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Dynamic hazard and coal spontaneous combustion are major potential safety hazards in coal
mines with enriched gas and spontaneously inflammable property. However, the initial
oxidizability of coal samples after dynamic hazard has yet to be understood. A simplified
device for dynamic hazard simulation of coal-and-gas outburst was established. The physical
and chemical changes of coal surface, and their effects on initial oxidation were analyzed.
Firstly, loose coal was pressurized by gas step-by-step, and the CO content was enhanced
with increase in gas pressure. Meanwhile, the specific surface area provides a hotbed for low-
temperature oxidation of radicals and functional groups of coal. Finally, the mechanism of
mechanical force on the increase of radical and active groups with the homolysis of covalent
bond was discussed. The initial oxidizability of coal after dynamic damage was characterized
by oxygen absorption. The physicochemical characteristics suitable for coal oxidation, were
formed under the mechano–chemical effect. The findings presented in here add to our
understanding of the influence of dynamic hazard on coal oxidation.
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INTRODUCTION

As mining depth increases, dynamic hazard is
one of the critical safety hazards in deep coal mines
with enriched gas (Cao et al., 2003; Yan et al., 2020).
It is a frequent hazard that could directly or indi-
rectly affect gas explosion in gobs and other hazards
(Chu et al., 2019; Hu et al., 2017). For instance, coal-
and-gas outburst could both ignite and detonate gas,

and cause powdered coal combustion, which may
cause secondary accidents (Kong et al., 2019; Qin
et al., 2016; Tang & Wang, 2018). All these hazards
occur instantaneously, but it is seldom discussed in
the literature whether the coal after dynamic hazard
has different oxidation tendency. In addition, the
oxidation capacity of pulverized coal is reflected
mainly in the change of its internal molecular
structure (Cao et al., 2000). By exploring micro-
structural changes in coal samples after experiencing
dynamic disasters, it is possible to judge whether
coal has the ability of spontaneous combustion.
Therefore, it is important understand the complexity
of coal structure, if it has experienced a dynamic
hazard.

Coal is a mixture of similar polymeric com-
pounds with different molecular weights and chem-
ical structures. The chemical structures change
under external interference (Mathews & Chaffee,
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2012). In order to reveal the maturation of coal
during rapid fault slip, it is necessary to consider the
influence of flash temperature and mechano–chem-
istry at the contact of moving particles on the reac-
tion kinetics, because coal can mature slightly under
shear (Kitamura et al., 2012). The mechanical en-
ergy generated in the process of dynamic destruction
not only changes the surface area of coal, but it also
forces coal to be subjected to mechano–chemical
action. The mechanical energy that hits the coal
surface produces an unpaired electron. The highly
reactive molecules with unpaired electrons can be
measured by electron paramagnetic resonance
(EPR) spectrometer (Yang et al., 2020). The effect
of mechano–chemistry on coal spontaneous com-
bustion has been studied preliminarily, and the re-
sult that grinding process could produce radicals was
obtained (Bolm & Hernández, 2019; Li et al., 2018).
The structural changes and secondary defects of coal
affected by external forces, have different effects on
the formation of functional groups and the poly-
condensation of macro-molecular structures, while
reducing the structural stability of coal (Li et al.,
2012). Under the action of tectonic stress, some
aliphatic side chains and oxygen-containing func-
tional groups with low-decomposition energy are
degraded into radicals (Cao et al., 2007; Song et al.,
2018). Therefore, radicals are often produced when
the coal structure is damaged by external forces.

Active radicals can be produced in coal under
mechano–chemical action, and the oxygen-contain-
ing groups and alkyl side chains are susceptible to
external forces (Qi et al., 2018). Therefore, the
changes of surface functional groups after the
destruction of dynamic hazard also need to be
investigated. As a non-destructive detection tech-
nique, X-ray photoelectron spectroscopy (XPS) is
often used to measure the form and variation of coal
surface functional groups (Ge et al., 2014; Grzybek
et al., 2004; Zhang et al., 2018), as well as to explore
the surface characteristics of coal with different
metamorphic grades (Xu et al., 2017; Zhou et al.,
2015). The essence of coal oxidation that leads to

spontaneous combustion is interaction between coal
surface active groups and molecule oxygen (Dack
et al., 1985; Seehra et al., 1988). In order to prevent
the occurrence of complex hazards, it is necessary to
explore the oxidation capacity of coal after the
destruction of dynamic hazard, so as to prevent the
spontaneous combustion caused by coal oxidation.

In this paper, simulated experiments of dynamic
hazard of coal samples with different grades of
metamorphism were carried out. The variation of
coal surface characteristics under different gas
pressures was studied. The variations of gas com-
position and content around the coal after stepwise
pressurization, were analyzed as well. Information of
radicals and surface functional groups in coal was
obtained. Based on the physical and chemical
properties of coal surface destroyed by dynamic
hazards, the mechano–chemical effect of coal in the
above process, and its influence on the initial oxi-
dation capacity of coal were studied.

EXPERIMENTS

Coal Samples and Simulation Experiment
of Dynamic Hazard

The coal samples selected for the experiments
were anthracite from Yangquan City in Shanxi
Province (YQ), bituminous coal from Panxi Coal
Mine in Anhui Province (PX), lignitous coal from
Datong City in Shanxi Province (DT), and Hulun-
beier in Inner Mongolia (HL). The unexposed coal
samples were wrapped with plastic storage bags,
before being sent to the laboratory. After being
cored and grounded under the protection of nitro-
gen, pulverized coal samples with particle sizes of
0.18–0.25 mm were selected for the experiments.
The proximate analyses of the coal samples are lis-
ted in Table 1.

The self-designed simulation device is shown in
Figure 1, and 100 g of coal sample was put into the
device every time. To simplify the simulation

Table 1. Proximate analyses of coal samples

Coal samples Coal rank Mad (%) Aad (%) Vad (%) Total sulfur (%)

DT Lignite 11.16 11.81 38.22 1.78

HL Lignite 19.32 13.84 30.46 2.52

PX Bitumite 0.89 8.93 22.17 1.35

YQ Anthracite 1.24 9.37 13.82 2.24
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experiment of coal-and-gas outburst, only the im-
pact destruction of high pressure gas on coal was
considered, while the horizontal and axial stress ef-
fects were ignored. Firstly, the three-way valve was
turned towards the backing pump to vacuumize the
specimen storehouse for three hours. Then, the
three-way valve was turned towards the high-pres-
sure cylinder of CH4, and the pressure values were
set to 0.74 (i.e., the critical value of coal-and-gas
outburst evaluation standard in China), 1.50, 2.25,
and 3.00 MPa. Each pressure value was stabilized
for two hours, so that the CH4 could be absorbed
into the coal absolutely. Finally, the pressure-relief
vent was opened quickly, and gas and coal powder
were ejected. The ejective coal sample was sealed
with nitrogen to prepare for subsequent experi-
ments.

To lower the impact of each simulation exper-
iment on gas composition and content, experiments
in which CH4 gas pressurized the coal samples step-
by-step were designed. The same coal sample was
loaded at the above pressure values for two hours,
respectively. Meanwhile, a small amount of gas was
slowly released at each pressure value to detect its
composition and content. Each experiment was

performed three times to take the average compo-
sition and content.

Identification of Coal Spontaneous Combustion
Tendency

The inherent property of coal oxidation ability
at room temperature is the tendency of coal spon-
taneous combustion. Following the ‘‘Safety Regu-
lations of Coal Mine’’ (a standard of China Industry
Standard) with regard to determination of coal
spontaneous combustion tendency, the double gas
circuit of chromatographic method of fluid oxygen
adsorption was adopted. The quantity of oxygen
adsorption of coal per unit mass at room tempera-
ture and atmosphere pressure, could characterize
the oxidation capacity of the coal. The ZRJ-2000
model coal spontaneous combustion tendency tester
was used in the experiments. The measurement
process was strictly in accordance with the standard
‘‘Oxygen Adsorption Identification Method with
Chromatograph of Coal Spontaneous Combustion
Tendency’’ (GB/T104-2006). The measurement

Figure 1. Device for simulation of coal dynamic hazard.
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range of oxygen adsorption was 0.05–4.00 ml/g, and
the measurement error was £ 5%.

Test for Surface Area of Pores

The physical properties of the coal surface
inevitable change after mechanical destruction
(Jiang et al., 2002). Therefore, experiments of sur-
face pore structure characteristics of pulverized coal
were carried out. The experiments employed a
BELSORP-Max automatic analyzer (Japan), for
testing the specific surface area and pores volume.
The temperature was set to 40 �C for 1 h to dry the
water and reduce the degree of coal oxidation. After
the sample was sufficiently cooled to end the de-
gassing process, the nitrogen adsorption was used to
test surface area at 77 K. The surface physical
parameters were calculated using the BET (Bru-
nauer–Emmett–Teller) equation (Brunauer et al.,
1938).

EPR and XPS Spectroscopy Tests

The radicals of coal samples were measured by
EPR spectroscopy, using a MS-5000 model spec-
trometer (German), whose parameters are listed in
Table 2. The EPR spectra of a standard sample
(Tempol) and the experimental samples, were tested
using the same instrumental parameters. Because
the spectrum parameters of Tempol are known, the
EPR parameters of the experimental samples can be
calculated by referring to Zhou et al. (2020).

The surface elements and functional groups of
coal samples were tested by the ESCALAB 250Xi
X-ray photoelectron spectrometer (USA) of the
Advanced Analysis & Computation Center of China
University of Mining and Technology. The changes
of functional groups were analyzed according to the
wide and narrow spectra. The wide-spectrum scan-

ning range was 0–1350 eV, and the narrow-spectrum
C element scanning range was 280–300 eV. Physical
displacement is generated during the test of non-
conductive samples. Therefore, the binding energies
were calibrated based on the C–C bond at 284.8 eV.
Functional group peaks were fitted using the
XPSPEAK 4.1 software.

RESULTS AND DISCUSSIONS

Step-by-Step Change of CO Gas Around
Pressurized Coal

Figure 2 displays the results obtained from the
analysis of the content of CO gas. There is a clear
increasing trend with increase in CH4 gas pressure.
Because the specimen storehouse was previously
evacuated and there is no CO gas in the atmosphere,
the change of CO gas can reflect the condensation of
the active groups in coal (Hou et al., 2017). It is
apparent from Figure 2 the very small range in
cumulative CO content of all the coal samples. That
is because no outburst of coal and CH4 gas occurred,
and the active groups in coal were not exposed to
oxygen. In an oxygen-free environment, CO gas can
be generated from the loose coal loaded step-by-
step. This is mostly because mechanical energy
promotes the deformation of coal molecules during
the dynamic destruction, resulting in changes in
chemical structure and the production of CO (Xu
et al., 2014; Yu et al., 2017). Because the evolution of
microscopic functional groups is often accompanied

Table 2. Experimental parameters of EPR spectrometer

Parameters Value

Magnetic field 313.00–363.00 mT

Sweep time 60.00 s

Modulation amplitude 0.20 mT

Modulation frequency 100 kHz

Microwave power 10 mW

Microwave frequency 9.46 GHz
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Figure 2. Change of CO gas released from coal after step-by-

step pressure increase.
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by the formation of gaseous or liquid products (Ma
et al., 2016), there is a significant positive correlation
between the generation of CO and active groups.

Effect of Dynamic Destruction on Coal Surface

The surface physical parameters of coal samples
that were damaged under different pressures are
shown in Table 3, including the BET specific surface
area and pore volume at different partial pressures
P/P0. With successive increases in gas pressure, the
increase in the BET specific surface area of low-
metamorphic DT and HL coal samples was signifi-
cantly less, compared to those of high-metamorphic
PX and YQ coal samples. The pore volume showed
a similar trend. Pore volume and surface area are
important factors that affect heat and mass exchange
during coal oxidation. Greater surface area and pore
volume provide favorable places for the physico-
chemical adsorption of oxygen. This is more bene-
ficial to the composite reaction of coal and oxygen.

Regression analysis was used to predict the
BET specific area and pore volume as a function of
pressure. It can be seen in Figure 3 that the BET
specific area and pore volume of low-metamorphic
DT and HL coal samples showed an approximately
linear increasing trend with increasing pressure.
However, the trends of high-metamorphic PX and
YQ coal samples increased exponentially with
pressure. What is more important is that, the cor-
relation coefficients R of the fitted straight lines
were all> 0.95, and all confidence probability P-
values of curve fitting were less than 0.01, indicating

statistically significant relationships of specific area
and pore volume with pressure.

The differences in results for the DT and HL
coal samples and the PX and YQ coal samples, may
be related to the content of dry ash-free fixed carbon
in coals with different grades of metamorphism
(Jiang et al., 2002). The values of dry and ash-free
fixed carbon of the YQ and PX coal samples were
84.54% and 75.42%, respectively, while those of the
DT and HL coal samples were 50.38% and 54.43%,
respectively. The brittleness of fixed carbon in coals
with low grade of metamorphism makes it easier to
destroy carbon under external high-pressure gas
damage; thus, increasing the surface area and pore
volume of coal. After the pressure increased to
3.0 MPa, the increments of BET surface area of the
coal samples were 0.8902 m2/g (YQ), 1.5918 m2/g
(PX), 6.2751 m2/g (DT), and 5.9269 m2/g (HL).
Among the coal samples, the increment for PX coal
was the most significant. This will provide a hotbed
for low-temperature oxidation of coal, which can
finally lead to coal spontaneous combustion.

Analysis of Dynamic Destruction affecting Radicals
in Coal

As gas pressure increased, the area of the EPR
spectrum has improved to a certain extent and its
intensity was different with different metamorphic
grades of coal (Fig. 4). The g factor represents the
position when the external magnetic field H res-
onates with unpaired electron, which is one of the
important parameters reflecting the molecular
structure of the substance measured (Carr et al.,

Table 3. BET experimental results of tested coal samples

Pressure (MPa) 0 0.74 1.50 2.25 3.00

DT Coal BET surface area (m2/g) 2.6715 2.7086 2.8548 3.2164 3.5617

Pore volume (cm3/g) 0.00590 0.00654 0.00781 0.00894 0.00925

P/P0 0.985 0.987 0.986 0.988 0.987

HL Coal BET surface area (m2/g) 3.0452 3.1942 3.8726 4.2501 4.6370

Pore volume (cm3/g) 0.00614 0.00685 0.00793 0.00834 0.00885

P/P0 0.987 0.988 0.988 0.988 0.987

PX Coal BET surface area (m2/g) 2.0738 2.2417 3.3415 5.5716 8.3489

Pore volume (cm3/g) 0.00413 0.00568 0.00750 0.0105 0.0187

P/P0 0.988 0.987 0.987 0.988 0.988

YQ Coal BET surface area (m2/g) 1.6169 2.0165 3.4912 5.1426 7.5438

Pore volume (cm3/g) 0.00241 0.00310 0.00473 0.00618 0.01031

P/P0 0.987 0.988 0.988 0.987 0.987
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1995). The results obtained from the analysis of the g
factor are presented in Table 4. It gradually de-
creased as the grade of coal metamorphism in-
creased, which means that the orbit-spin coupling
was weakened. This may be due to the decrease in
the number of heterocyclic functional groups, and
the increase in the aromatic structure of macro-
molecules with increasing coal rank (Tadyszak et al.,
2015). Therefore, it can be seen from the variation of
the g factor that the coals with lower grade of
metamorphism possess more heteroatoms, and the
greater g factor of low-rank coal indicates stronger
orbit spin coupling. Meanwhile, it is reflected that
the g factor of low-metamorphic coal is higher than
that of high-metamorphic coal. The linewidth re-
flects the interaction among the radicals, and/or
between the radicals and the micro-crystalline
structure of coal, i.e., energy exchange (Dack et al.,
1985; Tadyszak et al., 2015). Generally, both the
number of heteroatoms and types of radicals in coal

decrease with increase of coal metamorphism.
Therefore, the interaction between unpaired elec-
trons increases and results in narrowing of the line-
width of the EPR spectra. Accordingly, the
linewidth of the coal samples decreased gradually
with increase in metamorphic grade. In terms of
radical concentration in raw coal, it increases with
the increase of metamorphic grade. It�s obvious that
the concentration of original radicals in DT and HL
lignite, is much lower than that of PX bitumite and
YQ anthracite (Table 4).

It is apparent that the g values of the four coal
samples varied inconspicuously to a certain range
with increase in gas pressure (Fig. 5). This indicates
that the impact of high-pressure gas can change few
radical species, and the g value is consistent with
that of coal at room temperature. For the DT and
HL lignites, the g values remained relatively high
level under the impact of gas pressure. With respect
to coal rank, the g factor varied as follows: DT and
HL coal>PX coal>YQ coal. Because there are
more heteroatoms and oxygen-containing functional
groups in low-rank coals, the g values of these rad-
icals are relatively large; thus, the g values for the
DT and HL coal samples are high. In contrast, the
high-metamorphic PX and YQ coal samples contain
lots of ordered aromatic radicals with low g values.

High-pressure gas affected the concentrations
of radicals in coal (Fig. 6), which are different from g
factor. Therefore, with increase in gas pressure, the
concentrations of radicals in coal showed a gradual
rising tendency. After being destroyed by gas
pressure of 0.74 MPa, the radical concentrations of
the DT and HL coal samples increased from the
initial concentrations to 3.83 9 1017 spin/g and
4.44 9 1017 spin/g, respectively. These increases in
concentrations of radicals, directly affirm that the
chemical bonds in the coal were broken after the
dynamic destruction. This unambiguously shows that
mechanical action generates radicals, and it is direct
evidence for chain scission. According to the Chi-
nese regulation, the critical pressure value of coal-
and-gas outburst is 0.74 MPa, the concentrations of
radicals in the DT and HL coal samples after
experiencing the critical pressure increased by
3.23% and 1.37%, respectively. Similarly, the PX
and YQ coal samples showed increases of 7.26% and
4.69%, respectively. Among them, the radical con-
centration increment of the PX bituminous coal was
higher than those of the others. When gas pressure is
low, the change of radical concentration in the low-
rank DT and HL coal sample was inconspicuous. As
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the pressure was increased further, the concentra-
tions of radicals increased significantly, and the
internal central bond was vulnerable to fracture, due
to mechanical stress (Hou et al., 2017). However, the
high-rank PX and YQ coal samples showed a large
increase, when the pressure increased initially.

When the surface of coal was destroyed by stretch-
ing, the pore diameter and surface area of coal sur-
face increased, and the weak covalent bond was
induced mechanically to homolysis to form radicals
(Baláž & Dutková, 2009). After the pressure was
increased to 3.0 MPa, the increments of radical
concentrations of the DT, HL, PX, and YQ coal
samples were 0.47 9 17 spin/g, 0.53 9 17 spin/g,
1.08 9 17 spin/g, and 0.88 9 1017 spin/g, respec-
tively. Under the impact of coal-and-gas outburst,
PX coal had the highest increase in absolute value of
radical concentration. It may be that the PX coal
sample, compared with the other coal samples,
contained abundant weak bonds (fatty side chains
and bridge bonds) that were easy to fracture.
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Figure 4. EPR spectra of coal samples treated with different pressures.

Table 4. EPR parameters of raw coal samples

Coal g factor Linewidth DH (mT) Ng (1017spin/g)

DT 2.003117 0.65 3.71

HL 2.003055 0.62 4.38

PX 2.002830 0.57 10.60

YQ 2.002639 0.48 12.80
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Influence of Dynamic Failure on Surface Functional
Groups of Coal

Figure 7 shows the wide-scan XPS spectra of
raw coal samples. It can be seen that the coal sam-
ples were dominated by the characteristic peaks of
O and C elements. In order to quantify the variation
of functional groups in coal destroyed by high-
pressure impact, the XPSPEAK 4.1 software was
applied to peak fitting of the C 1 s spectra. Figure 8
shows the fitting process of the original C 1 s spectra
of the four coal samples, in which the binding en-
ergies of four main functional groups were C–C/C–H
(aromatic and aliphatic carbon) at about 284.8 eV,
C–O (alcohol, phenol, or ether carbon) at about
285.5 eV, C=O (carbonyl carbon) at about 286.3 eV,
and O=C–O (carboxyl carbon) at about 289.0 eV
(Xi et al., 2019; Xia et al., 2018).

As shown in Figure 9a, the relative contents of
C–C/C–H groups in the DT and HL coal samples
fluctuated within a certain range with increase in gas

pressure, whereas those of the PX and YQ coal
samples show an overall gradual increasing trend.
The mechanical stress of the dynamic impact in-
duces easily the homolysis of the central bond C–C,
because of the viscous flow and the mechanical
stress on the central bond, which also lead to the
increase of C–C/C–H groups (Beyer & Clausen-
Schaumann, 2005). Figure 9b shows the changing
trend of COOH groups with gas pressure of dynamic
destruction. The relative percentage of COOH
group on the coal surface showed a gradually
increasing trend, which indicates that certain con-
tents of carboxyl groups accumulated on the surface
area of coal. In polymer solids, the molecule bonds
break without oxygen and could form the vinyl (R-
CH=CH2), vinylene (R2C=CH2), and methyl (R-
CH3) endgroups; under atmospheric conditions,
aldehyde (R-CHO) groups could also form (Zhur-
kov & Korsukov, 1974). The increase in relative
contents of carboxyl groups means that part of the
C–C/C-H groups were transformed into carboxyl
groups under mechanical destruction or oxidation.
Due to the inevitable contact with oxygen on the
coal surface during the XPS test, a certain amount of
active groups were oxidized quickly, which may have
caused the consumption of the active C–C/C–H
groups in coal. Therefore, it is reasonable to specu-
late that the content of C–C/C–H groups on the
surface of coal increased with increase in gas pres-
sure. Under the destruction of dynamic hazard, the
content of active C–C/C–H group on coal surface
increased, and it was consistent with the increase in
radical concentration. The consumption of C–C/C–
H group, and the accumulation of COOH group in
the DT and HL coal samples were higher than those
in the other coal samples, reflecting that low-rank
coals have higher probability to oxidize, compared
to high-metamorphic coals.
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Table 5. Index and classification of coal spontaneous combustion tendency

Volatile matter of

coal

Classification of spontaneous com-

bustion

Spontaneous combustion ten-

dency

Oxygen adsorption Vd

(cm3/g)

Total sulfur

(%)

Vdaf> 18% I Easy Vd> 0.70 N/A

II Normal 0.40<Vd £ 0.70

III Difficult Vd £ 0.40

Vdaf £ 18% I Easy Vd ‡ 1.00 ‡ 2.00

II Normal Vd< 1.00

III Difficult N/A < 2.00
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Structure Change and Initial Oxidizability of Coal
after Dynamic Hazard

Mechano–chemistry is a branch of solid state
chemistry in which weak chemical bonds between
molecules are broken by mechanical forces, and this
can cause chemical reactions and phase transitions
(Beyer & Clausen-Schaumann, 2005; Davis et al.,
2009; Friščić et al., 2020; Kaupp, 2009). Coal-and-gas
outburst is a complex dynamic evolution process,
which includes destruction of mechanical shearing
and stretching (Wang et al., 2018). As shown in
Figure 10, the physical and chemical changes took
place during the dynamic rupture process. Macro-

scopically, the specific surface area of coal increased,
and high-energy milling produced gas such as CO.
The CO is mainly the product of ductile deformation
(Wang et al., 2019), Microscopically, mechanical
strain energy breaks the C–C covalent bond to form
radicals. The mechano–chemical activation increases
the surface area and lowers the coherent energy of
coal, so that radicals could be generated easily (Pe-
ter Baláž, 2008). In general, mechanical forces re-
duce barriers to specific reactions whether single
molecule reactions such as chain rupture or
bimolecular reaction like radical conversion (Beyer
& Clausen-Schaumann, 2005). The physical struc-
ture and chemical properties of the coal surface
changed after the dynamic hazard. The breakage of
old bonds and the formation of new ones liberated
the CO. Compared with the original coal samples,
more radicals and functional groups were present in
the coal samples after the damage. Meanwhile,
mechanical force decreases the barrier of active
group reaction, and improves the possibility of oxi-
dation. That is to say, the radicals detected by EPR
spectroscopy indicate that coal has the ability to
transform them into active radicals within a suit-
able environment. If they gather in large quantities
and are exposed to the air, the safety risk of oxi-
dizability will be increased.

To quantify further, the oxidation capacity on
the coal surface, the index of oxygen absorption of
coal at room temperature and normal pressure was
used to measure its initial oxidation capacity. The
oxygen absorption of coal with different metamor-
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phic grades could be obtained from the experiments
of spontaneous combustion tendency of coal. The
oxygen absorption capacities of the raw DT, HL and
PX and YQ coal samples were 1.14 cm3/g, 1.30 cm3/
g, 0.59 cm3/g, and 0.74 cm3/g, respectively. The
classification of coal spontaneous combustion ten-
dency in the standard of ‘‘Oxygen Adsorption
Identification Method with Chromatograph of Coal
Spontaneous Combustion Tendency’’ is shown in
Table 5. According to this classification standard,
the raw DT and HL coal samples belong to the I
type easy self-combustion coal, whereas the raw PX
coal sample belongs to the II type normal self-
combustion coal. Because the total sulfur of YQ coal
sample was higher than 2.00%, and its dry ash-free

base volatile matter £ 18%, it also belongs to the II
type normal self-combustion coal.

The variations of oxygen absorption of coal
after dynamic hazard are shown in Figure 11. The
oxygen absorption of the low-rank DT and HL coal
samples increased slowly with increase in pressure,
while that of PX coal sample shows a nearly-expo-
nential increasing trend. The variation range of the
YQ anthracite sample was lower than that of the PX
coal sample, but higher than those of the low-rank
DT and HL coal samples. Because the volatile
matter Vdaf of the DT, HL and PX coal samples
was> 18%, only the oxygen absorption of the raw
PX coal sample belongs to class II type normal self-
combustion tendency, but after dynamic destruction,
it belongs to I type easy self-combustion coal, indi-

280 285 290 295 300
0

2000

4000

6000

8000

10000

12000

14000

16000

C
ou

nt
s(

s)

Binding energy (eV)

 Original Curve
 Fitted Curve
 C-C/C-H
 C-O
 C=O
 COOH

DT Raw Coal

(a) 

280 285 290 295 300
0

3500

7000

10500

14000

17500

21000

24500

28000

 C
ou

nt
s(

s)

Binding energy(eV)

 Original Curve
 Fitted Curve
 C-C/C-H
 C-O
 C=O
 COOH

HL Raw Coal

(b) 

280 285 290 295 300
0

3500

7000

10500

14000

17500

21000

24500

28000

 C
ou

nt
s(

s)

Binding energy(eV)

 Original Curve
 Fitted Curve
 C-C/C-H
 C-O
 C=O
 COOH

PX Raw Coal

(c) 

285 290 295 300
0

3500

7000

10500

14000

17500

21000

 C
ou

nt
s(

s)

Binding energy(eV)

 Original Curve
 Fitted Curve
 C-C/C-H
 C-O
 C=O
 COOH

YQ Raw Coal

(d) 

Figure 8. C 1 s fitting spectra of the raw coal samples.

4542 J. Cai et al.



cating its greater tendency to be oxidized. The YQ
coal sample belongs to volatile Vdaf £ 18%, and it
showed I type self-combustion tendency, only after
the outburst pressure reached 2.25 MPa. Because
the oxygen adsorption of coal mainly occurs on its
surface, the damage of dynamic hazard is mainly

reflected on the surface of coal. Therefore, the sur-
face area of the PX coal sample changed drastically
compared to the other coal sample, which is con-
sistent with the amount of oxygen absorption. This
proves that the surface of coal was destroyed by the
dynamic hazard, and the surface area and the pos-
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sibility of oxygen adsorption of coal increased. Fi-
nally, the functional groups and radicals on the
surface of coal were changed.

CONCLUSIONS

To model the process of coal-and-gas outburst,
macro- and micro-experiments on coal after dy-
namic hazard were carried out. The variations of
pore structure and active groups on coal surface
were obtained. In addition, a quantitative approach
is proposed to evaluate the risks of oxidizability on
coal surface. The main conclusions are as follows.

With increase in loading pressure, the cumula-
tive CO content in coal was detected, and it was
enhanced within a small range with increase in gas
pressure. After the pressure was increased to
3.0 MPa, the increments of BET surface areas of the
DT, HL, PX, and YQ coal samples were 0.8902 m2/
g, 1.5918 m2/g, 6.2751 m2/g, and 5.9269 m2/g,
respectively. The BET specific surface area of coal
increased, which provides a suitable site for the
physical and chemical adsorption of oxygen.

The maximum increments of radical concentra-
tions of the DT, HL, PX, and YQ coal samples were
0.47 9 17 spin/g ,0.53 9 17 spin/g, 1.08 9 17 spin/g,
and 0.88 9 1017 spin/g, respectively. The resulting
surface functional groups suggest that, with increase
in gas pressure, the C–C/C–H groups in coal in-
creased, and their absolute increments of radical
concentrations increased as well.

The possible oxidizability of coal is character-
ized by the amount of oxygen absorbed by coal.
Generally, the physicochemical characteristics of
coal after the mechano–chemical effect, indicate the
increasing capacity of coal oxidation. This may lead
to increasing the risk of the surface area and the
possibility of oxygen adsorption of coal.
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