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Abstract: Yinggema lignite (YL) was pretreated with isometric acetone/carbon disulfide mixed
solvent to obtain the residue (RYL) and, then, RYL was separated by density difference with carbon
tetrachloride to obtain the light residue (LRYL). The flash pyrolysis performances of YL and LRYL were
analyzed by thermogravimetry–Fourier transform infrared spectrometer–Gas chromatography/mass
spectrometer (TG-FTIR-GC/MS). The results showed that solvent pretreatment could remove some
small molecules in the coal and swell the used coal, leading to the increase in pyrolysis reactivity.
The intensity and absorption peak area of C=O from LRYL were significantly reduced compared to
YL, resulting from the high hydrogen-donating ability of acetone. The main gaseous products of
both samples are H2O, CH4, CO2, and CO; the hydrocarbons detected by GC/MS in the pyrolysis
products of YL and LRYL at 450 ◦C were mainly alkanes, alkenes, and arenes, with the higher relative
contents of alkanes of 31.1% and 36.2%, followed by arenes of 27.1% and 22.6%, respectively. The
oxygen-containing compounds were mainly alcohols and phenols. It is speculated that the pretreated
coal could expose more oxygen-containing functional groups, facilitating their conversion to phenolic
hydroxyl groups during the pyrolysis process, resulting in more phenolic compounds.

Keywords: lignite; flash pyrolysis; solvent treatment; TG-FTIR-GC/MS

1. Introduction

Lignite is composed of similar but not identical molecular structures that are highly
cross-linked in three dimensions—a network of “basic structure unit”, mainly benzene
rings and naphthalene rings connected by bridge bonds [1,2]. There are also many small
compounds in coal, mostly derived from the original components of coal-forming plants,
which are mainly associated by noncovalent bonds, such as hydrogen bonds, van der Waals
force, and π–π interaction, and dispersed in the macromolecular network structure of coal.
Usually, by nondestructive means such as solvent pretreatment, the noncovalent bond and
weak covalent bond could be disrupted and weakened [3–5].

Solvent pretreatment is one of the most common methods to regulate the composition
and structure of coal. In the pretreatment process, the solvent first penetrates the macro-
molecular network of the coal, weakening the intermolecular force; then, it joins with the
soluble molecules and finally diffuses out through the pore structure of the coal [6,7]. And
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the pore structure was also changed. Various methods have been used to improve the
treatment effect [8,9]. Iino et al. [10] treated several raw coals with a CS2/NMP mixture
solvent at room temperature and the results of the characterization of the raw coals and
residues suggested that the chemical reaction between coal and solvent did not occur to
a significant extent during the pretreatment process. Cooke et al. [11] investigated the
pretreatment of Cretaceous bituminous coal by quinoline under ultrasonic radiation and
the results showed that at least 58% of the organic matter was mobile and could be extracted
from the coal without destroying any chemical bonds.

Pyrolysis of coal is a complex free-radical reaction involving the breaking and forma-
tion of chemical bonds and the process is closely related to the macromolecular network
structure of the coal. Xie et al. [12] performed a semiquantitative characterization of the
chemical structure of six coal samples with different ranks by infrared structure parameters
and the pyrolysis reactivity of the samples was quantitatively characterized by a compre-
hensive devolatilization index. The results showed that a well positive correlation was
established between the infrared structure parameter and the pyrolysis reactivity. Jiang
et al. [13] investigated the pyrolysis product distribution of Shenmu coal by a thermogravi-
metric analyzer coupled with Fourier transform infrared spectroscopy (TG-FTIR) and a
pyrolyzer coupled with gas chromatography/mass spectrometry (Py-GC/MS). The main
volatile species detected from TG-FTIR were CO2, CO, CH4, C2H4, aliphatic hydrocarbons,
light arenes, and other oxygen-containing compounds. According to the flash pyrolysis
results by Py-GC/MS, the volatile species could be divided into eleven species, including
alkenes, cycloalkenes, alkanes, cycloalkanes, arenes, phenols, ethers, ketones, alcohols,
N-containing species, and other species.

Pyrolysis is indeed an important step for coal conversion and an effective method for
the hierarchical utilization of coal. Pore structure, functional group, pyrolysis reactivity,
and kinetic parameters can be combined to develop a new model for the devolatilization
process to speculate on the pyrolysis mechanism and to predict the distribution of pyrolysis
products.

In our group, Yinggema lignite was subjected to thermal dissolution with cyclohexane
as the solvent at 160 ◦C under 4 MPa [14]. However, the infrared characteristics, thermal
conversion behavior, and pyrolysis products distribution of the coal were not investigated.
Based on previous work, in this study, Yinggema lignite (YL) was pretreated with a mixture
solvent to obtain the residue (LRYL). The composition and distribution of the flash pyroly-
sis products from YL and LRYL were analyzed by thermogravimetry–Fourier transform
infrared spectrometer–gas chromatography/mass spectrometer (TG-FTIR-GC/MS).

2. Experimental
2.1. Material

The coal sample used in this experiment was selected from the Yinggema coal mine in
Naomaohu, Hami, Xinjiang Uygur Autonomous Region, China, which is a typical low-rank
coal. The sample was pulverized to pass through a 200-mesh sieve (<74 µm) followed by
desiccation in a dryer at 105 ◦C for 12 h before use.

2.2. Preparation of LRYL

As shown in Figure 1, YL (10 g) was added to a conical flask with 200 mL of isometric
acetone/carbon disulfide mixed solvent (IMACDSMS) in it. The conical flask was placed in
an ultrasonic instrument at room temperature for 1.5 h. Then, the mixture in the flask was
filtered to obtain the liquid (EYL) and residue (RYL). RYL was further treated with 200 mL
of carbon tetrachloride under the condition of ultrasonication for 1 h; then, the mixture was
poured into a separatory funnel, standing for 0.5 h. Subsequently, layering appeared in the
funnel and the bottom precipitate (heavy residue) was removed in this step. The upper
mixture from the separatory funnel was filtered and the filter cake was dried at 105 ◦C for
12 h to obtain LRYL.
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Figure 1. Pretreatment process of Yinggema lignite.

2.3. Analysis Methods
2.3.1. Proximate and Ultimate Analyses

According to GB/T212-91 (China), moisture, ash, and volatile and fixed carbon from
the coal were analyzed in our laboratory. Vario EL III elemental analyzer was used to
analyze the relative content of the main organic elements in the sample.

2.3.2. FTIR Analysis

The structure characteristics of functional groups of the samples were analyzed by
EQUINOX-55 infrared spectrometer. The wavelength range was selected as 400–4000 cm−1,
with a resolution of 4 cm−1 and the wavenumber accuracy is 0.01 cm−1.

2.3.3. TG-DTG Analysis

An SDTQ-600 thermogravimetric analyzer was used to analyze the mass loss behavior
of each sample from room temperature to 1253 K at a heating rate of 10 K/min.

2.3.4. TG-FTIR-GC/MS Analysis

(1) TG analysis in the experiment. The test temperature was controlled at 40–800 ◦C, with
a heating rate of 20 ◦C/min, the purge gas flow rate was selected as 20 mL/min, and
a set of data was recorded every 6 s;

(2) FTIR analysis in the experiment (scanning range: 400–4000 cm−1, resolution: 4 cm−1).
Spectrum Omnic 8.2 was used for the recording and analysis of FTIR data, with which
the baseline can be automatically corrected and related information on volatile gases
can be analyzed synchronously;

(3) GC/MS analysis in the experiment (mass-to-charge ratio (m/z) range: ≥5, scan time:
1 s). Time-intensity data is recorded by mass spectrometry and TurboMass Ver6.1.2
software is used for processing and analysis. The results were affected by air in the
initial detection stage, so only stable data were selected. The ion flow diagram of the
required m/z signal was isolated from the total ion flow diagram and it was distributed
to corresponding gas species to obtain evolution information of the gas intensity.

3. Results and Discussion
3.1. Coal Analysis

Table 1 shows the proximate and ultimate analyses of YL and LRYL. It can be seen
that the moisture and ash contents of LRYL are 6.79% and 6.53%, reduced by 4.63% and
37.75%, compared to YL, respectively, which might be attributed to some of the inorganic
components or minerals in YL being removed by the solvent pretreatment process [15]. In
addition, the volatile yield of LRYL was reduced by 10.75%, suggesting that the treatment
by the mixture solvent could cause the small molecules in the coal to be dissolved, and
some intermolecular forces might be destroyed, leading to a reduction of volatile yield.
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Table 1. Proximate and ultimate analyses (wt %) of samples.

Sample
Proximate Analysis Ultimate Analysis

H/C O/C
Mad Aad Vad FCad

# C H N S O #

YL 7.12 10.49 49.20 33.19 71.89 5.17 0.88 0.74 21.32 0.86 0.22
LRYL 6.79 6.53 43.91 42.77 57.63 4.26 2.7 0.54 34.87 1.03 0.53

# By difference.

The results of the ultimate analysis show that the C and H contents of LRYL are
decreased, while the content of O element increases significantly, indicating that some of
the hydrocarbons in the coal were dissolved in the solvent pretreatment process, while the
oxygen-containing functional groups and bridge bonds were nearly not broken, resulting
in a relative increase in the O element.

3.2. FTIR Analysis
3.2.1. FTIR Profiles of the Samples

As presented in Figure 2, there is a large difference in the absorption peaks at
3436 cm−1, 2927 cm−1, 2847 cm−1, 1639 cm−1, 1109 cm−1, and 615 cm−1 for LRYL compared
to YL, indicating that solvent treatment can obviously change the peak profile of coal.
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The peak around 3436 cm−1 belonged to the –OH group. The increase in the intensity
of the absorption peak, including self-associated –OH and cyclic –OH (see Table 2) in LRYL,
suggests that the aromatic lamellae of LRYL are more ordered and the spatial arrangement
of the macromolecule structure, which is more compact [16].

The absorption peaks observed at 2847 cm−1 and 2927 cm−1 are attributed to the
asymmetric stretching vibrations of –CH3 and –CH2 in alkanes, respectively, and the peak
intensity of LRYL is weaker compared to YL, speculating that there is removal of some
small hydrocarbons during the pretreatment step.
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Table 2. Relative content of functional groups for the two samples.

Wavenumber (cm−1) Functional Group
Content (Area %)

YL LRYL

3600–3500 OH-π 1.3545 2.4973
3500–3350 Self-associated OH 9.3762 12.0334
3350–3260 OH-ether O 7.0370 9.4466
3260–3170 Cyclic OH 0.8577 1.5695
2950–2930 Asymmetric aliphatic –CH3 0.2727 0.3891
2930–2900 Asymmetric aliphatic –CH2 1.4897 1.2416
2900–2870 Aliphatic –CH 0.4657 0.1348
2870–2850 Symmetric aliphatic –CH2 0.9863 1.1413

1700 Carboxylic acids C=O 10.3221 1.6679
1650 Conjugated C=O 17.8629 3.9661

1600–1480 C=C in ARs 11.6004 9.9983
1480–1400 Asymmetric –CH3, –CH2 8.9035 5.1319
1400–1240 Symmetric –CH3 12.0257 9.2693
1240–1160 Phenols C–OH 8.0456 20.9652
1160–1090 Grease C–O 3.2081 14.5576
1090–1030 Alkyl ethers 3.9385 8.1450

900–860 Five adjacent H deformation (1H) 0.1110 0.1306
860–810 Four adjacent H deformation (2H) 0.7996 0.1693
810–750 Three adjacent H deformation 0.7713 0.2125
750–720 Two adjacent H deformation 0.5715 0.3327

The C=O absorption peak area and intensity at 1639 cm−1 of LRYL is significantly
lower, presumably due to the strong hydrogen donating ability of acetone, which might
destroy the C=O group. The peak intensity of the stretching vibration of -Si-O in LRYL, at
around 1109 cm−1, is stronger than that of YL, speculating that the substitution reaction,
like Si–OH=Si–O–M (M=Si or Al), might occur during the pretreatment process.

3.2.2. FTIR Semiquantitative Analysis

Due to the complexity of the coal structure, overlapping absorption peaks exist in
its infrared spectra, and the peaks are difficult to analyze directly. Therefore, reasonable
infrared structure parameters can represent the actual FTIR organic structure data [17]. In
this paper, the infrared spectra of the samples were fitted by Peakfit 4.12 software, and
a semiquantitative analysis was performed. The results were displayed in Figure 3 and
Table 2.
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According to Lambert–Beer law, the area of the absorption peak is proportional to
the content of the corresponding functional group, provided that both the concentration
and thickness of the coal samples are the same. Zhao et al. [18,19] calculated the infrared
structure parameters, such as Ia, Ib, and Ic, each of which is a ratio of specific absorption
peak area in the same sample, and the parameters can represent the relative content of
the corresponding functional group. The semiquantitative calculation formulars are listed
in Table 3 and the difference between the two samples for all the parameters is shown in
Figure 4.

Table 3. Semiquantitative calculation of FTIR spectra for YL and LRYL.

Index Index Calculation Assignment

Ia1 Acaboxyl/Atotal Carboxyl content
Ia2 Aphenolic hydroxyl/Atotal Phenolic hydroxyl content
Ia3 Acarboxyl/Aphenolic hydroxyl Relative change of carboxyl to phenolic hydroxyl
Ib1 Aaliphatic hydrogen/Atotal Aliphatic hydrogen content
Ib2 Aaromatic hydrogen/Atotal Aromatic hydrogen content
Ib3 Aaliphatic hydrogen/Aaromatic hydrogen Relative change of aliphatic to aromatic structure
Ic1 ACH2/ACH3 Length and branching degree of aliphatic side chain
Ic2 Aaromatic hydrogen/Aaromatic ring c=c Condensation degree of aromatic ring

Ic3 A1H and 2H/Aaromatic hydrogen

Proportion of the aromatic rings with high
substitution degree in the entire aromatic
ring system
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Figure 4. Distribution of the infrared structural parameters of the two samples (a) Changes of
carboxyl and phenolic hydroxyl groups; (b) Changes of aliphatic and aromatic hydrogen; (c) Changes
of internal characteristics of aliphatic and aromatic structures.

Ia1 and Ia2 are defined as the ratios of peak areas of the carboxyl and phenolic hydroxyl
groups to the total peak areas of all functional groups. Ia3 represents the relative content of
the carboxyl group to the phenolic hydroxyl group. As shown in Figure 4a, both Ia1 and
Ia3 of LRYL decrease obviously, while Ia2 increases significantly, indicating that the relative
content of the carboxyl groups decreased and the phenolic hydroxyl groups increased
after the solvent pretreatment process, indicating that the mixture solvent might attack the
C=O group and convert it into a C–O group, resulting in the increase of phenolic hydroxyl
groups.

Ib1 and Ib2 are defined as the ratios of aliphatic hydrogens and aromatic hydrogens
to the total peak areas of all functional groups and Ib3 represents the relative change
of aliphatic hydrogens to aromatic hydrogens. The value of Ib3 can be used to reveal
the distribution of the hydrogen element in the sample and is an important parameter
reflecting the aromaticity of the sample. As displayed in Figure 4b, the relative content
of aliphatic hydrogen and aromatic hydrogen in LRYL is reduced by 84.7% and 62.5%,
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respectively, indicating that solvent treatment affected the distribution of aliphatic and
aromatic hydrogens, with a stronger effect on aliphatic hydrogens.

Ic1 is defined as the ratio of the relative content of asymmetric –CH2 to –CH3 groups in
the aliphatic structure, representing the length of bridge bonds and aliphatic side chains. Ic2
is defined as the ratio of aromatic C–H to aromatic ring C=C, representing the abundance
of the hydrogen element in the aromatic structure. The higher the value, the lower the
number of substituents on the aromatic ring. Ic3 is defined as the ratio of the sum of two
isolated aromatic hydrogens (1H and 2H) to the total aromatic hydrogens, representing
the proportion of aromatic rings with high substitution in the overall aromatic rings. Ic1
reflects the distribution of the hydrogen element in the aliphatic structure, while Ic2 and Ic3
represent the degree of substitution in the aromatic rings from different perspectives. As
illustrated in Figure 4c, Ic1 and Ic2 decreased by 32.15% and 44.73% for LRYL compared to
YL, indicating that the distribution range of the hydrogen element in the aliphatic structure
increased and the degree of substitution of the aromatic rings increased.

3.3. TG-DTG Analysis

As illustrated in Figure 5a, the mass losses of YL and LRYL are 48.55% and 46.94%,
respectively, with a slight decrease in the mass loss of LRYL compared to YL. As shown in
Figure 5b, the difference in the maximum mass loss peak temperature between the two
samples is not significant (around 450 ◦C), indicating that the macromolecular network
structure of the coal was not damaged during the solvent treatment process.
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Figure 5. TG (a) and DTG (b) profiles of samples.

Before 180 ◦C, the mass loss was mainly due to the release of free water and part of
the bound water in the sample, as well as the volatilization of some physically adsorbed
small molecules. In the temperature region from 180 ◦C to 300 ◦C, some of the weaker
intermolecular forces in the sample were destroyed. In this stage, decarboxylation, the
release of higher boiling organic matter, and/or the removal of small molecules adsorbed in
the sample by capillary action, might take place. In addition, a pronounced mass loss rate
peak is observed at 210 ◦C for LRYL, suggesting that the solvent treatment might weaken
the intermolecular forces to some extent, resulting in the increase of the internal pore size of
the sample, enhancing the diffusion ability of the organic matter from the sample, making
it easier for the pyrolysis process.

The mass loss rate of both samples reached its maximum at around 450 ◦C and
the pyrolysis reaction of the two samples is violent at the temperature, with rapid mass
loss—the release of large amounts of volatile compounds. And the temperature region
around 450 ◦C is the main stage of the cracking reaction of the macromolecular structure
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in the two samples. Based on DTG data, pyrolysis characteristic parameters of the two
samples can be obtained, as shown in Table 4. The comprehensive devolatilization index
(D = [(dM/dT)max − (dM/dT)mean]/(Tmax − Ti − ∆T1/2)) was calculated for both samples
with reference to the literature [12]. The results present that the value of D of LRYL is higher
than that of YL, indicating better pyrolysis reactivity.

Table 4. Pyrolysis characteristic parameters of the two samples.

Sample Ti (◦C) Tf (◦C) Tmax (◦C) ∆T1/2 (◦C) (dM/dT)max (dM/dT)mean D

YL 200 700 450 67 −0.1815 −0.04812 1.44 × 10−9

LRYL 140 740 440 66 −0.1716 −0.04943 2.08 × 10−9

Ti: initial volatile release temperature; Tmax: the maximum volatile release rate temperature; Tf: the temperature at
the end of the main pyrolysis stage (Tf = 2Tmax − Ti); (dM/dt)max: the maximum volatile release rate; ∆T1/2: the
temperature interval corresponding to (dM/dt)/(dM/dt)max = 1/2; (dM/dt)mean: the mean volatile release rate.

In order to investigate the pyrolysis process of the two samples in detail, the DTG
profiles of the two samples were fitted by Peakfit software [20], and the results are displayed
in Figure 6 and Table 5. As shown in Figure 6, before 300 ◦C, the bound water in the coal
was released, and weak chemical bonds, with bond energy less than 150 kJ/mol, such as
carboxyl groups, were decomposed. The temperature range of 300–420 ◦C was mainly
attributed to the breakage of Cal–O, S–N, and S–S bonds, with bond energy in the range
of 150–230 kJ/mol. The rapid pyrolysis region of coal (420–550 ◦C) was dominated by the
release of large amounts of volatile organic compounds from the network of coal, including
the breaking of bonds, such as Cal–Cal, Cal–H, Cal–O, and Car–N in the samples with bond
energy in the range of 210–320 kJ/mol; simultaneously, the stabilization of macromolecular
fragments might occur and coal tar might be formed. The stage in the range of 550–650 ◦C
was mainly attributed to the breaking of Car–Cal, Car–O, S–N, and S–S bonds in the sample.
As the rate of tar cracking exceeds the rate of tar formation, the alkyl aromatic form of
tar was prone to cracking and small aromatic molecules containing C–C groups might be
produced. After 700 ◦C, the temperature region was defined as the slow condensation
stage, where the aromatic rings condensed to produce H2, and a small amount of CO was
also produced, derived from the reaction of coke and CO2.
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Table 5. Chemical bond assignment for DTG profile.

Temperature Range (◦C) Possible Origin Bond Energy (kJ·mol−1)

<300 Release of bonded water and decomposition of carboxylic acid <150
300–420 Breakage of bonds between Cal and O, S and N, and S–S 150–230
420–550 Breakage of bonds between Cal and Cal, H, O, and Car–N 210–320
550–650 Breakage of bonds between Car and Cal, O, and S 300–430
650–740 Decomposition of carbonates in coals to generate CO2 >400>700 Polycondensation of Aromatic rings to generate H2

3.4. TG-FTIR-GC/MS Test
3.4.1. TG-FTIR Profile

TG-FTIR diagrams of the pyrolysis products from the two samples are presented in
Figures 7 and 8. As shown in Figures 7a and 8a, both samples show many absorption
peaks in the 500–4000 cm−1 range, suggesting that there are many functional groups in the
products. Overall, compared to YL, the absorption peaks intensity of the pyrolysis products
from LRYL is significantly higher, which might be explained by the loose pore structure of
LRYL, facilitating the escape of a large amount of volatile organic compounds during the
pyrolysis process.

As illustrated in Figures 7b and 8b, the samples display weak peaks in the range
of 3500–4000 cm−1 at 450 ◦C, where the stretching vibration peak of –OH reflects the
release of hydroxyl-containing compounds such as H2O and alcohols. Absorption peaks
observed at 2800–3000 cm−1 are attributed to the stretching vibrations of –CH3 and –CH2,
demonstrating the release of aliphatic small organic compounds such as CH4 and C2H6.
The release of CH4 might originate from the cleavage of methoxy to produce free radicals
(CH2 or CH3) at higher temperature (CH2/CH3 + H→ CH4).
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Figure 7. TG-FITR diagram of YL (a) 3D infrared spectrum; (b) TG-FTIR spectrum for volatiles at
450 ◦C; (c) absorbance of volatiles with the increasing of temperature; and (d) yield of emissions from
the pyrolysis of YL.
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Figure 8. TG-FITR diagram of LRYL (a) 3D infrared spectrum; (b) TG-FTIR spectrum for volatiles at
450 ◦C; (c) absorbance of volatiles with the increasing of temperature; and (d) yield of emissions from
the pyrolysis of LRYL.

The maximum absorption intensity region for both samples is located at 2200–2400 cm−1,
which is associated with the release of CO2, mainly caused by the cleavage of the carboxyl
functional group and/or by the scission and detachment of the C–O bond. A weak ab-
sorption peak between 2000–2200 cm−1 is related to the release of CO, probably derived
from the cleavage of the carbonyl group. A distinct absorption peak that appeared in
the range 1600–1900 cm−1 might correspond to the C=O peak of aldehydes, ketones, and
organic acids. C-C skeleton vibration at 1450–1600 cm−1 is attributed to the aromatic ring.
And bending vibration at 1300–1400 cm−1 and stretching vibration at 1000–1200 cm−1

might, probably, be caused by aromatic ring structures containing hydroxyl groups; thus,
the identification of functional groups with both an aromatic ring and hydroxyl can be
performed. In addition, the absorption peak at 966 cm−1 was thought to be caused by
NH3 [21].

As demonstrated in Figures 7c and 8c, at pyrolysis temperatures of less than 200 ◦C,
there are clear absorption peaks of CH4, phenols, and C=O, which might be derived from
the release of CH4 adsorbed in the pore structure of the samples and the formation of small
amounts of phenolic compounds, as well as the decomposition of carboxylic acids. With the
increase of the pyrolysis temperature, at 400–600 ◦C, the release of C–O, C=O, –OH, acids,
phenols, and alcohols mainly occurred, indicating that this interval is the main pyrolysis
stage. Among them, the absorption peaks of CO2 and CH4 showed the maximum intensity.
The main absorption peaks between 600–800 ◦C were attributed to CO2 and CO, which
were most likely due to the secondary conversion of C=O and C-O-containing organics,
including chain breakage and reforming. Furthermore, the CO absorption peak was also
presumed to be the reaction of coke with CO2 (C + CO2 → 2CO) at a higher temperature.
In summary, the main gaseous products are H2O, CH4, CO2, and CO, as well as small
amounts of NH3 during the pyrolysis process of the two samples.
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3.4.2. Flash Pyrolysis Products Distribution (GC/MS Results)

Flash pyrolysis products from YL and LRYL at 450 ◦C were analyzed by TG-FTIR-
GC/MS test (Figures S1 and S2). The results showed that 55 organic compounds were
detected in the pyrolysis products from YL, and 53 from LRYL (Tables S1–S5). All the
compounds can be classified by their group composition into alkanes, alkenes, arenes,
oxygen-containing compounds, and other heteroatoms-containing compounds. And the
oxygen-containing organic compounds can be subdivided into alcohols, phenols, ketones,
ethers, and carboxylic acids.

Figure 9 presents the distribution of the relative content of each group composition
from the two coal samples. Hydrocarbons detected by GC/MS in the pyrolysis products
of YL and LRYL at 450 ◦C were mainly alkanes, alkenes, and arenes, with higher relative
contents of alkanes of 31.1% and 36.2%, followed by arenes of 27.1% and 22.6%, respec-
tively. The oxygen-containing compounds were mainly alcohols and phenols, with a small
difference in the relative content of alcohols and a large difference in phenols (17.6% and
22.1%, respectively), indicating that the process of solvent pretreatment might expose
more oxygen-containing groups and bridge bonds, facilitating their conversion to phenolic
hydroxyl groups during the pyrolysis process, resulting in more phenolic compounds.
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Figure 10 illustrates the possible mechanisms of bond breakage in coal pyrolysis. The
core of the basic structure unit of coal mainly consists of aromatic, hydrogenated aromatic,
alicyclic, and heterocyclic rings, with alkyl side chains and other small functional groups
located at the edges of the basic structure, and each group is connected to the rings by bridge
bonds to form the three-dimensional macromolecular network structure. The breakage of
chemical bonds and the decomposition of functional groups from coal can produce coke,
coal tar, and gaseous products [22,23]. The formation of H2O was associated with the
carboxyl and hydroxyl groups. The radical of ·H could be broken off from a carboxyl group
and react with ·OH in another carboxyl group to produce water. At a higher temperature,
·H can also react with ·OH in phenols or alcohols to produce water.

The formation of CO2 was also related to the decomposition of the carboxyl group. In
addition, a portion of CO2 was generated by the breakage of oxygen-containing groups
connected to the aromatic ring. While CO2 can form CO and H2O if it reacts with ·H, the
formation of CO was mainly derived from the decomposition of carbonyl groups and might
also be associated with the disproportionation of coke with CO2 at a higher temperature
(C + CO2 = 2CO).
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Moreover, CH3 can be formed by the breakage of –O–CH3 during pyrolysis, which
can react with H to form CH4. At a higher temperature, CH3 could also be formed by the
breakage of aliphatic C–C, and the CH3 could then react with ·H to form CH4. Of course,
small radical fragments can combine with ·H to form other stable gaseous hydrocarbons,
such as C2H6 and C3H8. On the other hand, the fragments of larger molecular weight
radicals generated by cleavage can combine with ·H to form tar. During this process, the
radicals generated by the breakage of aryl ethers and oxygen-containing bridge bonds
might react with ·H or·OH to form phenolic or alcoholic compounds.

Moreover, oxygen-containing groups and aliphatic side chains on the macromolecular
radicals can also be broken to form aliphatic and aromatic compounds. Undeniably,
aromatic groups and aliphatic groups can also react by rearrangement and condensation
to produce coal tar and semicoke with a larger molecular weight, while releasing ·H to
form H2.

4. Conclusions

Composition and structure characteristics and pyrolysis products distribution of
Yinggema lignite (YL) and its solvent-treated residue (LRYL) were analyzed by thermogra-
vimetry–Fourier transform infrared spectrometer–gas chromatography/mass spectrometer
(TG-FTIR-GC/MS). Solvent pretreatment could cause the small molecules in the coal to be
dissolved and cause some intermolecular forces to be weakened, leading to the Increase
of pyrolysis reactivity, while the macromolecular network structure of the coal was not
disrupted during the treatment. The main pyrolysis gaseous products from both samples
were H2O, CH4, CO2, and CO, and small amounts of NH3. For the flash pyrolysis products
at 450 ◦C, the detectable hydrocarbons by GC/MS were mainly alkanes, olefins, and
aromatics, and the tested oxygen-containing compounds were mainly alcohols and phenols.
Hence, the formation of pyrolysis products can be facilitated by the solvent pretreatment
process.

For sustainable development, we can use a solvent to treat coal. On the one hand,
the soluble portion can be obtained by the “extraction effect” and the process might be
strengthened by some methods, such as ultrasonic, microwave, ball milling, and so on,
and the solvent can also be recycled for reuse. On the other hand, by flash pyrolysis,
many chemicals will be produced from the solvent-treated coal, and the chemicals can
be separated or converted into high-valued products or intermediates. Thus, the long
production line, with high energy consumption and high carbon emissions, for the products
or intermediates, might be avoided in the future.
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