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Abstract−It is imperative to have an in-depth understanding of the intrinsic reaction between coal and oxygen dur-
ing low-temperature oxidation, as the reaction is the main source responsible for the self-heating and spontaneous
combustion of coal. As low-temperature oxidation of coal involves a series of physical and chemical process and many
parallel reactions, it is difficult to directly investigate the intrinsic reaction between coal and oxygen by conventional
analytical method. Thermogravimetric analysis (TGA) was used to investigate the intrinsic reaction between coal and
oxygen based on the mass change. By means of the subtraction analysis method of TGA, the TG-subtraction curves
were obtained by subtracting the TG-N2 curves from the TG-air curves. The results indicate that a TG-subtraction
curve can better reflect the intrinsic reaction of coal oxidation than a TG-air curve by eliminating the influence of
evaporation of water and thermal decomposition of inherent oxygen-containing groups. In terms of the rate of mass
increase, the intrinsic reactions can be divided into three stages: slow oxidation stage, advanced oxidation stage and
rapid oxidation stage. The activation energy at each of the stages, obtained by Coats and Redfern’s model, can be used
to as a technical parameter to evaluate the proneness of coal spontaneous combustion. The optimum experiment con-
ditions were also developed to study low-temperature coal oxidation with the subtraction method of TGA.
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INTRODUCTION

The low-temperature oxidation of coal is the major heat source
responsible for self-heating and spontaneous combustion of coal.
The spontaneous combustion of coal caused by low-temperature
oxidation is a key safety issue in the mining, storage and transpor-
tation of coal, which continues to severely restrict the develop-
ment of the coal industry [1,2]. The oxidation between coal and
atmosphere oxygen can take place as soon as the coal is extracted
from a seam and exposed into the air. When the rate of heat accu-
mulated is greater than the rate of heat dissipated, it will lead to
the self-heating and eventual spontaneous combustion of coal. In
addition to the safety problems, the oxidation of coal also can have
significant impact on the molecular structure and cause signifi-
cantly environmental problems such as pollutant emission [3-5].

Many studies, including macroscopic and microscopic studies,
have been carried out to explore the mechanism of low-tempera-
ture oxidation of coal. Most of them have focused on gaining a
fundamental understanding of oxygen consumption, nature of gas-
eous products, heat evolution, concentration of bound oxygen and
oxygenated complexes at coal surfaces, and major pathways of the

oxidation [6-8]. Fourier transform infrared spectroscopy (FTIR)
and X-ray photoelectron spectroscopy (XPS) have been used to
observe the changes in coal active groups, indicating that the ali-
phatic groups on coal are primarily oxidized into oxygen-contain-
ing functional groups such as peroxides, carbonyls, carboxyls, and
esters [9,10]. Some thermal analysis technology such as crossing-
point temperature (CPT), crossing-point slope (CPS), differential
scanning calorimetry (DSC), and calorimeter have been used to
test the heat release and self-heating temperature, with the aim of
identifying and evaluating the proneness of coal spontaneous com-
bustion [11-13].

However, very few studies have focused on the mass evolution
during the low-temperature oxidation of coal. While, some stud-
ies using TGA have shown an increase of the sample mass when
coals were exposed to a heating ramp, suggesting a link between
the mass change and the oxidation characteristics of coal associ-
ated with the spontaneous combustion phenomenon [14-16]. Other
similar studies did not identify these characteristic. As such, the
TGA method has not been established as a trusted methodology
for spontaneous combustion prediction [17,18].

Characterizing the intrinsic reactivity properties of coals is a po-
tential key to improving these prediction tests. As mentioned, low-
temperature oxidation of coal is a complex process that involves a
series of physical and chemical processes and many parallel reac-
tions such as evaporation of water, oxidation reaction between oxy-
gen and coal, and thermal decomposition of inherent oxygen-con-
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taining functional groups. The co-existence of these processes makes
the study of the intrinsic reaction between oxygen and coal diffi-
cult, but the oxidation reaction between oxygen and coal is the
main source responsible for the self-heating and spontaneous com-
bustion of coal. Many investigators have taken these processes only
as a whole to study the mass change characteristics, few studies have
been carried out to explore the intrinsic reactivity of low-tempera-
ture oxidation of coal. It is well known that the low-temperature
oxidation of coal in air atmosphere involves the evaporation of
water, oxidation reaction and thermal decomposition of inner
oxygen containing functional groups. The heating of coal in nitro-
gen atmosphere involves only the evaporation of water and thermal
decomposition of inherent oxygen containing functional groups.
By subtracting the TG-N2 curve from the TG-air curve, the com-
mon processes occurred in both atmospheres, i.e. water evapora-
tion and thermal decomposition, are eliminated and the intrinsic
oxidation reaction between oxygen and coal can be obtained. We
propose a new approach to deriving kinetic parameters based on
the mass change using the subtraction method of thermal analy-
sis technology. An optimum experimental parameter for this tech-
niques was investigated. The relationship between the kinetic par-
ameter and self-oxidative potential of coal was also explored.

EXPERIMENTAL

1. Coal Samples
Three ranks of coal, lignite, sub-bituminous, and bituminous,

were used in this study. The lignite (denoted as XM) was from the

Table 1. Proximate and ultimate analyses of coal samples used in experiments

Coal sample
Proximate analysis, wt% Ultimate analysis, wt%, daf

Mar Mad Ad Vdaf C H O* S N
XM coal 34.40 24.48 18.05 42.70 69.79 2.99 24.73 1.36 1.13
SD coal 11.25 09.43 07.15 28.24 76.29 4.07 17.34 0.91 1.39
ZZ coal 01.36 00.39 6.4 37.88 82.22 5.21 10.71 1.47 0.39

Note: ar, as received basis; ad, air-dried basis; d, dry basis; daf, dry and ash-free basis; * by difference

Fig. 1. A schematic diagram of the experimental apparatus.
1. Gas cylinder 4. Air pump 7. Reactor 10. Computer
2. Reducing valve 5. High-purity hydrogen generator 8. Coal sample
3. Gas chromatograph 6. Gas purifying apparatus 9. Program temperature

Chinese Ximeng coal mine in the north of Inner Mongolia; the
sub-bituminous coal (denoted as SD) was collected from the Chi-
nese Shendong coal mine in the southwest of Inner Mongolia; and
the bituminous (denoted as ZZ) was obtained from the Chinese
Zaozhuang coal mine in the south of Shandong. These coal sam-
ples were obtained fresh from the recently-worked faces of the
mine, using a chain saw, after first removing a layer of coal about
25 cm thick to avoid the possibility of peroxidation. The coal core
selected for testing came from the one borehole, thus representing
an isorank suite of samples. All coal samples were first wrapped in
sealed plastic cling wrap filled with nitrogen. The samples were
then transported to the laboratory in an insulated container full of
ice. On arrival, the coals were transferred to a freezer for storage
until required for testing. The coals were crushed and sieved to a
particle size range of 0.120-0.250 mm before testing. Table 1 shows
the proximate and ultimate analyses of the coals used in this study.
2. Chromatographic Analysis of Gaseous Products

A schematic diagram of the experimental apparatus is shown in
Fig. 1. Each sample was loaded into a cylindrical reactor of 5 cm in
diameter and 10 cm in height, and the actual weight of coal sam-
ple in the reactor was 50.0 g. The reactor was then placed in an
oven. Experiments were performed in both nitrogen and air at-
mospheres. In the nitrogen atmosphere experiments, high-purity
nitrogen was introduced into the reactor at a flow rate of 150 mL
min−1 to replace the air in the reactor. After 30 min, the sample was
heated from 25 oC to 230 oC at the rate of 1 K min−1 while high-
purity nitrogen flow was maintained at 100 mL min−1. At the same
time, the gaseous atmosphere was analyzed with a GC-950 gas chro-
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matography spectrometer. In the air atmosphere experiments, the
reactor was again first purged with high-purity nitrogen at 150 mL
min−1 for 30 min, the sample was heated from 25 oC to 230 oC at
the rate of 1 K min−1, dry air was introduced into the reactor at
100 mL min−1, and the gaseous atmosphere was then analyzed.
3. Thermogravimetric Analysis of Mass Change

A sensitive thermogravimetric analyzer (TGA) (NETZSCH STA
409 C from Boston, USA) equipped with an Al2O3 ceramic crucible
(flat tray) was used to measure the mass change. A certain quality
of coal sample (5 mg, 10 mg and 20 mg) was quickly and loosely
placed on the sample pan. Experiments were then performed in
both nitrogen and air atmospheres. In the nitrogen atmosphere
experiments, high-purity nitrogen was introduced into the cham-
ber at a flow rate of 100 mL min−1 to replace the air in the chamber.
After 30 min, the sample was heated from 25 oC to 200 oC at a set
of different ramp rates (0.5, 1, 3 and 5 K min−1) while high-purity
nitrogen flow was maintained at 60 mL min−1. The mass change
was then recorded. In the air atmosphere experiments, the cham-
ber was again first purged with high-purity nitrogen at 100 mL
min−1 for 30 min, the sample was heated from 25 oC to 200 oC at a
set of different ramp rates (0.5, 1, 3 and 5 K min−1), dry air was in-
troduced into the chamber at 60 mL min−1, and the mass change
was then measured. The mass change in the nitrogen atmosphere
experiments was due to liberation of water and thermal decompo-
sition of unstable ingredient, and the mass change in the air was
attributed to liberation of water, thermal decomposition of unsta-
ble ingredient, and oxidation reaction between coal and oxygen.
The mass change solely due to the oxidation reaction between coal
and oxygen was obtained by subtracting the TG-N2 curve from the
TG-air curve. Several blank experiments without a coal sample
were also carried out to calibrate the effects of the buoyancy and
the mass of crucible with samples. Experimental results showed
that the TG curve of 0.5 K min−1 fluctuates substantially over time
due to instrumental sensitivity. Therefore, we mainly focused on
the data of 1, 3 and 5 K min−1 to investigate the effect of heating rate.
Each experiment was repeated to eliminate risks of test error and
the reproducibility turned out to be quite good.

THEORETICAL ANALYSIS

For a reaction of mass increase due to chemisorption, kinetic
parameter calculations from the thermogravimetric data usually
proceed from the basic kinetic equation [19]:

(1)

where, t is the reaction time; m is the sample mass at time t; and T
is the absolute temperature.

The mass function g(m) is dependent on the assumed reaction
mechanism. The form of g(m) has been generally described as:

g(m)=mn (2)

where, n is the reaction order.
The Arrhenius equation relates the rate constant K to the pre-

exponential factor A and the activation energy Ea:
K=Aexp(−Ea/RT) (3)

where, R is the molar gas constant, 8.314 J·K−1·mol−1.
Although reactions of many substances are complex, the air oxi-

dation of coal has been described as pseudo-first-order reaction
kinetics as long as the reactant oxygen is present in large excesses
so that its concentration is effectively constant for the duration of
the reaction [16,20]. Thus, following pseudo-first-order kinetics, the
rate of the change in coal mass will be proportional to its concen-
tration. The kinetic parameters of the low-temperature oxidation
of coal can be determined by observing the change of mass as the
reaction proceeds and can be evaluated by the following expression:

(4)

In this study, temperature changed at a constant positive rate β=
dT/dt. Hence, Eq. (4) becomes,

(5)

Solving Eq. (5) via integration, subject to the initial condition
m=m0, T=T0 yields:

(6)

Since there is no oxidation (m=m0) up to T0, the limit of the in-

tegral is conventionally changed to  hence the function
θ(x) could be introduced as follows:

(7)

where, x=E/RT. Therefore, Eq. (6) becomes,

(8)

The function θ(x) can be expressed by some approximate equa-
tions. Among them, the Coats-Redfern approximation is com-
monly used for its simplicity. In this approximation, the first term
of an asymptotic expansion of θ(x) is retained:

(9)

Eq. (9) may be incorporated into Eq. (8) to yield a linear equa-
tion:

(10)

Hence for a given heating rate, A and E can be calculated from
the intercept and slope of a plot of ln[ln(m/m0)/T2] versus 1/T, re-
spectively.

RESULTS AND DISCUSSION

1. General Trends for the Emission of Gaseous Products
It is well known that the gaseous products released in the coal
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oxidation at low temperature include CO2, CO, and minor amounts
of CH4, C2H4, etc [21]. Fig. 2 presents the concentrations of CO2,
CO, CH4, and C2H4 released from the coal reaction under nitrogen
and air atmospheres. These data show that CO2, CO, CH4 and C2H4

can be generated from coal reaction under nitrogen and air atmo-
spheres. CO2 and CO can be observed even at 30 oC under both
atmospheres. CH4 can be detected at 30 oC and 50 oC for air atmo-
sphere and nitrogen atmosphere, respectively. And C2H4 can be
detected at 100 oC and 150 oC for air atmosphere and nitrogen at-
mosphere, respectively. Furthermore, the release rates of these gas-
eous products are increased with the increase of the temperature.
Also, the characteristic of coal type has a great effect on the release
of gaseous products. At both atmospheres, the release rate of these
gaseous products is related to the metamorphic degree of coal
with the order of XM>SD>ZZ. This result indicates that the lower
the metamorphic degree of coal is, the higher is the coal reactivity
for the release of gaseous products.

Fig. 2 also shows that the release rates of gaseous products under
air atmosphere are obviously larger than these under nitrogen at-
mosphere. This difference can be attributed to the mechanism of
coal reaction under different atmosphere. CO2 and CO were formed
under inert atmosphere only from the decomposition of inherent
oxygen-containing groups in the coal matrix, while carbon oxides
were formed under air atmosphere not only from the decomposi-
tion of the decomposition of inherent oxygen-containing groups,
but also from surface oxides produced by the reaction between coal
and oxygen [8]. CH4 and C2H4 were formed under inert atmo-
sphere from the cleavage of the bridged linkage in coal matrix, while
under air atmosphere the oxygen molecules can accelerate this cle-

avage rate and more CH4 and C2H4 can be produced. These results
indicate that the coal reaction under air atmosphere can accelerate
the release rate of these gaseous products. Furthermore, the release
of the gaseous products is closely related to the change of the coal
mass under different atmospheres.
2. General Trends of Mass Change During Low-temperature
Oxidation of Coal

Fig. 3 shows the thermogravimetric profiles measured at a heat-
ing rate of 1 K min−1 during the heating of 10 mg SD coal under air
atmosphere (TG-air) and N2 atmosphere (TG-N2), which are taken
as examples to elucidate the characteristics of mass change during

Fig. 2. Concentration of gaseous products released in the coal reaction under and air nitrogen atmosphere. (a) CO2; (b) CO; (3) CH4; (4) C2H4.

Fig. 3. Typical curves for mass change during the oxidation of SD
coal at heating rate of 1 K mim−1 under different atmosphere
conditions.
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low-temperature oxidation of coal. The TG subtraction curve (TG-
subtr.) obtained by subtracting the TG-N2 curve from the TG-air
curve is also shown in Fig. 3.

The thermogravimetric profile of the low-temperature coal oxi-
dation process in air atmosphere reveals that the thermogram can
be divided into three stages. At the first stage the obvious decrease
in coal mass was observed when the oxidation temperature ranged
from the ambient temperature to around 110 oC. It can be seen
from Fig. 3 that the DTG-air curve at this stage was below the x
axis. The mass loss could be attributed to the loss of water from
coal pores. This stage is denoted the “dehydration stage.” At the
second stage a gradual increase of coal mass was observed as the
oxidation temperature increased from 110 to 230 oC. The DTG-air
curve at this stage was above the x axis and the maximum DTG
value was at around 180 oC. These results showed that the increase
rate of coal mass was initially high, peaked at around 180 oC, and
then dropped. The mass gain at this stage could be attributed to the
chemisorption of oxygen in coal matrix and the formation of un-
stable intermediates. This stage is defined as “oxidation stage.” At the
third stage the temperature was higher than 230 oC and the coal mass
loss was drastic and the most part of the DTG-air curve was well
below the x axis. This stage is denoted as “spontaneous ignition” zone.

From the TG-N2 curve in Fig. 3, the coal mass decreased grad-
ually with the increase of temperature under the N2 atmosphere.
The curve of DTG-N2 was below the x axis and it showed two
peak values. The first peak value occurred at around 115 oC, which

is attributed to loss of water from coal pores. The second peak
value was at around 180 oC, which is due to the thermal decom-
position of inherent oxygen-containing groups in the coal matrix.
Accordingly, the first stage is defined as “dehydration stage” and
the second stage is denoted “thermal decomposition stage.” It can
be seen by comparison that the TG-air profile was obviously higher
than the TG-N2 profile when the temperature was above 60 oC.
This difference can be clearly observed in the TG-subtraction pro-
file and was attributed to the interaction between coal and oxygen.

It can be seen from the TG-subtraction curve in Fig. 3 that the
coal mass showed a trend of increase with temperature. The mass
increased slowly as the temperature rose to 80 oC and this stage is
defined as “slow oxidation stage.” As the temperature rose from 80
to 150 oC, the coal mass increased gradually and this stage is denoted
as “advanced oxidation stage.” As the temperature rose further from
150 oC to 230 oC, the coal mass increased significantly, and this
stage is defined as “rapid oxidation stage.” The increase of the coal
mass over the three stages suggests that the TG-subtraction pro-
file eliminates the effect of the mass change caused by release of
water and thermal decomposition of inherent oxygen containing
groups in coal, and reveals the mass change due only to the reac-
tion between coal and oxygen. These results indicate that TG-sub-
traction curve can better reflect the mass change due to the intrinsic
reaction of coal oxidation at low temperature, and this characteris-
tic is related to the tendency of coal spontaneous combustion by
chemisorption.

Fig. 4. Effect of heating rate on the mass changes during low-temperature oxidation of coal.
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3. Analyses of Factors Affecting the Oxidation
In spite of the long-term benefit of using TGA for the charac-

terization of oxidation reaction between coal and oxygen, the reli-
ability and reproducibility of the experimental parameters of this
method have not been established because of their dependence on
a larger number of variables such as sample mass, heating rate,
oxygen concentration. The determination of the optimum experi-
mental parameters of this method will help classify coals with
respect to their proneness to spontaneous combustion.
3-1. Effect of Heating Rate

Coal oxidation at low temperature is a slow process, and hence
the heating rate will affect the experimental results. A high heat-
ing rate will lead to an increase in the internal temperature gradi-
ent of coal samples, which would result in uneven heating and
incomplete reaction. Conversely, if the heating rate is too slow, a
higher sensitivity of TGA equipment is required and it will also
take a long time to conduct experiments. Therefore, an optimum
heating rate is necessary. TGA experiments were done with SD
coal throughout a temperature range of 30-230 oC with an initial
sample mass of 10 mg under different heating rates. The curves of
TG-air, TG-N2 and TG-subtraction under heating rates of 1.0 oC
min−1, 2.5 oC min−1, and 5.0 oC min−1 are shown as Fig. 4.

To better illustrate the effect of experimental conditions on the
process of coal oxidation at low temperature, two characteristic
temperature T1 and T2 were defined. Note that T1 and T2 refer to
different meanings for different TG curves. For a TG-air curve,
T1A and T2A refer to the temperatures at which the coal mass pres-
ents the minimal value and maximal value, respectively; and these
parameters can be directly evaluated from TG-air experimental
curves. For a TG-N2 curve, T1N corresponds to the temperature at
which the rate of water release presents its maximal value, and T2N

corresponds to the temperature at which the thermal decomposi-
tion rate of inherent oxygen-containing groups presents its maxi-
mal value; these two parameters can be obtained from its DTG-N2

curve. For a TG-subtraction curve, T1S is the temperature at which

Table 2. Effect of heating rate on characteristic temperature of T1 and T2 during coal oxidation at low temperature

Heating rate
(K min−1)

TG-air TG-N2 Subtraction
T1A (oC) T2A (oC) T1N (oC) T2N (oC) T1S (oC) T2S (oC)

1.0 109.3 227.9 097.1 176.7 184.3 232.5
2.5 114.8 252.2 110.7 215.3 208.7 261.1
5.0 143.4 254.9 NAa NAa 210.3 269.9

aNot available

Table 3. Effect of heating rate on the activation energy

Heating rate
(K min−1)

EAir (kJ mol−1) EN2 (kJ mol−1) Esubtr. (kJ mol−1)

Dehydration
stage

Advanced
oxidation

stage

Rapid
oxidation

stage

Dehydration
stage

Thermal
decomposition

stage

Slow
oxidation

stage

Advance
oxidation

stage

Rapid
oxidation

stage
1.0 40.55 77.83 096.82 26.88 36.08 32.16 48.68 78.75
2.5 41.77 83.15 103.48 39.60 48.79 27.34 49.07 75.16
5.0 42.32 NAa 110.11 41.51 45.15 32.06 49.69 80.88

aNot available

the increase rate of coal mass presents the maximal value which
can be obtained from the corresponding DTG-subtraction curve;
T2S is the temperature at which the coal mass begins to decrease,
which is the intersection point between the DTG-subtration curve
and the x axis. The characteristic temperature parameters under
different heating rates are shown in Table 2.

From Table 2, both T1 and T2 for different TG curves increased
with the increase of heating rate. For instance, in the TG-air curve
T1A increased from 109.3 oC to 143.4 oC and T2A from 227.9 oC to
254.9 oC as the heating rate increased from 1 K min−1 to 5 K min−1,
respectively. These results show that with a high heating rate, the
characteristic temperature parameters increased or so-called “hys-
teresis” occurred. This increase did not mean an increase in the
actual temperature of coal sample, because a high heating rate led
to an increased internal temperature gradient between coal sam-
ple and atmosphere temperature and uneven heating.

In terms of the change rate of coal mass, the process of coal oxi-
dation at low temperature can be divided into several stages as fol-
lows. In nitrogen atmosphere, it involves desorption of water and
thermal decomposition of inherent oxygen-containing groups in
coal. In air atmosphere, it has three stages: desorption of water, ad-
vanced oxidation stage and rapid oxidation stage. The activation
energy at each of these stages was calculated by Eq. (10) and the effect
of heating rate on the activation energy was presented in Table 3.

With the increase of heating rate in air atmosphere, the activa-
tion energies at all stages showed an obvious increase. The activa-
tion energy at the advanced oxidation stage could not be calculated
with the heating rate of 5 K min−1 due to the hysteresis of T2A at
around 150 oC. However, the activation energies for these three
stages obtained from the TG-subtraction curve showed a slight in-
crease with the increase of heating rate. These results indicate that
the activation energies obtained by the subtraction curve can not
only reflect the activation energies at slow oxidation stage, advanced
oxidation stage and rapid oxidation stage, but can also eliminate
the experiment error caused by heating rate to some extent. On
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the basis of these findings, it is expected that a lower heating rate
such as 1 K min−1 should be used for the study of coal spontaneous
combustion. The use of a lower heating rate was also determined
by the slow process of coal self-heating.
3-2. Effect of Sample Mass

Based on the above discussions, the heating rate of 1 K min−1

was used for the study of the effect of sample mass on the TGA
results. Fig. 5 shows the effect of coal mass on the TG curves in
temperature range of 30-230 oC. The effect of sample mass on the
characteristic temperatures is listed in Table 4.

The data in Table 4 show that the sample mass had significant
influence on the curves of TG-N2 and showed no effect on the
curves of TG-air. These results indicate that the effect of sample
mass was at the dehydration and thermal decomposition stages. At
these two stages the peak temperatures increased with the increase
of coal sample mass. For instance, the characteristic temperature
point T1N of the TG-N2 curve rose from 96.1 oC to 103.6 oC, and

T2N from 176.7 oC to 186.3 oC with the increase of coal mass from
10 mg to 30 mg, respectively Similarly, the characteristic tempera-
ture T1A of the TG-air curve increased from 105.3 oC to 110.7 oC,
and T2A from 227.9 oC to 235.6 oC with the increase of coal mass
from 10 mg to 30 mg, respectively. However, in the subtractive
spectra, the characteristic temperature point T1S did not change
significantly with sample mass, but T2S was lower for a sample mass
of 5 mg than that for sample masses of 10 mg and 20 mg. The
effect of sample mass on the low temperature oxidation process
was similar to the effect of heating rate, but the effect of coal mass
on the characteristic temperature points was less than that of heat-
ing rate. From Table 4, also, the characteristic temperature points
obtained from the TG-subtraction curves were not affected by the
increase of coal mass, with the average values of 184.6 oC and
233.8 oC for T1S and T2S, respectively.

The effect of coal mass on the activation energy at each stage
obtained from different TG curves is shown in Table 5. The coal

Fig. 5. Effect of sample mass during low-temperature oxidation of coal.

Table 4. Effects of coal mass on the characteristic temperatures of T1 and T2 during coal oxidation at low-temperature

Coal mass
(mg)

Air atmosphere Nitrogen atmosphere Subtraction
T1A (oC) T2A (oC) T1N (oC) T2N (oC) T1S (oC) T2S (oC)

10 105.3 227.9 096.1 176.7 183.3 232.5
20 108.1 229.4 099.2 183.5 184.9 233.6
30 110.7 235.6 103.6 186.3 185.7 235.3
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mass shows only slight influence on the activation energies at the
thermal decomposition stage obtained from the TG-air curves,
while it shows no effect at other stages such as dehydration stage
and oxidation stage. As Table 5 shows, the activation energies at
these three stages obtained from the TG-subtraction curves were
basically unchanged with the increase of coal mass, with the aver-
age values of 32.53 kJ mol−1, 48.29 kJ mol−1 and 77.93 kJ mol−1 at
slow oxidation stage, advanced oxidation stage and rapid oxida-
tion stage, respectively. These results indicate that the activation
energies obtained from the TG-subtraction curves can be used to
describe the intrinsic reaction between coal and oxygen in low-
temperature oxidation of coal.
3-3. Effect of Oxygen Concentration

Oxygen concentration is also an important factor affecting the
process of coal oxidation at low temperature. Fig. 6 shows the

effect of oxygen concentration on the changes of coal mass in the
oxidation. It can be seen from Fig. 6 that while oxygen concentra-
tion showed no effect on the characteristic temperature T1, it had
obvious influence on the characteristic temperature parameter T2.
T2 was around 246.0 oC, 228.5 oC and 226.3 oC for the oxygen con-
centration of 12.5%, 20.9% and 37.5%, respectively. This result in-
dicates that the temperature at which coal mass achieved its maxi-
mum value due to the chemisorption of oxygen rose with the in-
crease of oxygen concentration. Also, the rise in T2 was only about
approximately 2 oC with the increase of oxygen concentration from
20.9% to 37.5%. This observation suggests that the internal diffu-
sion control of oxygen in coal pore structure might be neglected
when oxygen concentration is up to 20.9%.

Based on the data in Fig. 6, the calculated activation energies at
these three stages are presented in Table 6. As can be seen the oxy-

Table 5. Effect of coal mass on the activation energy

Coal mass
(mg)

EAir (kJ mol−1) EN2 (kJ mol−1) Esubtr. (kJ mol−1)

Dehydration
stage

Advanced
oxidation

stage

Rapid
oxidation

stage

Dehydration
stage

Thermal
decomposition

stage

Slow
oxidation

stage

Advance
oxidation

stage

Rapid
oxidation

stage
10 40.55 78.83 96.82 26.88 36.08 32.16 48.68 78.75
20 41.06 80.33 98.59 26.87 42.97 32.79 49.12 77.08
30 41.11 80.96 98.59 27.95 46.31 32.65 47.04 77.98

Fig. 6. Effect of oxygen concentration on the mass changes during low-temperature oxidation of coal.
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gen concentration showed no effect on the activation energies at
the dehydration stage, while its effect at the oxidation stage was
obvious. The activation energies at these three oxidation stages de-
creased with the increase of oxygen concentration. For instance,
the activation energy at the advanced oxidation stage, obtained from
the TG-air, increased from 77.83 to 83.15 KJ mol−1, and the activa-
tion energy at the rapid oxidation stage increased from 95.82 to
120.56 kJ mol−1 with the decrease of oxygen concentration from
20.9% to 12.5%. Also, oxygen concentration had negligible effect
on the activation energies at the slow oxidation stage obtained from
the TG-subtraction curves. However, oxygen concentration had
an obvious effect on the activation energies at the advanced oxida-
tion and rapid oxidation stages obtained from the TG-subtraction
curves. These results indicate that the effect of oxygen concentra-

tion on the process of coal oxidation at low temperature is mainly
reflected at the stage of the oxidation reaction between coal and
atmospheric oxygen. Because of small oxygen consumption, the
oxygen concentration had nearly no effect on the activation ener-
gies at the slow oxidation stage. When the coal self-heating devel-
oped into an advanced stage, the demand for oxygen consumption
increased and the effect of oxygen concentration appeared. Table 6
also shows that when oxygen concentration was above 20.9%,
there should have been enough oxygen in the atmosphere for the
oxidation reaction. This might be the reason why the oxygen con-
centration showed no effect on the oxidation process, as the oxy-
gen concentration was above 20.9%.
4. Relevance between Mass Change and Coal Rank

As stated above, the low-temperature oxidation of coal involves

Table 6. Effect of oxygen concentration on the activation energy

Oxygen
concentration

(%)

EAir (kJ mol−1) EN2 (kJ mol−1) Esubtr. (kJ mol−1)

Dehydration
stage

Advanced
oxidation

stage

Rapid
oxidation

stage

Dehydration
stage

Thermal
decomposition

stage

Slow
oxidation

stage

Advance
oxidation

stage

Rapid
oxidation

stage
12.5 41.25 83.15 120.56 25.26 30.75 31.21 53.95 91.23
20.9 40.55 77.83 095.82 26.88 36.08 32.16 48.68 78.75
37.5 42.11 75.56 096.25 27.95 46.31 30.56 47.37 77.21

Fig. 7. Effect of coal characteristics on the changes of coal mass during low-temperature oxidation of coal.
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the processes of water evaporation, thermal decomposition of inher-
ent oxygen-containing groups, and the oxidation reaction between
atmospheric oxygen and active groups within coal matrix. Due to
the difference in the content of inherent water, oxygen-containing
groups and active groups of different coals, the low-temperature
oxidation of coal is closely related to the rank of coal. The differ-
ence in the tendency of the spontaneous combustion of different
coal ranks is mainly reflected by the content and occurrence of
active groups and inherent oxygen-containing species. To investi-
gate the relevance between mass change and coal rank during oxi-
dation at low temperature, the three 0.5 g coal samples were re-
spectively heated at a heating rate of 1 k min−1 under different at-
mospheres, and their TG curves are shown in Fig. 7.

The TG-N2 curves in Fig. 7 depict the mass loss due to the
moisture evaporation and thermal decomposition of inherent oxy-
gen-containing groups. Because the inherent moisture and oxy-
gen-containing groups in XM lignite is more than these in SD and
ZZ coal samples, the highest value for mass loss was found in XM
coal and the lowest value in ZZ coal. As the results show, the mass
of these three coal samples used in this study has the same trend
of increase even below 100 oC, k though their increments were dif-
ferent with the order of XM>SD>ZZ. The TG-subtraction curves
illustrate the mass increase due to the oxidation reaction between
coal and oxygen, and this mass increase can be attributed to the
formation of intermediate oxides. From these results it can be
inferred that the stability of intermediate oxides due to chemisorp-
tion was increased with the rise of the coal rank. It can then be
concluded that coal is more prone to spontaneous combustion if it
is more prone to decompose its intermediate oxides formed during
low-temperature oxidation.

The activation energy is one of the important indices for evalu-
ating the spontaneous combustion of coal. The activation energies
of these three coal samples oxidized under different atmospheres
are shown in Table 7. Because every stage of coal oxidation at low
temperature is determined by the coal characteristics, the activa-
tion energy at each stage is related to the coal rank. From Table 7,
the activation energies for moisture evaporation and thermal de-
composition increased with the rise of coal rank. And the activa-
tion energies at the advanced oxidation and rapid oxidation stages,
obtained from TG-air curves, also increased with the increase of
coal rank.

From Table 7, it can be seen that the activation energies at the
slow oxidation and advanced oxidation stages, obtained from the
TG-subtraction Curves, increased with coal rank, while the activa-
tion energies at the rapid oxidation stage remained almost the

same. These results indicate that the activation energies at the first
two stages can be considered to be index parameters for identify-
ing the tendency of spontaneous combustion of coal. Table 7 also
shows that the activation energies at the three stages, obtained
from the TG-subtraction curves, were lower than these obtained
from the TG-air curves. This is because coal oxidation under air
atmosphere contains at least three parallel processes and the acti-
vation energies obtained from the TG-air curves reflect combina-
tions of activation energy due to overlapping mechanisms. How-
ever, the activation energies obtained from the TG-subtration curves
only represented the activation energies of oxidation reaction be-
tween coal and oxygen, and these values elucidate the intrinsic
reaction of coal oxidation at low temperature. Furthermore, the
activation energies at the slow oxidation stage can be obtained from
the TG-subtraction curves and cannot be calculated from the TG-
air curves. The subtraction method applied in this study is a quite
promising method in deriving the kinetics of low-temperature
coal oxidation to determine the susceptibility of coal to self-heat-
ing and spontaneous combustion.

CONCLUSION

The subtraction method of TGA was used in this study to
investigate the intrinsic reaction between coal and atmospheric
oxygen, which is the main heating source in coal self-heating and
spontaneous combustion. By means of the subtraction analysis
method of TGA, the TG-subtraction curves were obtained by sub-
tracting the TG-N2 curves from the TG-air curves. These results
indicate that the TG-subtraction curves can represent the intrinsic
reaction of coal oxidation by eliminating the influence of evapora-
tion of water and thermal decomposition of inherent oxygen-con-
taining groups. Compared with the TG-air curves, not only can
the TG-subtraction curves minimize the experiment error result-
ing from experimental conditions, but also reflect the intrinsic
reaction of coal spontaneous combustion. The stability of interme-
diate oxides due to chemisorption can also be improved with the
rise of coal rank. In terms of the rate of mass change, the intrinsic
reactions can be divided into three stages: slow oxidation stage,
advanced oxidation stage and rapid oxidation stage. The activa-
tion energies at the slow oxidation and advanced oxidation stages,
obtained from the TG-subtraction curves, increased with coal rank,
while the activation energies at the rapid oxidation stage remained
almost unchaged. These results indicate that the activation ener-
gies at the first two stages can be considered to be index parame-
ters for identifying the tendency of spontaneous combustion of

Table 7. Effect of coal characteristics on the activation energy

Coal rank

EAir (kJ mol−1) EN2 (kJ mol−1) Esubtr. (kJ mol−1)

Dehydration
stage

Advanced
oxidation

stage

Rapid
oxidation

stage

Dehydration
stage

Thermal
decomposition

stage

Slow
oxidation

stage

Advance
oxidation

stage

Rapid
oxidation

stage
XM coal 35.50 65.12 086.26 23.26 30.75 30.21 42.56 76.23
SD coal 40.55 77.83 095.82 26.88 36.08 32.16 48.68 78.75
ZZ coal 42.11 82.96 105.59 27.95 46.31 40.56 56.23 80.98
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coal. The subtraction method applied in this study is a quite prom-
ising method in deriving the kinetics of low-temperature coal oxi-
dation to determine the susceptibility of coal to self-heating and
spontaneous combustion.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support of
National Natural Science Foundation of China (51274146), National
Basic Research Program of China (2012CB214902), Qualified Per-
sonnel Foundation of Taiyuan University of Technology (tyut-
rc201455a), and School Foundation of Taiyuan University of Tech-
nology (1205-04020102).

REFERENCES

1. S. Xue, J. Wang, J. Xie and J. Wu, Int. J. Coal Geol., 83, 82 (2010).
2. Z. Song and C. Kuenzer, Int. J. Coal Geol., 133, 72 (2014).
3. M. Mastalerz, W. Solano-Acosta, A. Schimmelmann and A. Drob-

niak, Int. J. Coal Geol., 79, 167 (2009).
4. J. N. Carras, S. J. Day, A. Saghafi and D. Williams, Int. J. Coal Geol.,

78, 161 (2009).
5. E. Jo, D. Chun, I. Park, S. Kim, Y. Rhim, H. Choi, J. Yoo, J. Lim

and S. Lee, Korean J. Chem. Eng., 31, 981 (2014).
6. H. Wang, B. Z. Dlugogorski and E. M. Kennedy, Energy Fuels, 17,

150 (2003).
7. L. Yuan and A. C. Smith, Int. J. Coal Geol., 88, 24 (2011).
8. Y. Zhang, J. Wang, J. Wu, S. Xue, Z. Li and L. Chang, Int. J. Coal

Geol., 1, 140 (2015).
9. W. Jo, H. Choi, S. Kim, J. Yoo, D. Chun, Y. Rhim, J. Lim and S.

Lee, Korean J. Chem. Eng., 32, 255 (2015).
10. G. Dou, H. Xin, D. Wang, B. Qin and X. Zhoung, Korean J. Chem.

Eng., 31, 801 (2014).
11. B. B. Beamish and G. R. Hamilton, Int. J. Coal Geol., 64, 133 (2005).
12. W. Jo, H. Choi, S. Kim, J. Yoo, D. Chun, Y. Rhim, J. Lim and S.

Lee, Korean J. Chem. Eng., 30, 1034 (2013).
13. H. Choi, W. Jo, S. Kim, J. Yoo, D. Chun, Y. Rhim, J. Lim and S.

Lee, Korean J. Chem. Eng., 31, 2151 (2014).
14. V. Slovák and B. Taraba, J. Therm. Anal. Calorim., 363, 110 (2012).
15. C. Avila, T. Wu and E. Lester, Energy Fuels, 28, 1765 (2014).
16. Y. Zhang, J. Wu, L. Chang, J. Wang, S. Xue and Z. Li, Int. J. Coal

Geol., 120, 41 (2014).
17. N. K. Mohalik, D. C. Panigrahi amd V. K. Singh, J. Therm. Anal.

Cal., 98, 507 (2009).
18. V. Slovák and B. Taraba, J. Therm. Anal. Cal., 101, 641 (2010).
19. E. Sima-Ella, G. Yuan and T. Mays, Fuel, 84, 1920 (2005).
20. M. L. E. TeVrucht and P. R. Griffiths, Energy Fuels, 3, 522 (1989).
21. H. Wang, B. Z. Dlugogorski and E. M. Kennedy, Prog. Energy Com-

bust. Sci., 29, 487 (2003).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


