis of R-Coal and
36-S-Coal confirmed that soaking and drying have a neg-
ligible impact on the types of functional groups in the raw
coal. Further investigation is required to determine whether
this process affects the absorption peak area of functional
groups. The study has identified several functional groups,
including hydroxyl, aliphatic hydrocarbons, aromatic hydro-
carbons, and oxygen-containing functional groups, that
could potentially affect the coal-oxygen reaction(Zhong
et al. 2019). Therefore, the characteristic peaks of different
bands (700-900 cm™', 1000-1800 cm™", 2800-3000 cm™",
3000-3700 cm_l) of R-Coal and 36-S-Coal were fitted, as
shown in Fig. 9. And the content and proportion of other
functional groups are obtained, as shown in Table 2.

The analysis of the relevant results of different band char-
acteristic peaks is shown in Fig. 9. In the 700-900 cm™!
band, 14 peaks were fitted, and the correlation was
more than 99.8%. 14-15 mounts were included in the
1000-1800 cm~! band, and the correlation was more than
99.8% and 99.7%, respectively. Five peaks were fitted in the

45.00
39.61
- 3421
) 28.82
o 40 A’ﬁ[ B, 23.43
S} 1\ AN 18.03
g .0 L La Al O\ 12.64
= 30 N 7244
g - . 1.850
= 20tk -y
E
2
S 10
e 1 [
0 1 " 1 n 1 n 1 n 1 " 1 " 1

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm!

(b) 36-S-Coal

@ Springer



68 Page 10 of 15 Y.Liuetal.
R:700-900 Experimental spectrum 30D:700-900 Experimental spectrum
0.050 it 0.040 F $ el
R2=0.9981 —— Fitting spectrum 4 R?=0.9984 — Fitting spectrum
------------ Peak-splitting spectrum e Peak-splitting spectrum
0.040 |
0.030 |
@ @
< 5]
0030} s
£ £
= = 0.020
20020} 2
< <
0.010 |
0.010 |
0.000 = V4 0.000 -
700 750 800 850 900 700 750 800 850 900
Wavenumber/cm”™’ Wavenumber/cm”™
R i 5 0.250
0.350  R:1000-1800 E.xp'ernmental spectrum 30D:1000-1800 Experimental spectrum
R?=0.9984 Eiring speciran : Fitting spectrum
e s R akasnlithine spae R2=0.9971 # Sp
0.300 | Peak-splitting spectrum 0200 fraifi e tman e i Peak-splitting spectrum
3 0.250 | ©
= < 0.150 F
S0200f i
=
s i
Zoasof 20100 |
=
< <
0.100
0.050
0.050
0.000 |- - 0.000 1
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavenumber/em™! Wavenumber/em™
0.120 F 1.2800-3000 Experimental spectrum 30D:2800-3000 Experimental spectrum
R2=0.9979 — Fitting spectrum 0.080 R2=0.9989 — Fitting spectrum
0100 i it pea R Peak-splitting spectrum I T G ety Peak-splitting spectrum
@ 0.080 Ml
5] <
= =
2 2
0.060 |
*5 ’5 0.040
@« 74
£ o
< 0.040 | <
0.020 |
0.020 |
soook 0.000 |-
L L L L L L L L L L
2800 2850 2900 2950 3000 2800 2850 2900 2950 3000
Wavenumber/cm™! Wavenumber/cm™!
R:3000-3700 Experimental spectrum 30D:3000-3700 Experimental spectrum
0.200 } R?=0.9993 — Fitting sl')c?trum 0.200 } R=0.9987 — Fitting sI.)c?trum
------------ Peak-splitting spectrum - Peak-splitting spectrum
0.160 | 0.160 |
@ @
5] 5]
g g
20120 S0120F
S S
) S
2 2
<« 0.080 | 2 0.080 }
0.040 | 0.040 |
0.000 0.000 | it
L L L L L L L L L L 1 ) L L 1 L
3000 3100 3200 3300 3400 3500 3600 3700 3000 3100 3200 3300 3400 3500 3600 3700

Wavenumber/em™'

Fig.9 Infrared spectra of R-Coal and coal samples at different drying times

@ Springer

Wavenumber/em™!



Time-shift effect of spontaneous combustion characteristics and microstructure difference...

Page110of 15 68

Table 2 Change in the content

. Band range Functional group type R-Coal (%) 36-S-Coal (%)
of functional groups
700-900cm™! Phenyl disubstitution 19 22
Phenylcyclotrisubstitutions 19 45
Tetraphenyl substitution 39 19
Phenyl pentacene substitution 23 14
1000-1800cm™" C-0 28 25
-CH 33 31
C=0 36 42
-COOH 3 2
2800-3000cm ™! -CH,-(Symmetric stretching vibration) 11 10
-CH,-(Antisymmetric stretching vibration) 54 51
-CH;(Symmetric stretching vibration) 19 21
-CH;(Antisymmetric stretching vibration) 16 18
3000-3700cm™! Hydrogen bond(-OH and N) 13 9
Hydrogen bond(O from -OH and C-O) 19 15
Hydrogen bond(Between molecules) 39 39
Hydrogen bond(intramolecular) 22 37
-OH(dissociative) 7 0

2800-3000 cm~! band, with more than 99.7% correlation.
In the 3000-3700 cm™! band, 11 mounts were included, and
the correlation was more than 99.9% and 99.8%, respec-
tively. In the 700-900 cm™' band, there are four substitu-
tion modes on the benzene ring of coal samples, mainly:
benzene ring disubstituted (730-750 cm™'), benzene ring
trisubstituted (750-810 cm™!), benzene ring tetrasubsti-
tuted (810-850 cm™!) and benzene ring pentasubstituted
(850-900 cm™1). In the 1000-1800 cm™! band, it is mainly
the stretching vibration of oxygen-containing functional
groups. In the 2800-3000 cm ™! band, there are mainly three
types of fats: methyl, methylene, and methine. In the band
of 3000-3700 cm™", hydrogen bonds formed by hydroxyl
groups mainly exist in coal.

For calculating the content of a functional group, the sum
of the adjusted peak area is considered the total peak area.
Then, the percentage of a specific action group about the
total area of the peak is determined and used to compute the
content of that functional group. Therefore, the area ratio
difference of representative functional groups in different
bands of R-Coal and water-immersed dry coal samples can
be obtained, as shown in Fig. 10.

It can be found from the content and proportion difference
of functional groups in different stages that tri-substitution
is the primary substitution mode of the benzene ring in the
700-900 cm™! band. Compared with R-Coal, benzene ring
disubstitution and benzene ring trisubstituted of 36-S-Coal
increased, and the benzene ring pentasubstitution decreased.
In the 10001800 cm™' band, the content of C—O, methine,
and —COOH decreased, and the content of C=0 increased.
This phenomenon is because the carbon—oxygen single bond
is longer than other oxygen-containing functional groups,

the chemical properties are unstable, and it is prone to
chemical reactions, forming a more stable C=0, making
its content increase. In the 2800-3000 cm™~" band, the sym-
metric and antisymmetric stretching vibration of methylene
and methyl is the primary vibration mode, manifesting in
a decrease in methylene content and an increase in methyl
content. In the 3000-3700 cm™! band, the two coal samples'
intramolecular hydrogen bonds and intermolecular hydrogen
bonds account for about 80% of all hydrogen bonds. How-
ever, the difference is that the intramolecular hydrogen bond
content of the 36-S-Coal sample increases by 15%, while the
intermolecular hydrogen bond content remains unchanged.
On the other hand, in the 36-S-Coal coal samples, a decrease
was observed in the content of hydrogen bonds formed by
the hydroxyl group and N, by the hydroxyl group and O in
ether, as well as self-associated hydroxyl groups.

3.4.2 analysis of chemical structure parameters

Water immersion and drying will affect the internal chain
reaction of coal. The spontaneous combustion characteristics
of coal are impacted by the release of carbon—oxygen and
hydrocarbon heat, which is influenced by the chain length
and degree of the aliphatic chain during the coal-oxygen
chain reaction (Xu et al. 2021). Therefore, this paper ana-
lyzes the chain degree and chain length of the fat chain and
then studies the difference in spontaneous combustion ten-
dency between the two coal samples.

The fat chain length and branching degree (He et al. 2017;
Jiang et al. 2021) were expressed as 'DL-C"

@ Springer
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Fig. 10 R-Coal and the difference in the area share of functional groups of coal samples at different drying times

Table 3 Calculated value of

. Coal samples
coal fat chain length

Fat chain length

R-Coal 1.86
36-S-Coal 1.56

C1 (2800 — 3000)

pL - ¢ = 2800 7 U00)
C2 (2300 — 3000) ®)

where C; (2800-3000) is the functional group content of
CH, in the straight chain portion of aliphatic, the alicy-
clic and aromatic side chains in the wave count range of
2800-3000 cm™!, %; C, (2800-3000) is the functional
group content of CH; in the branched-chain portion of ali-
phatic hydrocarbon side chain, alicyclic side chain and the
branched part of the aromatic hydrocarbon side chain in the
range of 2800-3000 cm™!, %. According to 3.1, the struc-
tural parameters of R-Coal and 36-S-Coal were calculated,
as shown in Table 3.

@ Springer

It can be seen from Table 3 that 36-S-Coal has a lower
level of fat chain formation than R-Coal. This shows that
after soaking for 30 d and drying for 36 h, the structure
of the aliphatic chain of the coal changes, resulting in
the continuous shedding of the residual aliphatic chain
branches of the coal and the shortening of the length of the
aliphatic chain. At this time, the low-temperature oxida-
tion reaction of 36-S-Coal is easier to achieve.

3.5 Coal-oxygen complex mechanism

Through comprehensive macro and microanalysis, It can
be seen that there are apparent differences in functional
group content between coal samples immersed in water
and raw coal samples. The dryness of coal after submer-
sion into water affects heat and weight loss during the heat-
ing process(Fang et al. 2022). Since the oxygen composite
reaction is a chemical adsorption-based reaction process,
based on the above experimental results, the coal-oxygen
composite and chemical adsorption mechanism after water
immersion and drying are analyzed, and the coal-oxygen
composite model is obtained. As shown in Fig. 11.
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Fig. 11 Coal-oxygen composite mechanism model of water immersion drying

The primary mechanism is as follows: free radicals in
coal absorb hydrogen atoms from the aliphatic hydrocar-
bons already present and produce C radicals. Due to the
formation of adsorption sites for O,, chemisorption occurs,
releasing heat in the form of C radicals and producing per-
oxides (O—O-C) (Cheng et al. 2022). The free hydroxyl
radicals and carbonyl groups are then produced due to a
series of events in which the oxygen atoms in the peroxide
connect with hydrogen atoms from neighboring aliphatic
hydrocarbons to produce carbon dioxide, carbon monoxide
gas, and carbon radicals. Moreover, hydroxyl groups absorb
free hydrogen atoms of aliphatic hydrocarbons and oxygen-
containing functional groups to create -C radicals, CO, and
H,O. These reactions create -C radicals and free hydroxyl
groups in coal, which undergo continuous chemical adsorp-
tion reactions. Recent studies have shown that water immer-
sion provides -OH and hydrogen ions to speed up peroxide
formation and leads to constant pore crack development and
changes in pore type. Drying further opens the pore channels
and increases the contact area between coal and oxygen, thus
promoting the coal-oxygen chain reaction.

4 Conclusions

(1) This study aimed to investigate coal's pore character-
istics, chemical structure parameters, and activation
energy during the spontaneous combustion heating
process at different drying times following 30 days
of immersion. The study also revealed the pore size
variation characteristics and heating properties of dry
coal samples immersed in water. The findings provide

@)

3)

“4)

(OH-OH)
ey CO,/CO

The main products of coal-oxygen compound reaction

a theoretical foundation for developing prevention and
control techniques for residual coal spontaneous com-
bustion after water invasion in goaf.

A comparative analysis of the thermal weight loss
characteristics and activation energy of three char-
acteristic stages during the spontaneous combustion
heating process of five different coal samples showed
that 36-S-Coal had a higher spontaneous combustion
tendency than the other coal samples. This is because
36-S-Coal exhibited a higher T,—T¢ characteristic tem-
perature and a lower ignition activation energy than the
other coal samples.

The R-Coal pore type mainly comprises one-end closed
impermeable pores. The surface is relatively flat and
smooth, the number of pore cracks is small, the pro-
portion of pore group area is low, and a small amount
of gravel is attached to the coal surface and around the
cracks. The pore type of 36-S-Coal is open pore. A
large amount of gravel and minerals in the coal body
are precipitated from the pores with the airflow, result-
ing in a large amount of gravel around the pore group,
and the area of the pore group increases, and the poros-
ity increases.

Using infrared spectroscopy to analyze the two coal
samples, it was found that soaking and drying did not
change the functional group types of coal samples.
However, the content of C=0, -CH;, and intramolecu-
lar hydrogen bonds increased after soaking for 30 days
and drying for 36 h. Further calculation of the degree
of fat chain and chain length showed that the degree
of the fat chain of 36-S-Coal was 1.56, and the degree
of the fat chain of R-Coal was 1.86. This indicates that
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the aliphatic chain structure of coal is changed after
36 h of drying after 30 days of soaking, resulting in the
continuous shedding of residual coal aliphatic chain
branches. The length of the aliphatic chain becomes
shorter, which makes the skeleton of coal looser and
the low-temperature oxidation reaction of 36-S-Coal
easier.

(5) Based on the above experimental results, the formation
of -C free radicals, the generation of chemical adsorp-
tion sites of O,, and the process of a further generation
of peroxides were analyzed. The coal-oxygen compos-
ite mechanism of coal after water immersion drying
was obtained, and it was shown that providing oxygen
atoms and accelerating peroxide generation was the key
to the whole process. The prevention and control tech-
nology and measures for the spontaneous combustion
of water-immersed air-dried coal should strengthen the
plugging of coal pores and prevent the generation of
chemical adsorption points, thereby reducing the gen-
eration of peroxides.
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