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Distribution of rapid pyrolysis products for Hami
lignite and its light residue

Wen-Long Mo, ©2 Ppej Liu,® Yan-Xiong Wang,® Gui-Han Zhao,® Ya-Ya Ma,*®
Xing Fan, ©2° Xian-Yong Wei ¢ and Akram Naeem ¢

Naomaohu lignite (NL) from Hami, Xinjiang, was ultrasonically extracted with a mixed solvent of CS, and

acetone (in equal volumes) to obtain the extract residue (ER). The ER was then separated based on
density differences with CCly to yield the corresponding light residue (NL-L). The composition and
structural characteristics of the light residue were characterized by proximate, ultimate, infrared, and
thermogravimetric analyses (TG-DTG). The difference in the distribution of pyrolysis products between
NL and NL-L was studied with rapid pyrolysis equipment (Py-GC/MS). The results showed that solvent

extraction and density difference can reduce moisture and increase volatile matter. The relative content

of oxygen-containing functional groups and aromatic functional groups in NL-L is greater than that in
NL. The weight loss profiles of the two samples are the same, and both reach their maximum rate of
weight loss at about 440 °C. It can be inferred that the process of ultrasonic extraction and density
difference has little impact on the macromolecular structure of the coal. Results from rapid pyrolysis
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showed that the organic compounds detected in the pyrolysis products of the two samples at 440 °C

were mainly aliphatic hydrocarbons and oxygen-containing compounds. The relative content of aliphatic
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1. Introduction

The conventional use of coal typically requires high tempera-
tures and pressures, which come with several disadvantages,
including the need for expensive equipment, low conversion
efficiency, limited added value, and the generation of signifi-
cant pollutants.” The current use of low-rank coal, characterized
by high pollution, low efficiency and limited added value should
be improved to achieve clean, efficient, and high-value added
utilization. Lignite is an important coal resource in China, but
its utilization is not high enough due to its high moisture and
ash content. Applying the method of solvent extraction to lignite
is expected to improve its resource utilization.>”

Due to the complex interactions within the coal's structure,
most organic compounds in coal are poorly soluble in common
organic solvents. Under appropriate conditions, the extractant
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hydrocarbons from NL-L was 11.64%, lower than that of NL, while the content of oxygen-containing
compounds was increased by 17.52%.

penetrates into the network structure of coal, destroying the
intermolecular forces, to separate out the soluble organic
matter in coal. The selection of different extractants will result
in differences between the extracted products and residues.? An
acetone/CS, mixed solvent can effectively extract some organics
in coal and swell its macromolecular network structure.>*
Another influence on extraction is the treatment method. Yu
et al."* found that ultrasonic/microwave-assisted extraction can
effectively improve the efficiency of the extraction of the soluble
organic matter in coal.”” In addition, CCl, is used for density
difference layering of the residue obtained from extraction,
which can remove heavy minerals that cannot be removed by
extraction to obtain a light residue.®

Zou et al.** used tetrahydrofuran (THF) to extract two low-
rank coals. It was found that, compared with raw coal, the gas
yield of the extract residue was higher during pyrolysis in N,
atmosphere, while the yield of coke was similar. In addition, the
relative content of phenols and mononuclear aromatics from
the residue is higher than that from raw coal, which might be
due to the increased activity of the O atoms in coal by extraction,
so that some of the O atoms could be converted into OH during
pyrolysis. Zhu et al.*® used the methods of pyridine extraction
and steam swelling to treat Naomaohu lignite and Hutubi soft
coal and studied the structure and pyrolysis behavior of the
corresponding residue. The results showed that the gas yield of
the residue by pyrolysis is higher than that from raw coal, while
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the tar yield from the residue is significantly reduced. The
extraction and swelling process also improved the porosity of
the coal. Tian et al.*® used a combined method of thermal reflux
extraction (with cyclohexanone (CYC) as solvent) and ultrasonic-
assisted extraction (with an NMP/CS, mixture as solvent) to
extract four demineralized coals with different ranks. The
results showed that relative contents of organic functional
groups, such as C-C, C=O0, and fatty hydrogen, in the four
residues decreased after removing soluble components.
Notably, existing studies focus primarily on the structure and
pyrolysis performance of the residues, with limited attention to
the specific distribution of pyrolysis products.

In this paper, Naomaohu lignite from Hami, Xinjiang, was
extracted under mild conditions with a CS,/acetone mixture as
the solvent to remove soluble organic matter. The residue was
then subjected to a density difference stratification treatment
with CCl, to remove the heavy components in the coal, yielding
a light residue. Unlike previous studies, focusing primarily on
residue structure and general pyrolysis behavior, this work
uniquely provides a quantitative analysis of the distribution of
rapid pyrolysis products for both raw coal and its light residue.
Infrared spectroscopy and thermogravimetry were used to study
the difference in composition and structure between the
residue and raw coal. Quantitative analysis of their rapid
pyrolysis products was carried out with the help of rapid
pyrolysis gas chromatography-mass spectrometry.

2. Experimental

2.1. Raw materials

The raw coal used in this experiment was obtained from Nao-
maohu coalfield in Hami, Xinjiang, China. Before the experi-
ments, the coal sample was pulverized to a particle size of less
than 200 mesh and dried naturally at room temperature for
24 h; the obtained sample was recorded as NL. Solvents used in
the experiment included acetone, carbon disulfide, and carbon
tetrachloride, all of which were analytically pure reagents
produced by Tianjin Yongsheng Fine Chemical Co., Ltd and
were refined with a rotary evaporator before use.

2.2. Preparation of light residue

15 g of the coal sample and 150 mL of the equal-volume mixed
solvent of acetone and carbon disulfide were placed in a 500 mL

L AC/
[sngL 300mL AC/CS,)

Fig. 1 Preparation process of NL-L.
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beaker at room temperature and subjected to ultrasonic treat-
ment for 30 min. The mixture in the beaker was filtered to
obtain the extract liquid and the corresponding residue, and the
residue was extracted 20 times until the collected extract liquid
was nearly colorless. The residue was then treated with 150 mL
of CCl, under ultrasonic conditions for 30 min. The resulting
mixture was transferred to a 250 mL separating funnel and
allowed to stand for 1 h, during which lamination was observed,
as shown in Fig. 1. The upper solid phase (containing a certain
amount of carbon tetrachloride) was extracted and washed with
CS,, and the light residue was obtained and recorded as NL-L.

2.3. Analysis methods

2.3.1. Proximate analysis. Moisture, ash, and volatile
matter from the coal and its light residue were tested according
to GB/T212-91, and the fixed carbon content of the two samples
was calculated accordingly.

2.3.2. Ultimate analysis. A Vairo ELcube element analyzer
was used to measure the relative content of C, H, N, and S
elements in the two samples, and the content of the O element
was calculated from the difference.

2.3.3. FTIR characterization. The functional groups of the
two samples were detected with a Fourier infrared spectrometer
(VERTEX 70 RAMI). First, one of the samples was dried under
vacuum for 10 h; then, it was fully mixed with KBr powder in
a mass ratio of 1:160, and the mixture was compressed. The
scanning resolution was set as 0.4 cm™ ', and the wavelength
range was set as 400-4000 cm ™" with a wavenumber accuracy of
0.01 cm™ .

2.3.4. Thermogravimetric analysis. The thermogravimetric
behavior of each sample was analyzed by heating it from room
temperature to 1000 °C at a rate of 10 °C min ™" under a nitrogen
atmosphere using a thermogravimetric analyzer (SDTQ-600).

2.3.5. Py-GC/MS analysis. From pyrolysis chromatography-
mass spectrometry technology, it can be concluded that the
sample is instantly pyrolyzed at high temperature under an
inert atmosphere, and the chemical bonds of the sample are
broken, resulting in the formation of low-molecular-weight
volatile compounds. These cracked gas components are sepa-
rated by gas chromatography and subsequently analyzed by
a mass spectrometer to obtain their chromatograms. Qualita-
tive and quantitative analyses of the components can be carried
out with the mass spectra of each fragment peak on the

Light residue

————>|Heavy residue
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chromatograms. In this paper, Naomaohu coal and its light
residue were tested by Py-GC/MS at 440 °C.

3. Results and discussion

3.1. Proximate and ultimate analyses

It can be seen from Table 1 that Naomaohu lignite presents
a higher moisture and ash content, with 39.81% volatile matter.
Compared with NL, the ash content of NL-L had decreased by
44.57%, indicating that some minerals in the coal had been
removed during the extraction process. While the volatile
matter of NL-L was 16.45% higher than that of NL, which might
be because the intermolecular force in the coal might be
destroyed, and some less volatile components could also be
released.” Additionally, the rapid decrease in moisture might
be derived from the extraction and density difference separation
processes with AC/CS, and CCly, in which the molecules of H,O
were dissolved by the solvents used.

It can also be seen from Table 1 that, compared with NL, the
content of C in NL-L increases. This part of C mainly comes
from volatile matter and fixed carbon, which is consistent with
the increase in fixed carbon and volatile matter in the proximate
analysis. The O content and O/C ratio in NL-L are lower than
those in NL, indicating that some compounds with oxygen-
containing functional groups might be extracted during
solvent extraction. The H/C atomic ratio of NL-L decreases,
indicating that the mixed extractant of carbon disulfide and
acetone shows a significant dissolution effect on compounds

Table 1 Proximate and ultimate analyses of the coal samples
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with a high H/C ratio, such as aliphatic and aromatic
compounds in coal."®

3.2. FTIR analysis

Fourier transform infrared spectroscopy (FTIR) was employed
to characterize NL and its light residue (NL-L), and the results
are shown in Fig. 2. According to the functional groups of the
two samples, four types can be observed: hydroxyl, aliphatic,
oxygen-containing, and aromatic-ring groups.

Peaks in the range of 3600-3000 cm™ ' correspond to the
stretching vibration of the hydroxyl hydrogen bond, and the
peak shape is wider because several hydroxyl hydrogen bonds
can be found in the coal. For NL-L, the intensity of the C=0
absorption peak at 1700 cm ™" had increased slightly, indicating
that some compounds with oxygen-containing functional
groups in NL-L might be exposed after solvent extraction.
Absorption peaks at 1300-900 cm ' are assigned to the
stretching vibration of single bonds, such as C-C, C-O and C-N,
and the deformation vibration of hydrogen-containing groups,
such as C-H and O-H.

From Fig. 2, the FTIR profile of NL-L is not significantly
different from that of NL in the characteristic absorption peak
range (900-700 cm ') of aromatic functional groups. It can also
be seen that the trends in the FTIR spectra of NL and NL-L are
similar, and only a slight difference in the intensity of each
absorption peak can be found, indicating that the ultrasonic
extraction process under room temperature did not cause
obvious damage to the macromolecular structure of the coal.*

Sample Proximate analysis (wt%) Ultimate analysis (Wt%) Mol ratio

Mg Aad Vad FCaa C H N S o H/C o/C
NL 12.69 8.66 39.81 38.84 61.75 4.91 1.16 0.31 >31.87 0.95 0.39
NL-L 5.07 4.80 46.36 43.77 63.94 4.87 1.21 0.37 >29.61 0.91 0.35

“ ad: air dry basis; a: by difference.
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Fig. 2 FTIR spectra of NL and NL-L.
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3.3. FTIR semi-quantitative analysis

According to Fig. 2, the infrared absorption spectra of the two
samples can be divided into four regions to discuss the change
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Fig. 3 FTIR peak-fitting profiles of NL and NL-L.
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in the relative content of each functional group. Peak fitting was
performed for each absorption peak of the two samples, and the
results are shown in Fig. 3. The corresponding functional group
attribution and proportion of peak area are shown in Table 2.
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Table 2 Relative content of each functional group in NL and NL-L
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Area percentage (%)

Number Band range per cm Functional group NL NL-L Increasing rate (%)
1 3600-3500 OH-7 11.98 6.66 —44.41
2 3500-3350 Self-associated OH 35.23 22.36 —36.53
3 3350-3260 OH-ether 20.77 39.92 92.20
4 3260-3170 Cyclic-OH 23.72 27.29 15.05

5 3170-3000 OH-N 8.30 3.76 —54.70
6 2950-2930 Aliphatic-CHj3 12.52 12.28 —-1.92
7 2930-2900 Asymmetric aliphatic-CH, 44.11 43.61 —1.13
8 2900-2870 Aliphatic-CH 13.68 13.46 —-1.61
9 2870-2850 Symmetric aliphatic-CH, 29.69 30.64 3.20
10 1800-1700 Carboxylic C=0 12.57 14.43 14.80
11 1700-1600 Conjugated C=0 16.01 16.52 3.19
12 1570-1480 Aromatic C=C 22.54 19.77 —12.29
13 1480-1400 Asymmetric CH;~, CH, ™ 9.24 11.76 27.27
14 1400-1240 Symmetric deformation-CHj, 21.84 18.87 —13.60
15 1240-1160 C-O phenols 12.91 15.04 16.50
16 1160-1090 Grease C-O 4.32 3.61 —16.44
17 1090-1030 Alkyl ethers 0.57 — —

18 900-860 Five adjacent H deformation 5.74 6.42 11.85
19 860-810 Four adjacent H deformations 38.25 34.30 —10.33
20 810-750 Three adjacent H deformations 45.06 55.38 22.90
21 750-720 Two adjacent H deformations 10.95 3.89 —64.47

In the range of 3600-3000 cm ™', after the ultrasonic extrac-
tion—delamination treatment of NL, the relative content of OH-
7, self-associated OH and OH-N hydrogen bonds decreased
significantly by 44.41%, 36.53%, and 54.70%, respectively. The
relative content of cyclic -OH hydrogen bonds increased by
15.05%, while the relative content of OH-ether hydrogen bonds
increased significantly, with an increase of 92.20%. At the
vibration absorption peak of aliphatic functional groups at
around 3000-2800 cm ™', the relative contents of CH;, CH, and
CH in NL-L are slightly lower than those in NL, where CH, is
dominant.

For the peak of oxygen-containing functional groups at
around 1800-1000 cm™’, the relative content of C=0 from
carboxylic acid in NL-L increased by 14.80%. The relative
content of aromatic C=C decreased by 12.29%, which might be

100
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Fig.4 TG and DTG curves of NL and NL-L.
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due to the strong extraction effect of carbon disulfide on
aromatic-ring-containing compounds in NL.* In the range of
900-700 cm ™' of aromatic-ring peaks, benzene ring trisubsti-
tuted groups are dominant in NL and NL-L, and the relative
content of benzene ring trisubstituted groups in NL-L is
increased by 22.90%.

3.4. TG-DTG analysis

The weight loss behavior of NL and its light residue (NL-L) was
tested by the thermogravimetry method under the condition of
pure nitrogen. The weight loss profile (TG) and weight loss rate
curve (DTG) of each sample are shown in Fig. 4.

Both TG profiles show that the trends in weight loss of NL
and NL-L are essentially similar. Up to 260 °C, the drying and
degassing stages occur. At this point, the weight loss rate of NL

-0.20+

'0-25 T T T
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Temperature (°C)

T
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is higher than that of NL-L, which might result from NL con-
taining more water (12.69%). The temperature range of 320-
650 °C is assigned to the main thermal decomposition stage. In
this region, there is an obvious weight loss rate peak for each

View Article Online
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sample, due to the cracking of its macromolecular skeleton.
Additionally, the final weight losses of NL and NL-L are 47.08%
and 46.30%, respectively, indicating that there is little differ-
ence in weight loss between the two samples.

251 : .

22 23 24

25 26 27

Retention time (min)

Fig. 5 Total ion chromatogram of NL.
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It can be seen from the DTG profile that up to 200 °C, NL and
NL-L show the first weight loss rate peak at 60 °C, because the
free water in the coal is vaporized by heating, and the gas
adsorbed in the coal pores is also discharged.” As the
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Paper

temperature exceeds 200 °C, a decarboxylation reaction occurs,
and CO, may be present in the product gas. In other words, the
drying and degassing processes were nearly complete between
room temperature to 260 °C. When the temperature rises to
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Fig. 6 Total ion chromatogram of NL-L.
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Fig. 7 Relative content of group components from NL and NL-L (A: N-alkanes; B: branched alkanes; C: cyclanes; D: olefins; E: arenes; F: acids;
G: alcohols; H: esters; I: phenols; J: N-containing compounds; K: others).

440 °C, the weight loss rates of both coal samples reach their
maximum, indicating that this temperature range represents
the most violent stage during coal pyrolysis, during which
a large amount of volatile matter escapes, and coal tar and
pyrolysis gas are simultaneously produced.?*** Above 600 °C,
condensation reactions may occur, leading to the reformation
of the aromatic-ring structure. Semicoke begins to form, and tar
precipitation decreases, and a small amount of condensed
small molecules might be generated.

3.5. Py-GC/MS analysis

Fig. S1 shows the original total ion flow chromatograms of the
rapid pyrolysis products of NL and NL-L at 440 °C. A retention
time of 2-27 min is selected for analysis. The results are shown
in Fig. 5 (NL) and 6 (NL-L). The detected compounds are clas-
sified into 11 groups, and the results are shown in Tables S1-
S11 and Fig. 7. There are 57 compounds that can be detected in
NL pyrolysis products, mainly including alkanes, olefins,
aromatics, alcohols, and esters, and the content of alkanes and
olefins is as high as 64.45%. Among them, there are 21 kinds of
alkanes, most of which are normal alkanes, as well as 15 kinds
of olefins, eight kinds of aromatic hydrocarbons, four kinds of
alcohols and five kinds of esters (Tables S1-S11). A total of 45
compounds can be detected in NL-L pyrolysis products, and the
relative content of alkanes and olefins is as high as 52.81%, and
the rest of the compounds are mostly esters and phenols.>*>”
It can be seen from Fig. 7 that, after solvent extraction-
delamination treatment, the relative content of normal alkanes
from NL-L decreases, while the content of branched alkanes

© 2025 The Author(s). Published by the Royal Society of Chemistry

increases significantly, indicating that the treatment method
can improve the added value of coal pyrolysis products in terms
of alkane compounds.?® The olefin content from NL-L decreases
significantly from 22.64% to 9.19%, which might be due to the
high solubility of olefin compounds in an acetone/carbon di-
sulfide mixed solvent.” It can also be seen from Fig. 7 that the
content of alcohols from NL-L decreases from 4.47% to 0.95%.
It is speculated that acetone has high solubility for alcohols.*®

Compared to NL, the content of arenes from NL-L decreases
from 7.33% to 1.56%, and the content of phenols increases
sharply from 5.55% to 27.39%. The reason might be that the
method of ultrasonic extraction could improve the activity of
oxygen atoms in the coal. During the rapid pyrolysis process,
some oxygen atoms were converted to OH, which could attack
the benzene ring to form phenolic compounds.**** Meanwhile,
after solvent extraction, the oxygen-containing compounds in
the pyrolysis products of NL-L were increased, consistent with
the FTIR results showing an increase in oxygen-containing
functional groups.*'*>

4. Conclusions

In this work, Naomaohu lignite was extracted to obtain its light
residue. The TG profiles of Naomaohu lignite and its light
residue are essentially the same, and both reach the maximum
rate of weight loss at about 440 °C. At this temperature, the
distributions of rapid pyrolysis products of the two samples
show that the products are composed mainly of aliphatic
hydrocarbons and oxygenates, and the relative content of

RSC Adv, 2025, 15, 32232-32241 | 32239
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alkanes and olefins is dominant in the aliphatic hydrocarbons.
After solvent extraction-delamination treatment, the relative
content of aliphatic hydrocarbons from NL-L by pyrolysis
decreases, in which n-alkanes and olefins decrease significantly.
In addition, the content of oxygenates increases to a certain
extent, and the increase in phenolic compounds is more
obvious, which might be related to the increase in activity of O
atoms in the light residue caused by the extraction process.
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and NL-L in Table S11. See DOI: https://doi.org/10.1039/
d5ra03915k.
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