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To ensure the safe transportation and efficient utilisation of lignite, it is important to inhibit its spontaneous
combustion. In this study, Shengli lignite (SL*) was used as the research object and ionic liquids (ILs) were
used to pretreat the lignite to investigate their effect on the combustion performance of lignite. On this
basis, the relationship between the structure and combustion performance of lignite with different
structures (heat treatment, oxidation) after ILs treatment was investigated. Results indicated that the
combustion of lignite treated with ILs shifted towards higher temperatures. The most pronounced effect
was observed in coal samples treated with [BMIMICL (1-butyl-3-methylimidazolium chloride), with the
maximum combustion rate corresponding to a temperature increase of approximately 57 °C compared
to that of the untreated lignite. For the heat-treated lignite, the temperature corresponding to the
maximum combustion rate was approximately 38 °C higher than that of the untreated lignite. After
[BMIMICL treatment, the combustion performance of the heat-treated lignite changed very slightly. In
contrast, for oxidised lignite, the temperature corresponding to the maximum combustion rate
decreased by approximately 54 °C compared with that of the untreated lignite and increased by
approximately 135 °C after treatment with [BMIMICL. The characterisation results show that the content
of aliphatic hydrogen and oxygen-containing functional groups decreased in the heat-treated lignite,
while the content of hydroxyl and carboxyl groups increased in the oxidised lignite. The microstructure
of the heat-treated lignite after [BMIM]CL treatment changed slightly. In contrast, in the oxidised lignite
after [BMIMICI treatment, the content of hydroxyl and carboxyl groups decreased, whereas the content
of ether (C-O-) structures increased. The increased content of ether (C—O-) structures improved the
stability of the coal samples. It is believed that the inhibition of lignite combustion is mainly attributed to
the high stability of the ether (C-O-) structures. The kinetic analysis demonstrated that the ILs treatment
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during transportation and storage, significantly hindering its
effective utilisation. Additionally, gases such as CO, CO,, SO,
and NO,, which are produced by the spontaneous combustion

1 Introduction

Coal remains the main energy source in many countries, such

as China, India and the USA. As China is rich in coal but has
limited oil and natural gas resources, China's energy sources
are expected to still be dominated by coal in the future, with
a large proportion of the reserves originating from low-order
coal, such as lignite."” Lignite is a mixture of organic three-
dimensional network macromolecules, inorganic minerals
and various types of active groups.>* Due to its low degree of
coalification and high reactivity, lignite can be used for power
generation and for the production of various products.
However, its high moisture content, low calorific value and
proneness to spontaneous combustion pose safety hazards
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of lignite, have adverse effects on the environment.® There-
fore, inhibiting the spontaneous combustion of lignite is
crucial.

The spontaneous combustion of lignite is a complex process
involving physical and chemical reactions between the active
functional groups in coal and oxygen. The different structural
compositions of lignite, such as alkyl, aryl, carbonyl, carboxyl,
hydroxyl and other functional groups, affect the reactivity and
stability of coal in the air, some of which are more active in coal
oxidation, triggering a series of exothermic reactions. There-
fore, these functional groups mainly determine the sponta-
neous combustion tendency of coal.*” With the increase in the
coal rank, the microcrystalline structure can affect the sponta-
neous combustion tendency and low-temperature oxidation
ability of coal.® The small molecule structures in the side chains
of coal are easily oxidised, and the hydroxyl and carboxyl groups

RSC Adv, 2023, 13, 23669-23681 | 23669


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra03976e&domain=pdf&date_stamp=2023-08-07
http://orcid.org/0009-0007-8784-7536
http://orcid.org/0000-0002-9137-4694
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03976e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013034

Open Access Article. Published on 07 August 2023. Downloaded on 6/20/2026 2:10:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

are key factors the affect the spontaneous combustion of
coal.”® Acid treatment can increase the pore volume and
porosity of coal, which enhances the adsorption of oxygen on
coal and accelerates oxidation at low temperatures."* For
example, heat treatment can considerably reduce the volatile
content in lignite and start to remove oxygen-containing func-
tional groups at approximately 300 °C."> Treatment with H,O,
can also break weak covalent bonds in lignite and introduce
oxygen-containing functional groups.™ This treatment method
greatly affects the structure of lignite, thereby affecting its
oxidation process, in which more active functional groups
further trigger spontaneous combustion.

At present, various techniques have been reported to
suppress the spontaneous combustion of coal, such as
inertness, cooling and inhibition techniques.'*** Inert tech-
nology mainly dilutes or expels air in the space above coal the
seam through the diffusion of inert gas or the expansion of
inert foam, which reduces oxygen supply during combustion
and minimises the frequency of coal-oxygen contact, thus
inhibiting spontaneous combustion. However, this tech-
nology requires an airtight space, resulting in high costs.'®"”
Cooling technology mainly uses gel inhibitors and jet grout-
ing to inhibit coal combustion. However, gel inhibitors
release large amounts of ammonia during the gelation
process, which poses a safety risk to industry personnel.
Furthermore, most slurry inhibitors still have problems such
as poor fluidity and blockage of transmission pipelines.'®"’
Inhibition technology has been widely promoted worldwide
due to its simple process, wide source of raw materials and
low cost.”*** It mainly uses inhibitors to accelerate the
adsorption of water on the coal surface and prevent oxygen
from contacting the active centre of the coal surface to inhibit
the spontaneous combustion of lignite. For example, treating
lignite with halogen salt inhibitors can increase the adsorbed
water and retain it on the surface to prevent spontaneous
combustion.”® However, due to the fluidity of air and water,
the inhibiting time of this inhibitor is not long, and contin-
uous inhibition of spontaneous combustion has poor effi-
cacy.”® Sodium phosphate, ammonium salts, antioxidants
and other inhibitors can be used to interact with the active
groups on the lignite surface to reduce the number of active
groups or inhibit free radical reactions. However, these
inhibitors do not consider the changes in the functional
groups in coal based on its structural diversity. Moreover,
these inhibitors have the disadvantages of poor high-
temperature resistance, easy loss and the potential to
produce toxic and harmful gases.”® Therefore, appropriate
inhibitors should be selected to develop effective methods to
reduce the spontaneous combustion of lignite.

Ionic liquids (ILs) are a type of green solvent with the
characteristics of easy recovery, good solubility and high
thermal stability. Additionally, ILs can be used to reduce the
active groups in the molecular structure of coal, thereby
inhibiting the oxidation of coal.>®*” Some ILs can decompose
the coal structure, or their functional groups can react with
groups in the coal structure. For example, the oxygen-
containing functional groups in [AOEmim]" and [HOEmim]"
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can form complexes with some groups in coal to form
carboxyl groups.”® Furthermore, quaternary ammonium ILs
can react with hydrogen bonds and m-cations in dissolved
asphaltene.” Zhang et al.*® observed the variation law of
hydrogen bonds during the low temperature oxidation of coal
before and after the treatment of ILs (([EMIm]BF, and [BMIm]
BF,). They found that ILs have a certain inert effect on the
reactivity of hydrogen bonds in coal. Imidazolium-based ILs
can destroy active structures in lignite, particularly hydroxyl-
conjugated hydrogen bonds and oxygen-containing func-
tional groups, and increase the initial temperature of the
exothermic oxidation reaction.***? Additionally, imidazole ILs
can promote the formation of -COOH in bituminous coal
with good recyclability.**** Deng et al.** noted that imidazole
ILs can destroy the C=O structure in coal more effectively
than ILs without imidazole, thereby reducing the thermal
reactivity of coal. Furthermore, the length of the alkyl chain in
imidazole ILs is proportional to imidazole ILs solubility.*® For
example, ILs with side chain [BMIM]" have better solubility
than those with side chain [AMIM]". ILs with the same side
chain and different anions exhibit different solubility in coal.
For example, ILs with side chain [BMIM]" exhibit higher
solubility of [Cl]” than [BF,] .*”*® Song et al.* treated Xin-
jiang lignite with four imidazole ILs of the same chain
([BMIM]"). The results showed that compared with the other
three ILs, [BMIM][BF,] can destroy the hydroxyl functional
groups in coal more effectively and achieve flame-retarding
properties. Xie et al.*® investigated the effect of a composite
solvent composed of acid and ILs on the functional groups of
coal. It was found that the content of hydroxyl groups on the
surface of coal increased after treatment with sodium dodecyl
sulphate and the content of aliphatic structures in coal was
effectively reduced.

The above literature suggests that treatment with ILs can
modify the content of active groups in coal, delay the oxidation
of coal and increase the ignition temperature of coal. However,
the relationship between specific organic structural changes in
coal and combustion performance during ILs treatment is still
unclear. Therefore, it is necessary to understand the relation-
ship between the structural transformation characteristics of
lignite treated with ILs and its combustion reaction perfor-
mance, which is helpful in developing better methods to control
the spontaneous combustion of lignite.

This study focuses on lignite and uses various ILs, such as 1-
butyl-3-methylimidazolium chloride ([BMIM]CI), 1-allyl-3-
methylimidazolium chloride ([AMIM]C]) and 1-butyl-3-
methylimidazolium acetate ([BMIM]Ac), to pretreat lignite
under the same conditions. Their effects on the combustion
performance of lignite are then investigated. On this basis, this
study investigates the relation between the structural and
combustion performance of lignite with different structures
(heat treatment, oxidation) after ILs treatment. Furthermore,
the kinetics of the combustion of coal samples is analysed. The
research results provide a reference for suppressing the spon-
taneous combustion of lignite and ensuring its safe and effi-
cient use.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental section

2.1 Experiment reagent

Air (Oy: 20.94%, Ny: 78.09%, Ar: 0.93% and CO,: 0.033%) and
nitrogen were obtained from Beijing Analytical Instrument
Company. Hydrochloric acid (analytically pure, 38% wt%) was
purchased from Tianjin Yongsheng Superfine Chemical
Industry Co., Ltd. Hydrogen peroxide (analytically pure) was
purchased from Tianjin FengChuan Chemical Reagent Tech-
nology Co., Ltd. The ILs (99.99%) were purchased from Lanzhou
Aolike Chemical Co., Ltd. All chemical reagents were used
directly without further purification.

2.2 Preparation of the coal samples

The experimental coal was obtained from the Shengli Coalfield
in Xilingol, Inner Mongolia, and is referred to as Shengli lignite
(SL). The SL was sieved and crushed to 0.075-0.150 mm, dried at
105 °C for 5 h and sealed and stored for future use.

Hydrochloric acid was used to remove minerals from SL. SL
was mixed with hydrochloric acid (18.5%) in a ratio of 1 g to
10 mL and stirred at room temperature for 10 h. Then, the
supernatant was filtered and washed with distilled water until
the AgNO; test was negative for Cl™. The resulting sample was
dried at 105 °C for 4 h and labelled as SL".

The proximate and ultimate analyses of the samples are
listed in Table 1. Compared with SL, SL after pickling (SL") has
an ash content that is 65.8% lower, fixed carbon content
increased and oxygen content decreased.

SL" was mixed with ILs [BMIM]CI, [AMIM]CI and [BMIM]Ac
(see Table 2 for structural information) in a mass ratio of 1:2
and stirred for 8 h. Then, the sample was filtered and washed
with distilled water until the filtrate was neutral. The coal
samples were dried under vacuum at 80 °C for 48 h and cooled
to room temperature. The resulting coal samples were labelled
as SL'-[BMIM]CI, SL"-[AMIM]CI and SL'-[BMIM]Ac.

For the preparation of the heat-treated coal samples, a certain
amount of SL" was weighed and placed in a reaction tube. Under
a nitrogen atmosphere, the coal samples were heated from room
temperature to 150 °C at a heating rate of 3 °C min ', and
a constant temperature was maintained for 1 h to remove mois-
ture from the samples. Then, the temperature was increased to
220 °C at a heating rate of 10 °C min . To prevent the termina-
tion temperature from being too high due to the rapid heating
rate, the temperature was raised to the selected temperature at
a heating rate of 3 °C min . After cooling to room temperature,

Table 1 Proximate analysis and ultimate analyses of Shengli lignite®

Proximate analysis

(Wt%) Ultimate analysis (Wt%, d)
Samples A4 Vq FCq C H N S o*
SL 11.81 42.05 46.14 60.46 3.60 0.79 1.37 33.78
SL* 4.07 40.25 55.68 65.18 3.80 0.82 1.30 28.90

¢ d-dry basis; A-ash, V-volatile and Fe-fixed carbon; * by difference.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the coal samples were removed, weighed, sealed and stored for
future use. The coal samples were labelled as SL'-T (where T
represents the selected temperature).

The oxidised coal samples were prepared through hydrogen
peroxide oxidation.** The preparation process was as follows:
SL' and hydrogen peroxide were mixed in a ratio of 1 g to 1 mL
in an ice-water bath and stirred at a speed of 300 rpm for 12 h.
Then, the sample was filtered and washed with distilled water
until the filtrate was neutral, and the filter cake was dried in
a vacuum drying oven at 60 °C for 15 h. The oxidised coal
samples were sealed and stored for future use and labelled as
SL*-H,0,.

The SL*-T and SL'-H,0, samples obtained earlier were
treated with [BMIM]CI using the same method described for
treating SL', and the processed samples were labelled as SL*-T-
[BMIM]CI and SL'-H,0,-[BMIM]CI, respectively.

2.3 Characterisation of the coal samples

2.3.1 Fourier transform infrared spectrometer (FTIR). A
Fourier transform infrared (FTIR) spectrometer (Nicolet NEXUS
670) was used to analyse the infrared spectrum of the coal
samples. The samples were scanned at a resolution of 4 cm ™' in
the range of 650-4000 cm ™. The collected infrared spectral data
were mapped and Gaussian fitting was performed to determine
the changes in the main functional groups of lignite during the
ILs treatment. Meanwhile, the parameters of the infrared
spectrum were calculated using the peak area of the fitted curve,
namely the aliphatic structure parameter A_cy,-)/Acu,) and the
aromatic structure parameter H,,/H,.**

The aliphatic structural parameter A(_cp,)/A(cu, Was used to
characterise the length of the aliphatic chains and degree of
branching aliphatic side-chains, which can be determined
using eqn (1).*>*

A cn, Ao, = A927+2850) A(2957+2880) (1)

where A92742850) a0d A(2957+2850) are the area of the -CH,- and -
CHj stretching vibration peaks, respectively. As the A_cu,-/A-
cn,) ratio increases, the aliphatic chains of the aromatic rings
increase. In contrast, a lower A_cn,-)/Acu, ratio indicates
a more compact structure between the aromatic rings.

The apparent aromaticity of coal was characterised by the
parameter calculated using eqn (2).**

H/Hy = A900-700) A (3000-2800) (2)

where Aggo-700) is the area in the 900-700 cm™! range, which

represents the content of aromatic hydrogen; Azogo-2500) is the
area in the 3000-2800 cm ' range, which represents the content
of aliphatic hydrogen. As the H,/H, ratio increases, the
aromatic content and stability of the coal structure increase.
2.3.2 X-ray photoelectron spectroscopy (XPS). The chemical
elements on the surface of the samples were characterised via X-
ray photoelectron spectroscopy (XPS) (PHI-5400, Thermo-Fisher,
USA). The vacuum degree was set to 3 x 10”7 Pa, while the
power was set to 200 W. The scanning area was 300 x 300 pm, and
the test data were corrected with C1s (284.6 eV) as the standard.
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Chemical name Abbreviated name

Molecular formula Structural formula

1-Butyl-3-methylimidazolium chloride [BMIM]C1
1-Allyl-3-methylimidazolium chlorides [AMIM]CI
1-Butyl-3-methylimidazole acetate [BMIM]Ac

For the corrected XPS energy spectrum data, XPSPEAK 4.1 soft-
ware was used to perform the peaking fitting of the XPS Cls
spectrum of the coal samples to determine the changes in the
content of carbon oxygen bonding structures of lignite during ILs
treatment.

2.4 Combustion characteristics and kinetic analysis

A thermogravimetric analyser (China Hengjiu HCT-4) was used
to test the combustion performance of the coal samples. The
experimental steps were as follows: 15-20 mg of the coal
samples were placed in an Al,O; crucible and heated from room
temperature to 700 °C at a heating rate of 10 °C min™" in air
atmosphere with a gas flow rate of 100 mL min~'. The
comprehensive combustion index S of the coal samples was
calculated based on the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves.”” S reflects the combustion
performance of the coal samples, and a higher S value indicates
better combustion performance. The calculation formula for S
is as follows:

g = (A/d) i (dx/dD) ey,
B T T,

(3)

where (dx/df)max is the maximum mass loss rate, (dx/dt)mean iS
the average mass loss rate, 7; is the ignition temperature and T}
is the burnout temperature.

The kinetic calculation of the coal samples in the combus-
tion process was performed using the Coats-Redfern integral
method,*®* which is widely used in the determination of lignite
thermodynamics. The apparent activation energy E of the
combustion reaction calculated using this method was used to
measure the reactivity of the coal samples. The kinetic equation
of the combustion process can be expressed as follows:

% — dexp (—R—ET) (1-a) (4)

In the non-isothermal combustion experiment, assuming
that the heating rate of the reaction is 8, T = T, + 8¢, where T is
the starting temperature of the experiment and « is the
conversion rate. To facilitate comparison and calculation, the
combustion reaction is considered as a first-order reaction (n =
1). After integral transformation, the following equation can be
obtained:
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The apparent activation energy E and finger front factor A
can be calculated by fitting the slope and intercept of the line
obtained by plotting In[—In(1 — «)/T%] as the vertical coordinate
and 1/T as the horizontal coordinate.

3 Results and discussion

3.1 ILs treatment of lignite

3.1.1 Combustion characteristics. Fig. 1 presents the
combustion performance curves of the SL* and coal samples
treated with different ILs. It can be seen that the weight loss at
temperatures below 200 °C was caused by the evaporation of
water in the coal samples and the desorption of small-
molecule gases,* with SL* exhibiting the largest weight loss.
The weight loss of the coal samples after ILs treatment was
considerably reduced, with coal samples treated with [BMIM]
Cl exhibiting the lowest weight loss. The weight loss after
200 °C was caused by the combustion of volatiles and fixed
carbon in the coal samples. The weight loss rate of the SL" and
coal samples treated with [BMIM]Ac was higher, while that of
the coal samples treated with [BMIM]CIl and [AMIM]CI was
lower. In the main combustion zone of 300-600 °C, the
combustion rate of SL* was the highest, while that of the coal
samples treated with [BMIM]CI was the lowest. The combus-
tion rates of the other treated coal samples were between
those of SL™ and the samples treated with [BMIM]CL. The DTG
curves demonstrated that compared with that of SL', the
maximum combustion rate of the ILs-treated coal samples
decreased to varying degrees, and the temperature corre-
sponding to the maximum combustion rate increased to
varying degrees. The temperature corresponding to the
maximum combustion rate of the coal samples treated with
[BMIM]CI was increased by approximately 57 °C, indicating
that ILs treatment inhibited the combustion of the coal
samples. Based on the above results, it could be seen that the
inhibition effect of ILs on the combustion reaction of lignite
was mainly attributed to the interaction of the ILs with the
active functional groups in lignite.*®** Moreover, the differ-
ence in the inhibition performance of different ILs on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Combustion performance curves of SL* and coal samples treated with different ILs: (a) TG (25-300 °C); (b) TG (300-700 °C); (c) DTG.

combustion reaction of lignite was ascribed to the length of
its side chain and the types of anions.?®*

The combustion parameters calculated based on the
combustion performance curves are presented in Table 3.
Compared with SL*, the ILs-treated coal samples exhibited
a significant decrease in the combustion rate, an increase in the
ignition temperature T; and temperature corresponding to the
maximum combustion rate T,,, and a decrease in the combus-
tion index S. These results indicate that ILs treatment can
improve the stability of coal samples. The flame retardant effect
of the different ILs followed the order [BMIM]CI > [AMIM]CI >
[BMIM]Ac. When anion (Cl~) was the same, the flame retardant
effect of side chain [BMIM]" was superior to that of [AMIM]".
When the cationic side chain ([BMIM]) was the same, the
inhibitory effect of anion Cl~ was superior to that of Ac™.

3.1.2 Characterisation analysis

3.1.2.1 FTIR analysis. To understand the changes in the
functional groups of the coal samples treated with ILs, the FTIR
spectra of the above samples were analysed. Fig. 2 presents the
FTIR spectra of SL* and coal samples treated with different ILs. It
can be seen from Fig. 2(a) that the infrared spectra of SL" and the
ILs-treated coal samples maintained the same shape and peak
position, indicating that the main functional groups of the coal
samples did not change significantly after ILs treatment. However,
some characteristic peaks of the coal samples after ILs treatment,
such as the characteristic peak intensity of hydroxyl groups with
a wave number of approximately 3400 cm ™" and the ~-CH,- and -
CH; groups in the range of 3000-2800 cm ™', were weakened.
Moreover, the ILs-treated coal samples exhibited obvious ether (C-

0-) structural characteristic peaks at a wave number of 1160 cm ™.

To compare the differences in the microstructure of coal
samples treated with different ILs, the FTIR spectra of the coal
samples were divided into three regions hydrogen bond,
aliphatic hydrogen and oxygen-containing functional groups for
Gaussian fitting.** The fitting diagram is presented in Fig. 2(b),
while the fitting results are presented in Fig. 2(c) and (d).
Fig. 2(c) displays the content of each oxygen-containing group
calculated by fitting the peak area of the curve. It can be
observed that the content of hydroxyl and carboxyl groups in the
coal samples decreased to a certain extent after ILs treatment,
while the content of ether (C-O-) structures increased, indi-
cating that ILs treatment promoted the conversion of hydroxyl
or carboxyl groups to ether structures. [BMIM]CI played a more
significant role in promoting the formation of ether structures.
Fig. 2(d) displays a fitting parameter diagram. The aliphatic side
chain length A_cu,/A_cn, of the ILs-treated coal samples
decreased, and the ratio of aromatic hydrogen to aliphatic
hydrogen H,./H, increased, indicating that ILs treatment
reduced the content of aliphatic C-H in the coal samples,
increased the content of aromatic hydrogen and improved the
structural stability of the coal samples. When the anion (Cl")
was the same, [BMIM]" promoted the formation of ether
structures in the coal samples more effectively than [AMIM]",
which was related to the length of the side chains.*> When the
cationic side chain ([BMIM]") was the same, ILs containing Cl~
promoted the formation of ether structures in the coal samples
more effectively than ILs containing Ac™, possibly due to the
smaller size of CI™ and its stronger electronegativity, allowing it
to be more efficiently distributed in the pores of coal and firmly
attached to the surface of coal to prevent coal combustion.>***

Table 3 Combustion parameters of SL* and the coal samples treated with different ILs*

S x
Samples T; (°C) Tm (°C) DTG pax (% min™") 1077 (%> min > °C?)
SL* 353 419 —11.29 2.66
SL'-[BMIM]CI 393 476 —6.57 1.32
SL'-[AMIM]CI 378 443 ~7.18 1.46
SL'-[BMIM]Ac 368 432 —8.35 2.11

¢ T;, ignition temperature; Ty, temperature corresponding to the maximum combustion rate; DTG .y, maximum weight loss rate; S, combustion

index.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 FTIR spectra of SL* and the coal samples treated with different ILs: (a) full spectrum; (b) fitting diagram; (c) content of oxygen-containing

groups; (d) fitting parameters.

3.1.2.2 XPS analysis. Fig. 3 presents the Cls spectra of SL"
and the coal samples treated with different ILs. To obtain
detailed information on the surface of the coal samples treated
with SL" and ILs, XPSPEAK 4.1 software was used to perform
peak fitting on the C1s spectra of the coal samples. According to
the literature,®*° there are five forms of C1s on the surface of
coal samples: aromatic units and their substituted alkanes C-C/
C-H (284.6 €eV), vacancy defects on functional groups C*-C*
(285.3 eV), ether-based C-O- (286.4 eV), carbonyl-based C=0
(287.6 eV) and carboxyl-based COO- (289.1 eV). Fig. 3(b) pres-
ents a fitting schematic diagram using SL" as an example, while
Fig. 3(c) displays the fitting results of all surface C1s of coal
samples. Fig. 3(c) demonstrates that the content of C-C/C-H
and COO- on the surface of the coal samples after ILs treatment
decreased, while the C-O- content increased, especially in SL'-
[BMIM]CI, where the C-O- content had the largest increase.

Because C-O- is a stable carbon-oxygen structure in coal,”” the
content of C-O- in coal samples treated with [BMIM]CI was
relatively high, indicating that [BMIM]Cl more effectively
promoted the formation of ether structures. This finding is
consistent with the FTIR characterisation results and the
combustion performance of the coal samples.

3.2 Treatment of lignite with different structures using ILs

The results presented in Section 3.1 indicate that ILs can alter the
microstructure of lignite by promoting the conversion of hydroxyl
and carboxyl groups into ether-like structures, thereby reducing
the content of active groups and inhibiting the combustion of
lignite. To further investigate the relation between the micro-
structural changes and combustion performance of lignite treated
with ILs, different structures of lignite (heat-treated at 300 °C [SL'-
300] and treated by H,0, oxidation [SL"-H,0,]) were examined.

a ——sSL"
- Cumullatlve Fit Peak C-C/C-H
base line

Intensity(a.u.)
Intensity(a.u.)

SL*-[BMIM|C1
SL*-[AMIM|CI
SL*-[BMIM]Ac

292 290 288 286 284 282 202 200 288

Binding Energy(eV)

Binding Energy(eV)

286 284 282 20 40 60 80 100
Content(%)

Fig. 3 XPS spectra of SL* and the coal samples treated with different ILs: (a) Cls spectra; (b) fitting diagram; (c) fitting results.
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The treatment was performed using [BMIM]C], which had
a stronger inhibition effect, and the combustion performance of
the [BMIM]Cl-treated lignite was investigated using a thermogra-
vimetric analyser. The microstructural changes of the [BMIM]|CI-
treated lignite were analysed using characterisation methods,
and the mechanism of inhibiting the spontaneous combustion of
lignite was analysed based on changes in the kinetic parameters
during the combustion process.

3.2.1 Combustion characteristics. Fig. 4 presents the
combustion performance curves of SL'-300, SL'-H,0, and
their [BMIM]Cl-treated coal samples. As illustrated in Fig. 4(a)
and (b), heat treatment at 300 °C caused the combustion
curve of SL" to shift towards higher temperatures, with the
temperature corresponding to its maximum combustion rate
being higher than that of SL" by approximately 38 °C. After
treatment with [BMIM]CI, the temperature corresponding to
the maximum combustion rate of SL'-300 did not change
significantly compared to that of the heat-treated coal
samples. In contrast, the H,0, oxidation treatment caused
the combustion curve of the coal samples to shift towards
lower temperatures, and the temperature corresponding to its
maximum combustion rate was approximately 54 °C lower
than that of SL'. After [BMIM]CI treatment, the temperature
corresponding to SL'-H,0,-[BMIM]C] maximum combustion
rate was approximately 81 °C and 135 °C higher than that of
SL" and SL'-H,0,, respectively. Based on the above results, it
could be seen that due to the structural differences between
the heat-treated and oxidised coal samples, the combustion
reaction performances of the two coal samples was signifi-
cantly different. In the ILs treatment process, the [BMIM]CI
had different effects on the active functional groups of the two
lignite treated coals, resulting in a large difference in their
inhibition effects of the combustion reaction, where the
combustion reaction performance of oxidized coal samples
was considerably inhibited.
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The combustion parameters calculated based on the curve
in Fig. 4 are presented in Fig. 5. The results in Fig. 5(a) indi-
cate that the T; of the coal sample heat-treated at 300 °C was
higher than that of SL', and the Ty, corresponding to the
maximum combustion rate was higher than that of SL'.
Furthermore, the weight loss rate decreased, which indicated
that the combustible active structures in the coal samples
decreased after heat treatment. The characteristic tempera-
ture changes of the coal samples after [BMIM]|CI treatment
were not significant. Fig. 5(b) indicates that the T; and Ty, of
the coal samples treated with H,O0, were much lower than
those of SL', indicating that the combustible active structures
in the coal sample increased after oxidation. After [BMIM]CI
treatment, the characteristic temperatures of the coal
samples were significantly increased and the weight loss rate
was greatly reduced, which illustrated the considerable
reduction in the flammable active structure in the oxidised
coal samples. The variation in the combustion index S in
Fig. 5(b) further illustrates the differences in the combustion
performance of lignite with different structures treated with
[BMIM]CL

3.2.2 FTIR analysis. Fig. 6 presents the FTIR spectra of SL'-
300, SL'-H,0, and their [BMIM]Cl-treated coal samples. This
figure demonstrates that the hydroxyl and carboxyl groups of the
SL*-300 coal samples as well as the absorption peak intensities of -
CH,- and -CH; weakened. However, after treatment with [BMIM]
Cl, the functional groups in the coal sample exhibited little
change. The absorption peaks of the hydroxyl strength of the SL'-
H,0, coal sample slightly increased, while the absorption peaks of
strength of -CH,- and -CH; decreased, and the absorption peaks
of strength of carboxyl at 1700 cm ™" increased. The absorption
peaks of hydroxyl, -CH,- and -CH; decreased after [BMIM]|CI
treatment. Although the carboxyl absorption peak did not appear
to change considerably, a distinct characteristic peak of the ether
structure C-O- appeared at a wave number of 1160 cm™". The
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Fig.4 TG/DTG curves of lignite with different structures before and after treatment with [BMIMICL: (a and b) heat treatment; (c and d) oxidation

treatment.
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Fig. 5 Combustion parameters of lignite with different structures before and after [BMIMICI treatment.

appearance of the ether structure increased the stability of the coal
samples, making them more difficult to fracture during their
oxidation process, leading to an increase in the temperature cor-
responding to the maximum combustion rate.

The FTIR spectra of lignite with different structures before
and after [BMIM]CI treatment were fit, and the content of
each oxygen-containing group and the fitting parameters were
obtained, as illustrated in Fig. 6(b) and (c), respectively. As
illustrated in Fig. 6, the content of hydroxyl and carboxyl
groups in the coal sample decreased after heat treatment,
indicating that heat treatment removed some -OH and
caused the decomposition of some -COOH. However, after
H,0, oxidation treatment, the content of hydroxyl and
carboxyl groups increased, which was due to the fact that
H,0, oxidised some of the aliphatic side chains directly
connected to the aromatic ring. After treatment with [BMIM]
Cl, the content of various functional groups in the heat-
treated coal samples did not change considerably, whereas
the content of the hydroxyl and carboxyl groups in the H,O,-
treated coal samples decreased, indicating that [BMIM]CI
treatment reduced the content of oxygen-containing groups
in the coal. As the content of active groups in the coal samples
of heat-treated was extremely less, the [BMIM]CI treatment
had less influence on the groups in the coal samples. In
contrast, as the content of active groups in the oxidised coal
samples increased, [BMIM]CI] treatment had a stronger

influence on the active groups in the coal samples and the
content of active groups was considerably reduced.

The content of ether (C-O-) structures increased slightly in
the heat-treated coal samples, whereas it decreased in the oxi-
dised coal samples. After [BMIM]CI treatment, there was no
significant change in the content of ether (C-O-) structures in
the heat-treated coal samples; however, there was a significant
increase in the content of ether (C-O-) structures in the oxi-
dised coal samples. This indicates that [BMIM]CI promoted the
formation of ether (C-O-) structures in the oxidised coal
samples, which in turn increased the stability of the coal
samples. The above results indicate that the content of ether (C-
O-) structures in coal samples treated with [BMIM]CI was
closely related to their structure. Oxidised coal samples con-
tained more oxygen-containing functional groups, while heat-
treated coal samples contained fewer oxygen-containing func-
tional groups. Different results were obtained for SL'-H,0, and
SL"-300 after [BMIM]CI treatment. Furthermore, treatment with
[BMIM]CI promoted the conversion of hydroxyl and carboxyl
groups into ether (C-O-) structures.

Fig. 6(c) indicates that for the heat-treated coal samples, A
cn,)/Acn,) decreased while H,,/H, increased. For the oxidised
coal samples, A cu,/Acn, also decreased while H,/Hj
slightly decreased. After treatment with [BMIM]CI, there was
little change in A_cu, /A cus) and H,/Hy of the heat-treated
coal samples. However, for the oxidised coal samples, A(_cp,)/
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Fig. 6 FTIR spectra of lignite with different structures before and after [BMIM]CL treatment: (a) full spectrum diagram; (b) oxygen-containing

group content; (c) fitting parameters.
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A(_cn,) slightly decreased while H,/H, significantly increased,
indicating that ILs treatment increased the content of aromatic
hydrogen and enhanced the stability of the coal.

3.2.3 XPS analysis. Fig. 7(a) and (b) present the XPS C1s
spectra and fitting results, respectively, of SL*-300, SL'-H,0,
and the coal samples treated with [BMIM]CL. As illustrated in
the figure, compared with SL*, SL*-300 exhibited a decrease in
the content of carboxyl COO- and an increase in the content
of ether (C-O-) structures, indicating that heat treatment
improved the stability of the coal samples. In SL*-H,0,, the
content of carboxyl COO- increased, whereas that of ether (C-
O-) structures decreased, indicating that oxidation treatment
increased the content of active functional groups in the coal
samples. After treatment with [BMIM]|CI, the content of
carbon groups in the heat-treated coal samples remained
basically constant. In contrast, in the oxidised coal samples,
the COO- content decreased while the content of ether (C-O-)
structures increased, suggesting that the stability of the oxi-
dised coal samples was greatly improved by treatment with
[BMIM]CI. In oxidised coal samples treated with [BMIM]CI,
the maximum combustion rate occurred at a temperature
approximately 135 °C higher than that of the oxidised coal
samples.

In summary, the microstructural changes of coal samples
with different structures during [BMIM]C] treatment were
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Fig. 8 Linear fitting diagram of the coal samples obtained using the
Coats—Redfern integration method.

© 2023 The Author(s). Published by the Royal Society of Chemistry

closely related to the amount of -OH and COO- content in the
coal. It is believed that [BMIM]CI can convert some -OH and
COO- in coal into ether (C-O-) structures.

3.2.4 Kinetic analysis. Fig. 8 presented the linear fit of the
coal samples to the combustion stage (300-600 °C) obtained
using the Coats-Redfern integration method. The correlation
coefficients of the fitted curves for the coal samples were all
within the range of 0.991-0.997. The kinetic parameters of the
coal samples calculated on the basis of Fig. 8 are presented in
Table 4. Compared to lignite, the heat-treated coal samples
had a higher activation energy, while the oxidised coal
samples had a lower activation energy, indicating a signifi-
cant difference in the combustion performance of lignite with
different structures. After [BMIM]CI treatment, the activation
energy of the heat-treated coal samples did not change
considerably, whereas that of the oxidised coal samples
increased considerably, which is consistent with the results
presented in Fig. 4 and 5.

3.2.5 Mechanism analysis. The above results indicate that
the formation of ether-like (C-O-) structures increased the
stability of lignite and inhibited its combustion. Lignite
treated with different ILs forms an ether (C-O-) structure,
which can improve the stability of lignite and inhibit its
combustion of lignite to varying degrees. The order of the
inhibition effect is as follows: [BMIM]CI > [AMIM]CI > [BMIM]
Ac. On this basis, [BMIM]CI was further used to treat lignite
with different structures (heat treatment, oxidation treat-
ment). Because the heat-treated coal sample contained fewer
oxygen containing functional groups and the oxidised coal

Table 4 Kinetic parameters of lignite with different structures before
and after treatment with [BMIMI]CL

Temperature
Samples range (°C) E(kJmol™) A(min™") R
SL* 391-456 69.79 1.64 x 10*  0.997
SL*-300 385-464 89.71 2.19 x 10°  0.991
SL*-300{BMIM|C] ~ 388-465 89.82 1.93 x 10°  0.993
SL*-H,0, 372-442 43.83 8.50 x 10  0.995
SL+-H202-[BMIM]C1 398-486 114.08 6.43 x 107 0.992
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sample contained more oxygen containing functional groups,
the [BMIM]CI treatment process had different effects on the
structure and combustion reaction performance of both types
of samples, with a lesser effect on the heat-treated coal
samples and a greater effect on the oxidised coal samples.
Based on the results of this study and the complex structure of
lignite samples, a possible correlation between the combus-
tion performance and structure of lignite treated with ILs was
proposed, as illustrated in Fig. 9. The relative amount of ether
(C-0O-) structures affected the inhibition of lignite combus-
tion. The heat-treated coal samples contained fewer oxygen-
containing functional groups, and their structures did not
change significantly after ILs treatment. In contrast, oxidised
coal samples contained more oxygen-containing functional
groups, and more ether (C-O-) structures were formed after
ILs treatment. The stability of the ether (C-O-) structures
increased the temperature corresponding to the maximum
combustion rate of lignite.

4 Conclusions

The effect of ILs treatment on the microstructure and
combustion performance of SL' was investigated, and the
following conclusions were drawn:

(1) Treatment with ILs shifted the combustion temperature
of lignite towards higher temperature, and the effect of [BMIM]
Cl treatment was more pronounced. The temperature corre-
sponding to the maximum combustion rate was approximately
57 °C higher than that of the untreated lignite. [BMIM]CI had
little effect on the combustion reactivity of the heat-treated
lignite but had a significant effect on the combustion reac-
tivity of oxidised lignite.

(2) ILs treatment promoted the transformation of hydroxyl,
carboxyl and other oxygen-containing functional groups in
lignite to ether (C-O-) structures, and the increase in the
content of ether (C-O-) structures improved the stability of the
coal sample, hence, the temperature corresponding to the
maximum combustion reaction rate of lignite moved to the
high temperature region.

23678 | RSC Adv, 2023, 13, 23669-2368]1

(3) The oxygen-containing functional groups such as
hydroxyl and carboxyl groups in heat treated lignite decreased,
whereas those in oxidised lignite increased. [BMIM]CI treat-
ment significantly increased the content of ether (C-O-) struc-
tures in oxidised lignite, which improved its stability.

The results of this study have practical significance for
inhibiting the spontaneous combustion of lignite in real situ-
ations and thereby promoting its safe and effective utilisation.
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