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ABSTRACT: The composition and content of heavy tar vary significantly depending on the pyrolysis conditions and separation
methods. This study aimed to effectively identify the main components and content of heavy coal tar and provide a theoretical basis
for its subsequent utilization. To achieve this, simulated distillation and infrared spectrum analysis of heavy coal tar were conducted
with a focus on understanding the impact of simulated distillation on the composition and structure of tar. The results showed that
the fraction content in the tar underwent significant changes after simulated distillation at different temperatures. Specifically, the
content of light oil decreased from 4.3 to 0.1%, while the asphalt content increased from 77.6 to 90.6%. Infrared spectrum and peak
fitting revealed that the distilled coal tars exhibited similar characteristic peaks in regions associated with hydroxyl, aliphatic
hydrocarbon, oxygen-containing functional group, and aromatic hydrocarbon structure. Based on the infrared spectrum of heavy coal
tar, principal component analysis was conducted on different fractions. When using two principal components, the cumulative value
reached 96.93%. It was found that PC1 displayed strong peak signals around 749 and 687 cm−1, while PC2 exhibited strong peak
signals near 2356 and 1143 cm−1.

1. INTRODUCTION
In the current energy landscape, China still heavily relies on
coal as its primary energy source and maintains a significant
dependence on crude oil and natural gas. The abundance of
coal resources in China is a key factor shaping its energy
structure based on coal use. However, the conventional
combustion of coal not only leads to resources and energy
wastage but also contributes to the ecological environment.
In recent years, certain regions in China have discovered

coal with a high tar yield designated as tar-rich coal by some
scholars. Given its potential for tar and gas resources, it is
crucial to explore clean and efficient utilization methods. The
byproducts from coal pyrolysis offer valuable applications. Coal
tar, in particular, serves as a crucial chemical raw material, with
the potential extraction of approximately 10,000 kinds of
compounds. In addition, the coal tar can be used to prepare
high-value-added chemicals, fuels, and high-quality carbon
materials after distillation and separation.
With the increased yield of pyrolysis oil from tar-rich coal,

there is a corresponding rise in the production of heavy tar. At
present, heavy tar is mainly used to extract chemical
substances,1 synthesize resins,2 and prepare mesophase
pitch.3 Kalidindi et al.4 extracted phenol and p-cresol from
coal tar. Ozbay and Yargic5 synthesized porous resin foam, the
precursor of foam carbon, using pyrolysis oil. The compressive
strength of carbon foam prepared from it is higher than that of
conventional phenolic foam. Shi and Ma6 reviewed the
preparation of mesophase pitch by heating and catalytic
polycondensation using pitch and tar as raw materials.
While researchers can employ more advanced characteristics

methods to differentiate the properties of tar,7 it is important
to acknowledge that some equipment used in the process may

destroy the molecular structure of tar. This can have an adverse
impact on understanding the chemical structure of its raw
materials. Consequently, it is often necessary to combine
multiple advanced characterizations to obtain accurate results.
In this paper, the heavy coal tar (HCT) fractions were
separated by the simulated distillation of gas chromatography,
and the characteristics of its components were analyzed. The
chemical structure of the tar products cut by different fractions
was characterized by FTIR (Fourier transform infrared)
spectroscopy, and its structural distribution characteristics
were explored. The main wavenumber was analyzed by
combining the principal component analysis (PCA) of the
infrared spectrum, and the wavenumber range that affected the
HCT fractions was obtained. Understanding the composition
of HCT has important practical significance for its rational
utilization and increasing added value. It can provide a basis for
the detection of its structure and performance in the
subsequent HCT utilization process.

2. EXPERIMENTAL SECTION
2.1. Experimental Materials. The HCT utilized in this

experiment represents the denser fraction obtained during the
low-temperature pyrolysis of coal tar. It specifically refers to
the submerged heavy tar, which has a density greater than that
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Figure 1. Preparation processes of heavy coal tar cut into different fractions.

Figure 2. Fraction distributions of heavy coal tar cut by different fractions: (a) HCT, (b) HCT-170 °C, (c) HCT-210 °C, (d) HCT-230 °C, (e)
HCT-300 °C, and (f) HCT-360 °C.
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of water. Previous research has indicated the existence of tar-
rich coal in northern Shaanxi, with high tar production from
coal pyrolysis and high production of HCT.8

2.2. Experimental Method and Product Analysis. Coal
tar is a complex compound with a wide variety of components.
Due to the presence of certain components that exhibit
convergence at a specific boiling point, distillation is commonly
employed for the separation and analysis of coal tar.
Distillation temperature is used as a differentiating factor to
fractionate coal tar into various components, including light oil
(below 170 °C), phenol oil (170−210 °C), naphthalene oil
(210−230 °C), wash oil (230−300 °C), anthracene oil (300−
360 °C), and asphalt (above 360 °C). In this experiment, HCT
was distilled by referring to the treatment methods of different
fractions of coal tar and distilled at 170, 210, 230, 300, and 360
°C to obtain coal tar cut by different fractions. As shown in
Figure 1, they are named HCT-170 °C, HCT-210 °C, HCT-
230 °C, HCT-300 °C, and HCT-360 °C.
The HCT cut by different fractions was simulate distilled,

and a GC1100 gas chromatograph was used (Beijing General
Analyzer Co., Ltd.) to characterize the composition and
content. They were characterized by FTIR spectroscopy with a
VERTEX 70 Fourier infrared spectrometer (Bruker Com-
pany). The measured spectrum wavenumber range was 4000−
400 cm−1 with scanning performed 28 times and a resolution
of 0.4 cm−1.

3. RESULTS AND DISCUSSION
3.1. Fraction Distribution of Heavy Coal Tar Cut by

Different Fractions. Gas chromatography was used to
perform a simulated distillation analysis of HCT, and the
results are shown in Figure 2. In Figure 2a, HCT is depicted
without any pretreatment, with an asphalt content of 77.6%
and a small amount of light oil. Figure 2b shows the HCT
obtained after distillation at 170 °C, which separates the light
oil fraction. As small-molecular organic molecules are either
volatilized or decomposed due to the heat, the content of light
oil and phenolic oil decreased, while the asphalt increased to
80.6%. Figure 2c shows the HCT obtained after distillation at
210 °C, which separates light oil and phenol oil fractions. The
phenolic oil content decreased, and the asphalt increased to
81.0%. Figure 2d shows the HCT obtained by distillation at
230 °C, which separates light oil, phenol oil, and naphthalene
oil fractions. With a continuous increase in temperature, the
naphthalene oil content decreased and the asphalt content
increased to 82.3%. Figure 2e portrays the HCT obtained by
distillation at 300 °C, which separates the light oil, phenol oil,
naphthalene oil, and wash oil fractions. The content of fraction
below the wash oil fraction continued to decrease, while the
asphalt content increased to 85.1%. Figure 2f shows the HCT
obtained by distillation at 360 °C, which separates other
fractions except asphalt. The fraction content below the asphalt
decreased, and the asphalt content increased to 90.5%.

3.2. FTIR Analysis of Heavy Coal Tar Cut by Different
Fractions. 3.2.1. Distribution of Functional Groups in Heavy
Coal Tar Cut by Different Fractions. The composition of the
HCT fractions was observed to vary as the distillation
temperature increased. To characterize these different
fractions, FTIR was used, and the results were shown in
Figure 3. Within the specific number range of 3700−3000
cm−1 (hydroxyl structure region), 3000−2800 cm−1 (fatty
hydrocarbon structure region), 1800−1000 cm−1 (oxygen-
containing functional group structure region), and 900−600

cm−1 (aromatic hydrocarbon structure region),9 the HCT
from different distillation temperatures exhibited relatively
similar peaks.10 This suggests that the components of HCT do
not undergo significant changes when it is fractionated at
different temperatures. In an effort to gain deeper insight into
the difference in the chemical structure between the HCT and
HCT fractions obtained at various distillation temperatures,
FTIR measurements for the unprocessed HCT were fitted in
different structural regions using the Origin software. The
semiquantitative analysis was carried out by analyzing the
change of functional groups and their respective content in the
HCT. The impact of fractionation on the HCT was also
assessed by integrating the results from the gas chromatog-
raphy analysis.
3.2.1.1. Fitting in the Range of 3700−3000 cm−1. As

depicted in Figure 4a−f, the broad absorption peak observed
near 3400 cm−1 corresponded to the O−H tensile vibration
peak, primarily composed of phenolic OH and hydroxyl groups
in alkyl.11 The range of 3100−3000 cm−1 represented the
vibration peak of aromatic compound −CH.12 Notably, there
was no presence of water molecules −OH between 3700 and
3600 cm−1, which was because the moisture of raw materials
disappears after distillation at different temperatures, and only
the organic−OH bond was retained.13 Interestingly, the heavy
coal fractions exhibit similar peak positions and peak values
across different fractions. This indicates that the chemical
structure of the fractions in the hydroxyl structure region
remains largely unaffected.
3.2.1.2. Fitting in the Range of 3000−2800 cm−1. The

spectrum of all samples had strong bands between 3000 and
2800 cm−114, as shown in Figure 5a−f. At 2920 and 2850
cm−1, the stretching vibration peak of aliphatic C−H and the
antisymmetric stretching vibration peak of saturated C−H on
methyl (−CH3) were respectively,15 and the stability of the
peak indicated that the aliphatic content had not increased.16

3.2.1.3. Fitting in the Range of 1800−1000 cm−1. As
shown in Figure 6a−f, the concentration range of the C−O
group was from 1800 to 1000 cm−1, encompassing the C−O
tensile vibration peak at approximately 1705−1650 cm−1, the
C−O−C vibration peak at 1280 cm−1, and the C−O vibration
peak at 1090 cm−1.17 The range of 1620−1500 cm−1

represents the C�C tensile vibration peak.18 Around 1600
cm−1, the most common aromatic hydrocarbon functional

Figure 3. FTIR spectrum of heavy coal tar cut by different fractions.
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group in HCT is observed, with sharp and strong peaks varying
among HCT fractions. The higher the aromatic hydrocarbon
content, the greater the condensation degree. Despite changes
in the distillation temperature, the peak value remains relatively
stable, suggesting insignificant alterations in the condensation
degree among different HCT fractions. The −CH bending

vibration peaks are evident at around 1450 and 1380 cm−1.19 A
prominent absorption peak between 1300 and 1000 cm−1,
constituting over one-third of the fitting peak, is attributed to
the C−O stretching vibration peak of alkyl ether. The ether
bond serves as the primary bridge bond in the aromatic
structure of coal and tar molecule. However, as the

Figure 4. Fitting curve in the range of 3700−3000 cm−1: (a) HCT, (b) HCT-170 °C, (c) HCT-210 °C, (d) HCT-230 °C, (e) HCT-300 °C, and
(f) HCT-360 °C.
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temperature surpasses 300 °C, a decline in peak value indicates
the temperature’s impact on the existence of ether bonds. The
peak values between 1500 and 1350 cm−1 signify the presence
of methyl in HCT. Moreover, with the increase in distillation
temperature, the intensity of the fitting peak of the curve
between 1200 and 1000 cm−1 gradually intensifies.

3.2.1.4. Fitting in the Range of 900−600 cm−1. According
to the fitting curve in Figure 7a−f, there are multiple peaks in
the range of 900−600 cm−1,20 primarily corresponding to the
vibrational modes of aromatic C−H bonds, which involve the
out-of-plane bending of these bonds.10 This suggests that
aromatic rings contain numerous substituents.21 Specific to the

Figure 5. Fitting curve in the range of 3000−2800 cm−1: (a) HCT, (b) HCT-170 °C, (c) HCT-210 °C, (d) HCT-230 °C, (e) HCT-300 °C, and
(f) HCT-360 °C.
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aromatic substituted hydrocarbons, CH (adjacent H, adjacent
2H, and adjacent 4H) exhibits characteristic peaks at 875, 810,
and 750 cm−1, respectively.22 However, these peaks have
relatively weak intensities, and the intensity of their vibrational
peak decreases as the distillation temperature rises. This
phenomenon implies that the increased distillation temper-

ature leads to a bridge bond within the functional group of
aromatic hydrocarbons. Furthermore, it is worth noting that
the R2 values for each fitting peak are consistently higher than
0.99, indicating a strong conformity between the fitting and the
infrared spectrum (peak 23). This high level of agreement
underscores the reliability of the fitting analysis.23

Figure 6. Fitting curve in the range of 1800−1000 cm−1: (a) HCT, (b) HCT-170 °C, (c) HCT-210 °C, (d) HCT-230 °C, (e) HCT-300 °C, and
(f) HCT-360 °C.
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3.3. Principal Component Analysis of HCT Cut by
Different Fractions. In the regions depicted in Figure 8a−c,
the distribution of fitting peaks of different fractions of HCT in
the hydroxyl structure region, fatty hydrocarbon structure
region, and oxygen-containing functional group structure
region appeared to be relatively concentrated. This suggests

that the fitted curves closely aligned with the actual data in
these specific regions, while the distribution in the aromatic
hydrocarbon structure region, as shown in Figure 8d, appeared
more dispersed, reflecting the complexity and diversity of
functional groups in the sample, which was caused by different
products in the raw materials.

Figure 7. Fitting curve in the range of 900−600 cm−1. (a) HCT, (b) HCT-170 °C, (c) HCT-210 °C, (d) HCT-230 °C, (e) HCT-300 °C, and (f)
HCT-360 °C.
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The infrared spectra of HCT cut by different fractions were
analyzed using the PCA for Spectroscopy App in Origin
software. The results are shown in Figure 9a. By considering
the infrared spectrum of HCT as a reference, it was determined
that when the number of main components was set to 2, the
cumulative amount reached 96.93%. This indicates that there
were two principal peaks in the infrared spectrum that could be
used for analysis.24 Based on this information, the peaks in
PC1 and PC2 were identified and extracted. PC1 exhibited
strong peak signals near 749 and 687 cm−1. It displayed a
general decrease in fitting peak intensity within the range of
750−700 cm−1. PC2 showed strong peak signals near 2356 and
1143 cm−1; it corresponded to the pattern of increasing fitting
peak intensity as the distillation temperature increases within
the range of 1200−1000 cm−1. These observations suggest that
the structure of aromatic hydrocarbon in HCTs varied
significantly, and the presence of oxygen-containing functional
groups had a certain influence on it.25 In other regions, the
influence was relatively minor. Furthermore, the samples
HCT-210 °C, HCT-230 °C, HCT-300 °C, and HCT-360 °C
in Figure 9b showed similar consistency. This similarity can be
attributed to the distillation process, where, as the distillation
temperature increased, lighter hydrocarbon products were
separated from the raw materials, resulting in a decrease in the

remaining oil product fraction. However, the specific
composition and content of the remaining oil product varied
among these samples. It can be clearly seen in the simulated
distillation data, while the infrared spectrum cannot be
obtained intuitively.

4. CONCLUSIONS
In this paper, the changes in the composition of heavy tar
obtained from tar-rich coal through fractionation was studied.
We analyzed the oil products using simulated distillation gas
chromatography and conducted FTIR and PCA analyses on
different fractions. The fraction content in the tar exhibited
variations after simulated distillation at different temperatures.
The light oil content decreased from 4.3 to 0.1%, and the
asphalt content increased from 77.6 to 90.6%. This indicated
that the production of light oil products decreases as the
distillation temperature increases, while the content of heavy
components would continue to increase. The fitted curves in
the hydroxyl structure region, fatty hydrocarbon structure
region, and oxygen-containing functional group structure
region were relatively similar, while they were relatively
different in the aromatic hydrocarbon structure region. It was
mainly reflected in the distribution of fitted peaks and PCA.
Compared to the peak of the reference spectrum, the

Figure 8. Distribution of fitting peaks of different fractions of HCT in different ranges. (a) Hydroxyl structure region, (b) fatty hydrocarbon
structure region, (c) oxygen-containing functional group structure region, and (d) aromatic hydrocarbon structure region.
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Figure 9. Loading with the reference spectrum plot and the score plot of PCA for spectroscopy: (a) T loading with the reference spectrum plot and
(b) score plot.
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difference of FTIR was mainly focused in 750−700 cm−1,
which was consistent with the previous conclusion.
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