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Thermal simulation experimental
study on the difference of
molecular structure evolution
between vitrinite and inertinite in
low-rank coal

Rongfang Qin™, Lu Wang?!, Daiyong Cao™, Anmin Wang?,
Yingchun Wei' and Jing Li?

College of Geoscience and Surveying Engineering, China University of Mining and Technology,
Beijing, China, Department of Geological and Surveying Engineering, Shanxi Institute of Energy,
Jinzhong, China

In order to carry out an in-depth study of the differences in the molecular
structure evolution of the vitrinite and the inertinite during coalification, the
chemical structure of 13 groups of vitrinite and inertinite with different coal
ranks were comprehensively characterized using X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, and **C nuclear magnetic
resonance (PC NMR). The correlation of structure parameters and vitrinite
random reflectance (Ro, ran) Were analyzed. The results show that three
evolution stages of vitrinite were observed with Ry, 1an at 0.35%-0.90%,
1.20%-2.67%, and 3.03%-4.20%, and two evolution stages of inertinite were
marked with Ry, an at 0.35%—2.07% and 2.07%—-4.20%. The f,, DOC, I, f,’, f,", f,N,
f28, Xb. La Le, and N,y Of inertinite are always larger than vitrinite, whereas the
A(CH)/(CH3), fa, fa *, fa 7, doo» Of inertinite are always smaller than vitrinite.
When R, ran = 0.35%-0.90%, the oxygen-containing functional groups and
aliphatic structure of vitrinite fall off rapidly, the condensation degrees of the
aromatic ring, L, Le, and N,y increase, whereas the lengths of side chains and
dooz decrease. When Ry ran = 1.20%-2.67%, the vitrinite structure variation
follows the same trend as the first stage, but the evolution rate is significantly
lower. When R, 1an = 0.35%-2.07%, the oxygen-containing functional groups,
methyl groups, and methylene groups of inertinite fall off at a slower rate than
those of vitrinite. The aromaticity, condensation degree, aromatic carbon
content, and order degree of microcrystalline structure also increase at a
rate less than that of vitrinite. The vitrinite and inertinite structure variation
becomes flat, and the structures of both macerals are similar in the high
metamorphic stage. The content of oxygen-containing functional groups
and aliphatic chain length decrease to the lowest, whereas the aromaticity
increases to the maximum. This study contributes to a comprehensive
understanding of the chemical structure differences between vitrinite and
inertinite, which can provide a theoretical reference for the clean utilization
of coal and coalbed methane (CBM) exploration and development.
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1 Introduction

Coal is important fossil energy and chemical fuel. In recent
years, the research on coal liquefaction, gasification, coking, and
coal bed methane development has become more critical due to
the demand for environmental protection and coal mine safety
production. The macromolecular structure of coal not only
determines its behavior and properties during thermal
processing (Mathews and Chaffee, 2012; Mochida et al., 2014)
but also controls the development of micropores (Wang et al,
2021b; Chen et al., 2022), further influencing the adsorption and
transport of CBM (Wang et al., 2018a; Guo and Guo, 2018; Pan
et al,, 2019; Wang et al,, 2021a). It is generally believed that the
structure of coal varies with the macerals and coal rank (Stach
et al,, 1982; Chen et al,, 2012; Wang et al., 2022a). Vitrinite and
inertinite are the main macerals in coal. They have different
chemical structures and physical properties due to their different
genesis (Wang et al., 2018¢; Wang et al., 2020a). In recent years,
due to the extensive distribution and industrial importance of
vitrinite-rich coals, the research mainly focused on the
characterization and evolution of vitrinite molecular structure.
However, there are also inertinite-rich coals in nature, such as
Early-Middle Jurassic coals in Northwest China and the coals in
India, Southern Africa, and Eastern Australia (Stach et al., 1982;
Qin et al., 2020). These coals are thick, widely distributed, and of
good quality, which are of great significance to coal gasification,
liquefaction, and coalbed methane development. Thus, it has
become increasingly important to study the molecular structure
of the inertinite. Therefore, understanding the behavior of coal in
coking, liquefaction, vaporization, combustion, and coalbed
methane development must be based on understanding the
molecular structure evolution differences between macerals
during the coal metamorphism process.

In recent years, with the development of software design and
technology, many modern analytical techniques have been
integrated to characterize the evolution of the molecular
structures of coal and pyrolysis chars, such as X-ray
diffraction (XRD) (Lu et al., 2001; Takagi et al., 2004; Manoj
and Kunjomana, 2012), Fourier transform infrared (FTIR)
spectroscopy (Iglesias et al., 1995; Ibarra et al., 1996), solid-
state nuclear magnetism (*°C NMR) (Suggate and Dickinson,
2004; Erdenetsogt et al.,, 2010; Jiang et al., 2019), microscopic
laser Raman (Pan et al,, 2017; Xie et al, 2019), and high-
resolution transmission electron microscopy (HRTEM)
(Sharma et al., 2001; Wang et al., 2018b). Some scholars used
the various experimental methods mentioned above to study the
evolution of the molecular structures of naturally evolved coal or
pyrolysis chars and achieved a relatively consistent conclusion.
Okolo et al. (2015)
characteristics of bituminous coal using wide-angle X-ray

analyzed the structural evolution
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(WAXRD-CFA),
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy, *C NMR, and HRTEM. Lin et al. (2014)
used FTIR, >C NMR, and Raman spectroscopy techniques to

diffraction-carbon  fraction  analysis

investigate the effect of pyrolysis on the structural transformation
(2019) investigated the
characteristics of the macromolecular structure evolution of

of Chinese lignite. Jiang et al.

medium- and high-rank coals using XRD, Raman, and FTIR.
All these studies indicated that the content of aromatic structure
and the aromatization degree increase, the aliphatic structure
content decreases, and the length of the aliphatic chain shortens
with the increase in coalification degree. In terms of oxygen-
containing functional groups, it was found that oxygen atoms are
removed by demethylation and dihydroxylation reactions and
replaced by carbon or hydrogen, with the reduction of carbonyl
and oxidized aliphatic carbons during coalification. However,
there are different reports on the evolution of microcrystalline
structure size. Lin et al. (2014) found no significance in the
variation of microcrystalline structure size during the pyrolysis
process. Jiang et al. (2019) concluded that the crystallite height
(Lo) and average crystallite diameter (L,) are positively linearly
related to R, whereas the interlayer spacing (dyo,) is negatively
linearly related to R,. Recently, significant progress has been
made in researching the molecular structure evolution of vitrinite
(Liand Zhu, 2014; Wang et al., 2018b; Zhang et al., 2021b). Li and
7Zhu (2014) found that, with the increase in vitrinite reflectance,
the C-H and aliphatic/oxygen compounds in vitrinite gradually
decrease, and the CH,/CHj ratio firstly decreases and then
increases. Zhang et al. concluded that, with the increase in
vitrinite reflectance, the aromatic layer changed from disorder
to order, and the shape changed from distortion to straighter and
more parallel. However, the above studies neglected the
characteristics of inertinite molecular structure and lacked a
the

evolution differences between vitrinite and inertinite.

quantitative and visualized insight into structural

Some scholars have researched the molecular structure
evolution differences between vitrinite and inertinite (Sun
et al., 2003; Chen et al., 2012; Roberts et al., 2015a; Zhou
et al, 2021). Sun et al. (2003) analyzed the molecular
structure evolution of vitrinite and inertinite during the
pyrolysis process using FTIR and *C NMR. Still, the pyrolysis
temperature points were too few to reflect the structure evolution
differences of the two macerals in a comprehensive and detailed
manner during the coalification process, and there was a lack of
quantitative data. Zhao et al. showed that the maturity,
aromaticity, and graphitization of the vitrinite were lower
than those of the inertinite. However, the length of aliphatic
chains of the vitrinite was larger than that of the inertinite, and
there were more functional groups and more complex structures

in the vitrinite (Zhou et al., 2021). Roberts et al. (2015a)
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investigated the molecular structural characteristics of Pyrolysis
chars of vitrinite-rich coals and inertinite-rich coals generated at
450°C, 700°C, and 1,000°C in South Africa. It was concluded that
the vitrinite-rich and inertinite-rich chars at 700°C-1,000°C were
remarkably similar in terms of the proximate, ultimate, total
maceral scan, and aromaticity values and the greater transition
Chen et al. (2012)
characterized the changes of functional groups in a suite of

occurred in the vitrinite-rich coal.
coal samples ranging from peat to anthracite by both
traditional KBr-FTIR and novel micro-FTIR methods.
However, it could not be supported by other experimental
data, and the results were single and one-sided. Because the
coalification stages involved were relatively limited in these
studies, which are mainly focused on low-middle rank coals,
or there are fewer pyrolysis temperature points, despite these
research efforts, they are not sufficient to provide a complete
and detailed understanding of the variation of coal maceral
is still
necessary to improve the accuracy and comprehensiveness
of the
differences between different macerals of different coal

macromolecule structure with coalification. It

characterization of macromolecular structure
ranks and further discuss the mechanism of structural
evolution differences between vitrinite and inertinite
during coalification.

It is difficult to conduct comparative structural research on
naturally evolved vitrinite and inertinite because of the
convergence of optical features of the macerals at high
metamorphic stages. Therefore, the coal seam in the Yining
mining area that experienced the same coalification process
was selected, and two sets of vitrinite and inertinite samples
varying low to high rank were obtained by thermal simulation
experiments. The chemical structure parameters of vitrinite and
inertinite were characterized quantitatively using proximate
analysis, elemental analysis, XRD, FTIR, and "C NMR. The
molecular structure differences and evolution characteristics of
vitrinite and inertinite under the same thermal conditions are
quantitatively described and discussed using random reflectance
of vitrinite (R, ran) as the indices of coalification. This research
can contribute to an in-depth understanding of the mechanism
of evolutionary differences in molecular structure between coal
macerals and provide a theoretical basis for clean and efficient
utilization of coal and the physical properties evaluation of coal
reservoirs.

2 Materials and methods
2.1 Origin of coal samples

The samples were collected from the lignite of the
Xishangyao Formation in the Yining Mining area, Yili Basin,

Xinjiang. Inertinite-rich and vitrinite-rich coals formed with the
same inputs but in different depositional environments are
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available in the Yining mining area, providing an opportunity
to examine maceral influences without facing too many
challenges associated with maceral separation. The samples
were collected by stratified sampling intensively from top to
bottom at intervals of 0.2-0.5 m according to “GB482-2008” and
the changes of Macrolithotype in coal. We selected bright and
bleak coals based on the macrolithotype identification. Bright
coal is mainly composed of vitrain and clarain, among which
vitrain includes telocollinite and telinite. Bleak coal is mainly
composed of durain and fusain, among which fusain includes
fusinite and semifusinite. Then, YN-V with 82% of huminite
(predecessor of the vitrinite) and YN-I with 90.7% of inertinite
were selected by quantitative analysis of macerals of the selected
bright and bleak coals (Table 1). The vitrain and fusain bands in
YN-V and YN-I were further stripped by hand to obtain the
samples of YN-V-0 with 92.62% huminite and YN-I-0 with
94.5%
quantified for macerals according to the Chinese standard
GB/T 8899-2013. Above,
inertinite in the samples are above 92% after manual

inertinite (Table 1). The obtained samples were

the contents of vitrinite and

selection, which meets the research needs in this study.

2.2 Sample preparation

The open system experimental setup was used for the
thermal simulation experiment, completed by the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. The
internal structure of the block sample thermal simulation
experimental vessel is shown in Figure 1. The sample was
placed in a container made of stainless steel, the top of which
was closed by a sealing cap and had an argon gas inlet and outlet
on the top cap. A high purity argon flow rate of 20 ml/min was
maintained during the experiment to protect the sample from
oxidation during the heating process. The argon outlet was
opened outward, and the exhaust gas was released into the
atmosphere after water washing. The pressure to which the
sample was subjected in this device was atmospheric, and the
oil and gas products were not collected. Therefore, the device was
only used for the thermal maturation simulation process of block
samples. The precursor samples YN-V-0 and YN-I-0 were
divided into 13 parallel samples with a weight of 60 g and
were numbered, respectively. Twelve temperature points from
320°C to 600°C were set up for the experiment (Table 2). The
parallel samples are loaded into the reaction vessel and then put
into the heating furnace. The temperature is increased from
indoor temperature to a preset temperature at a rate of 20°C/h.
The reaction vessel was removed from the heating furnace when
the temperature reached a preset temperature, and the sample
was removed from the reaction vessel after cooling. Vitrinite
reflectance of thermal simulated samples was measured
according to GB/T6948-1998, and the results were basically
consistent with the preset R, (Table 2; Figure 2). Then, the
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TABLE 1 Petrographic characteristics of initial coal samples and precursor samples of thermal simulation experiments.

Sample Roran (%) Vitrinite (%)
YN-V 0.35 82
YN-V-0 92.62
YN-I 6.7
YN-I-0 3.8
Argon gas inlet Argon gas outlet
~ Top pressure closure
— P
d
Sealing washer
1A
1
1
1
1
Autoclave bod
B B |~ Cylinder sample
P
FIGURE 1

Internal structure of vessel for thermal simulation experiment
of block coal samples.

samples were crushed to 200 mesh for macromolecular structure
experiments and analysis.

2.3 Proximate and ultimate analysis

Proximate analysis is according to GB/T 212-2008 to test the
moisture and ash. With GB/T 30733-2014 as the standard,
ultimate analysis was taken to measure the content of major
elements in the samples, and the elements C, H, O, N, and S in
coal were tested and used to calculate H/C.
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Inertinite (%) Exinite (%) Mineral (%)

15.1 14 1.5
5.39 0.14 1.84
90.7 1.0 1.5
94.5 0.4 1.3

2.4 Molecular structure analysis

2.4.1 X-ray diffraction analysis

The acid-washed and demineralized powder samples were
prepared for XRD experiments. It was conducted by an Ultima
IV X-ray diffractometer produced by Rigaku Corporation
(Japan). The operating conditions of the X-ray tube were U =
40 kV and I =40 mA, and the XRD scans were conducted on a Cu
target (A = 0.15418 nm). The scanning range of 20 was adjusted
from 10° to 80" at a scan rate of 5°/min. Origin 9.1 software was
used to perform peak fitting of the spectrum, and the curves were
corrected according to the internal standard method to obtain
the peak position, area, peak width at half height (FWHM), and
height.

Based on the information from the peak fitting, the Bragg and
Scherrer equations were used to calculate the interlayer spacing
(doo2), average crystallite diameter (L,), crystallite height (L.),
and the number of carbon layers (N,y.) (Lu et al., 2001; Takagi
et al., 2004):

d002 = ﬁeooz (1)
g
TS

Nowe = % 1 @)

where A is the wavelength of the X-ray (A), which is 0.154056 nm,
8002 and 0,4 are the peak positions of the 002 and 100 surfaces,
and Pz and figo are the peak widths at half height of 002 and
100 surfaces.

2.4.2 FTIR spectroscopy analysis

The FTIR experiments were carried out with a Thermo
Scientific Nicolet iS10 FTIR spectrometer produced in the
USA. A 1~2 mg of powder specimen and 200 mg of pure KBr
were finely ground and homogenized, then placed in a mold, and
pressed into a transparent sheet on a hydraulic press. Then, the
sample was put into the infrared spectrometer and tested in the

-1

wave number range from 4,000 cm™" to 400 cm™' with a scan

number of 32 and a resolution of 4 cm™.
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TABLE 2 Parameters and results of the thermal simulation experiment.

Sample Initial temperature = Heating rate
(O ('C/h) (0
YN-V/I-01 — — —
YN-V/I-02 25 20 320
YN-V/I-03 25 20 360
YN-V/I-04 25 20 400
YN-V/I-05 25 20 440
YN-V/I-06 25 20 470
YN-V/I-07 25 20 490
YN-V/I-08 25 20 500
YN-V/I-09 25 20 520
YN-V/I-10 25 20 540
YN-V/I-11 25 20 570
YN-V/I-12 25 20 590
YN-V/I-13 25 20 600
4.5
—#— Measured R,
—@— PresetR,
4.0 -
=, 3
=
o
§ 3.0
3]
S
% 2.5
2
£ 2.0
£
£ 154
=]
S
& 10
0.5
0.0 T T T T T T T
300 350 400 450 500 550 600
Thermal simulation temperature (°C)
FIGURE 2

Relationship between random vitrinite reflectance and
thermal simulation temperature.

Based on previous research on the peak attribution of
different wavelength bands of the infrared spectrum (Painter
et al., 1981; Ibarra et al., 1996; Dutta et al., 2013; Li et al., 2015a;
Jiang et al., 2019; Wang et al., 2022b), the infrared spectrum curve
can be divided into the following bands (Table 3), and each band
can be analyzed by the curve-fitting method. FTIR structural
parameters are divided into three parts—aromatic structural
parameters (f,, I, DOC), aliphatic structural parameters
[A(CH,)/A(CH;)], and oxygen-containing (“C”) (Li et al,

Frontiers in Earth Science
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Sample weight Preset R, van Measured R, ran

before heating (%) (%)
(®

60 0.40 0.35
60 0.50 0.50
60 0.70 0.75
60 0.91 0.90
60 130 120
60 1.69 1.74
60 19 1.95
60 2,09 2.07
60 251 2,67
60 291 3.03
60 3.32 3.40
60 3.69 3.67
60 418 420

2020a; Zhou et al., 2021)—which can be obtained according
to the peak fitting of FTIR spectrum. The following parameters
have different meanings: the higher the values of I and f,, the
higher the aromatic degree. The DOC is the degree of
condensation of the aromatic ring and represents the
change in the ratio of aromatic C-H bonds to aromatic
hydrocarbon C=C bonds (Guo and Bustin, 1998). The higher
the A(CH,)/A(CH;) value, the longer the aliphatic side chains
and the lower the branching degree (Wang et al., 2022b). The
change of its value can map out the overall evolution of the
aliphatic structure (Jiang et al, 2019). “C” characterizes the
maturity of the coal and is the ratio of the functional group
C=0 to C=C, which can reflect the variation of the C=O content.
These structural parameters can be calculated using Eqs 5-11
(Painter et al., 1981; Ibarra et al., 1994; Ibarra et al., 1996; Guo
and Bustin, 1998; Dutta et al., 2013; Li et al., 2015a; Jiang et al.,
2019; Wang et al., 2022b):

C,
fa=1-2 )
Ha _ A (2800-3000)cm-! @
H  Agoo-sonem + A (2800-3000)cm-!
I = A (700-900)cm! / A (2800-3000)cm1 (®)
DOC = A (700-900)cm-! / A (1600)cm-1 9)
A (CH,)/A (CH;s) = A (2900-2940)cm! / A (2900-3000)cm! (10)

'C' = A(180071650)cm’1/(A(180071650)cm’1 + A1600cm’1) (11)

where C,/C is the ratio of aliphatic carbon to total carbon atoms,
H/C is the ratio of total hydrogen atoms to total carbon atoms
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TABLE 3 Band assignments of the functional groups in the coal FTIR spectra (Painter et al., 1981; Ibarra et al., 1996; Dutta et al., 2013; Li et al., 2015a;

Jiang et al., 2019; Wang et al., 2022b).

Band no. Band (cm™)

—_

3,600-3,200
3,055-3,030
3,000-2,800
1,780-1,660
1,620-1,490
1,590-1,560
1,460-1,350
1,300-1,100
1,100-1,030
900-700

O o NN U ks W N

[ —
=l

900-850

—
8]

850-800

—
w

730-800

—_
'S

730-720

Assignments

—OH stretching vibration

Aromatic nucleus CH stretching vibration
Aliphatic CH stretching

Carbonyl/carboxyl C=0 stretching

Aromatic C=C ring stretching

Carboxyl group in salt form -COO-

Aliphatic CH, and CH; deformation

Aromatic ether C-O-C, phenolic C-O, and ester C-O-C stretching
Aliphatic ether C-O-C and alcohol C-O stretching
CH aromatic out of plane deformation

1H

2H

3-4H

Alkanes side rings [(CH,) n, n > 4]

obtained from the results of ultimate analysis, Hal/H is the ratio
of aliphatic hydrogen to total hydrogen atoms, H,/C,; is the ratio
of the number of hydrogens to carbon atoms in the aliphatic
group, taking the empirical value of 1.80.

2.4.3 Solid-state *C NMR spectroscopy analysis

Solid-state *C NMR was performed using a Bruker
400 MHz
polarization/magic angle mode/dipolar dephasing (CP/
MAS/DD) methods equipped with a 4 mm MAS and
ZrO2 Probe. The samples were characterized at a contact

Avance solid-state spectrometers in cross-

time condition of 4 ms and a pulse repetition delay of 1-2s
under a rotation frequency of 10 kHz. Peakfit 4.12 software
was used to perform peak fitting on the >*C NMR spectrum to
better quantify the structural parameters of vitrinite and
inertinite in this research. Different types of carbon in the
"C NMR spectrum are classified according to the different
assignments of chemical shifts of carbon atom types (Solum
et al., 1989; Solum et al., 2001; Suggate and Dickinson, 2004;
Erdenetsogt et al, 2010): F, (100-220 ppm, total aromatic
carbon); fa'(100-65 ppm, aromatic nucleus carbon); f,©
(165-220 ppm, COOH attached to aromatic
carbons); f," (100-129 ppm, protonated aromatic carbons);

carboxyl

fa" (129-165 ppm, non-protonated aromatic carbons); f,”
(129-137 ppm, bridgehead fal
(0-90 ppm, aliphatic carbons); f,/ (0-36 ppm, CH or
CH,); and f,;* (36-50 ppm, CHj). Then, these structural
parameters were calculated based on the area of the

aromatic carbons);

corresponding peaks. In addition, Eq. 12 was used to
calculate Xy, a vital parameter to characterize the degree of
polymerization of aromatic rings in coal (Kidena et al., 2002).
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It can reflect the average value of the aromatic ring
condensation degree and can be used to estimate the
aromatic cluster size (Ping et al., 2020):

fa'

X, =75 (12)

3 Results
3.1 Chemical properties

Table 4 shows the results of the proximate and ultimate
analysis of the thermally simulated samples. The moisture
content of vitrinite and inertinite was 2.02%-5.0% and 2.58%-
6.44%, respectively, which decreased gradually with the increase
in R, ran- The ash content of vitrinite and inertinite was 2.95%-
4.18 and 4.2%-7.75%, respectively. These results indicate that the
inertinite has received more clastic deposits during the
peatification stage in the adlittoral and dry, hot oxidation
environment.

The vitrinite was generally lower in C and higher in H, O, and
N compared to the inertinite. As the thermal simulation
progressed, the O content changed most and decreased
continuously. The H content of the vitrinite gradually
decreases from 4.15% to 1.92%, and that of the inertinite
decreases from 2.87% to 1.8%. With the increase in Ry ., the
C content of vitrinite increased rapidly at first and then slowly
rose to 87.34%. The change of the C content of inertinite was
smaller than that of vitrinite and showed an increasing linear
trend with the increase in R, ;.. The content of N was essentially

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.992017

Qin et al.

10.3389/feart.2022.992017

TABLE 4 Results of proximate and ultimate analysis of thermally simulated vitrinite and inertinite samples.

Sample Proximate Ultimate analysis (%)
analysis (%)
Maa Aq Sta Ca
YN-V-01 4.98 3.94 0.07 7150
YN-V-02 5.00 295 0.07 73.39
YN-V-03 4.04 3.02 0.07 74.83
YN-V-04 3.68 3.37 0.07 76.81
YN-V-05 3.68 3.49 0.07 78.95
YN-V-06 3.34 3.42 0.06 78.01
YN-V-07 3.50 3.65 0.08 81.16
YN-V-08 3.48 4.03 0.08 81.73
YN-V-09 3.19 3.78 0.08 83.30
YN-V-10 291 3.68 0.07 84.58
YN-V-11 2.57 3.95 0.08 84.98
YN-V-12 2.26 3.87 0.08 86.41
YN-V-13 2.02 418 0.08 87.34
YN-1-01 43 69 0.07 75.64
YN-1-02 6.44 445 0.15 75.49
YN-1-03 6.18 420 0.09 76.52
YN-1-04 5.93 6.61 0.83 76.56
YN-1-05 4.69 428 0.07 79.29
YN-1-06 476 5.56 0.42 80.18
YN-1-07 3.80 7.13 0.85 79.79
YN-1-08 3.88 450 0.07 81.69
YN-1-09 3.72 7.75 0.87 81.10
YN-I-10 3.98 7.50 0.92 82.61
YN-I-11 3.80 4.86 0.18 84.78
YN-I-12 347 456 0.06 85.47
YN-I-13 2.58 5.79 0.64 85.49

constant during the thermal simulation because N exists in the
form of pyrrole and pyridine in the vitrinite and in the form of
amino and pyrrole in the inertinite, both of which are relatively
stable in structure and less prone to change (Xie, 2002).

3.2 XRD analysis

3.2.1 XRD spectrum characteristics

The XRD spectrums of samples are shown in Figure 3. There
are two diffraction peaks at 20 = 25° and 20 = 44" in the XRD
spectrum, respectively. The existence of unsaturated structures
such as aliphatic side chains leads to the asymmetry of the
D002 peak. As R,,., increased, the content of aliphatic
structures in coal decreased, and the asymmetry caused by
their existence also gradually weakened (Takagi et al., 2004;
Okolo et al, 2015) (Figure 3). As R,,., increased, the
D002 peak shape of the samples gradually became narrower
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Atomic ratios

Hy N4 04 H/C 0/C
4.15 0.86 20.56 0.6965 0.2157
4.00 0.80 18.79 0.6540 0.1920
4.00 0.85 17.22 0.6415 0.1726
3.55 0.85 15.34 0.5546 0.1498
3.26 0.88 13.35 0.4955 0.1268
3.30 0.95 14.26 0.5076 0.1371
3.01 0.99 11.11 0.4450 0.1027
2.88 0.93 10.34 0.4229 0.0949
2.81 0.93 9.10 0.4048 0.0819
247 0.97 8.23 0.3504 0.0730
2.38 0.99 7.62 0.3361 0.0673
2.30 0.94 6.39 0.3194 0.0555
1.92 0.89 5.58 0.2638 0.0479
2.87 0.75 16.71 0.4553 0.1657
2.58 0.72 16.62 0.4101 0.1651
2.53 0.71 15.96 0.3968 0.1564
2.49 0.70 12.81 0.3903 0.1255
2.52 0.76 13.08 0.3814 0.1237
2.41 0.76 10.67 0.3607 0.0998
2.39 0.75 9.09 0.3594 0.0854
2.36 0.79 10.58 0.3467 0.0971
2.31 0.79 7.19 0.3418 0.0665
2.25 0.69 6.04 0.3268 0.0548
2.20 0.75 7.22 0.3114 0.0639
2.13 0.71 7.07 0.2991 0.0620
1.80 0.74 5.55 0.2527 0.0487

and sharper, and the position of the peak center gradually shifted
to the right. The D100 p peak shape of the two macerals became
narrower with the increase in Ry, 1y

Furthermore, there was a significant difference between
the XRD spectrum of the vitrinite and inertinite. Figure 3
showed that the diffraction peak relative intensity (integral
area) of the inertinite was higher than that of the vitrinite with
the same R, ,.,, indicating that the inertinite molecular
structure contained more polymeric aromatic rings. On the
contrary, with R, ., increasing, the variation of the diffraction
peaks of the inertinite was small, which was not as significant
as that of the vitrinite. Moreover, the symmetry of the
inertinite was stronger than that of the vitrinite with the
same R, ... It shows fewer aliphatic structures in the
inertinite than in the vitrinite. The narrower the peak
shape, the more ordered the coal structure (Zhang et al,
2008). Therefore, it can be concluded that the structure of
the inertinite was more orderly than that of the vitrinite with
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FIGURE 3

XRD spectrums of thermally simulated vitrinite (A) and inertinite (B) samples.

the same R, .5, and the structure of the vitrinite and inertinite
became more orderly as R, ., increased.

3.2.2 Structural parameters from the XRD
spectrum

The carbon interlayer spacing dgp, of the vitrinite and
inertinite is 3.52-3.689 A and 3.508-3.567 A, respectively.
Furthermore, the dgyy, of the vitrinite is more variable. The L,
and L of vitrinite are 13.08-24.26 A and 9.68-16.07 A, and those
of inertinite are 17.21-31.67 A and 11.76-16.79 A (Table 5). It
shows that the degree of crystallinity of aromatic carbon layers is
low in all samples.

The relationship between XRD structural parameters and R,,,
ran 18 demonstrated in Figure 4. Three obvious evolution stages of
vitrinite are observed with R, 1oy at 0.35%-0.90%, 1.20%-2.67%,
and 3.03%-4.20%, and two evolution stages of inertinite are
observed with R, ., at 0.35%-2.07% and 2.07%-4.20%. dgo
decreased with the increase in R,, ., (Figure 4A), and L,, L., and
N,ve increased with the increase in R, 1oy (Figures 4B-D). When
Ry, ran < 0.9%, doo2> Ly Lo, and Ny of vitrinite changed rapidly.
Moreover, when R, ;an = 1.2%-2.67%, their evolution rate slowed
down. These parameters of inertinite increased linearly in the
corresponding range of R, ., and the evolution rate was less
than vitrinite. The dgg,, L, Lo, and Ny, variation of the two
macerals remained stable as R, ., increased in the high coal
rank. In addition, the dy, of the vitrinite with the same R,,, ., was
smaller than that of the inertinite, whereas L,, L., and N, were
all higher than that of the vitrinite. The results showed that the

Frontiers in Earth Science

08

number of aromatic layers and the degree of aromatic ring
condensation of the inertinite were higher than the vitrinite.
The arrangement of aromatic layers in inertinite was more
regular and compact than in vitrinite, and the orientation of
aromatic layers was better than in vitrinite. That is why the
evolution rate of vitrinite is higher than inertinite in low and
middle metamorphic stages. Since in the low metamorphic stage,
the inertinite already has a larger proportion of aromatic
structures, which makes the variation of the inertinite
crystallite structure size not as significant as that of the

vitrinite during the coalification process.

3.3 FTIR analysis

3.3.1 FTIR spectrum characteristics

Figure 5 shows the FTIR spectrum of the samples. The
adsorption band characteristics of different coal ranks and
macerals were similar, indicating that they have similar
surface structures and functional groups. However, the peak
intensities and shifts of the two macerals were different,
meaning that there were significant differences in the types
and contents of functional groups during the coalification
process.

The peak intensity of the vitrinite in the region of
700-900 cm™' first increased and then decreased with the
increase in R, ;,,. The aromatic C-H may increase first due to
the formation of the new aromatic rings by aromatization in the
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TABLE 5 XRD structure parameters of thermally simulated vitrinite and inertinite samples.

10.3389/feart.2022.992017

Sample 20002 20100 FWHM,(, FWHM, (o dgoa/ Le/ La/ Nave
’ ) A) A) A)
YN-V-01 24.123 42.170 8.771 13.314 3.689 10.813 13.085 3.931
YN-V-02 24512 43.540 8.200 13.191 3.632 11.576 13.268 4.187
YN-V-03 24.644 42.870 7.548 10.462 3.612 12.579 16.691 4.482
YN-V-04 25.072 43559 6.909 9.279 3.552 13.753 18.863 4872
YN-V-05 24722 42,688 6.684 8.616 3.601 14.207 20.255 4,945
YN-V-06 24.900 43435 6.598 8.203 3.576 14.397 21.329 5.026
YN-V-07 24972 42.194 6.163 8.108 3.566 15.415 21.487 5.323
YN-V-08 24.993 42.699 5.990 7.792 3.563 15.861 22.398 5451
YN-V-09 25.200 42.799 5785 7.644 3.534 16.430 22.840 5,649
YN-V-10 25.237 42,631 5.636 7.388 3.529 16.864 23.616 5.779
YN-V-11 25.307 42565 5.593 7.496 3519 16.996 23272 5.829
YN-V-12 25.272 43.592 5527 7.339 3.52 17.199 23.852 5.886
YN-V-13 25.291 43.856 5505 7.363 351 17.272 23.797 5924
YN-1-01 24.961 42.851 7.232 9.148 3.567 13.137 19.088 4,683
YN-1-02 25.108 42788 6.766 9.072 3.547 14.050 19.243 4962
YN-1-03 25.188 43.266 6.368 8.640 3.536 15.600 20.230 5412
YN-1-04 25.265 43361 6.008 7.674 3.525 15.821 22.794 5488
YN-1-05 25275 43.160 5.908 7.318 3524 16.091 23.886 5.566
YN-1-06 25.283 43.461 5.769 7.191 3.522 16.479 24333 5.679
YN-1-07 25.299 42.888 5.560 7.427 3.520 17.098 23514 5.857
YN-1-08 25.293 43812 5.523 7.010 3.521 17.213 24.991 5.889
YN-1-09 25325 42,952 5359 6.445 3517 17.741 27.103 6.044
YN-1-10 25.352 42.846 5316 6.357 3513 17.886 27.467 6.091
YN-I-11 25.360 43.266 5316 6.368 3.510 17.886 27.460 6.096
YN-I-12 25.370 43.051 5293 6.318 3511 17.963 26.402 6.116
YN-I-13 25.450 43.112 5271 6.289 3.500 18.039 26.809 6.154

early stage. Since C-H exists only at the edge of the aromatic ring,
the polycondensation that occurs later at the edge of the aromatic
rings leads to a decrease in the C-H content. However, the peak
intensity of the inertinite in this region keeps decreasing with the
increase in R, ., , indicating that the aromatic C-H decreases
during the coalification process. It indicates that the
aromatization of the inertinite is relatively weak during the
coalification, and the polycondensation is dominant.

The peak intensity of the 1,100-1,300 cm™ bands,
1,350-1,460 cm ! bands, and 1,660-1,780cm™ bands
decreased as R, ., increased, indicating that the aromatic
C-O, aliphatic CH, and CHj, and the carbonyl/carboxyl C=0
decreased. The peak intensity of the 1,490-1,620 cm™' band
also decreased with increasing R, ;a,,. It should be noted that
the absorption peaks in this band were complex. It may be
attributed to the overlap of the absorption of the hydrogen-
bonded carbonyl and aromatic ring C=C, or it may be due to
the condensed ring being linked by CH, (Xie, 2002). In
addition, the peak position of vitrinite in the
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1,100-1,300 cm ™! and 1,490-1,620 cm™! bands shifted from
1,167 cm™' to 1,150 cm™ and from 1,591 cm™ to 1,552 cm™,
respectively. Moreover, the peak position of inertinite in these
two bands shifted from 1,150 cm™ to 1,133 cm™' and from
1,585 cm™' to 1,568 cm™, respectively. The peak intensity of
the vitrinite in these bands was smaller than that of inertinite.
In addition, the peak shifts of the vitrinite in the
1,100-1,300 cm™' and 1,490-1,620 cm™' bands were greater
than that of inertinite. The peak intensity and position
variation were greater than that of inertinite during the
coalification.

The peak intensity of the 2,800-3,000 cm™" band decreased as
Ry ran increased, indicating that the aliphatic C-H decreased.
Furthermore, when R,,,,>1.74%, the peak gradually
disappeared. The peak intensity of 2,924 cm™ was more
significant than that of 2,850 cm™, which indicated the
presence of long aliphatic chains in the samples. When
Roran = 0.35%-0.9%, the peak intensity of the vitrinite was
larger than that of the inertinite, indicating that the aliphatic
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FTIR spectrums of thermally simulated vitrinite (A) and inertinite (B) samples.
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TABLE 6 FTIR parameters of thermally simulated vitrinite and
inertinite samples.

Sample  f, I DOC A (CH,/CH;) C

YN-V-01 0.665 0.156 0.047 6.934 0.473
YN-V-02 0.749 0.448 0.061 4932 0.308
YN-V-03 0.775 0.582 0.082 3.737 0.218
YN-V-04 0.813 0.65 0.103 2.807 0.209
YN-V-05 0.820 1.119 0.108 3.388 0.186
YN-V-06 0.868 1.141 0.161 3.385 0.151
YN-V-07 0.898 1.106 0.182 2.953 0.161
YN-V-08 0.883 1.025 0.299 2.762 0.164
YN-V-09 0.939 1.222 0.474 2.781 0.133
YN-V-10 0.933 1.921 0.594 1.723 0.118
YN-V-11 0.926 1.516 0.637 1.855 0.110
YN-V-12 0.944 2.141 0.729 0.834 0.109
YN-V-13 0.966 3.351 0.82 0.947 0.104
YN-I-01 0.843 0.604 0.103 3.801 0.277
YN-I-02 0.820 0.94 0.129 3.692 0.233
YN-I-03 0.867 0.952 0.125 2.963 0.218
YN-I-04 0.880 0.802 0.135 3.093 0.209
YN-I-05 0.892 0.957 0.155 2.858 0.213
YN-I-06 0911 1.253 0.226 2.581 0.148
YN-I-07 0.922 1.561 0.298 2.543 0.161
YN-I-08 0.967 2.789 0.348 1.888 0.121
YN-I-09 0.968 4.946 0.515 0.981 0.138
YN-I-10 0.971 5.261 0.67 0.818 0.123
YN-I-11 0.955 4.865 0.709 0.642 0.111
YN-I-12 0.972 4.84 0.872 0.836 0.107
YN-I-13 0.965 5.066 0.823 0.798 0.108

structure content of the vitrinite was larger in the low coal rank.
The peak intensities of the two macerals gradually tended to be
the same in the middle-high coal rank.

3.3.2 Structural parameters from the FTIR
spectrum

Table 6 shows the structural parameters of the FTIR.
Correlation analysis was used to investigate the evolution of
far I, and DOC during the thermal simulation process (Figure 6).
Three evolutionary stages were observed for the FTIR structure
parameters of the vitrinite, with R, ran at 0.35%-0.90%, 1.20%-
2.67%, and 3.03%-4.20%, respectively. However, the evolution of
the inertinite parameters was divided into two stages: Ry, ran =
0.35%-2.07% and Ro, ran =2.67%-4.2%.

The f,, I, and DOC of the samples showed a trend of
gradual increase with the increase in the R, ., (Figures
6A-C), indicating that the aromaticity and condensation of
the aromatic structure increased. Moreover, the evolution rate
of each stage gradually slowed down. The variation trend of
the I value in the second stage of vitrinite tended to be flat. It
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increased rapidly in the third stage. However, the variation
trend of inertinite in the corresponding range was precisely
the opposite. It indicated that the relative abundance of
aromatic functional groups varied widely between the
vitrinite and the inertinite in the middle and high coal
rank. The variation of these parameters of the vitrinite was
greater than that of inertinite during the coalification process.
The f,, I, and DOC values of inertinite with the same R, .,
were greater than that of vitrinite, which is also consistent
with previous studies (He et al., 2017; Zhou et al., 2021). It
shows that maturity is related to the macerals of coal (Zhou
et al., 2021).

With the increase in R, ;an, the A(CH,)/A(CHj3) of samples
gradually decreased, which means that the content of methylene
decreased at a faster rate than that of methyl. It indicates that the
aliphatic chains gradually shorten and increase during the
coalification process. The A(CH,)/A(CH;) values of the
inertinite were all smaller than that of the vitrinite at the
same R, .., suggesting that there were longer and more
aliphatic side chains in the vitrinite. A(CH,)/A(CH3) of both
macerals differed greatly at the low metamorphic stage, but they
tended to be the same at the high metamorphic stage (Figure 6D).
It showed that the evolution rate of the aliphatic structure in the
vitrinite was significantly faster than that in the inertinite.

The ‘C’ decreased with increasing R, .., Which was caused by
the de-functionalization of the oxygenation during the
coalification process (Jiang et al., 2019). When R, an< 0.9%,
the “C” of vitrinite changed faster than that of inertinite. As Ry ran
continued to increase, the decrease rate of “C” slowed down. The
“C” of the two macerals gradually tended to be the same in
Ry ran = 1.2%-4.2%. The ‘C’ of the inertinite with the same R, ;.
was less than that of the vitrinite (Figure 6E).

3.4 C NMR analysis

3.4.1 C NMR spectrum characteristics

Figure 7 displays the “C NMR spectrum of vitrinite and
inertinite samples with different R, ;... The spectrum is divided
into two regions: an aliphatic carbon region (shift: 0-90 ppm)
and an aromatic carbon region (shift: 90-165 ppm). There was
almost no absorption peak in the carbonyl and carboxyl region in
the spectrum (165-24 ppm), which indicates that there are few of
these two groups. It was consistent with the results of the FTIR
spectrum.

As shown in Figure 7, the >*C NMR spectra of vitrinite and
inertinite were different. The peak intensity and area in the range
of 0-90 ppm of the vitrinite at the low metamorphic stage were
slightly smaller than those in the range of 90-165 ppm, indicating
that the contents of aliphatic and aromatic structures are
comparable at the low rank. However, the peak intensity and
area in the range of 0-90 ppm of the inertinite at the low
metamorphic stage are much smaller than those in the range
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FIGURE 6
Relationships between R, an and FTIR structure parameters.

of 90-165ppm, indicating that the inertinite is basically
dominated by the aromatic structure.

The peak intensity and area of the samples in the range of
0-90 ppm decreased rapidly with the increase in R, ran
indicating that the aliphatic structure fell off rapidly. The
peaks in the range of 0-90 ppm of the vitrinite almost
disappeared when R, ., was 2.67%, whereas the peaks in
the same range of the inertinite disappeared when R, ., was
2.07%. At this time, the content of aliphatic structures in
both macerals was reduced to very low. However, the peak
intensity and area of the samples in the range of 90-165 ppm
increased with the increase in R, ., (Figure 7), reflecting an
increase in the content of aromatic structure. The peak of the
aromatic structure became narrower with the increase in R,
ran- However, the variation of inertinite was weaker than that
of vitrinite. The aromatic structure peak of the vitrinite in the
low coal rank was in the range of 100-160 ppm, whereas it
shifted to 105-150 ppm when R, .., > 0.90% and continued
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to narrow down to 110-145 ppm when R,, ;. > 2.67%. The
aromatic structure peak of the inertinite in the low coal rank
was in the range of 100-150 ppm, and it narrowed down to
110-145 ppm when R, ran > 2.07%.

3.4.2 Structural parameters from the 13C NMR
spectrum

*C NMR parameters were calculated using the curve-fitting
method, and the significance and results of each parameter are
shown in Table 7. The information about the carbon skeleton can
be obtained by analyzing these parameters. Linear fittings
between R, ., and C NMR structural parameters with a
higher correlation coefficient are shown in Figure 8. The
evolution stages of C NMR structural parameters were the
same as in the XRD and FTIR experiments.

F, increased during the coalification process, indicating that
the aromatic carbon content gradually increased, consistent with
the published results (Li and Zhu, 2014; Liu et al., 2016b; Gao
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FIGURE 7

BC NMR spectrums of thermally simulated vitrinite (A) and inertinite (B) samples.

etal,, 2022). Due to the variability of coal-forming environments,
F, of the samples in this study is larger than that of samples with
the same coal rank in other regions, such as those mentioned in
the literature (Li et al., 2021a; Wang et al., 2022b). The aromatic
carbon (F,) of vitrinite increased rapidly from 67.35% to 77.88%
in Ry ran = 0.35%-0.90%, then increased more slowly from
78.38% to 85.72% in R, ran = 1.20%-2.67%, and remained
stable at around 86% in R, ., = 3.03%-4.20%. However, the
aromatic carbon (F,) of inertinite increased slowly from 76.05%
to 88.14% with R, ran ranging from 0.35% to 2.07% and then
remained stable when R, ., = 2.67%-4.20% (Table 7;
Figure 8A). Furthermore, f,/, ", £, and f,° of the
vitrinite and inertinite gradually increased in the low-
middle coal rank with the same evolution rate as F,
8B-E). It that the degree of
condensation and aromatization rings were gradually

(Figures indicates
increasing, which is consistent with the study of FTIR. At
the high coal rank, f,’ of both the vitrinite and inertinite
remained stable at about 85% and 88%, f," at about 46% and
47%, f,N at about 40% and 42%, and f,® at about 26% and
30%, respectively. It indicates that the aromatization
difference between them is gradually decreasing.

The aliphatic carbon (f,) and aromatic carbon (F,) showed
the opposite trend with the increase in R, ., which indicates
that the content of aliphatic carbon (f,;) decreased (Figure 8F).
The aliphatic carbon exists mainly in the form of methylene and
methine, followed by methyl (Table 7), suggesting that the
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methylene and methyl groups fell off during the coalification
process. The aliphatic carbon (fy) in the vitrinite decreased
rapidly from 29.32% to 19.98% in the first stage, decreased
slowly from 15.87% to 12.63% in the second stage, and
remained stable at about 10% in the third stage (Table 7;
Figure 8F). The aliphatic carbon (f,) of the inertinite follows
the same variation trend as vitrinite. It decreased slowly from
23.5% to 11.8% with R, ., ranging from 0.35% to 2.07% and
then remained stable at about 8% when R, ., = 2.67%-4.20%
(Table 7; Figure 8F).

Thus, the methyl f,;* and methylene-methine (f,;"") of the
samples showed the same variation trend as the aliphatic
carbon (f,)) with the increase in R, .. In the first stage,
far* and fy"' of the vitrinite samples decreased rapidly with
increasing R, ., from 3.44% and 24.65% to 2.05% and
12.85%, respectively. In the second stage, fy* and fu"
continued to decrease with increasing R, .., and the rate
of decrease was slower than that in the first stage. Overall, the
methyl (fy*) and methylene-methine (f;;") contents of the
inertinite were less variable and slowly decreased (Figures
8G,H). At the high coal rank, the contents and change rate of
the two macerals tended to be consistent and remained stable.
These results showed that there were aliphatic side chains in
the form of cyclane and long-chain alkanes in the low-rank
coals, and the aliphatic side chains were longer. As R, ran
increased, the aliphatic side chain gradually became shorter,
which is consistent with the results of the FTIR analysis.
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TABLE 7 **C NMR parameters of thermally simulated vitrinite and inertinite samples.

Samples F, fa fa€ fa
YN-V-01 67.35 60.59 7.81 36.16
YN-V-02 70.39 63.31 7.61 36.54
YN-V-03 76.03 71.01 6.4 37.71
YN-V-04 77.88 72.88 5.46 39.86
YN-V-05 78.38 73.66 5.52 41.88
YN-V-06 82.92 78.71 4.71 43.56
YN-V-07 82.25 79.69 2.85 44.41
YN-V-08 83.41 80.87 294 43.04
YN-V-09 85.72 84.9 1.88 46.17
YN-V-10 85.53 84.18 1.74 46.48
YN-V-11 85.73 84.27 1.77 46.44
YN-V-12 85.85 84.51 1.7 46.56
YN-V-13 86.79 85.48 1.69 46.65
YN-I-01 76.05 71.95 8.55 41.42
YN-1-02 77.67 72.26 6.92 41.71
YN-I-03 77.9 72.29 6.81 41.92
YN-I-04 78.44 73.84 59 42.42
YN-I-05 82.06 77.51 5.16 445
YN-I-06 85.09 80.83 4.26 44.49
YN-I-07 84.89 81.78 3.54 44.44
YN-I-08 86.21 83.15 3.88 46.06
YN-I-09 88.14 85.99 2.74 46.71
YN-I-10 89.48 87.89 2.83 47.2
YN-I-11 89.86 88.3 2.59 47.3
YN-I-12 90.35 89.4 2.46 47
YN-I-13 90.5 89.28 2.3 47.23

f.€ of the vitrinite and inertinite decreased rapidly from
7.81% to 22.94% and from 8.55% to 3.88% in the first and
second stages, respectively. Then, they remained stable at
about 1.7% and 2.3% in the third stage (Figure 8I). It
indicates that the carbonyl/carboxyl groups decreased rapidly
at the low-middle coal rank stage, and the content of carbonyl/
carboxyl groups was small and stable at the high coal rank stage.

In addition, the aromatic carbon structure parameters of the
vitrinite with the same R, .., were smaller than those of the
inertinite, the aliphatic carbon structure parameters were larger
than those of the inertinite, and they gradually tended to be the
same with the increase in R, . It suggests a convergence in the
evolution of the molecular structures of the two macerals. The results
of X, show that the condensation degree of aromatic carbon of
inertinite is higher than the vitrinite (Figure 8]). Moreover, inertinite
has a larger aromatic cluster structure. It kept increasing during the
coalification process, indicating that the condensation degree of
aromatic carbon keeps increasing with the increase in Ry, ap.
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N f’ Jar Sl Sar* Xb
2543 691 2932 24.65 3.44 0.11
25.77 9.56 26.44 21.86 3.13 0.15
3431 9.59 19.93 16.41 2.06 0.14
33.01 13.18 19.98 12.85 2.05 0.18
3378 15.02 15.87 1291 1.72 0.20
37.15 183 13.84 7.83 13 0.23
36.28 20.07 14.28 7.57 124 0.25
38.82 22.14 13.19 8.33 151 0.26
38.84 2176 12.63 7.48 0.84 0.26
38.7 25,57 10.33 7.06 0.83 0.30
38.83 25.12 9.79 5.58 0.85 0.30
38.94 25,57 9.53 5.35 0.83 0.30
39.83 2654 9.57 475 0.76 031
2953 12.12 235 11.65 3.67 0.17
3055 13.07 17.98 10.92 331 0.18
3127 142 18.4 9.37 333 0.20
32.42 1432 19.74 10.23 1.98 021
34.01 2031 16 8.51 175 0.26
3634 2117 1275 8.11 1.61 0.25
3734 2.12 12.62 7.26 175 0.25
37.09 23.69 118 7.46 143 0.28
40.28 2629 8.35 6.78 0.78 0.29
40.68 2776 9.29 6.51 0.78 0.30
41 26.03 83 5.64 0.73 0.29
4241 2823 8.14 5.58 0.73 0.32
42,05 3023 7.81 52 0.68 0.34

4 Discussion

4.1 Molecular structure evolution
mechanism and difference between
vitrinite and inertinite during coalification

Coalification is a chemical process in which heteroatoms
gradually fall off, and carbon atoms gradually concentrate. This
process involves changes in three aspects: 1) shedding of oxygen-
containing heteroatom groups, 2) degradation of hydrogen-
containing alkyl side chains, and 3) recarburizing and
condensation of aromatic rings (Zhang et al, 2009). The
relationships between XRD, FTIR, and *C NMR structural
parameters and R, .., show that the overall trend of coal
structure evolution is that the aromatic system increases
during the coalification process, but various functional groups
are characterized by staged evolution, which reflects the
profound coalification mechanism.
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According to the FTIR and NMR spectrum, oxygen-
containing functional groups in coal decrease rapidly with the
increase in R, ;. among which ether oxygen bond C-O-C
decreases the most, followed by hydroxy-OH and carbonyl
and carboxyl groups C=0. The shedding of these functional
groups leads to not only the relative increase in the proportion of
aromatic carbon atoms in coal but also the formation of new
active sites. Then, various solid and newly formed soluble organic
matter further polymerizes, resulting in the enlargement of the
aromatic system (Li et al., 2015b). C-O-C exists in coal as
aliphatic ether and aromatic ether. Therefore, when R, an <
0.90%, the group decreases rapidly with the shedding of the
aliphatic structure. As Ry, ;o increases, the number of aromatic
ethers attached to the aromatic structure gradually increases, so
the rate of decrease of the C-O-C group gradually becomes
stable.
metamorphic stage, the content of aromatic ether in inertinite

slower until it is However, in the low-middle
is more than that in vitrinite, which is difficult to be eliminated
with evolution (Liu, 2021), and the content of aliphatic structure
is less than that of vitrinite. Therefore, the group decreases slower
with the increase in R, ., than in vitrinite. In the high
metamorphic stage, the C-O-C group content gradually
becomes flat as the aliphatic and aromatic structures become
stable. The content of the C-O-C group in inertinite is lower than
vitrinite at the low metamorphic stage and higher than vitrinite at
the high metamorphic stage, which is consistent with the
literature (Liu, 2021). The variation characteristics of DOC
and absorption peaks in 1,660-1,780 cm™' region indicate that
the rapid shedding of the vitrinite carboxyl group occurred before
Ry, ran = 0.90%. When R, ;. =1.20%-2.67%, the carboxyl groups
still exist. Moreover, when R, ;an > 3.03%, it almost disappeared.
However, the carboxyl group of inertinite decreases linearly and
stably in the range of R, o, = 0.35%-2.07%; it almost disappears
until R, an > 2.67%.

The evolution of the aromatic and aliphatic structures of
the vitrinite is divided into three stages. When R, 4, < 0.90%,
the rapid increases in parameters such as fy 1Ry Far fa (€

, DOC,
NMR)

and I imply that the aromatization is evident in the low
metamorphic stage and the condensation of aromatic rings is
enhanced. It is also corroborated that the absorption peaks in the
1,490-1,620 cm™' region of the FTIR spectrum shift toward lower
wave numbers as R, ., increases, whereas the absorption peak
area decreases because the enhancement of the condensation
degree of the aromatic ring leads to the reduction of the
molecule free vibration energy, which in turn leads to a
decrease in the C=C bond stretching vibration frequency.
Combined with the analysis of Figures 6D, 8IJ, the
aliphatic structure decreased rapidly in this stage, the
shedding rate of methylene was faster than that of methyl,
the degree of branch chain increased, and the side chain
became shorter. A lower value of A(CH,)/A(CHj3) indicates
that the aliphatic chain between aromatic rings is shorter as
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the space between coal aromatic rings with a high
concentration of CHj is smaller and has a tighter structure
(Orrego-Ruiz et al,, 2011). Therefore, the shedding of the
aliphatic structure will also lead to the enlargement of the
aromatic system. In conclusion, the coalification process
results from the synergistic effect of aromatic structure,
aliphatic ~ structure, and oxygen-containing functional
groups. In addition, Liu believed that the ether oxygen
bond is generally short in bond length and high in bond
energy, which makes it difficult to destroy. Therefore, the
essential difference between vitrinite and inertinite in the
in the

number of ether oxygen bonds, whose higher bond energy

evolution of coal macromolecular structure lies

hinders the chemical bond breakage and aromatic layer
rearrangement (Liu, 2021). As R, .., continues to increase,
the shedding rate of aliphatic structure and oxygen-containing
functional groups slows down significantly, leading to the
weakening of aromatization. At the same time, the rate of
C-0O-C reduction slows down, which means that the structural
reorganization barriers increase. It leads to a slowdown in the
rate of aromatic layer rearrangement. As the content of C-O-O
gradually remains constant, the variations of parameters such
as aromatic carbon ratio, aromatic carbon, and condensation
degree remain flat at the high metamorphic stage (R,, ran =
3.03%-4.2%), indicating that the aromatic system becomes
stable at this stage. The evolution of the aromatic and aliphatic
structures of the inertinite is divided into two stages. When R,
ran < 2.07%, the parameters f, rrir)y Far fo (& NMR)

and I of the inertinite increase rapidly, indicating that the
aromatic system of inertinite increases linearly during the low-
middle metamorphic stage. However, the aromatization degree
and aromatic ether content of inertinite in the low metamorphic
stage are higher than that of vitrinite, so the increase rate of the
aromatic system in this stage is lower than that of vitrinite with
the evolution. The shedding rate and content of C=0, C-O-0O,
CH,, and CHj; are smaller than those of vitrinite in the same
metamorphic stage, and the rearrangement of the aromatic
carbon layer is slower than in vitrinite. The structures
gradually become stable at the high metamorphic stage (R,
> 2.67%).

In addition, the aliphatic structure and functional groups
gradually fall off as R, ., increases, and the coal
macromolecular chains begin to connect, leading to an
increase in the average crystallite diameter (L,). The
shedding of these structures also makes the arrangement of
macromolecules more compact (Li et al., 2020b), leading to a
decrease in interlayer spacing (dgp,). At the same time, the
content of aliphatic hydrogen tends to decrease, the content of
aromatic hydrogen increases, and the aromatic layer is stacked
rapidly, which leads to the increase in crystallite height (L.) and
the number of carbon layers (N,ye).

In conclusion, the aromatization degree of inertinite is
always higher than that of vitrinite during the coalification
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process. The content of aromatic structure and condensation
degree of the aromatic ring is greater than in vitrinite
with the same R, ,.,, whereas the content of aliphatic
structure, degree of branch chain, side chain length, and
the oxygen-containing functional group is less than in
vitrinite. The evolution rate of inertinite structures is
lower than that of vitrinite, but the structural parameters
of the two macerals tend to be the same in the high
metamorphic stage.

4.2 Recommendations

It can be realized from the above conclusions that the
macromolecular structure evolution of the vitrinite and
different the
However, the differences between the two macerals are getting

inertinite is during coalification  process.

smaller and smaller. The macromolecular structure is an
important basis for studying coal chemical and coal reservoir
physical properties. Some recommendations for future work in
the field of coal liquefaction, gasification, coking, and CBM
exploration and development are as follows:

(1) The coal macerals should be studied separately to reveal the
evolution of industrial and methane adsorption properties of
coal with different vitrinite/inertinite ratios.

(2) The coalification process of highly enriched vitrinite or

inertinite with different densities is also different (Lin

et al, 2021). Studying the effect of density on the

evolution of molecular structure from the perspective of a

single coal maceral may be more relevant for improving the

efficiency of clean coal utilization.

(3) The molecular structure of macerals is characterized by

phased evolution. It has important directive significance

to the reactivity, physical and chemical behavior, and
reaction change trajectory of coals of different coal ranks
in the thermal processing process.

(4) The developmental changes of the micropores of coal are

directly controlled by the macromolecular structure, and the

pore structure determines the adsorption property of coal, so
the molecular structure affects the adsorption and transport
of CBM. As a coal reservoir, the physical properties of
vitrinite and inertinite should also be different, which has
important practical significance in coalbed methane

exploration and coal mine gas extraction.

5 Conclusion

The molecular structure characteristics of the two groups of
thermal simulation sequence samples were quantitatively
characterized by multispectral analysis, and the relationship
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between the molecular structure parameters and R, ., was
discussed. Based on these results, the differences in molecular
structure evolution between vitrinite and inertinite during
coalification were summarized and compared. The main

conclusions of this study are as follows:

(1) The coalification process results from the synergistic effect of

aromatic structure, aliphatic structure,
The

structures of vitrinite and inertinite are characterized by

When Rypn = 0.35%-0.90%, the

oxygen-containing  functional aliphatic

and oxygen-

containing functional  groups. macromolecular
staged evolution.
groups and
structure of vitrinite fall off rapidly, leading to the rapid
increase in the aromatic system, which means that L,
increases. The aromatic layers accumulate rapidly, and the
spatial arrangement of the aromatic layers is more regular
and closer, so L. and N,,. increase, whereas d, decreases.
When R, ;an = 1.20%-2.67%, there are still a certain amount
of groups such as C=0, C-O-C, CH,, and CHj; in the
vitrinite, but the content of these groups decreases with
the evolution, and the side chains become shorter and
more. With the shedding of oxygen-containing functional
groups and aliphatic structures, L,, L., and N, continue to
increase, whereas dyg, continues to decrease. However, the
rate of evolution in this stage is smaller than that in the first
stage. When R, ., > 3.03%, the C=O group of vitrinite
almost disappeared, and C-O-O existed as a small amount
of aromatic ether, which was difficult to eliminate. The
changes of each group become flat, the contents of
oxygen-containing functional groups and aliphatic
structure decrease to the lowest, the degree of branched
chain reaches the maximum, and the side chain reaches the
shortest.

The f,, DOC, L, £, £'%, £, /%, and Xy, of inertinite are always
larger than those of vitrinite, whereas the A (CH,)/(CHa), f,
fa, and fy! of inertinite are always smaller than those of
vitrinite. When R,pn = 0.35%-2.07%, the groups and

microcrystal sizes of the inertinite maintain the same trend

2

~

as those of the vitrinite, but their evolution rate is similar to that
of the second stage of the vitrinite. In other words, the aromatic
ether content of inertinite is more than that of vitrinite and the
barriers to molecular reorganization are greater than those of
vitrinite at the same stage, resulting in the shedding of oxygen-
containing functional groups, methyl, and methylene at a rate
less than that in vitrinite. The aromaticity, condensation degree,
aromatic carbon content, and order degree of microcrystalline
structure also increase at a rate less than that of vitrinite. When
R ran > 2.67%, the C=0 group of vitrinite almost disappeared.
The changes of various groups remain flat as those of vitrinite;
however, the structural parameters tend to be the same as those
of vitrinite, and the microcrystalline structure is closer to the
graphite structure.
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