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Abstract: In the study of coal pore structure, the traditional test method does not consider the
influence of coal particle size. During the crushing process, coal samples are affected by crushing
stress. While the particle size changes, the change characteristics of pore structure and macromolecular
structure are a matter for which systematic research is still lacking. In this paper, mercury injection
and liquid nitrogen were used to characterize the pore structure of coal. It was found that the porosity,
total pore volume and total specific surface area of the coal increased with the decrease of particle
size. However, during this process, the pore volume of macropores and mesopores decreases, while
the micropores and transition pores increase significantly, indicating that while the particle size
decreases, macropores and mesopores are broken into micropores and transition pores. In addition,
the pore structure of samples with a particle size less than 200 mesh changes significantly. With the
decrease of coal particle size, the areas of the D peak and G peak of the Raman spectrum increase,
indicating that the ordering degree of coal increases. Finally, the statistical results of the peak area of
the Fourier infrared spectrum show that alcohol, phenol, ammonia hydroxyl and fatty hydrocarbon
CH2 and CH3 are greatly reduced, while the out-of-plane deformation vibration of alkyl ether and
aromatic structure C–H are significantly increased, which also indicates the transformation of the
coal macromolecular structure to an aromatic structure with strong stability.

Keywords: particle size; pore structure; macromolecular structure; coal

1. Introduction

The pore structure of coal is the main factor affecting the occurrence and migration of
coal and gas [1–3], and the fracture and pore structure of coal will be transformed under the
action of tectonic stress [4,5]. Jiang et al. [6] observed by scanning electron microscopy that
the coal samples close to the fault had more well-developed macropores and fractures, and
the connectivity between pores and fractures was superior. Godyń et al. [7] selected coal
samples at different distances from the reverse fault to carry out low-temperature liquid
nitrogen adsorption testing. It was concluded that, with the increase of the influence degree
of the reverse fault, the specific surface area and pore volume of the sample increased to a
certain extent.

The traditional test methods of coal pore structure, such as mercury injection and
liquid nitrogen, all provide only a general range of sample particle size. However, in the
process of coal sample crushing, the crushing stress of coal samples with different particle
sizes differs [8–10]. Tectonic stress can transform the pore structure of coal. Similarly,
crushing stress can also transform the pore structure of coal and even affect the structure of
coal at the macromolecular level [11–14].
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In view of the above problems, scholars have previously carried out relevant research
and achieved some understandings. Wang et al. [15] used fractal theory to study the pore
characteristics of briquettes pressed by coal particles with different particle sizes. It was
found that with the gradual reduction of briquette particle size, the pore radius in briquettes
gradually decreased, the total number of pores gradually increased, the fractal dimension
gradually increased and the uniformity of pore distribution increased. Yi et al. [16] found
that with the decrease of particle size, the surface area and pore volume of micropores and
mesopores increased, while the adsorption capacity of coal for nitrogen increased. The
main reason for this increase was the increase of pores with a pore diameter of about 10 nm.
Boylu et al. [17] conducted experiments with coal samples of different coal ranks and mesh
numbers and found that the test data of coke pore structure were greatly affected by the
particle size of the experimental sample. Zhang et al. [18] found that the change of particle
size could directly affect the complexity of the gas diffusion path in coal samples, after
which it affected the adsorption equilibrium time. Yuan et al. [19] carried out a methane
high-pressure isothermal adsorption test for high-grade coal with different particle sizes.
The results showed that the pore connectivity of large-size coal samples was improved
under the influence of methane adsorption, while the pore distribution of small-size coal
samples was more concentrated following methane adsorption.

Tian et al. [20] analyzed the FTIR spectrum and found that the absorption intensity
of hydroxyl functional groups increased with the decrease of the average particle size of
coal samples. Li et al. [21] found that, with the decrease of pulverized coal particle size, the
content of the C element gradually increased, the surface of the pulverized coal became
rougher and the hydroxyl functional groups on the surface of the pulverized coal increased,
while the aromatic C=C and CH3 functional groups decreased.

It can be seen from the above studies that the particle size of coal samples has an
impact on the pore structure, diffusion, adsorption characteristics and macromolecular
level of coal [22–24]. However, in the aspect of coal pore structure, the research methods
used have been relatively simple, and the overall understanding of the variation law of
each pore diameter section of coal samples with different particle sizes cannot be formed.
In terms of the molecular structure of coal, qualitative analysis is mainly used, and there
is a lack of quantitative research. Based on this, in the present study, taking coal samples
collected from a mine in southern Henan as an example, the continuous characterization
of the macropore, mesopore and small hole of the pore structure is described through
mercury injection and liquid nitrogen. The Raman spectrum and Fourier infrared spectrum
are analyzed to study the transformation effect of particle size on the pore structure and
macromolecular structure of coal. The semi-quantitative analysis of the effect of stress
on the transformation of coal macromolecular structure was realized by fitting the peaks
of the Fourier infrared spectrum and Raman spectrum. Coal with different particle sizes
represents different stress, i.e., different in situ stress can alter the pore structure of coal,
thus affecting the adsorption, storage and migration of coal gas. This is of great significance
to coal seam gas drainage and coal and gas outburst prevention.

2. Experimental Sample

The coal sample was collected from the No. 1_5 coal seam of a mine in southern
Henan. The No. 1_5 coal seam is located in the lower part of the Taiyuan formation, located
46.52–67.17 m away from No. 2_1 coal seam, with an average distance of 60.00 m. The
whole mine field is developed, with a coal thickness of 0.26–3.9 m, with an average of
1.52 m, coal seam minability index of 0.83 and coal thickness variation coefficient of 48.07%.
It is a relatively stable and highly minable coal seam. The coal seam structure is complex,
generally containing one to three layers of gangue. The roof of the coal seam is L5 limestone,
and the floor is mudstone or L4 limestone. The floor elevation is −17 to −800 m, and the
buried depth is 137–1145 m. The gas content in the mine is generally low, and the highest
measured gas content in the coal seam is 5.25 cm3/g.
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The raw coal samples collected were marked as A1. Coal samples with different
particle sizes were ground by ball mill and separated by a sample separator. The coal
samples broken into 20–40 mesh, 80–100 mesh and 200+ mesh were marked as A2, A3 and
A4, respectively (Figure 1), and the coal quality test (Table 1) was carried out. The coal type
is 1/3 coking coal.

Figure 1. Coal samples with different particle sizes.

Table 1. Coal quality test results.

Analysis Items W% A% V% Qgr,
ad/(MJ·kg−1)

Min~Max 0.56–0.65 14.83–28.88 28.86–31.80 24.39–29.69
Average 0.59 22.03 29.95 27.01

Note: W% is moisture; A% is ash; V% is volatile; Qgr, AD/(MJ·kg−1) is the high calorific value on dry basis.

3. Results and Discussion
3.1. Mercury Injection Test

The mercury injection test adopts an American Micromeritics AutoPore IV 9510, the
maximum pressure can reach 228 MPa and the analytical pore size range is 5 nm–800 µm.
Powder or block samples can be analyzed. In this round of testing, samples A2, A3 and A4
were tested, before which they were dried to a constant weight at 105 ◦C.

3.1.1. Mercury Inlet Mercury Withdrawal Curve

The mercury injection and mercury removal curves of coal samples with different
particle sizes are shown in Figure 2. It can be seen that, with the decrease of coal sample
particle size, the slope of the mercury injection curve gradually decreases in the low-
pressure area, indicating that the number of large pores in the coal samples decreases and
the number of small pores increases. The smaller the particle size of the coal sample is, the
greater the pressure value required for the curve to reach the near level will be and the
more obvious the advance and retreat mercury lag ring will be, which also indicates that
the pore size becomes smaller, and a large number of micropores have been formed.
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Figure 2. MIP (mercury intrusion porosimetry) intrusive and extrusive curves of the coal samples
under different granule diameter conditions.

3.1.2. Pore Volume Comparison

The volume differential of mercury injection can represent the pore volume of a coal
sample. It can be seen from Figure 3 that, with the decrease of coal sample particle size,
the volume differential of mercury injection gradually increases and mainly focuses on the
stage of micropore and transition pore, while the pore volume of mesopore and macropore
decreases (Table 2).

Figure 3. Pore volume distribution profiles of coal specimens with distinct granule diameters from
the MIP measurement.
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Table 2. Pore structural parameters of coal specimens with distinct granule diameters from the MIP
measurement.

Samples A2 A3 A4

Total Intrusion Volume (cm3/g) 0.6823 0.9001 0.7341
Micropore Volume (cm3/g) 0.0178 0.0212 0.0288

Transition Pore Volume (cm3/g) 0.0391 0.0541 0.0899
Mesopore Volume (cm3/g) 0.0189 0.0153 0.1237
Macropore Volume (cm3/g) 0.6065 0.8095 0.4917

Total Pore Area (m2/g) 18.7466 23.5962 33.3126
Micropore Area (m2/g) 10.0813 11.1418 13.3825

Transition Pore Area (m2/g) 8.3811 12.0658 19.2319
Mesopore Area (m2/g) 0.2603 0.3139 0.4618
Macropore Area (m2/g) 0.0239 0.0747 0.2364

Porosity (%) 47.08 51.98 63.05

3.1.3. Comparison of Specific Surface Area

Both specific surface area and pore volume are parameters that reflect pore structure.
Pore volume is reflected from the perspective of volume, while specific surface area can
reflect the number of pores under the pore size from the side. They complement one another
and can more comprehensively reflect the micropore characteristics of the sample. It can
be seen from the figure that the cumulative pore size ratio decreases with the increase of
coal surface area ratio below 100 nm. The difference is that the cumulative specific surface
area increases with the decrease of coal particle size (Figure 4). The specific surface areas
of micropores, transition pores and mesopores increase, and the porosity also increases
gradually (Table 2).

Figure 4. Pore area distribution profiles of coal specimens with distinct granule diameters from the
MIP measurement.

3.2. Liquid Nitrogen Adsorption Test

The liquid nitrogen adsorption test is an important test method by which to study the
micropore characteristics of particles. Together with the mercury injection method, it forms
a research system from mesopore to micropore. At present, liquid nitrogen adsorption is
mainly applied to analyze the specific surface area and pore structure of porous materials.
It uses the adsorption characteristics of solid materials and gas molecules as “measuring
tools” to measure the surface area and pore structure of materials. It can test the specific
surface area, total pore volume, pore size distribution, adsorption–desorption curve and
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other data of materials [25,26]. The instrument used in this liquid nitrogen adsorption
test was a Micromeritics ASAP 2460. Particle samples A2, A3 and A4 of the coal samples
with different particle sizes were used for testing, and the sample quality was greater than
100 mg. Prior to the test, the samples were heated at 110 ◦C for 8 h to ensure that the
impurities in the sample evaporate and discharge after heating for a long time.

3.2.1. Isothermal Adsorption–Desorption Curve

The isothermal adsorption–desorption curves of liquid nitrogen for coal samples with
different particle sizes are shown in Figure 5. This figure shows the characteristics of
the type IV isothermal adsorption curve, which mainly undergoes single-layer to multi-
layer adsorption. The first half of the curve (0.005 < relative pressure P/P0 < 0.45) is a
low-pressure area, which mainly undergoes monolayer adsorption of micropores, but the
adsorption capacity is low due to the small number of micropores. When the relative
pressure is 0.45–0.9, the isotherm is relatively flat, the monolayer adsorption is roughly
completed and an adsorption saturation phenomenon occurs, because the mesopore in
the coal is filled with nitrogen. With the continuous increase of relative pressure, the
isotherm rises sharply, which is attributed to capillary condensation. At this time, it
can be considered that the number of adsorption layers tends to be infinite, i.e., multi-
layer adsorption occurs. The results of the adsorption capacity test showed that the total
adsorption capacity gradually increased with the decrease of particle size. Particularly
for samples with a particle size smaller than 200 mesh, the adsorption capacity increases
significantly. The maximum adsorption capacity of coal sample A2 is 1.45 cm3/g, that of
coal sample A3 is 1.59 cm3/g and that of coal sample A4 is 3.81 cm3/g, an increase of more
than twofold. Therefore, from the adsorption–desorption isotherm, it can be determined
that the structure of micropores (<10 nm) and transition pores (10–100 nm) in the coal body
have been modified by grinding, and the number has increased significantly.

Figure 5. Isothermal adsorption–desorption curves of liquid nitrogen of coal specimens with distinct
granule diameters.

3.2.2. Pore Volume Comparison

The comparison of pore volume can be seen from the pore volume distribution diagram
of the coal sample (Figure 6). With the decrease of particle size of the coal sample, the pore
volume of the coal sample has been greatly improved. Especially for coal samples smaller
than 200 mesh, the pore volume increases significantly by more than twofold. In addition,
the peak value of the pore volume tends to shift to a small pore size. According to the
statistical results of pore volume distribution (Table 2), compared with coal sample A2, the
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microporous pore volume of coal sample A4 increases by six times and the transition pore
increases by more than two times, while the medium and large pores decrease. The test
results are consistent with the mercury injection data.

Figure 6. Pore volume distribution curves of coal specimens with distinct granule diameters from the
liquid nitrogen measurement.

3.2.3. Comparison of Specific Surface Area

As can be seen from the distribution diagram of pore specific surface area of coal
samples (Figure 7), the pore specific surface area of coal increases greatly with the decrease
of particle size of the coal sample. The statistical results of specific surface area distribution
of coal samples with different particle sizes (Table 3) show that, compared with coal sample
A2, the total specific surface area of coal sample A4 increases by about four times, while the
specific surface area of micropores increases significantly, by about five times. Compared
with coal samples with three particle sizes, the specific surface area of samples with particle
sizes smaller than 200 mesh increases significantly.

Figure 7. Pore area distribution curves of coal specimens with distinct granule diameters from the
liquid nitrogen measurement.



Energies 2022, 15, 4043 8 of 15

Table 3. Comparison of liquid nitrogen test parameters of coal samples with different particle sizes.

Samples A2 A3 A4

Total Intrusion Volume (cm3/g) 0.002234 0.002491 0.005969
Micropore Volume (cm3/g) 0.000162 0.000284 0.000799

Transition Pore Volume (cm3/g) 0.001114 0.001263 0.002956
Mesopore and macropore Volume (cm3/g) 0.000958 0.000944 0.002214

Total Pore Area (m2/g) 0.378671 0.542442 1.460699
Micropore Area (m2/g) 0.196807 0.33361 0.949212

Transition Pore Area (m2/g) 0.145245 0.17267 0.409911
Mesopore and macropore Area(m2/g) 0.036619 0.036162 0.101576

Average pore diameter (nm) 23.595 18.372 16.345

3.3. Raman Spectrum Analysis

Raman spectroscopy is a nondestructive and rapid detection technology, which can be
used to reveal the disorder of amorphous structure and the order of the microcrystalline
structure in coal samples [27,28]. The Raman effect originates from molecular vibration,
lattice vibration and rotation. Therefore, the relevant information of molecular vibration
energy level, lattice vibration energy level and rotation energy level structures can be
obtained from the Raman spectrum [29].

The equipment used this time was a Horiba Evolution Raman spectrometer, and a 532
nm laser was selected for testing. The prepared block sample A1 and powder sample A4
were selected for comparative study, and two test points in each coal sample were selected
for testing (Figure 8).

Figure 8. Raman photos of coal samples with different particle sizes. Note: (A1-1,A1-2) are the two
measuring points of raw coal sample A1. (A4-1,A4-2) are two measuring points of 200+ mesh coal
sample A4.

The generation of characteristic Raman bands of coal samples is closely related to the
internal structure composition and molecular ordering degree of organic matter molecules.
The generation of the D peak is attributed to the presence of lattice defects or heteroatoms
in the structural units of coal macromolecules, also known as a disordered peak. The area
of the D peak depends on the defects in the macromolecular structure of coal, and the area
of the D peak is positively correlated with the structural defects. The G peak is the only
graphite-like characteristic peak in the Raman spectrum curve. The G peak band is related
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to the stretching vibration of C=C in the molecular structure and represents the degree of
ordering in the molecular structure. The area of the G peak is related to the total amount
of aromatic rings and the enrichment degree of aromatic carbon in the macromolecular
structure of coal. The larger the total amount of aromatic rings is, the higher the enrichment
of aromatic carbon will be and the larger the area of the G peak will be [30].

The peak position and curve trend of the Raman spectrum of coal samples with
different particle sizes are basically the same (Figure 9). In the wavenumber range of
1000–1800 cm−1 of the laser Raman spectrum, there are two obvious Raman vibration
peaks, namely the D peak and G peak. The peak position of the D peak is 1350 cm−1, while
that of the G peak is 1600 cm−1.

Figure 9. Comparison of Raman curves of coal samples with different particle sizes.

In order to quantitatively study the influence of crushing and grinding on the chemical
composition and functional groups of coal, the Raman spectrum peak splitting Gaussian
fitting was carried out using OriginPro software, and the Raman peak splitting fitting
diagram and Raman peak splitting fitting parameters of coal samples at different positions
were obtained. The R2 of all fitting results is greater than 0.98, thus indicating that the
accuracy and reliability of the fitting data are high (Figure 10).

Based on the fitting results of the area and half peak area of the five peaks, the
quantitative analysis of the influence of the height and half peak area of the five peaks on
the surface structure of coal is based on the fitting results of the area and half peak area
of the five peaks (Figure 11, Table 4). Compared with coal sample A2, the D peak area of
coal sample A4 increases by about 50%. This shows that the defect of coal increases, and
the amorphous carbon content increases. The G peak area of coal sample A4 also increases
significantly, and the peak intensity increases by nearly twofold, indicating that the content
of aromatic carbon increased. The results reveal that the fragmentation and grinding in the
sample preparation process promote the ordering of the coal macromolecular structure.
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Figure 10. Raman peak curve of coal samples with different particle sizes. Note: subfigures
(A1-1,A1-2) are Raman curves of different test positions on sample A1; subfigures (A4-1,A4-2) are
Raman curves of different test positions on sample A4. The black curve represents experimental
curve; the pink curve represents cumulative fit peak; the blue curve represents fit peak curve.

Figure 11. Comparison histogram of Raman peaks of coal samples with different particle sizes.

Table 4. Comparison of Raman peak characteristics of coal samples with different particle sizes.

Sample Test Points Peak Area Peak Area Percentage Peak Peak Strength Half Height Width of Peak

A1-1
1,087,350 73.0 1372.3 3351 304.8
400,886 27.0 1592.5 3866 97.4

A1-2
1,119,960 73.3 1375.1 3418 307.8
406,235 26.7 1591.7 3797 100.5

A4-1
1,154,510 71.5 1371.6 3635 298.4
458,511 28.5 1591.1 3897 110.5

A4-2
1,717,360 71.6 1368.8 5514 292.6
679,536 28.4 1587.1 5865 108.9
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3.4. Fourier Infrared Spectroscopy

Fourier infrared spectrum analysis mainly determines the types of functional groups
in coal samples and roughly reflects their content [31,32]. Through the determination of
functional groups, we can understand whether the sample preparation process will affect
the structure and form of functional groups of coal and alter the chemical properties of coal.
The spectrometer used in this experiment was a NICOLET IS 10. Block coal sample A1 and
powder coal sample A4 were taken for testing and comparison. The wavenumber range
is 4000–400 cm−1, the scanning times are 32 and the resolution is 4 cm−1. As can be seen
from the Fourier infrared spectrum curve (Figure 12), the peak position and curve trend of
the infrared spectrum of the two coal samples are generally consistent, thus indicating that
there is no substantial difference between the functional groups.

Figure 12. Comparison of Fourier infrared spectra of coal samples with different particle sizes.

According to the calibration position of the peak point in the figure, coal is a complex
organic matter with a rich functional group structure [33]. In the range of 3697–3684 cm−1,
there are free hydroxyl groups. In the range of 3624–3613 cm−1, there is an intramolecular
hydrogen bond. In the range of 3500–3200 cm−1, there are alcohol, phenol and ammonia
hydroxyl groups. In the range of 3050–3030 cm−1, CH stretching vibration of aromatics
occurs. In the range of 2922–2918 cm−1, there is asymmetric stretching vibration of aliphatic
hydrocarbons CH2 and CH3. In the range of 2858–2847 cm−1, there are symmetrical
stretching vibrations of aliphatic hydrocarbons CH2 and CH3. At the 1600 cm−1 wave
number, there is C=C stretching vibration of aromatic structure. At the 1460 cm−1 wave
number, there are fat symmetric and asymmetric deformation vibrations. Finally, in the
range of 900–700 cm−1, there is out-of-plane deformation vibration of aromatic structure
C–H (Table 5).

Next, Fourier infrared spectrum peak splitting Gaussian fitting was carried out by
using OriginPro software (Figures 13–15). The statistical data show that (Table 6) alkyl
ether (1050–1030 cm−1) and aromatic structure C–H out-of-plane deformation vibration
(900–700 cm−1) increase significantly. The alcohol, phenol and ammonia hydroxyl groups
(3500–3200 cm−1) and symmetrical stretching vibration (2858–2847 cm−1) of aliphatic
hydrocarbons CH2 and CH3 decrease significantly. It can be considered that the sample
preparation process exerts an impact on the relative content of coal chemical components
and increases the order of coal structure.
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Table 5. Spectral absorption strength of functional groups of coal.

Functional Group Wavenumber (cm−1)

Free hydroxyl 3697–3684
Intramolecular hydrogen bond 3624–3613

Alcohol, phenol, ammonia hydroxyl 3500–3200
Aromatics CH stretching vibration 3050–3030

Asymmetric stretching vibration of aliphatic hydrocarbons CH2 and CH3 2922–2918
Symmetric stretching vibration of aliphatic hydrocarbons CH2 and CH3 2858–2847

Aromatic structure C=C stretching vibration 1600
Symmetrical and asymmetric deformation vibration of fat 1460

Alkyl ether 1050–1030
Out-of-plane deformation and vibration of aromatic structure C–H 900–700

Figure 13. Peak fitting of Fourier infrared spectrum of coal sample A1.

Figure 14. Peak fitting of Fourier infrared spectrum of coal sample A4.
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Figure 15. Comparison histogram of Fourier infrared peaks of coal samples with different parti-
cle sizes.

Table 6. Comparison of Raman peak characteristics of coal samples with different particle sizes.

Samples Peak Area Peak Area
Percentage Peak Peak

Strength
Half Height Width

of Peak

A1

0.87 1.59 456.6 0.0100 81.1741
1.35 2.62 547.1 0.0193 65.4788
1.66 3.22 766.2 0.0077 201.2475
0.24 0.46 907.5 0.0043 51.5074
2.54 4.92 1031.7 0.0278 85.9453
7.49 14.52 1224.3 0.0177 398.3262
1.85 3.59 1429.7 0.0175 99.0818
2.50 4.85 1608.7 0.0258 90.9040

18.37 34.50 2836.5 0.0117 1481.1985
2.24 4.34 2893.4 0.0172 122.3358

12.91 25.05 3442.9 0.0469 258.6879
0.18 0.35 3679.0 0.0039 43.6252

A4

0.57 1.70 670.3 0.0112 47.7637
2.07 6.14 765.4 0.0155 125.5807
1.93 5.75 905.8 0.0302 60.2716
8.86 26.34 1033.6 0.0847 98.2243
2.44 7.25 1298.6 0.0102 223.9512
1.98 5.88 1429.3 0.0204 90.9637
1.54 4.58 1601.7 0.0186 77.8324
1.65 4.91 2074.5 0.0042 366.3688
4.63 13.76 2697.7 0.0054 799.7617
4.11 12.22 2922.9 0.0253 152.8310
2.31 6.87 3406.1 0.0051 424.5600
1.54 4.59 3661.4 0.0162 89.3714

4. Conclusions

(1) With the decrease of coal particle size, the porosity, total pore volume and total
specific surface area of coal gradually increase, and the pore size decreases. The pore
volume of macropores and mesopores decreases, while that of transition pores and
micropores increases. This shows that, during the process of sample preparation,
large and medium holes are damaged into transition holes and small holes under the
action of crushing and grinding stress.
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(2) The pore specific surface area of coal increases with the decrease of particle size.
This matched with the area theory, that is, the work consumed when the material is
broken is directly proportional to the newly generated surface area. The results of
the experiments can explain that with the decrease of particle size, the contact area
between coal and air increases, the chemical reaction activity of coal increases and
the time required for complete combustion decreases. In terms of activated carbon
adsorption, small particles have faster adsorption speed, but small particles have
small volume and reach adsorption equilibrium faster.

(3) Compared with the 20–40 and 80–100 mesh coal samples, the increase of total pore
volume and total specific surface area of coal samples with particle sizes smaller than
200 mesh is particularly apparent.

(4) With the decrease of particle size, the D and G peak areas of the Raman spectrum
increase. Meanwhile, the hydroxyl groups of alcohols, phenols and ammonia and
the aliphatic hydrocarbons CH2 and CH3 in Fourier infrared spectroscopy decreased
significantly, and the out-of-plane deformation vibration of alkyl ether and aromatic
structure C–H increased significantly, thus indicating the transformation of coal
macromolecular structure toward stability and order.
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