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Abstract

This study aimed to investigate the mechanism of mineral spontaneous combustion in an open pit. On the study of coal and
mineral mixture in open pit mines, as well as through the specific surface area and Search Engine Marketing (SEM) experi-
ments, the specific surface area and aperture characteristics of distribution of open pit coal sample and pit mineral mixture
samples were analyzed. Thermal analysis experiments were used to divide the oxidation process was divided into three stages,
and the thermal behavior characteristics of experimental samples were characterized. On the basis of the stage division, we
explored the transfer law of the key active functional groups of the experimental samples. The apparent activation energy
calculation of the key active groups, performed by combining the Achar differential method with the Coats—Redfern integral
method, microstructural and oxidation kinetic properties were revealed. The resulted showed that the mixed sample had
high ash, the fixed carbon content was reduced, the specific surface area was far lower than the raw coal, the large aperture
distribution was slightly higher than the medium hole, the micropore was exceptionally low, the gas adsorption capacity was
weaker than the raw coal, the pit coal sample had the exceedingly more active functional groups, easy to react with oxygen,
more likely to occur naturally, and its harm was relatively large. The mixed sample contained the highest C—O-C functional
group absorbance. The functional groups were mainly influenced by the self-OH content, alkyl side chain, and fatty hydro-
carbon in the sample. The main functional groups of the four-like mixture had the highest apparent activation energy, and
the two reactions were higher in the low-temperature oxidation phase.

Keywords Specific surface area - Aperture distribution characteristics - Thermal behavior characteristics - Oxidation
kinetic properties - Gas adsorption capacity

1 Introduction

Forty percent of the world’s coal mine production is the use
of open pit mining. As a big country in coal demand, China
also has considerable number of open pit coal mines, and
the country continues to vigorously promote the improve-
ment of coal mine production capacity. Compared with
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underground mining, the productivity of open pit mining
can reach up to 3 to 5 times that of underground mining.
However, open pit mines usually continue to expand, and
the continuous increase of pit minerals leads to an increase
in the risk of coal spontaneous combustion (CSC) (Cao et al.
2020; Tang 2020; Tang et al. 2020). CSC is a major problem
in coal mine safety production (Deng et al. 2015; Liang et al.
2023; Zhao et al. 2022). In the initial stage of CSC, water
evaporation and gas desorption will occur, which cause the
gradual increase of coal sample surface temperature, thus
prompting the oxygen molecule to react deeply with coal
through the coal crack, and involving the cleavage of chemi-
cal bonds of active functional groups in coal (Aich et al.
2019; Zhang et al. 2018; Zeng and Li 2022). This heat shows
action on coal, resulting in the CSC phenomenon. At the
same time, the process of coal mining will yield oil shale
coal gangue and other wastes, increasing the loss caused by
CSC (Chabukdhara and Singh 2016; Ju et al. 2019; Zhang
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et al. 2022). To forestall accidents, it is necessary to fully
explore the thermal characteristic parameters of minerals in
coal mines.

The existing studies mainly focus on the dynamics of
kerosene mother shale and coal gangue. Through Search
Engine Marketing (SEM) and X-Ray Diffraction (XRD)
tests, the mineral evolution process in the pyrolysis process
of oil shale was analyzed and it was found that with the
increase of organic matter, the number and area of the oil
shale increased, which is conducive to the in-situ develop-
ment of oil shale (Huang et al. 2023; Liu et al. 2023; Zhai
et al. 2023). DSC experiment can study the heat transfer
process of oil shale and 500 °C semi-coke. During the com-
bustion of oil shale, four peaks are the heat transfer peaks
(30-300 °C), coke combustion (300 °C), carbonate decom-
position (700-800 °C) and the volatile organic matter and
the heat transfer peak of coke and carbonate. The basic
characteristics of oil shale and its pyrolysis products were
assessed, and the relative strength of the methyl functional
groups in raw semi-coke and residual ore decreased with
the pyrolysis. The aliphatic carbon chain is more likely to
cleave, and the carbon—oxygen double bond structure is not
easy to decompose, and it is more likely to occur in shale
oil (Alexander et al. 2023; Jiang et al. 2023; Jin et al. 2023).
Using thermal mass-Fourier transform infrared spectros-
copy of typical pyrolysis oil shale, the oil shale pyrolysis
process can be divided into four stages. Pyrolysis reaction
and volatile release mainly occur in the second stage. The
more fat hydrocarbon content, the more methane released
in the process of pyrolysis, and the formation of methane
is by a desorption process with the results of four chemi-
cal reactions (Onifade and Genc 2019; Wang et al. 2023;
Zheng et al. 2023). The mixed combustion characteristics of
biomass and gangue were studied, and the maximum com-
bustion ratio of gangue and 200 °C baking products was
obtained (Zhu et al. 2020).

To sum up, numerous scholars have only selected a single
product as the research object in the study of pit minerals,
analyzed the change law of functional groups, and rarely
studied the change of spontaneous combustion characteristic
parameters after the mixing of various minerals. Therefore,
in this paper, the raw coal and raw coal shale mixed oil shale
and gangue samples were selected as the research object.
Microscopic characteristics were investigated by specific
surface area and SEM experiments, through physical and
chemical adsorption by differential scanning calorimetry
(DSC) and in-situ infrared technology, the functional group
of the two samples was scrutinized in different oxidation
stages with temperature. The apparent activation energy
of functional groups in different oxidation stages was cal-
culated by Achar differential method and Coats-Redfern
integration method, providing theoretical basis for accurate
determination of mineral spontaneous combustion state and
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expeditious working as adoption of reasonable correspond-
ing measures.

2 Experimental
2.1 Coal sample

Raw coal, oil shale, and coal gangue were collected from
the open pit mine as experimental samples, and the selected
coal samples of the open pit mine were long-flame coal. The
experimental subjects were divided into two groups, one
group was raw coal, the other group was the mixed sample
made of raw coal, oil shales, redistilled oil shale and coal
gangue according to the ratio of 1:1:1:1. The collected coal
samples were prepared for crushing, screenings, and seal-
ing. To forestall the oxidation of the coal with oxygen on the
coal surface and affect the test results, the middle part of the
coal samples was selected as the test sample, and the coal
samples of 80-120 mesh were screened for the experiment.
The industrial analysis and elemental analysis experimen-
tal results are listed in Fig. 1. Raw coal with 5% moisture,
which belongs to low moisture coal, low ash, high volatile,
indicated coal sample’s flammable high calorific value.

2.2 Specific surface area and microscopic pore test

The specific surface area test used Autosorb-ig-c automatic
physical chemical adsorption analyzer, sample particle size
of 80-120 mesh; the experiment was conducted at 10 °C
below room temperature, and heating rate of 5 °C/min. The
experimental atmosphere was nitrogen, and temperature
at— 196 °C (nitrogen critical point, 77 K). The microscopic
pore testing was performed with a German-Zeiss-SIGMA
HD scanning electron microscope with sample particle size
80—120 mesh and dried in experimental settings 70,000,
50,000, 20,000, and 10,000 four magnifications.

2.3 Differential scanning calorimetry test

The TA-SDTQ600 thermal analyzer with sample size
80-120 mesh, mass 2 mg, heating rate 10 °C/min, 79% nitro-
gen+21% oxygen, from room temperature to, 1000 °C, was
used.

2.4 In-situ infrared test

Using the INVENIO type Fourier transform infrared spec-
trometer of Bruker and in-situ infrared of Specac Selector
TM, the sample of 80—120 was 1 mg.
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(a) Results of the proximate analysis experiments

(b) Elemental analysis of the experimental results

Fig. 1 Results of the proximate analysis experiments and elemental analysis

3 Experimental results and analysis

3.1 Analysis of mineral surface area
and microscopic pore of pit

3.1.1 Mineral-specific surface area analysis

For the tested adsorption curve, the BET (Brunauer, Emmett,
and Teller) theoretical method was used to calculate the spe-
cific surface area of the BET equation as shown in Eq. (1):

p __1 +C—1.£
Q‘(PO_P) On-C 0,-C py

ey

In Eq. (1), p is nitrogen fractional pressure, mmHg; p,
is the saturated vapor pressure of the lower nitrogen gas,
mmHg; Q is the amount of nitrogen actually adsorbed on
the surface of the experimental sample, cm®/g; Q, is the
nitrogen saturation of the experimental sample, cm®/g; C is
the constant related to the adsorption capacity. Equation (2)
can be obtained from dividing the left and bottom of the
equation by P

plpo 1, Cc-1 p
Q-(1-p/p)) Pm-C QOu-C po
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According to the linear relationship of (p/py)[Q(1 —p/
po)l and p/p,, the slope and intercept are obtained, the
0., is solved, and then the specific surface area is deter-
mined based upon the area occupied by a single nitrogen
gas molecule on the surface. The calculation curve of the

specific surface area of the two samples is shown in Fig. 2.
The calculated specific surface area of raw coal was 39.38
m?/g, and the mixed surface area of the composite samples
was 4.46 m?/g.

Overall, the raw coal surface area was larger, to 39.38
m?/g. At room temperature and pressure, and oxygen coal
composite reaction transverse comparison can be found.
According to the specific surface area from small to large
arrangement for four mixed raw coal, shale’s surface area
decreased, after oil distillation. Because of the volatile
materials in the process of distillation, particle pore struc-
ture changed, leading to composite specific surface area
being less than the raw coal.

3.1.2 The aperture analysis

There were various classification criteria for pore struc-
tures, in which IUPAC tissue is divided into three catego-
ries according to the size of pore size range and solid gas,
micropores (<2 nm) mesoporous (2-50 nm), and large
pores (>50 nm). The less the content of large pores and
medium pores, the tighter the structure, and the easier it
is to react with oxygen at room temperature. According to
Table 1, the majority of coal samples were mesoporous, the
majority of rock samples were large pores, and the content
of micropores in all the samples was extremely small, indi-
cating that the molecular structure of these two samples
was unstable, so oxidation and adsorption were more likely
under normal temperature ventilation onditions (Fig. 3).
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Fig.2 Specific surface area measured by multi-point BET method for a Raw coal and b Composite

Table 1 Pore size distribution for raw coal and composite samples

Coal sample Micropore (%) Mesoporous  Macropore (%)
pore (%)

Raw coal sample 0.62 56.15 43.23

Composite sample  0.22 40.43 59.35
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Fig.3 Change pattern of the cumulative hole volume of the raw coal
and composite samples

3.1.3 Micromorphology analysis

The pore and fissure development of the two samples at

different magnifications (raw coal on the left and four mix-
ture on the right) were tested, as shown in Fig. 4.
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From the SEM map of the above experiments, it was
found that both samples had different numbers of stomatal
structures at different magnifications. From the SEM scan-
ning image of the raw coal sample, we can see that the raw
coal sample was completely flat, and a small amount of
clay minerals and coal debris accumulation appeared. From
the SEM scanning image of composite samples, it can be
observed that the sample had the structural characteristics
of each sample at the same time, such as the large amount of
clay ore on the surface of coal silk-carbon structure oil shale.
As mixed samples’ common granular chip debris attached
to the sample surface, the surface was rough, uneven with a
large number of pores, and silk carbon structure, stripes, silk
carbon, leading to a larger surface area. The pores’ morphol-
ogy, a circular ellipsoid and irregular shape, connectivity
between pores was poor, and on the surface can clearly be
seen part of kaolinite cover. After comparing the raw coal
with the composite sample, it can be found that the raw coal
has more pore structures. More pore structures increase the
oxygen channels of the raw coal, and the surface is covered
by some minerals, providing conditions for saving heat.

3.2 Analysis of mineral exothermic characteristics
in mines

3.2.1 Analysis of heat flow

Through the observation of experimental data, it can be
found that in the DSC curve (Fig. 4), the sample curve with
the increase of the temperature possessed the same trend in
the initial stage of heat flow being decreased. The above-
mentioned was due to water evaporation, that adsorbed heat.
During the evaporation process, the heat was produced by
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(d) 10,000X magnification

Fig.4 SEM of raw coal and composite samples

coal’s physical adsorption, where heat release was relatively During the cold oxidation phase, the DSC curves of the
small. Therefore, this stage in the heat adsorption process  two samples increased with temperature. The heat adsorp-
as the temperature rising DSC curve first rose followed by  tion effect caused by water evaporation under low-temper-
the downward trend. ature oxidation conditions was weakened, and the chemical
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adsorption effect was gradually enhanced, with the heat
released being greater than the physical adsorption effect.
Therefore, the heat flow value began to rise gradually. Mean-
while, this stage was in the process of heat release. In the
rapid heating phase, two samples DSC curve increased with
temperature until the peak heat flow, then the heat flow curve
commenced to drop. This phenomenon was ascribed to the
fact that the sample contained a variety of functional groups.
The high activity functional group first reacted with oxygen,
then released an immense amount of gas, and finally the low
activity functional group in the process of oxidation was
gradually activated to participate in the reaction. In the high-
temperature combustion stage, the DSC curve of the two
samples decreased with the temperature, and then rose to
the second peak heat flow. The peak heat flow was between
462 and 478 °C. In addition, the heat flow value started to
decrease after reaching the peak. This was because with the
rising temperature, there was not only a pyrolysis reaction
inside the sample, but also an oxidation combustion reac-
tion. A large number of unstable bridge bonds in the sample
underwent bond breaking reactions, cracking at high-tem-
perature, and producing a huge number of small molecule
structures and pyrolysis products. The process required more
energy, adsorbing part of the reaction to release heat, leading
to the reduction of DSC curve. However, oxygen quickly
occupied the surface of the sample and reacted with a large
number of small molecules produced by cracking, releasing
an enormous amount of heat, which was constantly greater
than the heat adsorption. Here, the DSC curve showed a ris-
ing trend until the peak of heat flow was reached.

Overall, when the fixed heating rate of different coal
samples was 10 °C/min, the first exothermal peak tempera-
ture was aprox. 326 °C. Furthermore, the heat flow value of
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Fig. 5 Mixed heat flow curve of raw coal and composite samples
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raw coal samples was greater than the composite sample.
When the temperature of the second exothermic peak was
roughly 460 °C, the heat flow value of the raw coal sample
was greater than the composite sample. It can be observed
that the heat flow of the raw coal sample was the highest.
The reaction was exothermic, the heat released was larger,
and the raw coal was more prone to spontaneous combustion
and produced more harmful gases (Fig. 5).

3.2.2 Heat release analysis

The total heat release of raw coal was 4714.40 J/g, and the
total heat release of composite sample coal was 1795.63 J/g.
The total heat release of the raw coal sample was the largest,
indicating that there were relatively more active functional
groups in the raw coal sample, which was easy to partici-
pate in the oxidation reaction and generated more deleteri-
ous gases. The change of heat release of both samples with
temperature is shown in Fig. 6.

The heat release of the two samples had the same change
pattern with the temperature increase. The heat release of
the sample was exceptionally small in the low-temperature
oxidation stage. With the increase of coal temperature, the
heat release gradually increased in the expeditious heating
stage, and the growth rate accelerated, increasing exponen-
tially. The difference between the two curves is in the rapid
heating stage. When the sample is in the rapid heating stage,
the growth rate of the raw coal heat release is greater than
that of the composite sample, denoting that the raw coal
is sensitive to the temperature in this stage, and the oxi-
dation reaction is more intense than that of the composite
sample. During the high-temperature combustion phase, the
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Fig.6 Plots of heat release of raw coal and composite sample coal
with temperature
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heat release continued to increase until the peak heat release
embarked on to reach plateau. In low-temperature oxidation
stage, at the beginning of the reaction, two types of sample
heat were less. Even the heat curve showed slightly down-
ward trend, due to water evaporation; it adsorbed heat and
release of heat was generated by physical adsorption. Here,
exothermic heat was relatively small. Accordingly, in the
heat adsorption process, the previous DSC curve tended to
be stable and consistent. Then, with the change of tempera-
ture, heat started to increase in rapid heating stage. As can
be clearly observed, two types of sample heat commenced
to present exponential growth. In addition, as the tempera-
ture presented the characteristics of highly active functional
group that first reacted with oxygen, and then released an
immense amount of gas, low active functional group in the
process of oxidation gradually activated to participate in the
reaction. Therefore, with the rise of temperature, the sam-
ple participated in the reaction of active functional quantity,
followed by the increase of heat intensity high-temperature
combustion stage. For two samples of heat, the temperature
continued to increase until the heat peak began to smooth.
This was due to a large number of small molecules active
agent structure and combustible materials reacting with oxy-
gen, constantly releasing a large amount of heat, and yield-
ing an enormous amount of gases.

3.3 Infrared spectrum analysis of pit minerals
3.3.1 Infrared spectrogram analysis

The position and intensity of the infrared adsorption spec-
trum peak depended on the vibrational form of the groups

—=— Normal temperaturel
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(a) Raw coal sample

Fig.7 The IR spectrum of raw coal and composite sample

in the molecule and the influence of the adjacent groups,
reflecting the characteristics of the molecular structure.
Because of the various vibration modes of various groups,
a large number of adsorption peaks appeared in the infrared
spectrogram. Four types of adsorption bands of hydroxyali-
phatic aromatics and oxygen-containing functional groups
were taken as the characteristic peaks of the sample. The
structure can be determined only if these characteristic peaks
can be identified.

From the infrared spectrum in Fig. 7, there are differences
in the absorption peak intensities of different samples, result-
ing in the functional groups contained in the experimental
samples being basically the same, but with varying quanti-
ties. The functional group with greater activity during the
oxidation process is the hydroxyl group. The inter-molec-
ular association hydroxyl hydrogen bonds, inter-molecular
hydroxyl hydrogen bonds, and free hydroxyl groups con-
tained in different coal samples were the existing differences.
Both methyl and methylene are present in all experimental
samples, and the methyl deformation vibration absorption
intensity is high. In addition, the content of methylene is
slightly higher than that of methyl, indicating that methyl-
ene is more active during the oxidation process. The methyl
absorption intensity of the raw coal sample is higher than
that of the composite sample. The main active group during
the oxidation process is the oxygen-containing functional
group, which has a significant impact on the chemical prop-
erties of the sample. From Fig. 6, it can be seen that the
C-0O-C functional groups contained in the composite sam-
ple had the highest absorbance, while the residual C—-O-C
oxygen-containing functional groups in the raw coal sample
were relatively low. Because of the fact that the C=C double

—=— Normal temperaturel
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1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
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(b) Composite sample
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Table 2 Peak position

o . . Functional group
distribution of active functional

Raw coal sample Composite sample

groups for raw coal and

Free hydroxyl-OH
composite sample

Intermolecular association hydrogen bond—OH
Methylene symmetric stretching motion
Methylene asymmetric stretching motion

Methylene shear vibration
Methyl shear vibration

C=C

Cc-0

C-0-C

Aromatic hydrocarbons Ar—-CH

Intramolecular hydrogen bond—OH

3690, 3650 3697, 3649
3620 3620
3420 3449
2852 2852
2920 2923

1448 1461

1374

1605 1645

1263

1032, 1098 1035, 1093
794, 871 794

bond was the main structure of the aromatic ring and the
raw coal had not been oxidized, the double bond structure
was stable, the content was high, and the peak intensity was
high, resulting in a strong C=C double shoulder absorption
spectrum of the raw coal sample. Table 2 summarizes the
assigned peaks of different functional groups for different
coal samples.

3.3.2 Analysis of functional group transfer law

The curves of different groups with temperature are shown
in Figs. 8, 9, 10 and 11. From Fig. 8, it can be seen that
hydroxyl groups existed in the oxidation process of each
sample. As the temperature increased, the number of
hydroxyl groups kept changing, as hydroxyl groups con-
tinuously participated in oxidation reactions and were
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(a) Raw coal sample

consumed, and other functional groups reacted with oxygen
to generate hydroxyl groups.

During the low-temperature oxidation stage, the inter-
molecular hydrogen bond strength of inter-molecular
hydroxyl groups in raw coal maintains an upward trend. In
the composite sample, the strength of inter-molecular hydro-
gen bonds tends to stabilize while the absorption strength
of free hydroxyl groups increases. Meanwhile, some unsatu-
rated hydrocarbons were oxidized to form hydroxyl groups,
but the formation rate is greater than the consumption rate.
Therefore, there was an upward trend at this stage. In the
rapid heating stage, in the composite of the raw coal sam-
ple, the light absorption intensity of hydrogen bonds with
wave numbers 3690 and 3620 cm™! decreases, while the
light absorption density of free hydroxyl groups with a wave
length of approximately 3650 cm™! basically increases. In
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Fig.8 Curve of the hydroxyl group with temperature for raw coal and composite samples
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Fig.9 Curve of fat hydrocarbon with temperature for a Raw coal sample and b Composite sample
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Fig. 10 Curves of oxygen-containing functional groups with temperature for a Raw coal sample and b Composite sample

the high-temperature combustion stage, because of the later
reaction, free hydroxyl groups and intramolecular hydrogen
bonds, as well as the continuous reaction between the final
oxygen-containing functional groups and water, the adsorp-
tion strengths of the two types of coal samples were 3690,
3650, and 3620 cm™!, respectively.

In the low-temperature oxidation stage, the absorbance
of the methyl deformation vibration of the raw coal sample
gradually decreased. While in the mixed sample, the light
absorption intensity of the methyl asymmetric expansion

vibration tended to stabilize and rise slightly. Fatty hydrocar-
bon in samples generally existed in the form of long bonds,
general chain bond long activity performance was higher.
In low-temperature oxidation stage, as the temperature
increased, fatty hydrocarbon attacked by oxygen, fractured
into more fatty hydrocarbon, methyl was oxidized, generat-
ing CO, CO,, and hydrocarbon gas. When methyl and meth-
ylene production was greater than the consumption absorb-
ance rising, otherwise downward trending. In the stage of
rapid heating, the absorbance of the methyl deformation
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Fig. 11 Curves of aromatic hydrocarbons with temperature for a Raw coal sample and b Composite sample

vibration of raw coal samples showed a downward trend,
while the methyl deformation vibration of mixed samples
showed a horizontal trend, with a slightly downward trend.

With the rise of temperature, side chain and oxygen com-
posite generated more CO and water vapor precipitation,
leading to reducing fat hydrocarbon side chain, light adsorp-
tion intensity reduced high-temperature combustion stage. In
raw coal, methylene asymmetric vibration methyl symmetry
vibration methyl deformation vibration absorbance dropped
swiftly, then fluctuation absorbance increased, then reduced.
In the composite sample, the methyl asymmetric expansion
vibration commenced to maintain a relatively stable trend,
and then started to decline quickly, while the absorbance
of the methyl deformation vibration appeared to rise with
the temperature, and decreased expeditiously after reaching
the peak absorbance. When the 600 °C value was reached,
the intensity of methylene asymmetry was already less than
0.1. While the intensity of methyl deformation vibration was
slightly greater than 0.1. This indicated that during the oxi-
dation process, the adipose hydrocarbon of the expansion
vibration peak was mainly consumed, and that the methylene
consumption was greater than the methyl group.

Oxygen-containing functional groups accounted for a
large proportion in the total functional groups, and the more
active functional groups mainly included carboxyl hydroxyl
ether bond fat ether. The main spectrum of the infrared
spectrum was fat ether expansion vibration C—O-C, mainly
manifested by the wave number of 1093 and 1032 cm™, in
which the coal contains additional phenolic alcohol ether
C-0 characteristic absorption peak, mainly manifested for
aprox. 1263 cm™.

@ Springer

In the low-temperature oxidation stage, in the raw coal
sample, the expansion and vibration absorbance of fat ether
with a wavenumber of about 1032 cm™ basically showed an
upward trend, while the absorbent intensity of C—O showed
an upward trend, while the absorbent intensity of fat ether
at about 1083 cm™! had a downward trend. In the mixed
samples, the adsorption intensity of the fat ether exhibited
a decreasing trend. The light absorption intensity of the fat
ether was due to the secondary group containing C-O-C
in the oxidation process, which caused the absorbance to
rise. In the rapid heating stage for in the raw coal sample,
the light absorption intensity of the fat ether expansion
vibration bond increased, while the absorbance of C-O also
showed an upward trend. In the composite sample mixture,
the absorption intensity of the fat ether showed a downward
trend. In the high-temperature combustion stage, in the raw
coal sample and composite sample mixture, the light adsorp-
tion intensity of the fat ether showed a downward trend. In
the raw coal sample, the absorbance of C-O also became
downward.

In the low-temperature oxidation stage, the vibration
absorbance of the deformation of about 1605 cm™ and the
deformation of 794 cm™' was decreasing, and the absorb-
ance of the deformation of the substituted aromatics around
871 cm™! was rising. The vibration absorbance of C=C dou-
ble bonds and various substituted aromatics in the compos-
ite sample mixture was decreasing. The C=C double bond
was related to the oxidation reaction of the fat hydrocarbon
side chain. Because of the participation of the fat hydrocar-
bon side chain in the oxidation reaction, which led to the
decrease of its content, the aromatic ring structure of various
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substituted aromatic hydrocarbons began to react and then
consume. At this time, the consumption was greater than
the production amount, resulting in a downward trend. In
the rapid heating stage for in the raw coal sample, the vibra-
tion absorbance of C=C double bond with wave number
of about 1605 cm™! and wave number of about 871 cm™!
kept rising, and the vibration absorbance of a deformation
of substituted aromatics of rough 794 cm™! was decreasing.
In the composite sample mixture, the absorbance of C=C
began to decrease, and the vibration absorbance of various
substituted aromatics continued to decrease.

The generation and consumption of C=C double bonds
were almost equal, so the absorbance remained constant,
exceeding the production amount with increasing tempera-
ture, resulting in a decreasing curve. In the high-temperature
combustion stage, in the composite sample of raw coal sam-
ples, the vibration absorbance of various substituted aro-
matics with wave number of roughly 1605 cm™' and wave-
number of approximately 794 cm™' was decreasing. In the
raw coal sample, the vibration absorbance of deformation
of various substituted aromatics with wave number of ca.
794 cm™! decreased. In the composite sample mixture, the
C=C double bond wave number and the vibration absorb-
ance of various substituted aromatic hydrocarbons showed
a decreasing trend. Owing to the increasing temperature,
the stable functional group structure fractured, producing a
large number of substituted hydrocarbon group. Meanwhile,
the absorbance slightly exhibited an upward trend, while the
deformation vibration of a variety of substituted aromatic
hydrocarbons still decreased with the continuous reaction.

3.4 Analysis of the pit mineral dynamics

The data of the main functional groups analyzed by in—situ
infrared spectroscopy were evaluated by Achar differential
method and Coats-Redfern integral method.
(1) The Coats-Redfern integration method.
Coats-Redfern is a method for calculating kinetic param-
eters based on the results of heating rate test.

ln@— Ea +ln[AR]
ﬂEa

T2 RT )

In Eq. (3), the conversion degree (@) of coal at time T;
T is the temperature, K; also E, is the apparent activation
energy, kJ/mol; R is the universal gas constant, R=8.314 J/
(mol-K); A refers to the prefactor, st p is the heating rate,
K/min. 1000/T using In (g (a)/T?) to obtain the apparent
activation energy E,.

E, = —KR 4)

a

(2) Achar differentiation

da A _E

In =ln——-— 5)

f(a)dT p RT

In Eq. (5), when the heating rate of f is certain, map
1000/T with In[da/dT/f(a)], and then make a linear fitting,
and obtain the apparent activation energy E, from the slope
of the resulting quasi-t line.

The light absorption intensity of the functional group was
used to calculate the conversion degree.

(An - Al)
A= —n 1
(An - AEnd) (6)

In Eq. (6), the absorptive intensity of the functional
group at the beginning of the initial stage; A, is the absorp-
tion intensity of the functional group at time T; A, is the
absorptive intensity of the functional group at the end of
the stage.

The original data and the commonly used gas—solid reac-
tion mechanism function f{a) and g(@) put into the integral
Egs. (3) and (5), a series of apparent activation energy is
properly selected (Zhao et al. 2023). If reasonable f{a) and
g(a) can reflect the real reaction, the apparent activation
energy is similar, and the correlation coefficient of the fit-
ting curve is excellent. Therefore, similar apparent activation
energy and high correlation of a set of mechanism functions
were chosen as the most universal mechanism function in
this stage.

The hydrogen bond of the association of shear vibration
methyl shear in aromatic ring C=C stretching vibration
C-0, C-0O-C aromatic hydrocarbon Ar—CH, respectively,
solved the mechanism function of different oxidation stages,
selected the highest fit as the reactions apparent activation
energy, and took the free hydroxyl group in composite sam-
ple as an example. The integration method and differential
method of different mechanism functions of the apparent
activation energy and fit degree are summarized in Figs. 12,
13, and 14.

From the data in Figs. 12, 13 and 14, it can be clearly
observed that the free hydroxyl group in the hydroxyl group
of the mixed sample adopted the 2D diffusion Valensi equa-
tion of the integral method during the low-temperature oxi-
dation stage. The fitting coefficient R? reached the maxi-
mum value, e.g., 0.999. That is, the diffusion model best
reflected the apparent activation energy of the functional
groups during the reaction. By the Avrami-Erofeev equa-
tion (n=4), the fitting coefficient R? reached the maximum
value, e.g., 0.984. That is, the random nucleation and growth
models can best reflect the apparent activation energy of the
functional groups during the reaction. The one-dimensional
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Fig. 12 Mechanism functions of the four mixed free hydroxyl groups are solved during the low-temperature oxidation phase
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Fig. 13 Mechanism functions of the four mixed free hydroxyl groups during the rapid heating phase
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Fig. 14 The mechanism functions of the four mixed free hydroxyl groups during the high-temperature combustion phase

diffusion parabolic rule of the integral method was adopted
in the high-temperature combustion phase. The fitting coef-
ficient R? reached the maximum value, for instance, 0.977.
As planned, the results showed that the diffusion model
best reflected the apparent activation energy of the func-
tional groups during the reaction for the remaining active
functional groups. This study took the same approach. The
apparent activation energy was calculated by integral and
differential methods, by selecting the most highly fitted reac-
tion model as the mechanism function. Using this apparent
activation energy as the basis for the subsequent analysis,
the apparent activation energies of each functional group at
different stages are shown in Fig. 11.

As can be seen from Fig. 15, the E, of the functional
groups in the raw coal and the composite samples were small
in the low-temperature oxidation stage, indicating that the
functional activity of the two samples was high in this stage,
the low-temperature oxidation stage was 0-220 °C, the rapid
heating stage was 220-580 °C, and the high-temperature
combustion stage was more than 580 °C. Mixed samples of
hydroxyl fatty hydrocarbon oxygen functional group of three
types of groups apparent activation energy were substan-
tially higher than raw coal. This was because in the process
of coal oxygen composite reaction, as the temperature rose,
adsorption on the sample surface of oxygen molecules and
oxygen functional groups, such as carboxyphenolic hydroxyl

oxygen atoms slowly decomposed. At the same time, the
organic matter in oil shale root for shale oil, combined with
four mixed with coal gangue, exacerbated the difficulty of
the chemical reaction; the energy increased, the comprehen-
sive influence of various factors eventually led to its apparent
activation energy which was higher than raw coal. Because
of the small quartz mineral content in raw coal, the less fatty
hydrocarbon structure, inter-molecular aromatic ring layer
stack height was small. The loose microcrystalline struc-
ture, aliphatic structure content, aromatic ring condensation
degree, and layer structure were relatively orderly. Here, a
variety of conditions in the chemical reaction played a vital
role in promoting, and mixing the sample of high quartz
content and raw coal; on the other hand, the apparent activa-
tion energy of aromatic coal was greater than composited.

4 Conclusions

The oxidation dynamics of open-pit minerals were stud-
ied from both microscopic and macroscopic perspectives.
Combined with pore characteristics and exothermic charac-
teristics, the oxidation stage of coal spontaneous combus-
tion process was divided, and the migration and conversion
rules of functional groups with temperature were analyzed.
In summary, the following conclusions were obtained:

@ Springer



75

Page 14 of 15

S.Luetal.

Raw coal sample

—m= Free hydroxyl-OH

—@= Intramolecular hydrogen bond-OH
|~A= Intermolecular association hydrogen bond-OH =A== Intermolecular association hydrogen bond-OH

Composite sample
—C= Free hydroxyl-OH
=O= Intramolecular hydrogen bond-OH

400 = - 400

300 4 300
° °
g 200 | 4200 £
g
= )
= &
S S5

100 = - 100

ok N . 4o
L L L

Slow oxidation stage

Rapid heating stage High-temperature combustion stage

(a) Eaof hydroxyl
600 600
[=m= Raw coal sample C-O-C —C— Composite sample C-O-Cj
500 4 500
400 |- - 400
) S
£ 300 | 4300 £
= =
4 ~
2 <
< e
X200 4 200 ®
100 f 4 100
0F 40
1 1 1

Slow oxidation stage ~ Rapid heating stage High-temperature combustion stage

(c) E, of oxygen-containing functional groups

E, (kJ/mol)

E, (kJ/mol)

Raw coal sample Composite sample
=8 Methylene asymmetric stretching motion === Methylene asymmetric stretching motion|

=@ Methylene symmetric stretching motion ==O=== Methylene symmetric stretching motion

~—d— Methylene shear vibration === Methylene shear vibration

600

1

600

500 |

1

400

300 |

E, (kJ/mol)

200

100 | - 100

0F -0
1 1 1

Slow oxidation stage Rapid heating stage High-temperature combustion stage

(b) E. of adipose hydrocarbon

Raw coal sample Composite sample
400 |- i C=C == C=C - 400
|—8— Aromatic hydrocarbons Ar-CH —O— Aromatic hydrocarbons Ar-CH
300 - 300
~
=)
200 | 4200 &
=
-~
2
o
100 - 100
0 40
1 1 1

Slow oxidation stage Rapid heating stage High-temperature combustion stage

(d) E, of aromatic hydrocarbon

Fig. 15 E, of different functional groups of raw coal mixed with composite samples

ey

2

The raw coal sample possessed high fixed carbon con-
tent. After the composite samples were affected by coal
gangue, the fixed ash content was high, the element
content decreased with temperature, and the specific
surface area was abated. The large aperture distribution
was slightly higher than that of the middle pore, the
micropore was exceedingly low, and the gas adsorption
capacity was weaker than that of raw coal. The oxygen
channels of raw coal were more than the composite
samples, and the heat storage capacity was weaker than
the composite samples.

Using DSC curve, two samples of combustion process
were divided into low-temperature oxidation, expedi-
tious heating and high-temperature combustion with
three stages of raw coal sample of DSC curve and heat.
The surface of the coal active functional group was
more likely to react with oxygen. However, compos-
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3)

ite samples after mixing DSC curve possessed simi-
lar trend. With the rising temperature, the DSC curve
increased in the downward trend. This was due to the
active functional group in the sample of a large number
of small molecular structures and oxygen reaction. The
sample released an enormous amount of heat, then the
DSC curve began to rise.

The free hydroxyl group and inter-molecule hydro-
gen bonds appeared in the inter-molecular hydrogen
bond. However, the methyl light absorption intensity
was higher than the other samples. The highest absorb-
ance of the C—O—C functional groups contained in the
mixed samples was found in the oxidation process. The
free hydrogen bond —OH in the mixed samples demon-
strated a trend of first rising and then decreasing. The
intensity of the inter-molecular association hydrogen
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bond —OH was mainly due to the influence of the alkyl
side chain of the sample.

(4) The apparent activation energy of the main active func-
tional groups in raw coal and composite samples exhib-
ited a trend from low to high with the development of
oxidation stage, the composite sample increased the
main functional group reaction’s apparent activation
energy, improved the coal activity in low-temperature
oxidation phase, and made the less need of heat for
oxidation reaction.
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