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ric and infrared spectroscopic
studies of the spontaneous combustion
characteristics of different pre-oxidized lignites

Teng Ma, *ab Xiaokun Chen,ab Xiaowei Zhaiab and Ya'e Baic

It is extremely important to prevent spontaneous combustion of coal in mines by studying the secondary

oxidation of lignite at different pre-oxidation temperatures. The characteristic parameters of the

spontaneous combustion of lignite were analyzed by simultaneous thermal analysis-Fourier transform

infrared spectroscopy and in situ infrared spectroscopy experiments from the perspective of coal

oxidizing, exothermicity and structural functional groups. The results show that the critical temperature

and total heat absorption of pre-oxidized coal are lower than those of raw coal. For the coal a with pre-

oxidation temperature of 120 �C, the critical temperature and total heat of the endothermic reaction

were the lowest, which resulted in increased CO release and CO2 gas production. In the low

temperature stage, the pre-oxidation step weakens some functional groups in coal; however, the

participation amount of –CH3 structures increases. Kinetic analysis was performed on –OH and –CH3

groups during the secondary oxidation of coal. After pre-oxidation, the activation energy of coal was

lower than that of raw coal; it was the lowest when the pre-oxidation temperature was 120 �C. In
summary, the risk of spontaneous combustion of pre-oxidized coal increases during secondary

oxidation, and the risk is greatest when the pre-oxidation temperature climbs to 120 �C.
1 Introduction

Coal resources occupy a basic position in the national economy of
many countries and are a non-renewable energy source. In order to
save resources and improve the recovery rate of coal, much coal in
the goaf is repeatedly mined, and extra-thick coal seams are sub-
jected to slice mining methods.1–3 When coal is repeatedly mined
in the goaf, the residual coal and the goaf have larger pores, and
wind ow penetrates into these gaps to form leak paths. The
surface of the oxidized coal is oxidized again. When the heat
generated by the oxidation of the coal is greater than the amount of
heat dissipated, the coal will spontaneously ignite upon heat
storage. The use of slicing mining technology in thick coal seams
or extra-thick coal seams is another way to save resources. During
themining process, the rst layer is oxidized when the coal seam is
exposed to air during mining, which may cause changes in the
spontaneous combustion characteristics of the coal. When the
second layer is mined, fresh air reoxidizes the coal. In addition,
there are many cases of spontaneous combustion involving re-
oxidation of coal, such as reignition of old goaf and the
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reignition phenomenon when opening a sealed re zone.4–6 Aer
the coal sample is oxidized and heated to a certain temperature,
the temperature of the coal sample returns to the normal
temperature, and then the temperature is increased by oxidation.
Some scholars call this secondary oxidation.7,8 Coal spontaneous
combustion is a global disaster; it not only causes enormous waste
of energy, represents a serious threat to the natural environment
and produces harmful gases, but it also brings great harm to
human health and can even result in casualties.9–13 Therefore, it is
of great signicance to study the re-ignition characteristics of coal
with different degrees of oxidation; this can scientically and
effectively prevent the occurrence of secondary oxidation of coal.

Lignite is the coal with the lowest degree of coalication; it has
unique physical and chemical properties, and its reserves account
for about 45% of global coal.14 The lignite structure is mainly
composed of a three-dimensional polymer network, various small
molecular organic materials and inorganic materials.15 In addi-
tion, it has high volatile matter content, a low ignition tempera-
ture, and developed voids, and it easily reacts with oxygen.16,17

Therefore, the risk of spontaneous combustion of lignite is
prominent. Many scholars use the crossing point temperature
(CPT) method to determine the spontaneous combustion
tendency of lignite.18–20 The crossing point temperature is an
important temperature parameter for the spontaneous combus-
tion process of coal. It denes the temperature at which the sample
exceeds the furnace temperature and the coal begins to self-heat.
The current thermal analysis technology measures the
This journal is © The Royal Society of Chemistry 2019
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Table 1 Proximate analysis of the coal samplesa (wt%)

Coal sample Mad Aad Vad FCad

L1 12.15 43.45 25.1 19.3
L2 1.43 35.82 28.62 34.13
L3 1.64 31.96 30.79 35.61
L4 1.40 30.11 25.18 43.31
L5 1.19 32.67 27.73 38.41

a Mad, Aad, Vad and FCad correspond to moisture, ash, volatile, and xed
carbon, respectively, on an air-dried basis.
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relationship between the physical properties and temperature of
a substance under programmed temperature control; it has the
advantages of smaller sample size, high precision, and good
repeatability. It has been widely used to study coal spontaneous
combustion tendency, coal oxidation heat release and coal thermal
properties.21,22 The most commonly used thermal analysis
methods at present are thermogravimetry, differential thermal
analysis and differential scanning calorimetry. Iordanidis et al.
analyzed the thermal effects of seven lignite samples from the
Amynteon lignite deposit in northern Greece.23 Zhang et al. found
the coal auto-ignition temperature (CAIT) through DSC curves and
veried the existence of the CAIT point through TG/DSC analysis
and mathematical model construction.24 Fourier transform
infrared spectroscopy technology is applied to analyze functional
groups. Yuan et al. analyzed the decomposition of oxygen-
containing functional groups and the shortening of long alkyl
side chains under microwave irradiation by infrared spectros-
copy.25 Zhang et al. analyzed the changes of methyl and methylene
groups in the low temperature oxidation process of lignite by FTIR,
and they divided the oxidation process into three stages.26 Y.
Kadioğlu et al. studied the relationship between the content of
oxygen functional groups in two untreated, moistened and air-
dried Turkish lignites and the spontaneous combustion charac-
teristics of coal.27 A series of molecular dynamics (MD) simulations
were performed on monomolecular model compounds using the
ReaxFF reaction eld to study the initiation of spontaneous reac-
tions using a monomolecular model of lignite. Based on the
simulation results, the hydroxyl groups in lignite were removed to
inhibit spontaneous combustion of coal.28 The kinetic character-
istic parameters of the coal oxidation process mainly include the
reaction rate, activation energy, enthalpy change, pre-exponential
factor and reaction mechanism function; these have been
focused on by many scholars. The study of dynamic processes can
increase our understanding of the phenomenon of coal sponta-
neous combustion, control the characteristics of coal spontaneous
combustion, and develop new prevention and control
Fig. 1 The experimental setup.

This journal is © The Royal Society of Chemistry 2019
technology.29 The activation energies have been obtained by
methods such as Coats–Redfern (model tting), Friedman (FR),
Flynn–Wall–Ozawa (FWO), and Kissinger–Akahira–Sunose
(KAS).30–32

In summary, the current research on lignite spontaneous
combustion mainly focuses on the evolution process of coal
oxidative spontaneous combustion and the changes in various
indices in the coal oxidation process; however, little research on
secondary oxidation of coal is included. In this paper, the spon-
taneous combustion characteristics of different pre-oxidized
lignite samples were studied by thermogravimetric infrared and
in situ infrared spectroscopy experiments. Based on the evolution
of the functional groups, the kinetic parameters were determined
using a model-free method. This study provides a theoretical basis
for the prediction of spontaneous combustion of secondary
oxidation of coal under the conditions of repeated mining, slicing
mining, opening a sealed re zone, etc.
2 Experimental and methods
2.1 Coal samples

Fresh lignite was collected from the primary working face of the
Great NanhuMine in China. The coal samples were then packed
RSC Adv., 2019, 9, 32476–32489 | 32477
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in multilayer plastic and nylon bags and transported to the
laboratory. The central portion of the lump coal was taken out
and pulverized into a sample with a particle size of less than 0.1
mm. The screened coal samples were divided into 5 groups and
numbered L1, L2, L3, L4 and L5. The L1 coal sample was the raw
coal sample. The remaining coal samples were respectively
placed in porcelain open enamel and placed in a temperature-
programmed box, where they were heated to temperatures of
80 �C, 120 �C, 160 �C or 200 �C for 60 min to ensure sufficient
oxidation of the coal samples. The intake air was switched to
nitrogen, and the coal samples were sealed aer the coal
Fig. 2 Thermogravimetric (TG), differential thermogravimetric (DTG),
samples numbered L1, L2, L3, L4 and L5.

32478 | RSC Adv., 2019, 9, 32476–32489
temperature was lowered to normal temperature; these samples
were numbered L2, L3, L4 and L5, respectively.

2.2 Proximate analysis

Industrial analysis of both the pre-oxidized and raw samples
was performed using a 5E-MAG6700 industrial analyzer
(Kaiyuan Instrument Co., Ltd., PR China). For each test, 3 g of
each coal sample was used. The gas supplied was air atmo-
sphere. Each type of coal was analyzed 3 times to ensure test
reproducibility, and the experimental error was less than 4%.
The experimental results are shown in Table 1.
and second derivative thermogravimetric (DDTG) curves of the coal

This journal is © The Royal Society of Chemistry 2019
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Proximate analysis is an experimental method to certify the
moisture, ash, and volatile content of coal. It can be seen in
Table 1 that the pre-oxidized coals contained less ash than raw
coal. The residue is coal ash, whose primary components
include silica (SiO2), alumina (Al2O3) and iron oxides (Fe2O3),
with generally lower contents of calcium (CaO), magnesium
(MgO), potassium (K2O) and sodium (Na2O).33 The molecular
structure of coal may combine with oxygen to form the oxidized
coal structure, resulting in a decrease in the proportion of pre-
oxidized coal components under the same mass conditions.
Moreover, the moisture content of the lignite raw coal sample
was high, and the moisture contents of the pre-oxidized coal
samples decreased. The coal sample with a pre-oxidation
temperature of 120 �C had the highest volatile content.

2.3 Simultaneous thermal-Fourier transform infrared
spectroscopic analyses

Simultaneous thermal analysis-Fourier transform infrared
spectroscopy (STA-FTIR) was used for the experiments. The
experimental instrumentation consisted of a STA 449 F3 series
simultaneous TG/DSC thermal analyzer manufactured by
Netzsch Incorporated and a VERTEX70v series Fourier-
transform infrared spectrometer (FTIR) manufactured by
Bruker Incorporated. The DSC curves were obtained by detect-
ing the heat changes in real time, and the TG curves were ob-
tained by measuring the weight changes of each sample during
the heating process. The STA was connected to the FTIR with an
insulated pipe. The thermally insulated pipe and FTIR gas cavity
were maintained at a constant temperature of 220 �C to prevent
gas condensation as much as possible. The gas component
content can be determined by FTIR spectroscopy. For these
experiments, 10 mg of each coal sample was used for testing.
The initial temperature for the heating experiments was 30 �C,
the nal temperature was 700 �C, and the samples were heated
at a rate of 3 �C, 5 �C, 8 �C, or 12 �C min�1. The total ow rate of
the protection and carrier gases was kept constant at 50
ml min�1, and the oxygen concentration in the gas was 21%.
Prior to each measurement, the STA-FTIR instrument was cali-
brated. Each type of coal was tested 3 times to ensure the test
reproducibility, and the experimental error was less than 4%.

2.4 In situ FTIR spectroscopy

The microstructure changes of lignite raw coal and coal with
different oxidation degrees during coal spontaneous combustion
were analyzed in real time by a Brooke VERTEX 70v in situ infrared
Table 2 Characteristic temperatures for spontaneous combustion of th

Coal sample
Critical temperature
T1 (�C)

Ignition temperat
T2 (�C)

L1 65.5 370.3
L2 57.8 369.8
L3 56.8 370.6
L4 61.8 369.4
L5 63.8 369.7

This journal is © The Royal Society of Chemistry 2019
instrument, and the change histories of the main functional
groups were observed. Dry potassium bromide powder was used as
the background vector in the experiment. Then, the crucible was
evenly lled with 10 mg of prepared coal sample, and the window
plate on the back cover was pressed and sealed and placed in the
diffuse reection sample pool for testing. The wave number
measurement range was set to from 600 to 4000 cm�1, the reso-
lution was 4.0 cm�1, the number of accumulative scans was 32, the
experimental temperature range was from 30 �C to 700 �C, the
heating rate was set to 5 �Cmin�1, the air ow through the sample
reaction tank was 50 ml min�1, and the test analysis for the coal
samples was performed under oxygen conditions of 21%. Prior to
the eachmeasurement, the in situ FTIR instrument was calibrated.
The experimental setup is shown in Fig. 1.
3 Results and discussion
3.1 TG/DTG results

The TG/DTG curves of the coal samples numbered L1, L2, L3, L4
and L5 are shown in Fig. 2.

On the basis of previous studies,34,35 the critical temperature
T1 is the rst maximum peak point of the weight loss rate
during the coal reaction process. At this temperature, the
reaction rate between oxygen and the active groups existing in
coal will accelerate obviously, which results in increases of the
oxygen consumption rate, water evaporation and released gas
production amount. In addition, increasing amounts of the
initial absorbed gas in the coal pore structure begin to desorb at
this temperature. As a result, the DTG curve reaches the rst
maximum peak point value. The ignition temperature T2 is the
temperature at which the coal sample begins to burn violently;
it is also the temperature at which the mass loss rate is the
maximum. The maximum weight loss rate temperature T3 is the
temperature corresponding to the maximum valley bottom of
the DTG curve. At this time, the internal combustion reaction of
coal is erce, producing large amounts of CO, CO2, H2O and
small molecule gas products and releasing a large amount of
heat at the same time. The quality of the coal sample decreases
rapidly. The burnout temperature T4 is the temperature point at
which the coal sample is completely burned and the mass no
longer changes with increasing temperature. The statistical
characteristic temperature points are shown in Table 2.

Lignite is highly volatile. During the oxidation heating
process of raw coal and the pre-oxidized coal samples, the TG
curves did not show the stages of oxygen absorption and weight
e different pre-oxidized lignite samples

ure Maximum weight loss
rate temperature T3 (�C)

Burnout temperature
T4 (�C)

389.9 573.5
389.7 572.8
390.6 574.3
391.3 571.0
391.0 570.2

RSC Adv., 2019, 9, 32476–32489 | 32479
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gain and were always in the state of quality decrease before
burnout. Table 2 shows that the T2, T3 and T4 values of the coal
samples with different temperatures of pre-oxidation had no
obvious changes, which are mainly reected in T1. The critical
temperature range is 56.8 �C to 65.5 �C. With increasing
temperature of pre-oxidation, the critical temperature tended to
rst decrease, then increase, and it reached a minimum when
the treatment temperature was 120 �C. Moreover, the critical
temperatures of the pre-oxidized coal samples were lower than
Fig. 3 Differential scanning calorimeter (DSC) curves of the coal sample

32480 | RSC Adv., 2019, 9, 32476–32489
that of the raw coal sample. The results show that the risk of
spontaneous combustion of pre-oxidized coal enhances during
secondary oxidation, and the risk is greatest when the temper-
ature climbs to 120 �C.

3.2 DSC results

The process of spontaneous combustion of coal includes
different thermal reactions, and the macroscopic manifes-
tations are endothermic and exothermic. In order to study
s numbered L1, L2, L3, L4 and L5.

This journal is © The Royal Society of Chemistry 2019
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the thermal effects of coal spontaneous combustion with
different pre-oxidized lignite samples, the DSC curves of
coal oxidation were obtained using a STA 449 F3 series
simultaneous TG/DSC thermal analyzer, as shown in Fig. 3.
The total amounts of endothermic and exothermic heat were
obtained by selecting the linear baseline.

There is an endothermic stage in the early stage of
oxidation. This is due to the fact that water evaporation in
coal absorbs more heat than the exothermic reaction
between coal and oxygen. As the reaction intensity of coal
oxygen increases gradually, the endothermic reaction of the
coal sample decreases and then reaches the exothermic
reaction. One area represents the total heat absorption of
the coal sample before the initial exothermic temperature,
while the other area represents the total heat release, as
shown in Fig. 3. The specic characteristic parameters ob-
tained from the DSC results are listed in Table 3.

Table 3 displays that the total heat absorption of the coal
samples with different pre-oxidation temperatures ranges
from 218 J g�1 to 302 J g�1, and the total heat of exothermic
reaction ranges from 9671 J g�1 to 10 704 J g�1. The heats of
endothermic reaction of the different pre-oxidation coals
are not high. 10 mg of each coal sample was tested under the
condition of 21% oxygen; therefore, the weight and endo-
thermic decreases of the coal were small. When the heat of
the endothermic reaction is small at the initial stage of the
coal spontaneous combustion, the exothermic reaction
occurs more easily. Aer pre-oxidation, the total heat of
endothermic reaction of the coal was less than that of raw
coal. The coal sample with the pre-oxidized temperature of
120 �C has the lowest heat absorption at the initial stage of
coal spontaneous combustion. Coal has poor thermal
conductivity; therefore, heat is easily accumulated.
Compared with raw coal, the heat of endothermic reaction
of pre-oxidized coal decreases and the exothermic reaction
occurs readily, which increases the risk of spontaneous
combustion of coal. Moreover, the spontaneous combustion
risk of the coal sample with a pre-oxidation temperature of
120 �C is the most prominent.
Table 3 Characteristic parameters of the DSC curves for the different
coal samples

Coal sample
Total heat of endothermic
reaction (J g�1)

Total heat of exothermic
reaction (J g�1)

L1 302 9671
L2 233 10 287
L3 218 10 164
L4 241 10 460
L5 253 10 704
3.3 FTIR results

The greater the amount of gas produced by coal spontaneous
combustion, the stronger the signal detected in the FTIR
detector. Fig. 4 shows a 3D diagram (temperature–wave-
number–absorbance) of the FTIR results for both pre-oxidized
and raw coal.

The peaks were analyzed by analyzing the Fourier infrared
spectra. 2650 to 2200 cm�1 is attributed to CO2 gas. The free OH
absorption peak at 3700 to 3625 cm�1 indicates H2O gas. 2200
to 1900 cm�1 is attributed to CO gas.36 In this paper, the spectra
of CO, CO2 and H2O gases with increasing temperature were
studied at 2173 cm�1, 2356 cm�1 and 3735 cm�1, respectively.
Fig. 5 shows the absorbance versus temperature for three index
gases: CO, CO2 and H2O.

There is a clear relationship between gas release and spon-
taneous combustion of coal.37 As shown in Fig. 5, CO, CO2 and
This journal is © The Royal Society of Chemistry 2019
H2O gases have the same change tendencies during the oxida-
tive heating process of different pre-oxidation coal samples. In
the low-temperature oxidation stage, the active structure of the
coal molecules is activated to participate in the reaction, and
the amounts of CO, CO2 and H2O gas produced begin to
increase. As the temperature increases, the coal oxidation
reaction becomes intense and the amounts of gas increase
dramatically. As the active structure in the coal molecules is
consumed in large quantities, the generated gas begins to
decrease. During the burnout stage, the amount of gas is
reduced to zero. There is a signicant difference in the gas
produced by the pre-oxidized and raw coal samples before
150 �C. Analysis of CO, H2O and CO2 gases on the same scale
was carried out. The X-axis ranged from 30 �C to 150 �C, and the
Y-axis ranged from 0 to 0.003. The results show that the coal
with a pre-oxidation temperature of 120 �C released the most
CO and CO2 gas, and the raw coal released the most H2O. There
are numerous gaseous products formed during the sponta-
neous combustion of coal. CO appears rst and exhibits
a sensitive increase with increasing oxidizing temperature.38,39

As the main indicator gas, CO concentration is oen used by
various countries (such as Russia, China, America and Ger-
many) to predict the degree of spontaneous combustion of
coal.40,41 Because CO2 gas does not exhibit a sensitivity increase
with increasing oxidizing temperature, it is not considered as an
indicator gas. However, CO2 gas is also a product of coal
oxidation. Therefore, pre-oxidation may change the molecular
structure of coal. The numbers and types of active groups of the
pre-oxidized samples may increase at 120 �C; therefore, they
more readily react with oxygen to release gas. Due to the evap-
oration of water and desorption of gases, raw coal cannot be
easily heated during storage in the low temperature stage.
3.4 Functional groups evolve during oxidation

The three major classes of functional groups in coal are oxygen-
containing functional groups, aliphatic hydrocarbons, and
aromatic hydrocarbons.42 With the combination of TG, DSC,
CO, CO2 and H2O curves in the spontaneous combustion
process of both pre-oxidized and raw coal, the effect of pre-
oxidation is obvious in the low temperature stage of coal
spontaneous combustion. The functional group changes of coal
spontaneous combustion before 150 �C are analyzed in detail.

3.4.1 Oxygen-containing functional groups. The hydroxyl
group is one of the important functional groups in coal
RSC Adv., 2019, 9, 32476–32489 | 32481
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Fig. 4 3D diagram of the gas generated from the coal samples numbered L1, L2, L3, L4 and L5.
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molecules. According to the results of in situ infrared
spectroscopy of the coal samples, the–OH bond peaks at
3631 cm�1 and 3485 cm�1 were selected to obtain the
32482 | RSC Adv., 2019, 9, 32476–32489
variation of the –OH oxidation process with temperature.
Fig. 6(a) and (b) show the evolution of the –OH bond during
coal spontaneous combustion. Fig. 7(a) and 6(b) shows the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Absorbance versus temperature diagrams for (a) CO, (b) CO2 and (c) H2O release from the pre-oxidized and raw coal samples.
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changes in absorbance of the –OH bonds of the pre-
oxidized and raw coal samples before 150 �C, respec-
tively. Blue indicates the initial value and red indicates the
Fig. 6 Changes in the –OH bonds at 3631 cm�1 during coal spontan
temperature; (b) the degrees of participation of the functional group.

This journal is © The Royal Society of Chemistry 2019
end value. As the treatment temperature increases, the
broken line represents the amount of participation of the
–OH bond.
eous combustion: (a) the amounts of the functional group at each
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Fig. 7 Changes in the –OH bond at 3485 cm�1 during coal spontaneous combustion: (a) the amounts of the functional group at each
temperature; (b) the degrees of participation of the functional group.
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The 3631 cm�1 peak is due to free –OH, and the 3485 cm�1

peak arises from the associative structure with the molecule. As
the temperature increases, the free –OH decreases during the
oxidation process. The associative structure is a stable compo-
nent of the coal macromolecular network and will gradually
disappear as the amount of –OH in the coal molecules
decreases. The free –OH and associated hydrogen bonds are
active throughout the entire reaction process. Fig. 6(b) and 7(b)
show that as the treatment temperature increases, the number
of reactions involving OH and the associated hydrogen bonds
begin to decline. The amount of reactions involved shows
a steady change aer the pre-treatment temperature rises to
120 �C. At the low temperature oxidation stage, the coal sample
will desorb water.42 The water in the samples pre-oxidized at
120 �C is basically desorbed. Less of the heat generated in the
oxidation process of coal is consumed by water, and the coal can
Fig. 8 Changes in the –CH3 bonds at 2975 cm�1 during coal sponta
temperature; (b) the degrees of participation of the functional group.

32484 | RSC Adv., 2019, 9, 32476–32489
more readily store heat. Therefore, the risk of spontaneous
combustion of coal increases.

3.4.2 Analysis of aliphatic hydrocarbons. Aliphatic hydro-
carbons mainly show antisymmetric stretching vibrations of
–CH3 at 2975 cm�1 to 2945 cm�1 and oppositional stretching
vibrations of –CH2 at 2930 cm�1 to 2880 cm�1. According to the
Fourier infrared spectroscopy results of the coal samples, the
wave position corresponding to the maximum absorbance of
aliphatic hydrocarbons was selected as the research object. The
oxidation process of aliphatic hydrocarbons as indicated by the
–CH3 absorbance at 2975 cm�1 was selected for the study as
a function of temperature. Fig. 8(a) shows the changes in the
–CH3 bonds. Fig. 8(b) shows a bar graph of the –CH3 bond
absorbance of raw coal and the different pre-oxidized coal
samples below 150 �C.
neous combustion: (a) the amounts of the functional group at each

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Changes in the C–H bonds at 1895 cm�1 during coal spontaneous combustion: (a) the contents of the functional group at each
temperature; (b) the degrees of participation of the functional group.
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As shown in Fig. 8(a), the aliphatic hydrocarbons are the
main participants in the reaction. As the pre-oxidation
temperature increases, the changes in the aliphatic hydro-
carbon reactions in the coal samples with pre-oxidation
temperatures of 80 �C, 120 �C and 160 �C are large. The
aliphatic hydrocarbons in the coal sample with a pre-oxidation
Table 4 Reaction mechanism functions of the solid state process

No. Reaction mechanism

Chemical reaction
1 First-order
2 Second-order
3 Order of reaction
4 Third-order

Diffusion
5 One-dimensional diffusion
6 Two-dimensional diffusion Jander equation
7 Two-dimensional diffusion Valensi equation
8 Three-dimensional diffusion G–B equation
9 Three-dimensional diffusion anti-Jander equation

Limiting surface reaction between both phases
10 One dimension
11 Two dimension
12 Three dimension

Random nucleation and nuclei growth
13 Avrami–Erofeev equation, n ¼ 1/3
14 Avrami–Erofeev equation, n ¼ 3/2
15 Avrami–Erofeev equation, n ¼ 2
16 Avrami–Erofeev equation, n ¼ 3
17 Avrami–Erofeev equation, n ¼ 4

Exponential nucleation
18 Mampel power, n ¼ 1/2
19 Mampel power, n ¼ 1/3
20 Mampel power, n ¼ 1/4

This journal is © The Royal Society of Chemistry 2019
temperature of 80 �C mainly participate in the reaction below
400 �C; aer that, the content changes little. Moreover, the coal
samples with pre-oxidation temperatures of 120 �C and 160 �C
participate in the reaction mainly below the temperatures of
150 �C and 280 �C, respectively. However, the changes in the
aliphatic hydrocarbons in raw coal and the coal sample with
f(a) g(a)

1 – a �ln(1 – a)
(1 – a)2 (1 – a)�1

(1 – a)2 (1 – a)�1 � 1
(1 – a)3 [(1 – a)�2 � 1]/2

1/2a�1 a2

4(1 – a)1/2[1 � (1 � a)1/2]1/2 [1 � (1 � a)1/2]1/2

[�ln(1 – a)]�1 a + (1 – a) ln(1 – a)
3/2[(1 – a)�1/3 � 1]�1 1 – 2/3a � (1 – a)2/3

3/2(1 + a)2/3[(1 + a)1/3 � 1]�1 [(1 + a)1/3 � 1]2

1 a

2(1 – a)1/2 1 – (1 – a)1/2

3(1 – a)2/3 1 – (1 – a)1/3

3(1 – a)[�ln(1 – a)]2/3 [�ln(1 – a)]1/3

2/3(1 – a)[�ln(1 – a)]�1/2 [�ln(1 – a)]3/2

1/2(1 – a)[�ln(1 – a)]�1 [�ln(1 – a)]2

1/3(1 – a)[�ln(1 – a)]�2 [�ln(1 – a)]3

1/4(1 – a)[�ln(1 – a)]�3 [�ln(1 – a)]4

2a1/2 a1/2

3a2/3 a1/3

4a3/4 a1/4
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Table 5 Linear fitting results of the –OH bond in coal sample L1 under
different reaction mechanisms

Kinetic
model E1 (kJ mol�1) R2 (%)

Kinetic
model E2 (kJ mol�1) R2 (%)

f(a)1 39.75 96.11 g(a)1 29.24 91.39
f(a)2 26.21 85.35 g(a)2 61.63 91.32
f(a)3 58.72 99.66 g(a)3 61.63 99.32
f(a)4 9.90 97.46 g(a)4 11.31 92.01
f(a)5 58.84 88.40 g(a)5 13.11 55.12
f(a)6 13.09 87.70 g(a)6 �6.23 47.85
f(a)7 66.15 91.53 g(a)7 42.79 90.40
f(a)8 69.23 92.70 g(a)8 48.50 93.50
f(a)9 52.50 86.21 g(a)9 20.34 60.48
f(a)10 26.33 85.67 g(a)10 �19.40 97.60
f(a)11 32.36 91.90 g(a)11 18.45 89.30
f(a)12 34.67 93.55 g(a)12 21.14 90.27
f(a)13 9.13 91.53 g(a)13 �1.38 �12.18
f(a)14 62.72 96.52 g(a)14 52.21 96.86
f(a)15 85.69 96.70 g(a)15 75.18 97.80
f(a)16 131.62 96.87 g(a)16 121.11 98.01
f(a)17 177.55 96.95 g(a)17 167.04 97.93
f(a)18 10.07 76.94 g(a)18 �24.82 98.25
f(a)19 4.65 59.77 g(a)19 �27.53 98.17
f(a)20 1.94 26.44 g(a)20 �3.27 �9.03
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a pre-oxidation temperature of 200 �C are small. This indicates
that when the pre-oxidation temperature is less than or equal to
160 �C, the CH3 bond activity is enhanced, which increases the
risk of spontaneous combustion of coal. Comprehensive anal-
ysis of the variation of aliphatic hydrocarbons in coal samples
with different pre-oxidation levels during oxidative heating was
performed (Fig. 8(b)). With increasing pre-oxidation tempera-
ture of the coal samples, the consumption rate of aliphatic
hydrocarbons is the fastest in coal sample with a pre-oxidation
temperature of 120 �C. The coal molecular structure is active
and reacts with oxygen more readily under the same conditions.

3.4.3 Analysis of aromatic hydrocarbons. The C]C bonds
in aromatic hydrocarbons are relatively stable in the coal
structure. Aromatic hydrocarbon research mainly involves
analyzing the C–H vibrations at 1895 cm�1. Fig. 9(a) shows the
changes in the C–H bonds. The C–H structure is stable at the
low temperature stage, so the variations before 300 �C were
selected for study.43 Fig. 9(b) shows a bar graph of the –CH3

bond absorbances of raw coal and different pre-oxidized coal
samples below 300 �C.

It is clear from Fig. 9(a) that the aromatic content of coal
changed little before the temperature of 150 �C, which proves
that the aromatic structures of the coal molecular structure are
relatively stable and do not participate in the reaction at the low
temperature stage. Kouichi Miura et al. also concluded that the
C–H bond is not easily broken at the low temperature stage.43

The content of the C–H bond begins to increase aer the low
temperature stage. As the reaction temperature increases, the
law of the C–H changes is similar to the law of CO2 gas
production. Fig. 9(b) displays that the C–H bond production is
the fastest in the secondary oxidation process of the coal sample
with pre-oxidation at 120 �C. It is possible that when the coal
32486 | RSC Adv., 2019, 9, 32476–32489
pre-oxidation temperature reaches 120 �C, the molecular
structure is activated and can readily react to produce C–H
bonds.
3.5 Kinetic analysis

Because free water does not involve dynamics, the change of the
C–H absorbance is not obvious before 150 �C. Therefore, kinetic
calculations were performed for the active functional groups,
the associated hydrogen bonds and –CH3. The Achar differen-
tial method and Coats–Redfern integral method were used to
calculate the dynamics, as illustrated in eqn (1) and (2),
respectively.32

ln
da

f ðaÞdT ¼ ln
A
b
� E

RT
(1)

ln

�
gðaÞ
T2

�
¼ ln

AR

bE
� E

RT
(2)

where E is a conversion value for the activation energy (J mol�1),
b is the heating rate (K min�1), A is the pre-exponential factor
(min�1), T is the absolute temperature, and R is the gas constant
(8.314 J mol�1). a is the degree of conversion that can be dened
by eqn (3):

a ¼ (a0 � aT)/(a0 � af) (3)

where a0 is the initial absorption intensity, aT is the absorption
intensity of the functional group at temperature T, and af is the
nal absorption intensity.

The reaction mechanisms corresponding to f(a) and g(a) are
listed in Table 4.32,37,44 The Bagchi method was used to deduce
the most probable mechanism functions.37 The raw data and
the reaction mechanism functions f(a) and g(a) in Table 4 were
substituted into the integral eqn (1) and the differential eqn (2),
respectively, and then a series of activation energies were ob-
tained. If the selected f(a) and g(a) are reasonable, the obtained
activation energies are similar and the correlation coefficient of
the tted curve is excellent. Therefore, a group of mechanism
functions with similar activation energies and high correlation
were selected as the most probable mechanism functions, as
shown in Table 5. The coal oxidation kinetics results are shown
in Table 6.

The oxidation kinetics characteristics of –OH and –CH3 in
the coal samples with different pre-oxidation temperatures are
similar. All the mechanism functions are order of reaction. The
activation energies in Table 6 are in the range of 55 to
77 kJ mol�1. Using the FR, KAS and FWO isoconversional
methods, B. Engin et al.measured the activation energies of two
kinds of low-grade lignite and obtained similar results.45 In
addition, the activation energy of lignite is lower than that of
high metamorphic coal.31 This indicates that lignite is prone to
chemical reaction with oxygen at the initial stage of reaction,
and the risk of spontaneous combustion of coal is relatively
high. The activation energies of the pre-oxidized coal samples
are all lower than that of raw coal, among which the activation
energies of –OH and –CH3 are the lowest in the coal samples
with a pre-oxidation temperature of 120 �C. The activation
This journal is © The Royal Society of Chemistry 2019
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Table 6 Apparent activation energies and kinetic models of the functional groups

Functional
group Coal sample Activation energy (kJ mol�1) Kinetic model f(a) g(a)

–OH L1 60.17 Order of reaction (1 – a)2 (1 – a)�1 � 1
L2 58.85 Order of reaction (1 – a)2 (1 – a)�1 � 1
L3 55.25 Order of reaction (1 – a)2 (1 – a)�1 � 1
L4 57.78 Order of reaction (1 – a)2 (1 – a)�1 � 1
L5 58.10 Order of reaction (1 – a)2 (1 – a)�1 � 1

–CH3 L1 76.02 Order of reaction (1 – a)2 (1 – a)�1 � 1
L2 58.76 Order of reaction (1 – a)2 (1 – a)�1 � 1
L3 55.16 Order of reaction (1 – a)2 (1 – a)�1 � 1
L4 62.97 Order of reaction (1 – a)2 (1 – a)�1 � 1
L5 57.89 Order of reaction (1 – a)2 (1 – a)�1 � 1
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energy represents the minimum energy required for the reac-
tant molecules to reach the activated molecule. The sponta-
neous combustion risk of the pre-oxidized coal samples
increased, and the coal sample with a pre-oxidation tempera-
ture of 120 �C is the most prominent.

In summary, our work focused on two novel points. One is
that the experimental results show that the characteristic
temperature, thermal effect and gas release of coal samples
aer pre-oxidation treatment mainly change at the low
temperature stage. The other novel point is that the functional
group changes and dynamic characteristics of the coal samples
were analyzed below 150 �C.
4 Conclusion

The characteristic parameters of the spontaneous combustion
of lignite were analyzed by STA-FTIR and in situ FTIR spec-
troscopy. Combined with the quality changes of the coal
samples, thermal effects and gas release, the oxidation process
of coal with different pre-oxidation temperatures was studied.
As the pre-oxidation temperature increased, the critical
temperatures and total heat absorption of the pre-oxidized coal
samples were lower than those of the raw coal sample. For the
coal with a pre-oxidation temperature of 120 �C, the critical
temperature and total heat of the endothermic reaction were
the lowest, which resulted in increases in CO release and CO2

gas production. CO gas is a more important indicator to eval-
uate the spontaneous combustion behavior of coal. CO2 gas is
also a product of coal oxidation. Pre-oxidation changes the
molecular structure of coal. The number and types of active
groups of the sample pre-oxidized at 120 �C increased; there-
fore, it reacted more readily with oxygen to release gas. The
participation amounts of the main functional groups were
determined from in situ FTIR spectroscopy during the oxidation
processes of pre-oxidized and raw coal. As the temperature
increased, the active –OH and –CH3 bonds were consumed by
the reaction. In the low temperature stage, for the coal sample
with a pre-oxidation temperature of 120 �C, the pre-oxidation
step weakened some functional groups in the coal, but the
participation amount of the –CH3 structure increased. However,
the C–H bond was relatively stable and did not participate in the
This journal is © The Royal Society of Chemistry 2019
reaction. Because free –OH was not involved in the dynamics,
the change in the C–H absorbance was not obvious before
150 �C. The kinetic analysis was presented based on –OH and
–CH3 during coal secondary oxidation. The reactionmechanism
functions for –OH and –CH3 followed the order of reaction. The
activation energies were in the range of 55 to 77 kJ mol�1. The
activation energies of the pre-oxidized coal samples were lower
than that of raw coal, among which the activation energies of
–OH and –CH3 were the lowest in the coal sample with a pre-
oxidation temperature of 120 �C. Conclusively, the risk of
spontaneous combustion of pre-oxidized coal increases during
secondary oxidation, and the risk is greatest when the temper-
ature climbs to 120 �C.
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