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Abstract
Coal spontaneous combustion (CSC) is a disaster associated with coal mining that leads to loss of coal resources and envi-
ronmental and human health issues. To investigate kinetic characteristics for oxidation of coal, three coal samples were 
collected from different coal mining areas in the Southern Junggar coalfield. Subsequently, the collected coal samples were 
ground into different particle sizes and tested using microscopic and macroscopic methods, including thermal gravimetric 
analysis, Fourier transform infrared spectroscopy, X-ray diffraction, and temperature-programmed oxidation. The results 
obtained are as follows: the sharpest  absorption peak (002) indicates that graphitization is high. Furthermore, the results 
show that the SKS coal sample is prone to spontaneous combustion; the greater the aromatic hydrocarbon content is, the more 
difficult it is for CSC to occur, while the opposite is true for oxygen-containing functional groups. The SKS data confirmed 
this conclusion; the rate for generation of CO and CO2 controlled the possibility of SKS oxidation at 110 °C and provided 
an indication of the temperature. During the dehydration stage, the WD sample had the lowest activation energy, indicating 
that it was most susceptible to spontaneous combustion. During the combustion stage, the lowest activation energy was found 
for the SKS sample with particle sizes < 0.075 mm, indicating that particle size was one of the factors affecting spontane-
ous combustion. The activation energy for dehydration was significantly lower than that for combustion, which showed that 
the coal oxygen reaction was more likely to occur in the dehydration stage. Based on DSC curves, the SKS sample had the 
largest exothermicity, indicating that it would ignite more readily.
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1  Introduction

CSC is a disaster associated with mining around the world 
(Zeng et al., 2018a, b; Zhang et al. 2021; Ren et al. 2020). 
It is caused by oxidation and exothermal reactions of coal 
in contact with oxygen, which threatens coal mining (Zeng 
et al. 2020). On the one hand, coal fires, which are caused 
by spontaneous combustion of coal, are serious safety prob-
lems for coal workers (Nádudvari et al. 2021; Majid et al. 
2021). On the other hand, CSC causes huge economic losses 

and casualties, and the toxic and harmful gases produced 
during coal combustion pollute the working environment 
and cause great damage to the ecological environment and 
health (Simon et al. 2021; Cheng et al. 2017; Kong et al. 
2017; Qi et al. 2014). Coal is a potential heat source sus-
ceptible to self-heating and spontaneous combustion during 
low-temperature oxidation. Self-heating of coal begins when 
adequate oxygen from the air supports a reaction between 
coal and oxygen. The heat produced by low-temperature oxi-
dation of coal is not sufficiently dissipated either by conduc-
tion or convection; hence, an increase in temperature occurs 
within the coal mass (Onifade and Genc 2019, 2020). Schol-
ars (Niu et al. 2017; Peña et al. 2018; Wang et al. 2018a, b; 
Liu et al. 2018) have studied various aspects of coal (e.g., 
geological conditions, moisture content, and particle size) 
in an effort to prevent fires from CSC and control pollution 
from burning coal.

Coal oxidation is a complex physicochemical process 
affected by many internal and external factors, such as the 
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degree of metamorphism, the coal molecular structure, and 
the functional groups (Zhang et al. 2020; Kong et al. 2018). 
Scholars have used XRD and FTIR to study the microstruc-
tures of coal under different conditions. For example, Pan 
et al. (2020) used XRD to analyse the stacking height (Lc) 
of the coal macromolecular lattice and observed an overall 
increasing trend with increasing temperature in an oxygen 
environment. During low-temperature oxidation of coal, 
the stacking height Lc, ductility La, stacking layer N, and 
graphitization degree P of aromatic layers all increase with 
increasing oxidation temperature (Cai et al. 2019). The sen-
sitivities of different reactive functional groups to oxygen 
concentration were analysed (Zhao et al. 2022). Zhao et al. 
(2019a) and Mustafa Baysal et al. (2016) studied the micro-
scopic characteristics of coal under different conditions 
(high-temperature oxidation, varying temperatures, oxy-
gen contents, chemical composition, and degree of ordered 
structure); by using the FTIR approach, the relationships 
among free radicals, apparent activation energy, and the 
characteristics of surface functional groups were examined 
in low-temperature oxidations and in O2 or CO2 atmospheres 
(Zhang et al. 2019; Xu et al. 2018; Yan et al. 2018; Wang 
et al. 2018a, b).

In addition to the above research, other scholars have 
carried out macroscopic research on coal oxidation by 
using a temperature-programmed test device for spontane-
ous combustion (Song et al. 2021b; Deng et al. 2019; Yang 
et al. 2018; Zeng et al. 2018a, b) and studied the effects of 
particle size on the activation energy for oxidation of coal; 
the relationships between spontaneous combustion and indi-
cator gases were studied to seek an effective solution for 
spontaneous combustion and many aspects of spontaneous 
combustion for coal samples with different particle sizes. In 
addition, to investigate the characteristics of spontaneous 
coal combustion, thermal analysis techniques (TGA) were 
employed for this kind of study. Lü et al. (2021), Zhao et al. 
(2019b) and Qu et al. (2018) analysed the factors influenc-
ing CSC, such as the characteristic temperature, the pre-
exponential factor, and the apparent activation energy, with 
different programmed experimental systems. Song et al. 
(2021a) also investigated the exothermicity for low-temper-
ature oxidation of weathered coal. Casal et al. (2018) and 
Lei et al. (2018) investigated the pyrolysis characteristics of 
bituminous coal, anthracite, and lignite using TGA and sim-
ulated the process of CSC at a low temperature (< 100 °C). 
These studies can be used to provide a theoretical basis for 
control of CSC.

In the present study, three kinds of coal were collected 
from different mining areas of the Southern Junggar coal-
field and then characterised with different methods, such as 
TGA, XRD, FTIR and TPO. The results from this research 
will be helpful for control of  CSC in these mining areas of 
the Xinjiang region of China.

2 � Materials and methodology

The Southern Junggar coalfield (Fig. 1) is situated along 
the northern foothills of the Tianshan Mountains and the 
southern margin of the Junggar Basin. It stretches from the 
west of the Sikeshu Coal Mine (SKS) in Wusu County to 
the east of the Shuixigou mining area in Jimusaer County 
with an approximate length of 450 km and several kilo-
metres in width.

The Wudong Coal Mine (WD) is located in the mid-
dle part of the Southern Junggar coalfield and contains 
coal seams with various thicknesses and steeply inclined 
deposits. The Dahuangshan Coal Mine (DHS) is located 
in the eastern part of the Southern Junggar coalfield with 
a steeply dipping thick coal seam. The SKS Coal Mine 
(SKS) is located in the western part of the Southern Jun-
ggar coalfield and features deposition of a dip coal seam.

2.1 � Coal sample preparation

The collected raw coal was crushed to produce sam-
ples with various particle sizes: 0.25 to 0.38 mm, 0.15 
to 0.18  mm, 0.109 to 0.12  mm, 0.08 to 0.096  mm, 
and < 0.075 mm. The proximate and ultimate values of 
the coal samples are shown in Table 1.

2.2 � Methodology

2.2.1 � X‑ray diffraction (XRD)

An 18-kW X-ray powder diffractometer (MacScience, 
Japan) was used to record X-ray diffraction (XRD) data. 
Powdered samples were scanned over 2θ values of 5° to 
80° with a 0.02034° step interval per second under ambient 
temperature conditions. MDI Jade 6.0 software was used 

Fig. 1   Location of the study area
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for smoothing and background subtraction for quantitative 
analyses of XRD spectra.

2.2.2 � Fourier infrared spectroscopy (FTIR)

A VERTEX 70 FTIR device (Bruker, Germany) was used 
in this study. The potassium bromide (KBr) compression 
method was used to fill the vessels with samples and pressur-
ize them. The pressed samples were placed into the sample 
chamber of the in situ infrared spectrometer. The experimen-
tal conditions were resolution of 4.0 cm−1, 120 scans, and a 
wavelength range of 400 to 4000 cm−1.

2.2.3 � Temperature‑programmed oxidation (TPO)

Crushed coal samples from the WD mining area, the 
DHS mining area and the SKS mining area with particle 
sizes of 0.25–0.38 mm, 0.15–0.18 mm, 0.109–0.120 mm, 
0.080–0.096 mm, and < 0.075 mm were mixed. Then, the 
mixed coal samples were tested with temperature-pro-
grammed oxidation. The heating rate was set at 0.3 °C/min, 
the temperature range was set from 30 to 170 °C, and the 
airflow was set at 120 mL/min. With each 10 °C increase in 
temperature, the exit gas was collected and analysed to quan-
tify its composition (especially O2, CO, CO2, and CnHm) 
and concentration with gas chromatography. This test for 
each mixed coal sample was terminated once the coal sample 
temperature was higher than that in the furnace chamber of 
the oven, i.e., the critical temperature for CSC.

2.2.4 � Thermal gravimetric analysis (TGA)

An STA 7300 thermal analyser (made by Hitachi, Japan) was 
used for TGA tests. The experimental conditions were set as 
follows: the heating rate was 10 °C/min, air was the carrying 
gas, the airflow rate was 200 mL/min, and the maximum 
temperature of the test was 1000 °C.

Figure 2 shows a general flowchart for the different meth-
ods employed in this study.

2.3 � Data processing

2.3.1 � Characteristic temperatures

Thermogravimetric curves were generated with the TGA 
data. Figure 3 illustrates the TG curves for the SKS coal 
sample with 0.15–0.18 mm particle sizes as an example.

As shown in Fig. 3, T1, T2, T3, T4 and T5 denote the char-
acteristic temperatures of the coal sample at different stages, 
i.e., T1 denotes the inflection temperature, which indicates 
that the coal sample gains weight after water loss; T2 denotes 
the initial temperature of pyrolysis; T3 denotes the igni-
tion temperature; T4 denotes the temperature at which the 
combustion rate is maximized; and T5 denotes the burn-out 
temperature.

2.3.2 � Activation energy

The activation energy was calculated using the Coats-
Redfern integral method. According to the Arrhenius law, 
the reaction rate for coal combustion can be calculated as 
follows:

where k denotes the reaction rate constant, A denotes the fre-
quency factor, E denotes the activation energy in kJ/mol, T 
denotes the reaction temperature in degrees K, and R denotes 
the gas constant with a value of R = 8.314 J/mol K.

The mass conversion rate can be determined as follows:

where α denotes the conversion degree and m0, mt and m∞ 
represent the masses of the coal sample in units of µg at the 
initial time, the actual time, and the final time, respectively.

The reaction rate was calculated as follows:

where k is the reaction rate constant and t is the reaction 
time.

The following equations were obtained after integration 
and application of the Coats–Redfern approximation:

(1)k = A exp (−E∕RT)

(2)� =
m

0
− m

t

m
0
− m∞

(3)
d�

dt
= k(1 − �)

Table 1   Proximate and ultimate 
values of coal samples

Sample Proximate (wt%, ad) Ultimate (wt%, daf)

Mad Ad Vad FCad C H O N S

WD 1.91 4.32 32.26 64.81 71.88 4.67 18.01 0.85 0.27
DHS 1.74 10.48 43.47 50.60 72.78 4.91 10.53 1.06 0.24
SKS 6.52 7.73 51.39 44.85 69.29 5.45 16.61 0.75 0.17
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For most reaction temperature ranges, E/RT is greater 
than 1 and approximately equal to 1, and 1 − 2RT/E 
approaches 1. Therefore, Eq. (4) can be rewritten as Eq. (6) 
when n is equal to 1.

(4)n = 1, ln

[

− ln(1 − �)

T2

]

= ln

[

AR

�E

(

1 −
2RT

E

)

]

−
E

RT

(5)

n ≠ 1, ln

[

1 − (1 − �)1−n

T2(1 − n)

]

= ln

[

AR

�E

(

1 −
2RT

E

)

]

−
E

RT

(6)ln

[

− ln(1 − �)

T2

]

= −
E

RT

Equation (6) was used to calculate the kinetic parameters 
for the coal-oxygen reactions of the samples. The data were 
plotted with a vertical axis of ln[− ln(1 − α)/T2] versus the 
horizontal axis 1/T, and the slope of the linear fit was used 
to determine the activation energy E.

3 � Results and discussion

3.1 � Analysis of microcrystalline structure 
parameters

XRD is an effective method for studying the structures of 
crystalline materials and has been widely used in studies of 
graphite structures. Using XRD analysis, the basic struc-
tural unit extension La, the stacking degree Lc, the distances 
between the aromatic monolayers, the d peak position and 
the peak intensity were obtained to quantify the coal meta-
morphism to an extent. The original XRD spectra of the 
tested coal samples and their ashes are shown in Fig. 4.

The XRD diffraction data for the three raw-coal samples 
are illustrated in Fig. 4a. The XRD pattern shows a diffrac-
tion peak (002) for the graphitic carbon layer network in 
the vicinity of 2θ ≈ 26°, and the aromatic layer spacing d002 
value can be calculated with the Bragg formula. With an 
increase in the metamorphic degree, the (002) peak gradu-
ally narrows, and its intensity becomes stronger, which indi-
cates that the aromatic layer structure gradually becomes 
regular and orderly, and the d002 value approaches the typical 
graphite carbon layer spacing of 0.3354 nm. The diffraction 

Fig. 2   Flowchart of experimental methods

Fig. 3   TG and DTG curves of the SKS coal sample
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peak (100) in the vicinity of 2θ ≈ 44° was attributed to the 
degree of aromatic condensation, which is the size of the 
aromatic carbon network sheet.

As the coal rank increases, the 002 peak becomes sharp 
and shifts in the direction of increasing diffraction angle. As 
shown in Fig. 4a, the DHS sample gave the sharpest peak, 
which indicated that it had a high degree of graphitization; 
the SKS sample was the gentlest, which indicated its low 
degree of graphitization. With an increase in the degree of 
graphitization, the XRD intensity increases, which indicated 
that the SKS coal sample was prone to oxidation.

Figure 4b shows that the DHS sample had the strong-
est diffraction peak intensity, while the SKS sample has 
the weakest peak intensity. The peak intensities for the raw 
WD and DHS coal samples were higher than those of their 
ashes. This is because the mineral matter of the coal samples 
oxidized and pyrolyzed during oxidation of the coal sam-
ple. The combined waters of crystallization were lost and 
converted to inorganic oxides. Therefore, the compositions 
and contents of coal ash and raw-coal sample minerals were 
different. The intensities of the mineral diffraction peaks 
for coal ash were higher than those of the raw SKS coal 
samples, which accounted for the formation of quartz from 
pyrolysis and oxidation of silica-containing minerals (except 
quartz) during oxidation of the coal.

Figure 5 illustrates the XRD patterns for the raw coal and 
coal ash of the WD, DHS and SKS samples, which indicated 
different mineral contents.

As shown in Figs. 5a–c, these three raw coal samples 
exhibited characteristic peaks indicating high mineral con-
tents for these coal samples, i.e., the DHS peak was the 
strongest, and the SKS peak was the weakest. This also 
indicated that the minerals mainly consisted of quartz (Q), 

kaolinite (K), calcite (C), and dolomite (D) for the WD coal 
sample. For the DHS coal sample, the mineral matter mainly 
consisted of quartz (Q), kaolinite (K), calcite (C), dolomite 
(D), lime (L), and muscovite (M). For the SKS coal sample, 
the mineral matter mainly consisted of kaolinite (K), calcite 
(C), and muscovite (M). Figures 5e–g showed that the min-
eral contents of the coal samples WD, DHS and SKS were 
the same and mainly consisted of quartz (Q) and kaolinite 
(K). Quartz is a common mineral found in coal, and it has a 
high boiling temperature (2230 °C) and melting temperature 
(1723 °C). Therefore, quartz can maintain the crystalline 
structure of coal during oxidation.

3.2 � Analysis of functional groups

Coal is a solid material with a complex macromolecular 
structure and is mainly composed of different functional 
groups, such as aromatic hydrocarbons, aliphatic hydrocar-
bons, oxygen-containing functional groups, and other active 
groups. FTIR is usually used to quantify coal sample struc-
tures by investigating the compositions and changes in func-
tional groups. Changes in the characteristic peak intensities 
of the FTIR spectrum reflect macroscopic changes in the 
characteristic functional groups with changes in the particle 
sizes of the coal samples. Figure 6 shows the spectra for the 
WD sample, the DHS sample and the SKS sample with par-
ticle sizes of 0.15–0.18 mm. Table 2 lists functional group 
attributions for the FTIR data of the coal samples (Ma et al. 
2019; Zheng et al. 2018; Xiao et al. 2018). Figure 7 shows 
the changes in absorbances and peak areas for different func-
tional groups with changes in particle sizes.

Figure 6 shows that the spectra varied significantly and 
indicated the primary functional groups in each coal sample. 

Fig. 4   XRD spectra of raw coal (a) and coal ash (b)
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The WD sample and the DHS sample had the same number 
of peaks, while the SKS sample had fewer peaks. In the 
wavenumber ranges 3624–3613 cm−1 and 3500–3200 cm−1, 
the intensities of the absorption peaks for the coal sam-
ples decreased in the order SKS > WD > DHS. In the 
wavenumber ranges 2975–2915 cm−1, 2875–2858 cm−1, 
1625–1575 cm−1, 1449–1439 cm−1, and 1379–1373 cm−1, 
the intensities of the absorption peaks for the coal samples 
decreased in the order WD > DHS > SKS. In the wave-
number ranges 1350–1130 cm−1 and 900–700 cm−1, the 

intensities of the absorption peaks of the coal samples 
decreased in the order DHS > WD > SKS.

Figure 7 shows that the absorbances and peak areas of 
aliphatic hydrocarbons varied with decreases in particle 
sizes as follows: (1) for the WD coal sample, the absorb-
ances increased first and then decreased; the peak areas 
decreased first and then increased before finally decreasing 
again; (2) for the DHS coal sample, the absorbances and 
peak areas varied slightly; (3) for the SKS coal sample, the 
absorbances and the peak areas increased with decreases in 

Fig. 5   X-ray diffraction patterns for raw coal (a–c) and coal ash (d–f). Q, Quartz; K, Kaolinite; D, Dolomite; C, Calcite; L, Lime; S, Siderite; M, 
Muscovite

Fig. 6   Infrared spectra for dif-
ferent coal samples with particle 
sizes of 0.15–0.18 mm
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particle sizes. The absorbances and peak areas for aliphatic 
hydrocarbons decreased in the order WD > DHS > SKS 
for particle size ranges of 0.25–0.38 mm, 0.15–0.18 mm, 
and 0.109–0.120 mm, in the order WD > SKS > DHS for 
0.080–0.096 mm, and in the order DHS > WD > SKS for 
those < 0.075 mm. The reason for this is that smaller parti-
cles had larger surface areas for adsorption of oxygen, which 
resulted in many more active functional groups.

For aromatic hydrocarbons, the absorbances and 
peak areas varied with decreases in particle sizes as 

follows: (1) for the WD coal sample, the absorbances 
and the peak areas increased first and then decreased; 
(2) for the DHS coal sample, the absorbances decreased 
first and then increased, and the peak areas increased 
first, then decreased, and finally increased; (3) for the 
SKS coal sample, the absorbances increased first, then 
decreased, and finally increased, and the peak areas 
increased. The absorbances for aromatic hydrocar-
bons decreased in the order DHS > WD > SKS for par-
ticle size ranges of 0.25–0.38 mm and < 0.075 mm, in 

Table 2   Characteristics of absorption peaks for the coal samples

Functional groups Spectral peak 
No.

Spectral peak posi-
tion (cm−1)

Functional group Assignment

Oxygen-containing functional 
groups

1 3624–3613 –OH Intramolecular hydrogen bonds
2 3500–3200 –OH Hydroxyl stretching vibrations of phenols, 

alcohols, carboxylic acids, peroxides, and 
water

8 1350–1130 C–O Phenol, alcohol, ether, and ester oxygen bond
Aliphatic hydrocarbons 3 2975–2915 –CH2, –CH3 Benzene ring and aliphatic methyl, methylene 

antisymmetric stretching vibration
4 2875–2858 –CH2, –CH3 Methyl symmetrical stretching vibration
6 1470–1430 –CH2–CH3 Methyl antisymmetric stretching vibration
7 1379–1373 –CH3 Methylene shear vibration

Aromatic hydrocarbons 5 1625–1575 C=C Aromatic ring C=C stretching vibration
9 900–700 –CH Outer bending vibration of various substituted

Fig. 7   Changes in absorbances and peak areas for different groups with different particle sizes
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the order WD > DHS > SKS for particle size ranges of 
0.15–0.18 mm, 0.109–0.120 mm, and 0.080–0.096 mm, 
and in the order WD > DHS > SKS for all particle size 
ranges overall. Aromatic hydrocarbons constitute an 
important functional group that indicates stability of the 
aromatic ring. With decreases in particle sizes, there was 
little change for the DHS coal sample and the SKS coal 
sample but the WD coal sample. The reason for this was 
probably that the bridge bonds and chain structures of the 
molecules were fragmented to produce substituent groups, 
which led to overall increases in the aromatic hydrocarbon 
content of the coal.

For oxygen-containing functional groups, the absorb-
ances and peak areas varied with decreasing particle sizes 
as follows: (1) the absorbances of the WD coal sample 
decreased while the absorbances of the DHS coal sam-
ple and the SKS coal sample increased; (2) the peak areas 
of the WD coal sample and the DHS coal sample varied 
slightly while those of the SKS coal sample increased first, 
then decreased, and finally increased. The absorbances for 
the oxygen-containing functional groups in coal samples 
decreased in the order DHS > WD > SKS for a particle 
size range of 0.25–0.38 mm, the order DHS > WD > SKS 
for a particle size range of 0.15–0.18 mm, in the order 
DHS > SKS > WD for particle sizes of 0.109–0.120 mm, 
and in the order SKS > DHS > WD for particle sizes of 
0.080–0.096 mm and < 0.075 mm.

As reported in previous studies, the content of oxygen-
containing functional groups provides an index with which 
to quantify the tendency for coal oxidation. Changes in the 
absorption intensities provide a macroscopic manifestation 
of the microscopic changes in coal functional groups. Exper-
imental data showed that the smaller the particle sizes were, 
the greater the tendency of the SKS coal sample to oxidize, 
while there were no apparent differences for the WD coal 
sample or the DHS coal sample.

3.3 � Analysis of temperature‑programmed oxidation

Data from the temperature-programmed oxidation (TPO) 
experiments were used to determine changes in the concen-
trations of oxygen, carbon monoxide, carbon dioxide and 
CnHm gases. Based on these data, the oxygen-consumption 
rates (OCRs) and the generation rates for CO and CO2 are 
plotted in Fig. 8. The changes in the concentrations of other 
gases are illustrated in Fig. 9.

Figure 8a shows that the OCRs for all three coal sam-
ples increased with increasing temperature, while the oxy-
gen concentrations decreased with increasing temperature. 
The OCRs decreased in the order SKS > DHS > WD, which 
meant that the SKS coal sample had a much higher ten-
dency for coal oxidation than the other two coal samples. 
In fact, coal fires have occurred before in the SKS and DHS 
mining areas but not in the WD mining area, and this also 
provides evidence for that tendency. Figure 8b shows that 
the CO2 generation rate of the SKS coal sample was higher 
than those of the other two coal samples, which indicated 
that the tendency for coal oxidation was higher for the SKS 
coal sample than for the others. This also applied to the CO 
generation rates of the coal samples. The WD coal sample 
showed the lowest CO2 and CO generation rates.

Figure 9 shows that other gas concentrations, such as 
those of CH4, C2H6, and C2H4, increased exponentially 
with increasing temperature. Below 150 °C, the CH4 con-
centration of the DHS coal sample was higher than those 
of the other coal samples. The C2H6 and C2H4 concentra-
tions of the WD coal sample appeared first at 100 °C, and 
the C2H4 concentration of the DHS coal sample appeared 
at 170 °C. The amounts of C2H4 generated from coal 
samples with different metamorphic degrees all showed 
upwards trends with increasing oxidation temperature 
(Liu et al. 2013). From this standpoint, the tendency for 
coal oxidation decreased in the order SKS > WD > DHS.

Fig. 8   Oxygen concentrations and oxygen consumption rates as a function of temperature for different coal samples



Experimental study on the oxidation kinetics of coal in typical coal mining areas of the Southern…

1 3

Page 9 of 13     78 

3.4 � Analysis of characteristic temperatures

Based on the TG data, the characteristic temperature of 
each coal sample can be determined and illustrated as 
shown in Fig. 10.

Figure 10 shows that the characteristic temperature 
T1 for the SKS coal sample was highest overall particle 
size ranges, which indicated that the SKS sample would 
require much more energy than other coal samples to 
evaporate the water content. Perhaps, based on the proxi-
mate data (Table 1), the higher water content of the SKS 
coal sample requires much more energy to evaporate the 
moisture within the coal matrix. Considering this point, 
oxidation at this stage may be more difficult than it is 
for the other coal samples. The other characteristic tem-
peratures of the SKS coal sample, i.e., T2, T3, T4, and T5, 
were all below those of the other coal samples, which 
meant that, after the T1 stage, the coal-oxygen reaction 
would proceed more easily for SKS than for the other 
coal samples; therefore, the characteristic temperatures 
indicate that SKS would more easily be oxidized than the 
other coal samples.

3.5 � Analysis of activation energy

Activation energy is a parameter that describes whether coal 
oxidation would proceed easily. The TG curve for each coal 

sample was divided into two stages, i.e., the T1–T2 stage 
(dehydration stage) and the T3–T5 stage (combustion stage). 
The activation energies for each stage were calculated 
according to Eqs. (1)–(6) and plotted as shown in Fig. 11.

The activation energy is the minimum amount of energy 
required for the oxidation reaction of a coal sample to 
proceed; the lower the activation energy, the more read-
ily the reaction occurs. Figure 11 indicates that, during 
the dehydration stage (T1–T2), the activation energy of 
the SKS coal sample increased first and then decreased 
with decreasing particle sizes, and the fluctuation range 
was 55–149 kJ/mol. The activation energy of the DHS 
coal sample increased with decreasing particle size, and 
the fluctuation range was 45–74 kJ/mol. The activation 
energy of the WD coal sample decreased with decreas-
ing particle size, and the fluctuation range was 39–59 kJ/
mol. The activation energy of the SKS coal sample was 
higher than those of the WD and DHS coal samples. Dur-
ing the combustion stage (T3–T5), the activation energy 
of the SKS coal sample first increased and then decreased 
with decreasing particle size, and the fluctuation range 
was 59–223 kJ/mol. The activation energy of the DHS 
coal sample fluctuated with decreasing particle size, and 
the fluctuation range was 137–165 kJ/mol. The activation 
energy of the WD coal sample decreased with decreasing 
particle size, and the fluctuation range was 163–219 kJ/
mol. The activation energies for the dehydration stages 

Fig. 9   Concentrations of CO and CO2 and other gases
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of the coal samples were significantly lower than those of 
the combustion stage, which showed that coal oxidation 
is more likely to occur at the dehydration stage (T1–T2).

Using the proximate data listed in Table  1, the con-
tents of volatile matter in the coal samples decreased in 
the order SKS > DHS > WD. Volatile matter is one of the 
factors affecting the oxidation kinetics of coal. As shown 

in Fig. 11a, the orders for volatiles contents and activation 
energies at the dehydration stage (T1–T2) were the same but 
fluctuated for the combustion stage (T3–T5), which indi-
cated the complexity of coal spontaneous combustion; it is 
not easy to determine whether a coal sample is prone to 
oxidation with one single proximate factor. A comprehen-
sive study linking the proximate and ultimate data must be 

Fig. 10   Characteristic temperatures of coal samples as a function of particle sizes

Fig. 11   Activation energies for coal samples at the T1–T2 and T3–T5 stages as a function of particle sizes
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undertaken. In general, with more volatiles, more pores and 
cracks remain within the coal matrix; this leads to a much 
larger specific surface area for adsorbing oxygen and react-
ing with it and increases the likelihood of CSC, especially 
at the T3–T5 stage. For the SKS coal sample, the volatiles 
content was the highest, and the characteristic temperatures 
T3 and T5 were lower than those of the WD and DHS coal 
samples.

3.6 � Analysis of the exothermic heats of coal 
oxidation

A DSC curve was used to measure the quantity of heat 
required to maintain a zero-temperature difference per unit 
time between a sample and a reference object and indicate 
how the enthalpy of the sample varies with temperature. 
DSC curves were generated from the thermogravimetric data 
using Origin software (Fig. 12).

Using Figs. 12a–c, integration was performed along the 
X-axis to determine the exothermicities at different stages 
of spontaneous combustion. In these graphs, the parts of 

the curves below zero on the Y-axis show the heat absorbed 
by spontaneous combustion, and the part of the curves over 
zero of the Y-axis show the exothermic heat of spontaneous 
combustion. According to the characteristic temperatures 
determined with the thermogravimetric experimental data 
(i.e., the TG curves), the coal-oxygen reaction was divided 
into three stages; the oxygen absorption and weight-gain 
stage (the T1–T2 stage), the dehydration stage (the T2–T3 
stage), and the combustion stage (the T3–T5 stage). In this 
study, only the exothermic heats at the combustion stages 
(the T3–T5 stage) were calculated and plotted, as shown in 
Fig. 12d.

Figure 12d shows that exothermic heat was recorded for 
the WD coal samples only for particle sizes < 0.075, which 
indicates the low exothermic heat generated by oxida-
tion of this coal sample. For the WD coal samples and the 
DHS coal samples, only coal samples with particle sizes of 
0.15–0.18 mm, 0.080–0.096 mm, and < 0.075 mm showed 
DSC data greater than zero (i.e., exothermic heat would be 
generated), indicating the average exothermic heat generated 
by oxidation reactions. For both the WD coal sample and the 

Fig. 12   DSC curves and exothermic heats of coal samples with different particle sizes
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DHS coal sample, it was also observed that smaller parti-
cles were beneficial for generation of exothermic heat during 
oxidation. For the SKS coal sample, exothermic heats were 
recorded for all particle sizes, which indicated that more heat 
would be generated by oxidation of this coal. In addition, 
the coal samples with particle sizes < 0.075 mm differed 
from those with particle sizes of 0.25–0.38 mm in terms of 
the peak heights and peak widths of their DSC curves (see 
Figs. 12a–c). As shown in the above figures, coal samples 
with both particle sizes would generate high exothermic heat 
during oxidation. Figure 12d shows that the WD coal sam-
ples would generate lower exothermic heats than the DHS 
and SKS samples, i.e., the SKS coal samples would gener-
ate the largest amount of exothermic heat, which indicated 
that this coal is most prone to spontaneous combustion as 
indicated by the DSC curves.

4 � Conclusions

Based on analyses of the experiments in this study, the fol-
lowing conclusions are obtained:

(1)	 The XRD data showed that with increases in the degree 
of graphitization, the peak (002) exhibited sharp shifts 
and increased peak intensities, which indicated that the 
SKS sample had the lowest degree of graphitization. 
The FTIR data showed that the content of oxygen-
containing functional groups tended to increase with 
decreasing particle sizes of the coal sample. The pro-
portions of oxygen in the coal samples decreased in the 
order WD > SKS > DHS.

(2)	 For the DHS coal sample and the WD coal sample, 
the oxygen consumption rates (OCRs) increased expo-
nentially with increasing temperature. Analysis of the 
gas produced during temperature-programmed oxida-
tion showed that the SKS coal sample was more prone 
to spontaneous combustion than the DHS and WD 
samples. C2H4 gas was produced after coal oxidation 
proceeded to an extent, and it was produced first for 
the SKS coal sample; this indicated that the SKS coal 
sample was more prone to spontaneous combustion 
than the WD and DHS samples. 

(3)	 For the WD coal sample and the DHS coal sample, 
the characteristic temperatures T3 decreased with 
decreasing particle size, indicating that smaller par-
ticle sizes resulted in lower ignition temperatures for 
the coal samples. For the SKS coal samples, the char-
acteristic temperature T3 increased as the particle size 
decreased, but the characteristic temperatures T3 for all 
sample particle sizes were lower than those of the WD 
coal samples and the DHS coal samples. In general, 

the activation energies for all coal samples tended to 
increase at the dehydration stage. At the combustion 
stage, as the particle sizes decreased, the activation 
energies of the WD coal samples and the SKS coal 
samples decreased, whereas those of the DHS sam-
ples increased first and then decreased. The activation 
energy of the dehydration stage was significantly lower 
than that of the combustion stage, which showed that 
the coal-oxygen reaction proceeds more readily at the 
dehydration stage.

(4)	 The volatiles content also affects the spontaneous com-
bustibility of a coal sample. In general, higher volatiles 
contents caused the samples to be more prone to igni-
tion and to burn out sooner. The amounts of exother-
mic heat revealed that the SKS samples produced larger 
amounts of exothermic heat than the other two coal 
samples, which indicated that the SKS coal sample was 
more prone to spontaneous combustion.
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