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Abstract
To investigate the mechanism of coal spontaneous combustion, distributions, evolutions, and oxidation
characteristics of functional groups in different coals were characterized by employing in-situ FTIR, EPR,
and TG/DSC-FTIR experiments. Experimental results indicated that -OH was the most active groups of
coal spontaneous combustion. It not only could react with the absorbed oxygen spontaneously but also
thebe the main product of the chemisorption. Consequently, -OH was believed to contribute most both for
the loss and increase of coal massduring the process of spontaneous combustion. Aliphatic
hydrocarbons were the main components to form -C-O-O• and could be further oxidized into C = O.
However, reactions between aliphatic hydrocarbons and oxygen were non-spontaneous.EPR experiments
suggested that the tendency of coal spontaneous combustion acutely depended on the stability and
survival time of free radicals. The more stable and longer survival time of free radicals are, the lower
tendency of coal spontaneous combustion is.

1 Introduction
Coal is the most abundant energy resource with signi�cant remaining reserves in China. However, the
spontaneous combustion continues to be a big challenge associated with the production, storage, and
transportation of coal. It has been reported that more than 70% of the total mine �res in China are
resulted from spontaneous combustion. The spontaneous combustion may lead to coal ignition, a full-
blown �re, and even explosion if it is not eradicated appropriately. This may not only result in interruption
of operations and mine closures, but serious losses of miners’ lives(Zhang et al. 2018a; Xu et al. 2017).
As the necessity for ensuring safe production, storage, and transportation of coal, the prevention and
control of coal spontaneous combustion has become increasingly vital.

Mechanism of coal spontaneous combustion is the foundation to prevent and control the coal �res
e�ciently and effectively. As early as the 17th century, coal spontaneous combustion had attracted a
widespread concern in the industry. Soon after, a variety of theories, such as Pyrite Inducting theory,
Bacteria Inducing theory, Phenolic Hydroxyl Inducing theory, Coal-oxygen Complex theory, etc., have been
posed to explain the phenomena of coal spontaneous combustion. Among them, the Coal-oxygen
Complex theory is in accordance with the macroscopic characteristics of coal spontaneous combustion
and therefore has been widely accepted(Wang 2008).However, this theory cannot clearly explain the
microscopic process such as species of functional groups reacting with oxygen, reacting conditions, and
reacting characteristics so far.

Following the interpretation of Coal-oxygen Complex theory, heat accumulation is the direct cause of coal
spontaneous combustion. Therefore, lots of studies toward basic understanding of mechanism of coal
spontaneous combustion using thermal analysis technology have been presented. Pilar et al.
(1999)calculated kinetic parameters of different coal samples and analyzed the process of coal
spontaneous combustion from the standpoint of activation energy. Pis et al. (1996)compared oxidation
characteristics of raw coal and oxidized coals. They found that characteristic temperatures of oxidized



Page 3/29

coals increased regardless of coal properties. Wang(2013)evaluated the effects of heating rate on the
characteristic of coal spontaneous combustion and found that exothermic pro�les of coal samples
shifted to higher temperatures with the increase of heating rates. Yu et al.(2007) found that the heat
released at the coal oxidation stage was much higher than that at the pyrolysis stage. Xiao et al.
(2007)and Zhang et al.(2018b,2017)de�ned characteristic temperatures during coal spontaneous
combustion according to thermogravimetric curves. Based on experimental results, Deng et al.(2018)
concluded that temperatures of thermal decomposition and the maximum rate of weight loss were
critical to re�ect the severity of coal spontaneous combustion. Zhang et al.(2018c)proposed a DSC
in�ection method to determine auto-ignition temperatures of coals during the spontaneous combustion
process. Actually, heat release is only the outward manifestation and an accompanying effect of
reactions during the coal spontaneous combustion. The essential cause was the productions and
evolutions of diverse functional groups. Consequently, identifying and characterizing the oxidation
characterizations of functional groups during the spontaneous combustion have been of interest.

Fourier Transform Infrared Spectrometer (FTIR) technique is a commonly used method to study the
functional groups in coals(Dyrkacz et al. 2001). Based on FTIR spectra, substantial achievements have
been obtained. Petersen(2006a, 2006b) speculated structural parameters of coals using FTIR. Ibarra et al.
(1996)identi�ed the distributions of aromatic hydrocarbons and oxygen-containing species in coals.
Zhang et al. (2013)addressed that the occurrence of coal spontaneous combustion was the result of
reactions between active groups and oxygen molecules. Further, active groups in coals were classi�ed
into oxygen-containing and oxygen-free groups by Yang et al.(2005). Encouraged by this �nding, the free
radical action hypothesis was proposed by Li(1996)and tried to explain the mechanism of coal
spontaneous combustion from the standpoint of chemistry.By analysis of oxygen distribution during the
process of coal spontaneous combustion, Retcofsky et al.(1968)validated the reasonability of the free
radical action hypothesis. Afterward, quite a few studies have been conducted to investigate mechanism
of coal spontaneous combustion by employing EPR technique. Wood et al.(1992)observed that
concentrations of free radicals in oxidized coal samples were higher than that of raw coals. Dai
(2011)pointed out that the intensity of coal oxidation during the process of spontaneous combustion was
determined by the amount of generated free radicals rather than that of original. In addition, in�uencing
factors on characteristics of free radicals in coals have been experimentally studied(Cerny et al. 1994; Li
et al.2002;Liu et al. 2014;Liu et al. 2015). However, both the FTIR technique and EPR technique could not
quantify functional groups that changed with the oxidation processes. Consequently, the theories
regarding to the mechanism of coal spontaneous combustion were still limited to hypothesis. To address
this issue, the quantum chemical technology was employed to derivate the chemical reactions of
functional groups during the process of coal spontaneous combustion. Based on quantum computation,
models of molecular that could be easily oxidized were constructed(Wang et al.2014). The reacting
sequences and steps of these active groups were calculated as well(Shiet al. 2004;Wanget al 2014; Shi at
al.2005). Although the quantum chemistry has led to many advances in calculating chemical reactions of
coal spontaneous combustion, few experiments were conducted to verify the accuracy of quantum
chemical calculations so far.
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In this study, the in-situ FTIR technology combined with EPR technique were employed to characterize
evolutions of multifarious functional groups as well as their oxidation characteristics. Meanwhile,
oxidation characterizations of the functional groups in relation to macroscopic characteristics of coal
spontaneous combustion were investigated on the basis of TG/DSC-FTIR experiments. This study would
not only be bene�cial for revealing the mechanism of coal spontaneous combustion but also may
provide theoretical foundations for development of �re extinguishing materials.

2 Experimental

2.1 Coal Samples
Three coals with different properties from Xinjiang, Huainan, and Anhui provinces in China were selected
in this study. The proximate analysis of each coal was listed in Table 1. According to ISO 11760
Classi�cation of Coal, C1, C2, and C3 could be categorized into lignite, bituminous coal, and anthracite,
respectively (Cerny et al.1994).

A two-step crushing process was employed to prepare coal samples. Firstly, raw coals with different
properties were crushed to minus 5 millimeters with a Jaw crusher. Then, the crushed coals were further
ground to minus 74 microns in a hammer mill. To avoid oxidation, both the crushing and grinding
processes were �nished under the atmosphere of N2. After subjecting to ri�ing, coning, and quartering
processes, ground coal samples were put into well-sealed �asks for tests.

Table 1 Codes and roperties of coal samples.

Code of Samples Proximate analysis, wt. %

Mad Aad Vad FCad

C1

C2

C3

25.37 7.46 52.25 14.92

1.81 14.62 33.36 50.21

1.89 13.03 9.50 75.58

 

2.2 Experiments Setup

2.2.1 In-situ FTIR Experiments
To characterize functional groups in different coal samples as well as their evolutions during the
spontaneous combustion, an in-situ FTIR experimental system was set up to carry out the experiments.
Figure 1illustrated the schematic of the system. The system consists of a VERTEX70v series FTIR
manufactured by Bruker Incorporation and a diffuse re�ection in-situ cell. During each experimental run, a
15 mg coal sample was oxidized from 25 to 430℃ in the cell at an increasing rate of 1℃/min. The
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wavenumber of FTIR was set to be between 400 and 4000 cm− 1 with a resolution of 4 cm− 1 and the data
collecting frequency was 32 Hz. The functional groups were categorized on the basis of Table 2.

2.2.2 EPR Experiments
Free radicals allow one to essentially understand the oxidation process of coal. The Electron
Paramagnetic Resonance (EPR) technique, which can directly detect unpaired electrons of molecules,
plays an important role in determination of free radicals in coals. To deeply investigate the oxidation
characteristics of functional groups during the coal oxidation process, an EMSplus-10-12 EPR systems
manufactured by Bruker Incorporation was employed to characterize free radicals of different coal
samples. The schematic and set-up of the apparatus is shown in Fig. 2 Basically, the apparatus was
composed of a microwave bridge, a resonant cavity, a magnet, a control box, a main engine, and a water
cooling system.

For each experimental run, a 15 mg prepared coal sample was put into the sample bin with a diameter of
4 millimeters for test. For the purpose of experiments, 3360G magnetic �ux was loaded and the radiation
frequency of microwave was set to be 935 MHz. The scanning time was 40 s with a magni�cation of 20.

2.2.3 TG/DSC-FTIR Experiments
A STA 449 F3 series simultaneous TG/DSC thermal analyzer of Netzsch Incorporation coupled with a
VERTEX 70v serious FTIR manufactured by Bruker Incorporation system was set up to conduct relative
tests, as illustrated in Fig. 3. In this experimental system, the coal sample was oxidized in the TG/DSC
thermal analyzer and the gaseous products were delivered to FTIR via a specially designed interface in
real time for identi�cation.

For each experimental run, a 15 mg coal sample was put into the sample bin of the TG/DSC analyzer and
heated from 25 to 430℃ with an increment of 5℃/min. Nitrogen was selected as the protection gas and
the total �ow rate of the protection and carrier gases was kept constant at 100 ml/min. For the purpose
of the study, the oxygen concentration in the carrier gas was adjusted to 21%. The wavenumber of the
FTIR was set to be between 400 and 4000 cm− 1 with a resolution of 4 cm− 1. To avoid condensation of
the gaseous products, temperatures of the interface and the transmission line were both kept constant at
220℃.

3 Results And Discussion

3.1 Distribution of Functional Groups
FTIR spectra of different coal samples were �tted by employing Peak�t software and assigned to speci�c
functional groups on the basis of Table 2. Results are illustrated in Fig. 4. To emphasize comparisons,
corresponding regression curves were also illustrated in Fig. 4. Based on peak areas of the regression
curves, relative contents of functional groups were obtained and summarized in Table 3.
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Data listed in Table 3 indicated that functional groups in coals, in general, can be classi�ed into three
types including oxygen-bearing groups, aliphatic hydrocarbons, and aromatic hydrocarbons (Zhang et al
2019; Xu et al. 2012). Of them, the content of the oxygen-bearing groups were the largest, accounting for
more than 50% and that of the aliphatic hydrocarbons was the least. Furthermore, it was found that
oxygen-bearing groups in the tested coal sample were existed in the forms of -OH, C = O, -COO- and -C-O-
C-. This �nding was consistent with the molecular models of coals constructed by Mathews and Chaffee
(Mathews et al. 2012).Connected to this �nding was that aliphatic hydrocarbons in coals were present
either as the mode of -CH3 or -CH2-. Aromatic hydrocarbons, as the backbone of the coal molecule, were
characterized by stretching vibrations of Ar-CH and C = C on aromatic or condensed nucleuses, located at
3026 and 1614 cm− 1, respectively. Further analysis of data listed in Table 2suggested that the contents
of aliphatic hydrocarbons and aromatic hydrocarbons were increased with the coali�cation. Nevertheless,
an opposite change was observed for oxygen-bearing groups. It is a practical cognition that the lower the
coali�cation is, the easier the coal tends to spontaneous combustion. Combing experimental results with
the practical cognition lead to the statement that oxygen-bearing groups were of importance for the
tendency of coal spontaneous combustion.

Table 2 Categories and motions of functional groups based on wavenumbers [33].

Wavenumber

(cm-1)

Functional groups Motion of functional groups

750 -OH Bending vibration of -OH in alcohol or phenolic molecules
786 C-H Bending vibration of C-H in 1,2,3 substituted benzene
912 C-H Out-of-plane bending vibration of C-H in Aldehydic molecules
1002-1174 C-O-C Stretching vibration of -C-O-C-
1355 -CH3 Shear vibration of -CH3

1396 -CH3, -CH2- In-plane bending vibration of C-H

1440 -CH2- Shear vibration of -CH2-

1618 C=C Stretching vibration of C=C on aromatic or condensed nucleuses
1637 C=O Stretching vibration of C=O
2780-2350 -COO- Stretching vibration of -COO-
2921 -CH3 Stretching vibration of C-H in -CH3

2989 -CH2- Stretching vibration of C-H in -CH2-

3100-3000 Ar-CH Stretching vibration of C-C on aromatic rings
3415 -OH Associating hydrogen bond of -OH among molecules

 

Table 3 Percentages of main functional groups for different coal samples. 

Samples Aliphatic hydrocarbons,% Aromatic hydrocarbons,% Oxygen-bearing groups, %

(-CH3/-CH2-) C=C Ar-CH Subtotal -OH C=O -C-O-C- -COO- Subtotal

C1 11.05 16.25 1.53 17.78 43.56 7.84 14.65 5.12 71.17
C2 15.82 20.37 2.16 22.53 36.21 2.87 20.63 1.94 61.65
C3 16.95 26.66 6.33 32.99 13.94 4.65 28.75 2.72 50.06
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Fig. 5 illustrated the relative contents of oxygen-bearing groups in different coal samples. It wasnotable
that -OH and -C-O-C- accounted for the majority of the oxygen-bearing groups regardless of coal
properties. Nevertheless, contents of C=O and-COO- were negligible. Furthermore, it was observed that the
content of-C-O-C- increased as the coali�cation. On the contrary, the larger content of -OH was observed
for the coal sample with lower degree of coali�cation. Due to the high polarity, -OH was believed to be the
main functional group in coal molecules to form hydrogen bonds. Different hydrogen bonds could be
formed when -OH combined with different acceptors. According to Fei et al. (2002), -OH in coals existed in
three forms including free -OH, intermolecular-associated -OH, and self-associated -OH whose infrared
vibration peaks were located at 3674 cm-1, 3535cm-1, and 3428 cm-1, respectively. Relative contents of
these three forms of -OH for tested coal samples were obtained and displayed in Fig. 6.Graphs inFig. 6
depicted that the intermolecular-associated -OH was acutely dependent on the properties of coal
samples. With the increase of coali�cation, contents of the intermolecular-associated -OH decreased from
27.28% to 2.47%. The same trend was observed for self-associated -OH. On the contrary, contents of the
free -OH increased from 2.79% for lignite to 9.32% for anthracite. This observation implied that the
contribution of the hydrogen bond for the reactivity of coal diminished with the increase of the
coali�cation.

Figure 7 displayed the distributions of -CH3 and -CH2- in various coal samples. The ratio of -CH2- to -CH3

usually indicated the length of branched chains and a high ratio represented a longer branched chain (Yu
et al.2006). Graphs in Fig. 7indicated thatthe ratio of-CH2- to -CH3 from high to low was in an order of C2,
C1, and C3. This order indicated that the chain of the branched aliphatic hydrocarbons in C2 was the
longest, followed by C1 and C3.

3.2 Evolution of Oxygen-Bearing Groups with Temperatures

3.2.1 Evolution of -OH with Temperatures
As mentioned above, -OH is of vital importance during the spontaneous combustion of coal. As a result,
the investigation for the evolution of -OH was bene�cial for the deep understanding of the microcosmic
mechanism of coal oxidation. Figure 8showed the response of -OH to temperatures. Curves in Fig. 8(a)
implied that the free -OH in C1 and C2 decreased sharply at 50–120℃. On the basis of TG and DSC
curves, the process of coal spontaneous combustion could be classi�ed into Dehydration and Desorption
Stage, Oxidation Stage, Combustion Stage, and Burn-out Stage (Wang et al. 2014). According to this
classi�cation standard, the decrease of the free -OH at the temperature range of 50 to 120℃ indicated
that the free -OH was mainly involved in the Dehydration and Desorption Stage. A small decrease of free -
OH at temperatures exceeding 250℃ in C3 coal implied that the free -OH in coals was also involved in
the reactions during the Oxidation Stage.

Figure 8(b) illustrated that the intermolecular-associated -OH of C1 decreased as the temperature rose
from the beginning. Analysis of the curves in Fig. 8(b) indicated that the content of the intermolecular-
associated -OH in C2 exhibited a small decrease when the temperature increased from 25 to 170℃.
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However, further increasing the temperature to 342℃ resulted in an increase of the intermolecular-
associated -OH for C2. Afterwards, a signi�cant decrease was observed for C2 after 342℃. For C3, the
intermolecular-associated -OH was kept almost constant before 260℃and increased as the temperature
went up from 260 to 430℃. The decreases for C1 and C2 indicated that the intermolecular-associated -
OH had a high reactivity and participated in the reactions spontaneously. Nevertheless, the behaviors of -
OH responded to the temperature for C2 and C3 suggested that new intermolecular-associated -OH was
generated with the consumptions of the original ones during the reactions. Based on the quantum
chemistry, functional groups of -CH3, -CH2-, and-CHCH3-CH2- in coals were speculated to react with
oxygen as follows:

Apparently, the generation of intermolecular-associated -OH during the process of coal spontaneous
combustion strongly supported the rationality of these three speculations. Substituting these three
speculations into the behaviors of the intermolecular-associated -OH in C2 and C3 would lead to the
conclusion that energy had to be provided to induce the reactions illustrated inEqs. 1–3. Moreover, it was
observed that the temperature at which the intermolecular-associated -OH started to increase for C2 was
higher than that for C3. Combining this observation with the previous �nding that the chain of the
branched aliphatic hydrocarbons in C2 was the longest, it could be concluded that the shorter side chain
would cause a higher reactivity.

3.2.2 Evolution of C = O with Temperatures
The stretching vibration of the C = O was located at the wavelengths between 1780 and 1630 cm− 1.
Based on experimental results, the strongest absorbance at 1776 cm− 1 was selected as the
representative to investigate the response of C = O to the temperature. Results were plotted inFig. 9.

Curves in Fig. 9 illustrated that contents of C = O increased with temperatures before the temperature
exceeded thresholds of 341℃ for C1 and 389℃ for C2, respectively. After exceeding these thresholds,
the contents of C = O gradually decreased. This illustration suggested that C = O was an important
transition functional groups during coal spontaneous combustion process. Before the thresholds, the
formation of C = O was prominent, correlating with previous �ndings of other researchers(Dack et
al.1983;Kudynska et al.1996;Liottar et al.1983). Based on the principles of chemical reactions, C = O
could be produced as follows:
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Firstly, aliphatic hydrocarbons were attacked by oxygen, resulting in the C•. Further, C• was transformed
into -C-O-O• by oxygen. Successively, -C-O-O• was converted into unstable •OH and-C-O•. -C-O• was then
decomposed into C = O and gases of CxHy. Following this explanation, aliphatic hydrocarbons were
speculated to be the main components to form -C-O-O•. The conclusion was well supported by curves in
Fig. 9. Meanwhile, it was observed that contents of C = O in C2 and C3 almost kept constant until the
temperatures exceeded thresholds. This observation further con�rmed the previous �nding that aliphatic
hydrocarbons and oxygen could not react spontaneously unless enough energy was provided.

3.2.3 Evolution of -COO- with Temperatures
Fig. 10plotted the evolution of -COO- against temperatures. It is noteworthy that -COO- in C1 started to
decrease at the beginning of coal spontaneous combustion. Nevertheless, contents of -COO- in C2 and C3
kept almost unchanged during the whole experimental process. This was because -COO- in C1 was
mainly existed in the form of -COOH; while -COO- in C2 and C3 were primarily present in ester groups.
Therefore, the response of -COO- in C1 to temperatures indicated that -COOH in coals was featured with a
high reactivity.

3.3 Evolution of Aliphatic Hydrocarbons with Temperatures
According to Table 2 the main motions of branched aliphatic hydrocarbons include the stretching
vibration of C-H bond in -CH3 and -CH2- located between 2921 cm− 1 and 2989 cm− 1. The strongest

absorbance of C-H bond at 2918 cm− 1 was selected as the representative to investigate the behavior of
branched aliphatic hydrocarbons during the process of coal spontaneous combustion. Results were
displayed in Fig. 11.

Curves in Fig. 11 illustrated that contents of aliphatic hydrocarbons almost kept constant before the
temperatures reached to certain values in spite of coal properties. However, they suddenly decreased
when the temperature exceeded thresholds. The changes indicated that energy was required for -CH3 and
-CH2- to fracture or to participate into chemical reactions. This suggestion emphasized the previous
conclusion that reactions between oxygen and -CH3 or -CH2- in coals were non-spontaneous.

Based on curves in Fig. 11, the temperatures when -CH2- and -CH3 started to decrease were 202℃ for C1,
215℃ for C2, and 178℃ for C3. These data was consistent with the previous statement that the shorter
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the side chains were, the stronger tendency of coal towards spontaneous combustion would be. This was
mainly attributed to the high susceptibility of side chains to heat and chemical reactions. 

3.4 Evolution of Aromatic Hydrocarbons with Temperatures
Aromatic hydrocarbons in the coal samples could be classi�ed into C = C and Ar-CH.According to Table 2
the stretching vibration of C = C on mononuclear aromatic hydrocarbons ranged from 1620 to1430 cm− 1

and that of Ar-CH on aromatic hydrocarbons was in the range between 3100 and 3000 cm− 1.
Consequently, the strongest absorbances located at 1614 cm− 1 and 3026 cm− 1 were selected as
representatives of C = C and Ar-CH, respectively. The changes of C = C and Ar-CH versus temperatures
were illustrated in Figs. 12–13.

As can be seen in Fig. 12, C = C in C1 and C2 changed little before the temperatures reached to thresholds
which were 371 and 407℃, respectively. Exceeding these thresholds, rapid decreases of C = C were
observed. Different from C1 and C2, C = C in C3 kept unchanged during the entire experiment. The
changes of C = C with temperatures demonstrated that the benzene rings of coal molecules were stable
and only participated in reactions at the Combustion Stage.

Curves in Fig. 13 showed that contents of Ar-CH in C1 and C2 decreased as the temperature rose.
However, the decreasing rate of Ar-CH in C2 was lower than that in C1. Instead of decreasing, Ar-CH in C3
increased when the temperature increased from 25to 106℃. Then, the content of Ar-CH in C3 remained
constant until the temperature increased to 220℃. After 220℃, Ar-CH in C3 decreased as the increase of
the temperature. The behavior of Ar-CH in C1 responded to the temperature indicated that the aromatic
nucleus in coal molecules passed high reactivity and would be involved into reactions at the beginning of
coal oxidation. Besides, the increase of the Ar-CH in C3 as the increase of the temperature suggested that
there was generation of aromatic nucleus during the process of coal oxidation.

3.5 Characteristics of Free Radicals in Tested Coal Samples
Fig.14illustrated the EPR spectrograms of tested coal samples. Based on curves in Fig.14 g factor, line
width (ΔH), and concentrations of free radical (Ng) were obtained and listed in Table 4.

It is noticeable in Table 4 that g factors of tested coal samples ranged from 2.00344 to 2.00264. This
notice indicate that free radicals in tested coal samples were organic free radicals regardless of coal
properties. Connected with this notice is the observation that a larger g factor was obtained for a coal
sample with lower degree of coali�cation. Since unpaired electrons of coal were moved along the highly
non-localized molecular orbital, orbital magnetic moment of coal was negligible. Consequently, the
degree of g factor deviating from free electron (ge) was determined by the quenching degree of the
angular momentum. Generally, a greater quenching degree of the angular momentum resulted in a larger
deviation of g factor from ge. Combining the interpretation of g factor with its responses to the
coali�cation leads to the statement: the lower the degree of coali�cation is, the more unstable of the free
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radicals and the shorter of their survival time are. This was speculated to be the main reason why the
coal with lower coali�cation exhibited higher tendency of spontaneous combustion.

Table 4 Parameters of EPR spectra for tested coal samples.

Samples  g Factor  Beam line width (ΔH/mT) Concentration of free radicals (Ng/1017g-1)

C1 2.00344 633.86 2.864

C2 2.00267 619.77 19.01

C3 2.00264 578.25 20.16

 

By comparing data listed in Table 4, it was found that the beam line width (ΔH) of tested coal samples
from high to low was in the order of C1, C2 and C3. It has been known that beam line width strongly
depends on spin - lattice relaxation and spin-spin relaxation. Narrower beam line width indicates longer
time of spin-spin relaxation. Longer time of spin-spin relaxation is a re�ection of more violent electron
exchange among free radicals. Combing this explanation with the analysis of beam line width (ΔH) listed
in Table 4, it can be stated that the intensity of electron exchange among free radicals increased with the
increase of the coali�cation. Further, it can said that chemical reactions in the coal sample with higher
degree of coali�cation was more violent.

As seen in Table 4, the larger concentration of free radicals was observed for the coal sample with higher
degree of coali�cation under the same conditions. This was mainly because the coal sample with higher
degree of coali�cation contained larger amount of fused ring. Generally, benzene rings which were
adhered by a variety of branched aliphatic hydrocarbons and oxygen-bearing groups were the backbone
of coal molecules. As the development of coali�cation, those adhered side chains and functional groups
separated from benzene rings due to thermolysis and polycondensation. Accordingly, amount of fused
ring increased, and free radicals tended to be in stable states. This strongly supported the �nding of the g
factor that free radicals in lower metamorphic coal were unstable and had shorter survival time. This
stable states of free radicals bene�ted polycondensation of aromatic nucleus. Consequently, even larger
and more stable of macromolecular free radical were generated. Simultaneously, the conductivity of
electrons was enhanced. Consequently, a higher concentration of free radicals was observed in the coal
sample with higher degree of coali�cation. This �nding was in agreement with the analysis of the
evolution of aliphatic hydrocarbons as the function of the temperature.

Additionally, it was noticeable in Table 4 that concentrations of free radicals in C1 were much lower than
those in C2 and C3. This notice suggested that branched aliphatic hydrocarbons and oxygen-bearing
groups of C1 adhered to aromatic rings by hydrogen bond and /or Van der Waals forces. This suggestion
further con�rmed previous �nding that the contribution of hydrogen bond to the reactivity of coal reduced
with the increase of the coali�cation.

3.6 Macroscopic Characteristics of Coal Spontaneous
Combustion in Relation to Functional Groups
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TG/DSC-FTIR experiments were conducted to investigate macroscopic characteristic parameters of coal
spontaneous combustion in relation to functional groups. Figure 15displayed the TG curves of different
coal samples during the process of coal spontaneous combustion. As can be seen, an obvious reduction
of coal mass could be observed for C1 at the Dehydration and Desorption Stage (25 to 120℃). However,
C2 and C3 exhibited inconspicuous changes in coal mass at is stage. As explained in the section
regarding the evolution of -OH as the temperature, -OH could react with oxygen molecules spontaneously.
According to principle of chemical reactions, the main oxidation product of -OH in coal was water.
Therefore, it was expected to obtain corresponding water vapor generation for C1 at this stage. Figure 16
illustrated the pro�les of water vapor productions during the process of coal spontaneous combustion.
As can be seen, a high generation of water vapor was observed for C1, agreeing well with the expectation.
Consequently, it can be said that the mass loss of coal samples at the Dehydration and Desorption Stage
mainly attributed to the oxidation of -OH. 

Additionally, the absorbed oxygen molecules would react with coals following the procedures in Eqs. 1–
3 at the Oxidation Stage and thus increase the coal mass. This interpretation conformed well to the
observations illustrated in Fig. 16. Consequently, it su�ced to say that the generation of intermolecular-
associated -OH was the main cause leading to the mass increase during the coal spontaneous
combustion. Further analysis of TG curves in Fig. 16found that the increment of mass for C3 was higher
than that of C2 at the oxidation stage. This �nding was the evidence of the statement drawn from the
analysis of the beam line width (ΔH) that chemical reactions in the coal sample with higher degree of
coali�cation was more violent.

4 Conclusions
To investigate the mechanism of coal spontaneous combustion, three coals with different properties were
subjected to in-situ FTIR experiments and EPR experiments. Besides, the macroscopic characteristic
parameters of coal spontaneous combustion in relation to functional groups were correlated via TG/DSC-
FTIR experiments.

Analysis of FTIR spectra found that that the contents of functional groups in coals from low to high was
in an order of aliphatic hydrocarbons, aromatic hydrocarbons, and oxygen-bearing groups regardless of
coal properties. With the increase of the coali�cation, both aliphatic hydrocarbons and aromatic
hydrocarbons increased gradually while the content of oxygen-bearing groups decreased. Along the same
line, the contribution of the hydrogen bond for the reactivity of coal was diminished. -OH was validated to
be the most active group during the spontaneous combustion. It could not only react with oxygen
spontaneously, but also be generated by the chemisorption of oxygen. Besides, -OH was validated to
contribute most to the mass decrease as well as the increase during the process of coal spontaneous
combustion by TG/DSC-FTIR experiments. Different from -OH, energy was indispensable in inducing the
reactions between aliphatic hydrocarbons and oxygen. As the oxidation product of aliphatic
hydrocarbons, C = O was an important transition groups of coal spontaneous combustion. Responses of
C = C and Ar-CH to the temperature indicated that benzene rings of coal sample were quite stable and
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could only involve into reactions after ignition. Nevertheless, aromatic rings exhibited relative high
reactivity and would participate into reactions at the beginning of coal oxidation. Also, it was found that
aromatic rings were generated during the process of coal spontaneous combustion.

Analysis of EPR spectra found that free radicals in coal were limited into organic elements. With the
increase of the coali�cation, the content of macromolecular free radical increased. Simultaneously, both
the stability and survive time of free radicals enhanced. In addition to this, a higher concentration of free
radicals was obtained to be in the coal sample with higher degree of coali�cation due to increased fused
rings. Accordingly, more violent chemical reactions were observed in the coal sample of higher
coali�cation.
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Figures

Figure 1

Schematic of the in-situ FTIR system
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Figure 2

Schematic of the EPR system

Figure 3
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Schematic of the TG/DSC-FTIR experimental system used for coal spontaneous combustion tests

Figure 4

FTIR spectra of different samples
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Figure 5

Relative contents of the oxygen-bearing groups in different coal samples

Figure 6
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Different forms of -OH distributed in coal samples

Figure 7

Distributions of -CH2- and -CH3 in different coal samples

Figure 8
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Evolution of -OH with the increase of the temperature

Figure 9

Evolution of C=O with the increase of the temperature (1776cm-1)
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Figure 10

Evolution of -COO- as the functional of the temperature (2733cm-1)

Figure 11

Evolution of C-H bond in -CH2- and -CH3 as the functional of the temperature for various coals (2918cm-
1)
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Figure 12

Evolution of aromatic nucleus (C=C) in different coal samples as the functional of the temperature (1614
cm-1)
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Figure 13

Evolution of aromatic hydrogen (Ar-CH) in different coal samples as the functional of the temperature
(3026 cm-1)
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Figure 14

EPR spectra of tested coal samples
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Figure 15

TG/DTG curves of different coal samples

Figure 16

Pro�le of water vapor released during the spontaneous combustion of coal (3735cm-1)


