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To gain insights into the spectroscopy characteristics from coal to graphite,
we investigated different metamorphic degrees of coal-based graphite which
were collected from Hunan Province China. In this paper, by means of X-
ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), and Raman spectroscopy, graphite with different
metamorphism degrees has been characterized to explore the evolution of
macromolecular structure of organic matter during graphitization. The results
show that with the increase of metamorphism degree, the 002-diffraction peak
of the series of samples gradually shrinks and narrows, and the peak intensity
becomes stronger, indicating that the microcrystalline structure gradually
becomes regular and ordered. As the degree of graphitization increase, the
uniformity of particle size in coal samples observed gradually increases, and
the morphology becomes more regular, transitioning from disordered and
irregular shapes to a structured large-scale flake pattern. The crystallinity
improves, and the massive coal particles gradually coalesce into large plate
crystals, with the inter-particle pores gradually closing. The graphite structure
becomes increasingly evident. The FTIR spectra show that as the degree of
graphitization increases, the peak at 1,581 cm™ corresponding to C=C vibrations
gradually intensifies. Some inert functional groups are retained throughout
the graphitization process. The pores between coal particles gradually close,
and the morphology of graphite particles becomes more regular and ordered.
Additionally, during the graphitization process, structures similar to carbon
nanotubes may develop. Throughout the structural transformation from coal
macromolecules to graphite crystals, the size of the sp? planar domains in
single-layer graphene increases, and the lattice structure of carbon atoms
gradually enlarges. These findings contribute to a comprehensive understanding
of the properties and characteristics of coal-derived graphite, and can provide
theoretical reference and basis for the metallogenic mechanism of coal-derived
graphite and the efficient utilization of coal.

coal-based graphite, graphitization, spectroscopy characteristics, different
metamorphisms, coal
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1 Introduction

Graphite, one of the minerals of the element carbon monocular
crystals, is the allotrope of carbon and the fullerene, carbon
nanotube, and diamond (Cao et al., 2017; Wang et al., 2020; Chehreh
Chelgani et al, 2016). The graphite crystal structure comprises
carbon atomic layers arranged in a hexagonal ring network in
parallel stacking, which are connected by van der Waals forces
with 0.335 nm inter-layer spacing. The carbon atoms are hybridized
into sp” bonds in the graphite structure layer, and a delocalized IT
bond was formed between layers. Thus, the layered structure and
chemical bonding characteristics determine graphite’s physical and
chemical properties (Gao et al., 2015; US Geological Survey, 2016).
China is one of the few countries in the world with crystalline and
cryptocrystalline graphite. With the advent of the carbon age, the
development and utilization of graphite resources have gradually
received attention from countries worldwide. Coal-based graphite,
a kind of cryptocrystalline graphite, is the product of coal, which is
experienced from the high metamorphic stage to the graphitization
stage. However, there are few studies on the graphitization of
coal, and it is not unclear research on the characterization of
coal-based graphics, influencing factors of graphitization and the
graphitization mechanism of coal. Thus, it is essential to study
the characteristics of coal-based graphite and the graphitization of
coal, which has important value for the rational development and
efficient utilization of coal-based graphite (Olson et al., 2016; Day et
al, 2016).

Contact metamorphic graphite is an important genetic type of
graphite deposit formed by contact metamorphism of coal seam
caused by magma intrusion. A contact metamorphic zone gradually
changes from graphite to anthracite (Mo et al., 1989). The basic
structure of coal units is composed of many groups with different
thermal stability values, including carbon nuclei, side chains, and
functional groups. Due to the effect of heat, thermal decomposition
and polycondensation promote the hexagonal carbon atom planar
network layer, which forms the basis of solid phase residue.
Moreover, the side chain was broken and gas was released. A
large amount of gas is generated, and the microcrystalline layers of
coal are rearranged to become orderly, as revealed by the heating
experiment of coal (Li et al., 2001).

Landis believed that the graphitization process was a gradual,
continuous evolution related to the metamorphism degree of the
surrounding rock. With the increase of the metamorphism degree,
the crystallization degree of graphite gradually increased. Based
on the results of X-ray diffraction, the structure can be ordered
from high to low as follows: graphite (fully ordered graphite), D1-
graphite (graphite-D1), d1A graphite (graphite-D1A), d2 graphite
(graphite-D2), and d3 graphite (graphite-D3). During the evolution
from coal to graphite, the nanostructural changes are relatively
more complex than the microscopic structure changes revealed by
maceral and X-ray diffraction (Buseck and Huang, 1985). Oberlin
and Terriere (1975) studied the high-temperature graphitization
process of anthracite using high-resolution transmission electron
microscopy. When the temperature was <2,000°C, anthracite
showed the characteristics of “hard carbon” However, as the
temperature gradually increased (>2,500°C), it began to show the
characteristics of “soft carbon” It is mainly manifested in the
gradual flattening of pores formed by carbon layers, leading to the
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parallel arrangement of carbon layers and graphitization (Oberlin
and Terriere, 1975). Deurbergue et al. studied the graphitization
of North Korean anthracite using XRD and TEM. They concluded
that the parameters derived from XRD represent an “average” value
for the sample as a whole. In contrast, TEM allows for observing
the heterogeneity in morphology and structure among samples with
different degrees of graphitization (Deurbergue et al., 1987). There
is a crust-like structure in the graphitization nanostructure of coal
measures, proving that the graphitization of coal is a continuous
evolution. Rantitsch discovered two carbon structures with different
degrees of structural order in their study of the graphitization of
East Alpine carbonaceous materials using HRTEM. One structure
was circular, whereas the other was a polygonal structure composed
of carbon layers with long-range order (Rantitsch et al.,, 2004).
It can be seen from the above studies that there are few studies
on the evolution process from high metamorphic anthracite to
coal-measure graphite. There are more studies on the evolution
characteristics of the low and middle coalification stages, but
there are few studies on the evolution process and evolution
characteristics of coal from the high metamorphism stage to the
graphitization stage, which is not thorough enough to reveal the
graphitization of coal.

Graphite and semi-graphite are the final products of the
evolution of organic matter, which cannot be effectively divided
with coal through traditional coal petrology. The Fourier transform
infrared spectroscopy and Raman spectroscopy can reveal the
internal vibration of molecules. The highly asymmetric vibrations
of functional groups are infrared active, so the infrared bands of
some strongly polar groups can be tested by Fourier transform
infrared spectroscopy. The Raman active vibration is generated
under the change of the laser-induced dipole moment. The
symmetric vibration of some non-polar groups and carbon
skeleton has a strong Raman band, so Raman spectroscopy is
suitable for determining the molecular skeleton. Infrared and
Raman spectroscopies can complement each other during the
substance identification (Wen et al., 1989). Therefore, FTIR and
Raman spectroscopies are used to characterize a series of meta-
anthracite and coal-based graphite to explore the changes of coal
macromolecules during the graphitization in this paper. It provides
a theoretical basis for exploring and developing coal system graphite
resources.

2 Geological setting of the study area

Lianyuan Basin, also known as Lianyuan Depression, is located
in the north of Lianyuan Basin in Central Hunan Province,
separated from Shaoyang Depression by the beaded uplift of
Baimashan-Zushling-Longshan in the south of the depression,
Xuefeng orogenic belt uplift in the west, Weishan uplift in the
northeast, and Xiangxiang Low uplift in the east (Li, 2019).
Lianyuan Depression is located in the middle of the Changshao
fault depression in the South China fold system. From north to
south, it mainly consists of spindle-shaped linear folds and fault-
block coal-bearing syncline, and it is accompanied by overthrust
faults. The fault structure is mainly compressive, and compressed-
torsion reverse fault and thrust fault, followed by an arc fault. In
addition, thrust nappe structure, bedding slip fold structure, klippe,
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structural window, and other structures are also very developed
(Miao et al., 2016; Wang et al., 2016).

The Lianyuan Depression has a complete stratigraphic
development, with outcrops of Proterozoic, Early Paleozoic, Late
Paleozoic, and Mesozoic eras. The Proterozoic and Early Paleozoic
strata are exposed in the uplifted or protruded belts around the
depression. In contrast, the Late Paleozoic and Mesozoic strata
are mainly distributed within the depression (Gong, 2018). The
Lianyuan Depression is based on the Caledonian fold unconformity
surface. Early Carboniferous-Late Permian coal-bearing strata were
deposited, mainly dominated by the Ce Shui Formation, with the
Long Tan Formation as a secondary component. The Ce Shui
Formation is 100~170 m thick, primarily consisting of lagoon
bay clastic sediments with a small amount of carbonate deposits
in the upper part; the Long Tan Formation is 22~57 m thick,
predominantly developed in the Dou Li Shan, En Kou, and Qiao
Tou He mining areas, forming coastal clastic sediments, which have
become the coal accumulation centers for the Long Tan Formation.
The structural line distribution is NE-oriented, with wide and gentle
synclines preserving many coal seams. The anticlines are narrower
and incomplete due to the development of faults (Li et al., 2013).

There is a Tianlongshan rock mass, about 130 km? in size, whose
zircon U-Pb age is 196-210 Ma, belonging to the T3-J1 period in
the research area (Mo et al., 2020). The Tianlongshan rock mass is
mainly composed of granodiorite and monzonitic granite, showing
bedrock formation. Contact metamorphism is evident with the
surrounding rocks, featuring strong silicification and hornfels. A
series of vein intrusions and captured limestone and slate bodies
can be observed. Due to the thermal metamorphism caused by the
intrusion, some of the No. 5 coal seam in the Hanpoao Depression
Mine has been metamorphosed into graphite (Li, 2019). In the west
wing of the Hanpoao syncline, the lower Carboniferous Ce Shui
Formation is fully exposed. At the same time, the underlying strata of
the coal-bearing formation have been eroded to varying degrees by
Indosinian magmatic rocks. The existence of coal and rock mixing
on the eastern flank of the syncline is a sign of an imbricate fan
formed by a thrust fault (Yang and Dai, 2008). The dip angle of
the syncline is steep, partially upright, and reversed, and the main
coal seam of water-measuring coal measures close to magmatic rock
mass and has been graphitized or partially graphitized.

3 Samples and methods
3.1 Sample collection

The samples are collected from Shengli mine (YP1), Xinhua
Baichong mine (YP2), and Lengshuijiang mine (YP3, YP4, and
YP5), respectively, among which the YP1, YP2, and YP3 are from the
Carboniferous Ce Shui Formation, and the YP4 and YP5 are from
the Upper Permian Leping Formation.

The samples were primarily collected from three coal
mines within the Hanpoao mining area in the Lianyuan Basin,
Hunan Province (Figure 1). These mines, listed from the farthest
to the nearest from the Tianlongshan intrusion, are Shengli Coal
Mine in Xinhua County (YP1), Baichong Mine in Xinhua (YP2),
and Lengshuijiang (YP3, YP4, and YP5). Among these samples,
YPI1, YP2, and YP3 were sourced from the No. 3 coal seam of the
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FIGURE 1
Sample collecting location.

Carboniferous system’s Ceshui formation, and YP4 and YP5 are
from the Upper Permian Leping Formation. Most of the No. 3
coal seam is minable, with a thickness of 1.5-2.5 m. According to
GB482-2008, sampling was systematically conducted based on the
degree of metamorphism. Each sample required a mass of over 2 kg,
maintaining as much of the block form as possible. After collection,
the samples were sealed in plastic bags to avoid prolonged exposure
to air, facilitating subsequent experiments. The coal samples were
generally deep black with a metallic luster, exhibiting a stepped
fracture, block structure, developed cleavage, and a wrinkled
surface. The coal type was anthracite. In the laboratory, the coal
samples were selected using the quartering method, ground with a
mortar to 200 mesh, dried at 105°C, and then subjected to testing
and characterization.

3.2 Methods

3.2.1 X-ray diffraction analysis

X-ray diffraction analysis was performed by D/MAX-2500PC
automatic powder X-ray diffractometer (Rigaku Co. of Japan).
Determination conditions are as follows: Cu target, voltage: 40 kV;
current: 100 mA; scanning step width: 0.02°; slit system: DS=SS=1°,
RS=0.3 mm; and scanning speed: 4°/min. The microcrystalline
structure parameters are as follows: diameter of aromatic layers
L, and stacking height L. are calculated by the Scherer formula:
Dhkl=K MA/B cosO (K: microcrystalline form factor, § is the half-
high width of the diffraction peak, and 0 is the Bragg angle of the
corresponding peak) (Lu et al., 2001; Takagi et al., 2004; Kwiecinska
and Petersen, 2004; Ernst et al., 1990).

3.2.2 FTIR spectroscopy analysis

The samples were prepared using the KBr compression
technique, and the qualitative and functional group analyses were
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FIGURE 2
XRD patterns of different metamorphic grades of graphite.

carried out using the Nicolet 6,700 Fourier transform infrared
spectrometer. Test conditions are as follows: scanning times: 32,

-1

resolution: 4 cm™, wavenumber range: 4,000~400 cm™, grating

size: 100, and dynamic and static motion velocity: 0.6329 m/s.

3.2.3 Raman spectroscopy analysis

The Raman test was performed using the inVia laser Raman
spectrometer produced by RENI SHAW, UK, with a laser wavelength
of 514.5nm, a power of 16 MW, a microscopic size range of
<1 pm, and a spectral resolution of 1 cm™. At room temperature,

the detector was scanned from 100 to 3,200 cm™

with a step
size of 1 cm™! and a monochromator slit width of 24 um at the

backscattering mode.

4 Results and discussion

4.1 Development of coal-based graphite
crystalline

Figure 2 shows the X-ray diffraction pattern of samples with
different graphitization degrees. Each sample has a clear diffraction
peak at ~25° (20), which is the 002-diffraction peak of coal/graphite.
With the increase of the metamorphism degree, the 002-diffraction
peak of the samples gradually shrinks and becomes narrower. The
peak intensity becomes stronger, indicating that the microcrystalline
structure in graphite gradually becomes regular and orderly. The
FWHM of the peak 002 reflects the degree of graphite crystallization.
The FWHM of the YP1 sample is 3.838°, whereas the FWHM
of the YP5 sample has been reduced to 0.376°. The change
of the intensity and sharpness of the diffraction peak reflected
that the discontinuous polycyclic aromatic hydrocarbon structure
changed to the regular lattice structure of graphite, which can
also be confirmed by the microcrystalline structure parameters
Lc and La in Table 2.

The different stages of the coal-to-graphite metamorphic process
are defined by Kwiecinska and Petersen (2004): layer spacing of
anthracite d002 > 3.38 nm, semi-graphite of d002 was between 3.37
and 3.38 nm, and graphite of d002 was between 3.354 and 3.37 nm
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TABLE 1 Structure parameters of different metamorphic grades
of graphite.

Sample ‘ YP1 ‘ YP2 YP3 YP4 ‘ YP5 ‘
d (002) 3.4896 3.3732 3.3707 3.3632 3.3558
Degree of graphitization — 0.7767 | 0.8058 | 0.8930 | 0.9791
)
Half-width (°) 3.838 1.652 0.619 0.530 0.376
Le 20.99 48.80 130.36 152.26 214.67
La 89.80 113.50 512.27 596.56 659.80

(Kwieciniska and Petersen, 2004). Accordingly, YP1 samples are still
classified into high metamorphism anthracite, YP2 and YP3 samples
belong to semi-graphite, and YP4 and YP5 samples are classified
into graphite. Graphitization degree r is a quantitative parameter
(Ernst et al., 1990) describing the degree of carbon material close
to perfect graphite, which is calculated by the formula r=(3.440-
d002)/(3.440-3.354), in which 3.440 is the layer spacing of non-
graphitic carbon, 3.354 is the layer spacing of ideal graphite single
crystal, and d002 is the measured layer spacing of the substance
(Qiao et al,, 2011). The graphitization degree of the YP2 and YP3
(semi-graphite) samples is about 0.8, and the graphitization degrees
of the YP4 and YP5 samples are 0.89 and 0.98, respectively. The
graphitization degree of the YP1 sample is the lowest (Table 1).

The spectrogram of the YP1 sample shows a “bulge’-
shaped diffraction peak at about 25° characterized by the
anthracite symbol (Bai et al, 2013). The 002 peak of the YP2
sample was asymmetric, which is a significant feature of the partial
graphitization of coal. The 002 peak of the YP3 sample also shows
a slight asymmetry, and there is a small peak at the low angle of the
peak of 002, indicating that the sample contains some disordered
structure. The number, intensity, and symmetry of hkl diffraction
peaks of YP4 and YP5 samples increased, indicating that the graphite
crystal structure was nearly three-dimensional.

The spectra of YP4 and YP5 show that the samples contain
minerals such as chlorite and illite but with low content according
to the relative intensity of the peaks. Table 2 shows the samples’
moisture, ash, volatile, and carbon content calculated following
GBT 3521-2008. The results show that the carbon contents of all
samples are more than 70% and low content volatile, indicating
that many different stable groups in the coal are dissociated
during graphitization. In contrast, the stable aromatic carbon core
components are retained. The relatively high ash content in the YP5
and YP4 samples is 23.7% and 16.2%, respectively. Some scholars
believe that iron ions can play a catalytic role in the formation
of graphite (Mo et al., 1989). However, there are still few studies on
the effect of minerals in raw coal ash on graphitization.

4.2 Micromorphology of the different
metamorphic degrees of samples

Figure 3 shows the SEM micromorphology of the series samples.
For the YP1 sample in the metamorphic anthracite stage, the
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TABLE 2 Proximate analysis results of graphite samples (wt%).

Sample YP1 YP2 YP3 YP4 ‘ YP5
Moisture (%) 0.76 1.91 0.99 1.43 0.74
Ssh (%) 0.76 5.61 12.74 16.19 23.70
Volatile (%) 5.01 4.30 4.88 5.07 2.82
Fixed carbon (%) 93.47 88.18 81.38 77.30 72.75

particles at high magnification show an amorphous form, whereas
the particles at low magnification are lumpy. For the YP2 sample,
some particles are graphite with irregular shapes and a certain degree
of crimp at the high magnification, whereas a small number of flake
crystals and pores are detected at the low magnification. There is a
higher crystallization degree for the YP3 and YP4 samples, and both
develop some needle-like structures similar to carbon nanotubes.
The crystal particle size of the YP4 sample is relatively uniform and
has a regular morphology. It has a developed lamellar structure and
is linked into parallel layers with closed pores. For the YP5 sample,
the graphite structure is already quite obvious with large particles,
scale-like but slightly less regular than that of the YP4 sample.

4.3 Chemical differences of samples

Three regions are mainly divided in the FTIR spectroscopy
of the sample: 4,000-2,800 cm™! (high wavenumber region),
1800-900 cm™! (medium wavenumber region), and 900-400 cm™!
(low wavenumber region). The strong absorption peak at 3,451 cm™!
is the stretching vibration of OH in water molecules. On the one
hand, water mixing is because, in the KBr pressing, the powder
will inevitably absorb water in the air; on the other hand, it
is also related to the increase of specific surface area and the
enhancement of water absorption after the sample is ground. The
two weak peaks of 2,924 cm~! and 2,855 cm™! are attributed to the
asymmetric and symmetric stretching vibration of CH,, respectively
(Qiao et al, 2011; Zhang and Xue, 1990; Alstadt et al., 2012;
Wang and Han, 1999). The band of 1,637 cm!is assigned for the
OH vibration of water molecules, and the band of 1,581 cm™ is
assigned for C=C vibration, which is the intrinsic absorption band
of the graphite material (Wen et al., 2004). The bands of 1,406 cm™!
and 1,390 cm™! are assigned for vibration of CH;, whereas bands
of 1,275cm™" and 1,114 cm™! are absorption of C-O in phenols,
alcohols, ethers, and lipids correspondingly. The band of 1,031 cm™
is assigned for the strong absorption of clay minerals in the sample
(Friedel and Carlson, 1971). The three peaks of 618 cm™!, 539 cm™,
and 480 cm™" in the low wavenumber region may be caused by the
vibration of Al-O-Si groups in the ash meso-silicate rock (Alstadt et
al,, 2012).

The OH stretching vibration peak width of water molecules
in the high wavenumber region is larger and slightly asymmetric,
which may be related to the existence of an aromatic ring CH
absorption band near 3,050 cm™! (Alstadt et al., 2012). However, the
vibration of the aromatic ring, the wide absorption band of water
molecules, covers CH. Similarly, the OH bending vibration peak of
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water molecules also covered the vibration peak of C = C in the
aromatic ring at 1,581 cm™! to a certain extent (Figure 4). However,
with the increase of the graphitization degree, the aromatization
degree and the number of carbon atoms of the sp? hybrid also
increase, and the vibration peak is more obvious. The strongest
infrared diffraction peak moves from 1,565 cm™! to 1,587 cm™!
when the graphite particles become thinner. Similarly, Tuinstra and
Koenig also found that through Raman spectroscopy (Wen et al.,
2005). In addition, the weak absorption of CH, stretching vibration
indicates that a small amount of aliphatic hydrocarbon remains in
the natural coal-based graphite. Furthermore, the C-O vibration
peak shows that some stable oxygen-containing functional groups
can be retained during graphitization.

4.4 Defect structure of samples

Figure 5 shows the Raman spectra of the samples. There are
two Raman peaks of 1,350 cm™! and 1,580 cm™! in the first-order
region, which are Alg (D mode) and E2g (G mode) symmetry
modes in the D6h4 crystal symmetry type of graphite crystal
(Qiao et al, 2011; Kim, 2012). The D mode is caused by the
double-resonance Raman scattering involving phonons near the K
critical point in the Brillouin region (Qiao et al, 2011). Sandra
Rodrigues et al. used micro-Raman spectroscopy to study naturally
crystallized graphite and found that strong D peaks were generated
by discontinuous single graphene layers within the graphite crystal
(Alstadt et al., 2012; Rodrigues et al., 2013; Luque del Villar et al,,
1998). Therefore, the intensity of the D peak reflected the exposure
degree of graphite crystal in the vertical 001 direction, namely,
the degree of graphite crystallization or grain size. The G mode
is a contraction from a pair of sp® lattice sites, corresponding
to the 1,581 cm™! peak in the infrared spectrum, reflecting the
degree of the aromatic ring structure bonding into graphene during
graphitization. The 2,700 cm ™! peak in the second-order region is
the frequency doubling of the D mode, and the 2,950 cm™! peak
is the combined frequency of D and G modes. However, in some
highly ordered carbon materials, the frequency doubling peak of
the D mode still appears even if the 1,350 cm ™! peak does not exist.
The first order in the figure shows a small peak of 1,624 cm™! to the
right of the peak of 1,580 cm™!, which is the D2 vibration band and
with the same generation mechanism as that of the D band. A D4
diffraction peak of 1,546 cm™" is also shown in the XHSL sample,
so the co-existence of these three peaks increases the G peak to
1,594 cm™".

The intensity ratio (Ip/I;) and area ratio (Ap/Ag) of D mode
and G mode of Raman spectra can be used to characterize
the degree of disorder in carbon materials. When the relative
size of graphite microcrystals La is between ~4 and ~225nm,
La has a positive correlation with the inverse of the intensity
ratio ID/IG, approximately La=44(I,/I;)-1oc1/R (Qiao et al., 2011;
Lahfid et al., 2010). Table 3 shows the structural parameters of the
Raman spectrum, which are obtained after the Lorenz curve fitting
of the data. Among them, the intensity ratio and area ratio in the
Raman spectroscopic parameters show the highest ordering of the
YP4 sample, consistent with the SEM observations. Combined with
the SEM results, it was found that the intensity of area comparison
was better than that of distinguishing the disorder degree between
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FIGURE 3

on the left and low magnification on the right.

SEM images of different metamorphic grades of graphite, (A, B) YPL, (A, B) YPL, (C, D) YP2, (E, F) YP3, (G, H) YP4, and (I, J) YP5, with high magnification
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YP5 and YP3 samples. Similarly, the graphitization degree of YP2
and YP1 is not good, and the sp? planar domain size in the structure
is still small, as shown in Raman data.

Lahfid (2010) studied the Raman spectrum of metasediment
in the Glarus Alps and presented the Raman geothermometer
as T = (R2-0.27)/0.0045, R2 = (D1+D4)/(D2+D3+G) (Lahfid et
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al., 2010). However, the formula was not applicable for highly
metamorphosed samples, which was similar to the viewpoint (Aoya
et al., 2010), as the upper limit temperature was 320 °C, according
to Lahifid (2010). Thus, Aoya et al. (2010) and Bessyc (2002)
proposed the Raman geothermometer formula as T = 91.4 x R22-
556.3 x R2+676.3, R2 = D1/(D1+D2+G), which is fit for higher
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metamorphism temperature (Beyssac et al., 2002; Wang et al., 2019).
Based on Table 3 and the formula, the formation temperature was
calculated to be around 333°C-484°C, which is similar to the former
studies (Aoya et al., 2010). The temperature was not enough for
the graphitization of coal, even for eliminating structural defects
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and developing graphite crystals. However, the effect of tectonic
deformation could not be ignored on the graphitization of coal
as proposed in previous studies, which has presented more new
evidence for the graphitization of coal under the influence of low
temperatures (Wang et al., 2019).

frontiersin.org


https://doi.org/10.3389/feart.2024.1413019
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Li et al.

TABLE 3 Raman parameters of different metamorphic grades of graphite.

Sample Peak D Peak G

10.3389/feart.2024.1413019

Peak Half-width ‘ Peak ‘ Half-width AD/AG AD1/A (D1+D2+GQG)
YP1 1,353 58 1,599 55 1.988 2.100 0.695
YP2 1,352 39 1,581 30 1.013 1.295 0.673
YP3 1,353 50 1,586 33 0.484 0.729 0552
YP4 1,354 34 1,582 24 0297 0.415 0.481
YP5 1,354 52 1,582 24 0437 0.667 0366

5 Conclusion

(1) Under the action of magma thermal metamorphism, the
discontinuous polycyclic aromatic hydrocarbon structure in
high metamorphic coal gradually changes to a regular graphite
C atomic lattice structure. With the increase of graphitization,
the 002-diffraction peak of the sample gradually shrinks and
narrows, and the peak intensity strengthened; also, the C
atomic lattice structure becomes regular.

During the structure evolution of graphite, the crystal
morphology changed from disorder and irregular to a regular

(2

large-scale structure. The massive coal particles are linked into

large flake crystals, and the pores between the particles are

closed gradually.
(3) Different metamorphic degrees of coal-based samples
identified differences in spectral signature. At the low
graphitization stage, there is few graphite crystalline structure,
whereas at large-exposure-degree edge layer of graphite,
strong D mode vibration is found. Based on the Raman
spectroscopy, although the intrusion has played critical effect
on the evolution of defect structure and development of
crystalline, effect of deformation could not be ignored.
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