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Jiaming Chen, Na Li, Yanpeng Ban and Quansheng Liu*

Spontaneous combustion has become a critical limiting factor for the safe and efficient utilization of low

rank coals. In this work, the alkali-oxygen oxidation (AOO) of Chinese Shengli lignite was conducted to

inhibit the spontaneous combustion tendency, and the influences of AOO on the structures and

combustion properties were investigated. The structures of AOO treated lignite under different

conditions were characterized by XRD, Raman, XPS and FTIR. The combustion characteristics of the

samples were investigated by thermogravimetric analysis and fixed bed combustion. The results revealed

that the temperature of AOO treatment had significant influence on the crystallite structures and

combustion characteristics of Shengli lignite. After the AOO pretreatment, the benzene ring skeleton

structures in lignite had no obvious changes, but the amounts of aliphatic side chains on the aromatic

nucleus decreased. Compared with raw lignite, the degree of order and ignition temperature increased

after AOO treatment, especially when the AOO temperature was 150–200 �C. The ignition temperatures

moved from 310 �C for raw lignite to 740–760 �C for the samples treated by AOO at 150–200 �C. On

further increasing the AOO temperatures to 250–300 �C, the ignition temperature of the samples

decreased to 410–440 �C. In conclusion, AOO pretreatment under suitable conditions is an efficient way

to inhibit the spontaneous combustion tendency of low rank lignite, and it is believed that the results in

this work are meaningful for the safe transportation and efficient utilization process of lignite in industry.
1. Introduction

World energy consumption increases constantly along with
economic development, and coal will remain the primary
energy source for a long time.1,2 Clean and efficient utilization of
coal is an important issue considering both environmental
protection and the sustainable development of human
society.3–5 Coal is the primary energy source in China, and low-
rank coals account for a large proportion of this energy source.6

Therefore, the effective utilization of low-rank coals is crucial
for sustainable development not only in China but also global
areas. Lignite, as a representative of the low rank coals, is an
important carbon resource around many areas in the world.7

Taking Shengli coaleld in Inner Mongolia, China as an
example, the reserve of lignite is up to 24.2 billion tons.
Therefore, the clean, efficient and safe utilization of lignite is of
great signicance for the conversion of coal resources and
energy supply.
ongolia University of Technology, Inner
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Lignite has a complex structure and consists mainly of three-
dimensional macromolecular networks, various relatively small
organic molecules, and inorganic materials.7,8 The contents of
volatiles and oxygen-containing chemical groups are much
higher compared with those of the high rank coals.9–11 These
structure features make the lignite suffer several defects during
utilization, including high content of water and volatiles, low
caloric value, the lower ignition temperature, and more prone
to spontaneous combustion in air.12 These disadvantages limit
the utilization of lignite to some extent. During the industrial
process, the reaction of lignite with oxygen may result in self-
heating and subsequent spontaneous combustion in coal-
mines and stock piles, leading to serious safety problems and
property losses.13 Based on this background, studies on the
inhibition of the spontaneous combustion of lignite becomes
extremely important. Various factors can inuence the stability
of lignite in air. It was reported that the side chains on the
aromatic structures, the bridge bonds, and the low molecular
weight organic components in coal structures have mediate to
high chemical reactivity.14,15 The unique porous structures of
the lignite also make it highly reactive and prone to be oxidized
at the low temperatures and/or even spontaneously combus-
tion. Shengli lignite, a typical low-rank coal in Inner Mongolia,
China, has a high chemical reactivity due to the high contents of
RSC Adv., 2017, 7, 19833–19840 | 19833
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Table 1 Proximate and ultimate analysis of the coal samplesa

Samples

Proximate analysis/% Ultimate analysis/%

Mad Aad Vad Fcad C H S N & O

SL-Raw 3.21 12.41 37.92 46.46 57.60 3.53 1.51 24.93
SL-RT 4.82 15.24 45.97 33.97 52.95 3.44 0.62 28.59
SL-150 5.98 19.31 41.58 33.13 50.28 3.20 0.42 29.00
SL-200 3.41 14.61 36.95 45.03 43.33 2.75 0.64 36.55
SL-250 5.38 17.11 33.61 43.90 58.96 3.64 0.76 36.63
SL-300 6.81 16.73 33.83 42.63 53.54 3.23 0.77 42.45

a Note: M –moisture, A – ash, V – volatile and Fc – xed carbon; ad – air
dried.
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oxygen-containing groups in.14 Therefore, the inherent compo-
sition and structure characteristics of lignite are the main
reasons leading to spontaneous combustion.

Low temperature oxidation is the major source of the heat
leading to spontaneous combustion of lignite. In order to
inhibit the low temperature oxidation and reduce the sponta-
neous combustion tendency, various work have been re-
ported.16–18 Alkali treatment is one of the effective means to
suppress spontaneous combustion, which can reduce the
contents of organic matters in coal, especially oxygen functional
group. Wang et al.17 reported that coal oxidation at low
temperatures (i.e. below 100 �C) was a complicated process and
involved four processes, oxygen transport to the surfaces of coal
particles, chemical interaction between coal and O2, release of
heat, and emission of gaseous products. Mukherjee et al.19

found that the increase of alkali concentration and treatment
time had negative effects on ash reduction due to formation and
accumulation of insoluble sodium aluminosilicate. Nasir et al.20

found that the alkali treatment could remove minerals or
oxygen containing functional groups. Wijaya et al.21 found that
silicon aluminum salts in coal transformed into hydrosilicate
and aluminosilicate composites aer the alkali treatment. Liu
et al.22 noticed that the ignition temperature, activation energy
of lignite were changed by alkali treatment. Aer treatment with
NaOH solutions with different concentrations, the combustion
temperature of coal samples moved to high temperature zone.
Feng et al.23 indicated that at low alkali concentrations, NaOH
reacted primarily with the acidic functional groups in lignite
samples, and the changes in pore volume and adsorption water
contents were not obvious. Çulfaz et al.24 found that the alkali
treatment could remove a lot of SiO2 and CaO in Turkey's low-
ash lignite, but it could remove few Fe2O3 and Na2O.

Alkali-oxygen oxidation (AOO) of coals to produce the high-
value benzene poly carboxylic acids (BPCAs) is a potential
substitute for the petroleum route in the future. There are also
some researches on the AOO of lignite for obtaining the valu-
able benzene carboxylic acids raw materials.25–27 Wang et al.28

have reported that the high-temperature operation can effec-
tively improve the economy and efficiency of the BPCAs
production process from AOO of bituminous coal. According to
the above literature, the extraction rate of BPCAs from lignite is
only about 20%,25,27 indicating that most of the organic carbon
sources were still remained in the solid residues. However,
fewer attentions are paid onto the solid residues, which may
lead to a waste of resources and pollution of the environment.
In fact, there are many valuable components in the solid resi-
dues, and it is a potential carbon resource aer the extraction of
organic matters with low molecular weight via AOO. Thus,
exploring the effect of the AOO process on the microcrystalline
structure and reaction properties of the residues is a very
important issue for the utilization of the solid residue and the
understanding of the inhibition on the spontaneous combus-
tion of lignite. At the same time, studying the structure and
property change aer the AOO is benecial for broadening the
applications of lignite and improving the utilization efficiency.

In this work, we introduce the AOO approach into the
pretreatment of lignite, in order to reduce the spontaneous
19834 | RSC Adv., 2017, 7, 19833–19840
combustion tendency. The Shengli lignite in Chinese Inner
Mongolia was chosen as the main research object, and different
experimental temperatures during AOO process was systemati-
cally carried out. The structures of Shengli lignite treated with
AOO were studied by the XRD, Raman, FTIR and XPS charac-
terization techniques, and the combustion reaction perfor-
mance of the samples were analyzed on the xed bed and
thermogravimetric instrument.
2. Experimental section
2.1 Sample preparation

The lignite was sampled from Shengli coaleld in Inner Mon-
golia, China. The lignite was crushed and ground to ne powder
with average sizes of 150–180 mm, followed by drying at 105 �C
for 4 h for these experiments, and the coal samples was denoted
as SL-Raw. The 150–180 mm SL-Raw coal (20 g) was added to
reagent-grade aqueous solution of NaOH (0.5 mol L�1, 200 mL)
with stirring for 3 h at room temperature. The resulting slurry
was ltered and rinsed continuously with deionized water until
the pH of the supernatant was around 8. The obtained solid was
dried under 105 �C for 4 h, and the sample was denoted as SL-
RT. For the AOO reaction, typically, 20 g coal sample, 4 g sodium
hydroxide and 200mL distilled water were loaded in the reactor,
and then oxygen was charged into the reactor with initial
pressures of 0.6 MPa. And then the reactor was heated by 10 �C
min�1 to a desired reaction temperature. The reaction mixtures
were maintained for 1 h at constant stirring speed of 300 rpm.
Then the reaction system was cooled to room temperature. The
resulting slurry was ltered and washed continuously with
deionized water until the pH of the supernatant was around 8.
The residue was dried in vacuum at 105 �C for 4 h. The samples
treated by AOO at the temperatures of 150 �C, 200 �C, 250 �C
and 300 �C were denoted as SL-150, SL-200, SL-250 and SL-300,
respectively. The proximate and ultimate analyses of the
samples are listed in Table 1. Compared to the SL-Raw, the
moisture and ash content of coal samples was increased by AOO
treatment. The content of volatiles increased slightly for AOO
samples at room temperature. When the AOO temperature
increased, the content of volatiles decreased. And with the
increase of AOO temperatures, the extent of the reduction was
increased.
This journal is © The Royal Society of Chemistry 2017
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2.2 Analysis of structural properties

XRD was performed on Germany D8 Advance X-ray Diffraction
diffractometer equipped with monochromator and CuKa radi-
ation (40 kV, 40 mA). Powdered samples were scanned from 5�

to 80� in 2q range and scanning speed of 2� min�1.
The morphology and sodium content of lignite samples was

observed using the SEM (model S-3400N) equipped with an
energy-dispersive spectrometry (EDS) detector.

Raman spectra were recorded using Renishaw® inVia
microscope Raman spectrometer with Nd-YAG laser source
(532 nm). The laser power at the sample surface was controlled
at 5 mW. The spectra were recorded in the range of 500 to
3500 cm�1.

The FT-IR spectra of the samples were recorded at the range
of 4000–500 cm�1 on Nicolet company infrared spectrometer
NEXUS 6700 using the KBr pellet technique. The total number
of scans were 50 with the resolution of 4 cm�1.

X-ray photoelectron spectra were recorded in a Perkin Elmer
PHI 5400 XPS ESCA system spectrometer with an Al-Ka X-ray
exciting source and operated at 200 W. The calibration was
carried out based on the main C1s peak at 284.6 eV.29–31 Data
analysis is conducted on the XPS soware (PEAK4.1).
2.3 Combustion properties and thermogravimetric analysis

The combustion experiment was carried out on a xed bed. The
schematic diagram of the experimental device is shown in
Fig. 1. The experiment was performed as follows: lignite sample
(50 mg) was doped in the quartz tube reactor. The air ow rate
during the experiment was maintained at 30 mL min�1 and the
temperature was increased from 20 to 900 �C at a heating rate of
2 �C min�1. Gas chromatography (SP-6800 A) analysis was used
to detect the generation of released gas.

Thermal Gravimetric Analyzer (TGA) was performed using
a Diamond 6300 TG/DTA analyzer. The experiment was per-
formed as follows: lignite sample (15–20 mg) was placed at
the bottom of an alumina crucible. The temperature was
increased from 20 to 950 �C at a heating rate of 10 �Cmin�1, and
the air ow rate during the experiment was maintained at
100 mL min�1.
Fig. 1 Schematic diagram of the experimental installation.

This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1 X-ray diffraction

XRD is an important tool to analyze the crystal structure and has
been widely used to investigate the physical structure of amor-
phous materials. Fig. 2 shows the X-ray diffraction patterns of
the coal samples and the tting curves of SL-Raw. The proles of
samples exhibited high background intensity, indicating that
the coal contains a proportion of highly disordered materials in
the form of amorphous carbon. The presence of the 002 peak at
20–30� was due to the spatial arrangement of the aromatic ring
carbon network layer and the distance between the aromatic
ring layers.32 The strong peak shape of the g band could be
attributed to the saturated structures of lipid and alicyclic
chains, which illustrated the presence of the rich alicyclic
structures in coal. The 100 peak at 43–45� is attributed to the
condensation degree of the aromatic ring and the size of the
aromatic carbon network layer.33 Origin-lab 8.5 soware was
used for “Gauss tting method” tting of the XRD patterns in
the 2q region of 5–70� (Fig. 2(b)). According to the Blagg and
Scherrer equation, the microcrystal structure parameters of coal
samples,34–37 including the interlayer space (d002), the lateral
size (La), the stacking height (Lc) and the degree of coalication
(P), could be calculated. The peak positions, intensity, area and
full width at half maxima (FWHM) obtained aer curve-tting
of the (g), (002) and (100) bands, and the calculated structural
parameters for all the samples were listed in Table 2. It was
shown that the interlayer spacing of each coal sample was
greater than that of the pure graphite (0.336–0.337 nm),35

indicating that the crystallinity of the coal samples are lower
than the pure graphite. The stack thickness (Lc), aromatic layer
size (La), number of aromatic layer (N) and the degree of coal-
ication (P) increased due to AOO treatment. However, the
interlayer spacing (d002) aer AOO was lower than that of SL-
Raw. Thus, these results indicated that AOO treatment
destroyed the degree of crystalline order of the coal. When AOO
temperature was 150–200 �C, the degree of coalication (P)
came to the maximal value. It was shown that the crystal
structure became more and more regular during the oxygen
oxidation process.
RSC Adv., 2017, 7, 19833–19840 | 19835
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Fig. 2 XRD patterns of the coal samples and the fitting curves of SL-Raw. (a) Experimental; (b) fitting.

Table 2 Crystalline structure parameters of the coal samples

Samples 2q(002)/� d002/nm Lc/nm La/nm P

SL-Raw 22.74 0.3745 0.7219 0.8851 0.3704
SL-RT 24.10 0.3690 0.7593 0.9377 0.4589
SL-150 25.99 0.3425 0.8684 1.0456 0.8857
SL-200 26.11 0.3410 0.8919 1.0548 0.9098
SL-250 24.89 0.3574 0.8071 0.9590 0.6457
SL-300 25.24 0.3525 0.8356 0.9657 0.7246
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In addition, Fig. 2 shows the XRD pattern for the AOO coal
samples at room temperature had an obvious peak of SiO2 with
the highest intense at 2q ¼ 26.56�. Aer AOO treatment at 150–
200 �C, the intensity of the SiO2 diffraction peak was greatly
weakened, and a strong Na2SiO3 diffraction peak appeared.
When the AOO treatment temperature increased to 250–300 �C,
the Na2SiO3 diffraction peak decreased, and 2q ¼ 24.23� (JCPDS
82-1574) of SiO2 generated. SEM-EDS analysis results showed
that different amounts of sodium existed on the surface of all
AOO samples under the temperature range studied, with the
lowest content for the AOO samples treated at 250–300 �C. XRD
patterns indicated that the sodium element existed in the form
of sodium silicate for the AOO samples. These results indicated
that the degree of crystalline order of the coal samples was
increased aer AOO at different temperatures, especially at 150
and 200 �C. It was speculated that the increase of the compo-
nents with lower reactivity in coal samples leading to the
increase of the degree of crystalline order of the coal samples.

3.2 Raman characterization

Raman spectroscopy analysis was performed in order to
improve the understanding of the microcrystalline structure of
coal samples treated by AOO at different temperatures. Fig. 3
showed that the Raman spectra of the coal samples and the
tting curves of SL-Raw. All the curves exhibited two broad and
overlapping peaks with maximal intensity at 1340–1380 cm�1

and 1580–1600 cm�1 which corresponded to the D and G bands
of disordered graphite, respectively.38 D peak and G peak rep-
resented the defect peak in coal (usually caused by the defects in
the plane and the vibration of the impurity atoms) and the large
19836 | RSC Adv., 2017, 7, 19833–19840
aromatic ring structure in coal. Raman spectra in the range
between 800–1800 cm�1 were curve-tted with the Origin 8.5
soware using 9 Gaussian bands.39,40 An example of Raman
spectral curve tting was shown in Fig. 3(b). The related results
were given in Table 3.

The ID/IG ratio represents the surface defect degree (disor-
dered carbon at the edge part) of the coal graphite.41–43 A
decrease in the ID/IG ratio normally occur with the increase of the
degree of graphitization. For the chars studied, the ID/IG ratios
decreased aer the AOO treatment at different temperatures.
Especially, the ID/IG value came to the lowest value when the
temperature of AOO was in the range of 150–200 �C. This result
indicated that the defect level in the coal samples treated by AOO
at different temperatures decreased, and the proportion of the
lattice defect structure also decreased. When the temperature of
AOO increased to 250–300 �C, the degree of defect of coal
samples increased, which was consistent with the results of XRD
characterization. The S bands represented sp3-rich structures
such as alkyl-aryl C–C structures and methyl carbon dangling to
an aromatic ring.44 The IS/IG ratio decreased aer the AOO
treatment at different temperatures. Aer the treatment of AOO,
the contents of the side chains on the aromatic nucleus
decreased, and it came to the lowest value when the temperature
of AOO fell in the range of 150–200 �C. The higher value of IGL/IG
ratio indicated higher content of carbonyl groups. Aer the
treatment of AOO, the content of carbonyl groups decreased,
indicating that certain substances containing –COOH groups
were exfoliated into the solution. The GR, VL and VR bands, i.e.
the ‘overlap’ between the G and D bands, represented the typical
structures in amorphous carbon materials, particularly the
relatively small aromatic ring systems having 3–5 benzene rings.
The higher value of ID/I(GR+VR+VL) ratio indicated the lower content
of –CH3 and –CH2 connected directly with benzene rings. The
data in Table 3 showed that the content of –CH3 and –CH2 linked
with aromatic rings was reduced by the AOO treatment. These
results showed that the number of aliphatic side chains on
aromatic nuclear and the contents of carbonyl groups
decreased, and the degree of crystalline order of the coal
samples increased aer AOO at different temperatures, and the
contents of the components with high reactivity decreased,
which was more obvious for the samples of SL-150 and SL-200.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Raman spectra of the coal samples and the fitting curves of SL-Raw (a) experimental; (b) fitting.

Table 3 Raman spectroscopic parameter of the coal samples

Samples ID/IG IS/IG IGL/IG ID/I(GR+VR+VL)

SL-Raw 0.8028 0.2322 0.2100 0.7210
SL-RT 0.7942 0.2204 0.1632 0.8017
SL-150 0.7418 0.1753 0.1073 0.8352
SL-200 0.7351 0.1625 0.1068 0.8277
SL-250 0.7618 0.1990 0.1123 0.8193
SL-300 0.7669 0.1912 0.1173 0.8102
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3.3 FT-IR spectra

The change of the functional groups in the process of AOO
treatment can be detected by the change of infrared spectrum.
Fig. 4 shows the FTIR spectrum of SL-Raw coal and AOO treated
coal samples at different temperatures. The results showed that
AOO at room temperature had no obvious inuences on the
functional groups, but AOO at higher temperatures had
a signicant effect on the functional groups. The FT-IR spectra
of all the samples exhibited a broad absorption band between
3800 cm�1 and 3200 cm�1 due to –OH and –NH groups.35 The
bands at ca. 2925 cm�1 and 2848 cm�1 were attributed to the
cycloalkanes or aliphatic –CH3 and –CH2 asymmetric and
Fig. 4 FT-IR spectra of the coal samples.

This journal is © The Royal Society of Chemistry 2017
symmetric stretching vibration.45 Aer the AOO at different
temperatures (150–300 �C), the absorption peak of 2925 cm�1,
2848 cm�1 decreased. Especially, the peak was almost dis-
appeared for the samples of SL-150 and SL-200. When the
temperature of AOO treatment rised to 250–300 �C, the
absorption peak of 2925 cm�1 and 2848 cm�1 appeared again.
The results showed that the content of aliphatic side chain was
reduced by AOO, and it came to the lowest value for the samples
of the SL-150 and SL-200. The band at ca. 1700 cm�1 was
attributed to the carbonyl (C]O) stretching vibration, and it
was generally believed that the absorption was caused by
–COOH.46 The weak absorption peak can be seen in SL-Raw and
SL-RT coal samples. And the peaks were almost invisible for the
AOO coal samples at higher temperatures. It was found that the
humic acids and other carboxyl compounds in coal could be
removed by AOO treatment at high temperatures.47 The broad
absorption band around 1600 cm�1 and 1580 cm�1 could be
assigned to the stretching vibration of C]C bonds in aromatic
structure.48 The deformation vibration of C–H in aliphatic
hydrocarbon at 1454 cm�1 disappeared with AOO treatment at
150–200 �C. The SL-Raw coals exhibited prominent bands in the
1030 cm�1 and 1100 cm�1 region due to Si–O–Si and Si–O–C
stretching vibration.49 Aer AOO treatment at room tempera-
ture, the peak had no obvious change. However, the two peaks
were weakened in the coal samples of AOO at 150–200 �C, but
appeared again in the AOO coal samples at 250–300 �C. It
showed that the AOO coal samples at room temperature had
little effect on the SiO2 in minerals. When the temperature of
AOO was improved to 150–200 �C, the peaks at 1100 cm�1 and
1030 cm�1 corresponding to SiO2 were weakened, which may
result from the reaction between SiO2 and NaOH to generate
Na2SiO3. When the temperature rose to 250–300 �C, the sodium
silicate hydrolysis reaction maybe occur (Na2SiO3 + 2H2O ¼
H2SiO3 + 2NaOH), and H2SiO3 decomposed into SiO2 (JCPDS 82-
1574) and H2O when being heated. Thus the absorption peak of
SiO2 (2q ¼ 24.23�, JCPDS 82-1574) appeared in the AOO coal
sample at 250–300 �C. The above results show that the benzene
ring skeleton structure had no obvious change, but the content
of the aliphatic side chains on aromatic nucleus and carboxyl
groups decreased aer AOO at different temperatures. When
the temperatures of AOO fell into the range of 150–200 �C, the
RSC Adv., 2017, 7, 19833–19840 | 19837
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Table 4 Relative contents of different C species in C1s from XPS
spectra

Carbon
Content/%
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content of the aliphatic side chains decreased to the lowest
level, and the carboxyl groups nearly disappeared, which proved
further that the components with high reactivity decreased for
the samples treated by AOO among 150–200 �C.
E/eV form SL-Raw SL-RT SL-150 SL-200 SL-250 SL-300

284.6 C–C/C–H 75.51 75.82 77.20 77.25 76.16 76.39
285.3 C*–C* 11.60 10.82 9.86 9.71 10.57 10.40
286.3 C–O 5.70 6.44 7.29 7.40 7.00 7.07
287.6 C]O 3.41 3.26 3.05 2.95 3.19 3.13
289.1 COO– 3.78 3.66 2.60 2.69 3.08 3.01
3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is an important tool to
analyze the coal structure and has been widely used to investi-
gate the surface structure of coal.50–53 Fig. 5 shows the XPS C1s
spectra of SL-Raw and AOO samples treated at different
temperatures. In order to obtain better insight into the effects of
AOO on the coal samples, curve tting was performed using
XPSPEAK4.1 soware. The C1s spectra demonstrated the pres-
ence of ve carbon species on the surface of coal samples, which
were aromatic units with their alkyl substituent groups (C–C/C–
H, 284.6 eV), vacancy defects on functional groups (C*–C*,
285.3 eV), hydroxyl or ether group (C–O–, 286.3 eV), carbonyl
(C]O, 287.6 eV), and carboxyl (COO–, 289.1 eV), respec-
tively.30,31,54,55 Table 4 summarized the relative amounts of
different C species on lignite surface.

The dominant component of all the samples studied was the
carbon in C–C and C–H bonds. The contents of C–C/C–Hhad no
obvious change aer AOO, indicating that the AOO treatment
did not alter the coal surface structure of benzene ring.
However, the content of vacancy defect C*–C* decreased. The
lowest amount of such groups was observed in the AOO coal
samples treated at 150–200 �C, which was consistent with the
results of Raman. The contents of C–O– in samples treated by
AOO were higher than that of SL-Raw, indicating that the
cycloalkanes or aliphatic –CH3 and –CH2 side chain was
oxidized due to AOO treatment. The content of COO– decreased
aer AOO treatment, especially for the coal samples SL-150 and
SL-200, which may be attributed to the removal of humic acids
and other acids from the coal samples in the process of AOO.
XPS results further revealed that the benzene skeleton struc-
tures on the surface of coal samples had no obvious change
aer AOO at different temperatures. The samples treated by
AOO within the temperature range of 150–200 �C gave the
lowest content of carboxyl groups, while the content of C–O
structure with better stability was relatively higher than that of
other samples.
Fig. 5 XPS spectra of C1s peaks of the coal samples and the fitting curv

19838 | RSC Adv., 2017, 7, 19833–19840
3.5 Combustion reaction performance

Fig. 6 shows the comparison of the results the xed bed
combustion and thermogravimetric analysis of SL-Raw and AOO
samples at different temperatures. As shown in Fig. 6(a), when
the raw coal was burned in the air, a large amount of CO2

generated at about 340 �C. The temperature had different effects
on combustion reaction parameters of coal samples. The
temperatures of CO2 release appeared at 200 �C and 640 �C for
SL-RT, and the peak intensity of the 640 �C was much greater
than that of 200 �C peak, which indicated that the CO2 was
mainly generated at about 640 �C of SL-RT. The temperatures of
CO2 release moved to the higher temperature range of 760–
770 �C when the AOO was conducted within the temperature
range of 150–200 �C, and there were only one CO2 generation
peak. When the AOO temperature was increased to 250–300 �C,
the temperatures of CO2 release was decreased, and there were
three CO2 generation peaks. The above experimental results
showed that the temperature of the coal sample combustion to
generate CO2 increased aer the AOO treatment. The experi-
mental results showed that AOO had an inerting or inhibiting
effect on the combustion of lignite, and the inerting extent
varied with the temperatures of AOO.With the AOO temperature
ranging from room temperature to 200 �C, the inerting effect of
lignite increased obviously. But when the AOO temperature
increased to 250 �C, the inerting effect became weaker.

TG curves in Fig. 6(b) showed that the weight loss for all coal
samples mainly appeared at 300 �C, and the weight loss rate of
raw coal was higher than that of other AOO samples. All the
AOO treatment at different temperatures could slow down the
weight loss rate of coal samples, and there were two obvious
es of SL-Raw (a) experimental; (b) fitting.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Comparison of the results of fixed bed combustion and thermogravimetric analysis of coal samples (a) fixed bed combustion curve; (b) TG
curve; (c) DTG curve; (d) fixed bed combustion curve, DTG, and TG of SL-200 sample.
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weight loss processes for AOO coal samples in range of 400–
500 �C and 700–800 �C, respectively. When AOO was conducted
within the temperature range of 150–200 �C, the samples ob-
tained gave the slowest rate of weight loss before 750 �C, and the
main combustion peak moved to the high temperature range
(Fig. 6(c)), existing a hysteresis on combustion. These results
indicated that the AOO treatment within the temperature range
of 150–200 �C could denitely decrease chemical oxidation
reactivity of the coal samples, resulting in the increasing of
combustion temperatures and decreasing in spontaneous
combustion tendency. Fig. 6(d) showed that the experimental
results on combustion in xed bed were consistent with those of
thermogravimetric analysis.

The ignition temperature can evaluate the spontaneous
combustion tendency of the coal samples directly. Therefore,
the ignition temperature of different coal samples were calcu-
lated using TG-DTGmethod.2,56 The ignition temperature of raw
coal was 310 �C, and the value increased to 406 �C for SL-RT
sample. The ignition temperature of AOO samples moved
from 310 �C for raw coal to 740–760 �C when the AOO was
conducted within the range of 150–200 �C. When the AOO
temperatures fell into the range of 250–300 �C, the ignition
temperature decreased to 410–440 �C, which was still higher
than that of raw coal and SL-RT.

4. Conclusion

The effects of AOO temperature on the microcrystalline struc-
ture and combustion properties of coal samples were
This journal is © The Royal Society of Chemistry 2017
comprehensively investigated. Aer the AOO pretreatment, the
benzene ring skeleton structures in lignite had no obvious
changes. However, the amounts of aliphatic side chains on
aromatic nucleus and the content of carbonyl functional groups
decreased. The size of the aromatic layer and the degree of order
increased. The effect was more obvious when the AOO
temperature fell the range of 150–200 �C. The combustion
reaction results indicated that the ignition temperatures of the
samples treated by AOO at room temperature was increased
from 310 �C (SL-Raw) to 406 �C (SL-RT). Thus AOO had an
inerting effect on the combustion of lignite. The inerting effect
of AOOwasmore obvious when the temperature of AOO fell into
150–200 �C, for which the ignition temperature greatly
increased from 310 �C (SL-Raw) to 740–760 �C. Further
increasing the AOO temperatures to 250–300 �C, the ignition
temperature of the samples decreased (410–440 �C), which was
still higher than that of SL-Raw and SL-RT. Therefore, AOO at
improved temperatures (150–200 �C) could effectively enhanced
the ignition temperature of lignite, and thus inhibit their
spontaneous combustion tendency, which may be benecial for
the utilization of lignite in industry.
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Diego and J. Adánez, Chem. Eng. J., 2012, 195, 91–102.

6 M. Z. Khan, D. H. Chun, J. Yoo, D. K. Sang, Y. J. Rhim,
H. K. Choi, J. Lim, S. Lee and A. Rifella, RSC Adv., 2015, 5,
63955–63963.

7 A. Tahmasebi, J. L. Yu, Y. N. Han, F. K. Yin, S. Bhattacharya
and D. Stokie, Energy Fuels, 2012, 26, 3651–3660.

8 M. Wang, X. Fan, X. Y. Wei, J. P. Cao, Y. P. Zhao, S. Z. Wang,
C. F. Wang and R. Y. Wang, Fuel, 2016, 183, 115–122.

9 B. K. Saikia, R. K. Boruah and P. K. Gogoi, J. Earth Syst. Sci.,
2007, 116, 575–579.

10 A. O. Odeh, Energy Fuels, 2015, 29, 2676–2684.
11 J. A. Orrego-Ruiz, R. Cabanzo and E. Mej́ıa-Ospino, Int. J.

Coal Geol., 2011, 85, 307–310.
12 Z. L. Song, L. S. Yao, C. M. Jing, X. Q. Zhao, W. L. Wang,

J. Sun, Y. P. Mao and C. Y. Ma, Ind. Eng. Chem. Res., 2016,
55, 3167–3176.

13 K. Baris, S. Kizgut and V. Didari, Fuel, 2012, 93, 423–432.
14 Y. M. Song, W. Feng, N. Li, Y. Li, K. D. Zhi, Y. Y. Teng,

R. X. He, H. C. Zhou and Q. S. Liu, Fuel, 2016, 183, 659–667.
15 J. Peuravuori, A. J. Simpson, B. Lam, P. Žbánková and
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