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The understanding of the nanopore structure in tectonically deformed coal (TDC) could be
expanded from the perspective of a single maceral. A total of 10 TDCs with an increasing
deformation degree (in the order of unaltered, cataclastic, porphyroclast, scaly, and
powdery coal), were collected in a single coal seam and stripped into 10 vitrinite and
10 inertinite samples. Carbon dioxide (CO2) adsorption and nitrogen (N2) adsorption/
desorption experiments were conducted to reveal the nanopore structure, whereas 13C
solid-state nuclear magnetic resonance and X-ray diffraction experiments were conducted
to detect the macromolecular structure. The results reveal that the macromolecular
structures of both vitrinite and inertinite can be altered by tectonic stress. As the
deformation degree increases, the aliphatic carbons decrease, the aromatic carbons
increase, and the aromatic interlayer spacing decreases, whereas the crystallite stacking
height and the average number of crystallites in a stack increase. For mesopores, the pore
volume of vitrinite slowly decreases and then increases at the stage of scaly coal, whereas
that of inertinite fluctuates with no obvious regularities. For micropores, the pore volume of
vitrinite deceases as the deformation degree increases, whereas that of inertinite
decreases since the deformation stage of porphyroclast coal, and little changed from
the deformation stage of unaltered to cataclastic coal. As the coal deformation degree
increases, the aromatic interlayer spacing decreases, resulting in a decrease in the
micropore volume; however, the average crystallite stacking height and the average
number of crystallites in a stack increase, leading to an increase in the micropore
volume. Therefore, the micropore decreases and then increases as the coal
deformation degree increases. However, the macromolecular changes weakly affect
the mesopore evolution in the coal deformation process.
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INTRODUCTION

As China’s coal basins have generally experienced late tectonic
deformations (Cao et al., 2020), tectonically deformed coals
(TDCs) can typically be found in the edges of the coal basins,
which often leads to coal and gas outbursts, threatening the safe
production of coal mines. In addition, TDCs seriously hinder the
exploration and development of coalbed methane in complicated
structure areas, since the reservoir characteristics of TDCs are
much different from that of unaltered coals (Zhang and Yao,
2021). Nanopore structure in coal is a key factor affecting coal
reservoirs (Yao et al., 2011; Liu et al., 2019a), and an important
scientific issue is that the pore structure of TDCs is very complex,
which makes it difficult to produce methane gas in TDCs.
Therefore, the pore structure of TDC has always been a hot
topic in the fields of gas prevention in coal mines and coalbed
methane drainage (Pan et al., 2016).

Tectonic stress is deemed to be one of the dynamic factors in
the evolution of coal macromolecular structures (Cao et al., 2007),
determining the evolution of the pore structure of tectonic coals
(Pan et al., 2015a). A general consensus view is that the evolution
characteristics of the pore structure of TDCs in the low
deformation stage (generally the brittle deformation stage,
including calaclastic, granulated, and flake coals) differ from
those in the high deformation stage (generally the ductile
deformation stage, including scaly, powdery, wrinkle, and
mylonitic coals). Pan et al. (2015b) observed that the content
of transitional pores and pore interconnectivity increased at the
brittle deformation stage, whereas the content of both micropores
and transitional pore increased under ductile deformation with
the surface pores developing irregularly. Song et al. (2017) found
that the fractal dimension of pores greater than 100 nm in
diameter was higher than that of pores less than 100 nm in
diameter in primary and brittle deformed coals, but the
relationship between the two reversed in wrinkle and
mylonitic coals. Li et al. (2020) deemed that the pore volume
and specific surface area of ultramicropores (below 1.1 nm in
diameter) in TDCs decreased in the brittle deformed stage and
then increased in the ductile deformed stage. Guo et al. (2017)
revealed that the specific surface area and total pore volume of
TDCs slightly decreased under the brittle deformation
mechanism and then noticeably increased under ductile
deformation. Wang et al. (2020a) believed that as the
deformation degree of TDCs increased, the pore volume and
specific surface area increased at the deformation stages of
cataclastic and ganulitic coals and then remained stable at the
stage of crumple coal. Those conclusions have deepened the
understanding of pore structure evolution in TDCs; however,
further discussions related to how the pore structure of the
maceral in a single coal evolves in TDCs need to be held.

Most research studies on the pore structure of TDCs were
conducted on whole coal samples that have not been stripped.
However, the physical and chemical properties of different
macerals in coal are different; for example, the hardness of
inertinite is generally greater than that of vitrinite (Wang
et al., 2020a). Under tectonic stress compression, the pore
structure evolution of different macerals is bound to be

different. In our previous studies, we found that the pore
structure evolution of vitrinite and inertinite of different coal
ranks is different (Wang et al., 2020b). As the degree of thermal
metamorphism increases, the pore structure of vitrinite exhibits
orderly and regular changes, whereas that of inertinite exhibits no
changing regularities. This is because the inertinite group is not
sensitive to thermal metamorphism. Therefore, the question
arises that if the pore structure of the inertinite is not sensitive
to thermal metamorphism, how does it react to tectonic stress? In
addition, the macromolecular structure significantly affects the
nanopore structure in coal, thus, comparing the nanopore
structure evolution characteristics between vitrinite and
inertinite with different macromolecular structures is necessary.

Therefore, this study separated the vitrinite and inertinite of
tectonic coal with different deformation degrees and used CO2

adsorption and N2 adsorption/desorption experiments to
evaluate the evolution of nanopore structures. 13C nuclear
magnetic resonance (NMR) and X-ray diffraction (XRD)
experiments were also conducted to obtain the
macromolecular structures. Ultimately, the comparison of the
nanopore evolution of vitrinite and inertinite in TDCs controlled
by tectonic stress is revealed.

SAMPLES AND EXPERIMENTS

Sample Preparation
To ensure the consistency of coal rank and composition of
samples, a total of 10 TDCs (WTZ-1–WTZ-10) with an
increasing deformation degree were collected from a single
coal seam in the Wutongzhuang coal mine of the Hebei
province, North China, including unaltered, cataclastic,
porphyroclast, scaly, and powdery coals (based on Cao et al.,
2002 classification of TDCs). It should be pointed out that the
sampling coal seam didn’t experience magmatic intrusion or
geological hydrotherm fluid, and all the samples experienced
the same geological evolution after diagenetic stage but have
different deformation degree because of the difference in
structural location. Samples belongs to middle rank coal with
the average vitrinite reflectance (Ro) being 0.99%.Vitrinite and
inertinite were stripped from the vitrain and fusain of the
collected samples by handpick. As a result, a single sample
could be stripped as both a vitrinite (–V) as well as an
inertinite sample (–I). For example, Sample WTZ-1 was
stripped as Samples WTZ-1-V and WTZ-1-I. Each vitrinite or
inertinite sample must be examined by optical microscopy to
ensure the corresponding component of each sample exceeds
90%. All the sample information is listed in Table 1.

At least 20 g of each sample was collected, and they were ground
into particles of 60–80mesh (0.20–0.25 mm in diameter). A weight
of at least 5 g sample was prepared for the CO2 adsorption
experiment and N2 adsorption/desorption experiment. Other
samples were demineralized for use in the NMR and XRD
experiments. The demineralization steps were as follows.

1) The coal samples were put into a volumetric flask, and 20 ml
of water was poured into a beaker; then, 20 ml of hydrochloric
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acid was added into the beaker. After stirring the solution with
a glass rod, the mixed liquor in the beaker was added into the
volumetric flask to soak all the coal samples in the mixed
liquor.

2) After sealing the volumetric flask with a tin foil, the mixture
was placed into a thermostat for heating in a water bath for
45 min at a temperature of 60°C. Then, we took the volumetric
flask out and poured it into the funnel for filtration. Coal
samples were rinsed with distilled water three times so that the
minerals could be washed off.

3) The coal sample was put into the volumetric flask again, and
40 ml of diluted hydrofluoric acid was added to it. After
sealing the volumetric flask with tin foil, the mixture was
placed again in the thermostat to heat in a water bath for
45 min at a temperature of 60°C

4) We poured the mixture into the funnel for filtration and
rinsed the coal samples with distilled water three times. Then,
the demineralized coal samples were placed in a drying box for
drying.

CO2 Adsorption Experiment
Vitrinite and inertinite samples were tested using an instrument
model of Autosorb-IQ-Station produced by Quantachrome
Instruments. The samples were placed in a degassing device
and heated at a temperature of 100–105°C for vacuum
degassing. The CO2 adsorption experiment was conducted
according to the set pressure point, and the data were
recorded to obtain the adsorption curve. The micropore
volume and surface area were calculated using the density
functional theory.

N2 Adsorption/Desorption Experiments
According to the national standard SY/T6154-1995, the vitrinite
and inertinite samples were tested using the gas sorption analyzer
(Autosorb-IQ-Station). Using the “static volume method,” the N2

adsorption/desorption experiment was performed on the coal
samples. The instrument system recorded the nitrogen
adsorption amount at each pressure point and obtained the
adsorption/desorption curves. The specific surface area was
calculated according to the Brunauer–Emmett–Teller (BET)
multimolecular layer adsorption formula; then, the pore

volume and pore size distribution of the coal samples were
computed using the Barrett–Joyner–Halenda (BJH) model.

13C NMR Experiment
A13C NMR experiment was conducted using a test equipment
with the model of Agilent 600M. The experimental conditions
were as follows. Experiments run in the double-resonance probe
head, and 4-mm sample rotors were used. The magic-angle
spinning speed was 8 KHz. The data were recorded by the
probe in the Agilent DSX-300 spectrometer at ambient
temperature. The radio frequency field strength of the 13C was
600 MHz.

XRD Experiment
The instrument model used for the XRD experiment was MSXD-
3 produced by Instruments Inc. Beijing, China. The experimental
conditions were as follows: Cu Kα radiation, voltage of 40 kV,
current of 40 mA, step size of 0.01, and test range of 10–90°. The
scanning speed was 5°/min, and the X-ray wavelength was
0.154,056 nm.

In the typical XRD spectrum of coal, there are two obvious
peaks with the values being approximately 25–43° (Ergun et al.,
1960; Saikia et al., 2007; Pan et al., 2019), presenting the (002) and
(100) peaks of the aromatic layers, respectively. After obtaining
the XRD spectrum, the PeakFit software was used to perform
peak fitting for the (002) and (100) peaks in the ranges of 10–35°

and 35–50°, respectively. The aromatic interlayer spacing (d002),
average crystallite stacking height (Lc), the average diameter of
coal crystallites (La), and the average number of crystallites in a
stack (Nave) can be calculated using the following formulas
(Iwashita et al., 2004; Okolo et al., 2015; Li et al., 2017):

d002 � λ/2 sin θ002
(1)

Lc � K1λ/β002 cos θ002
(2)

La � K2λ/β100 cos θ100
(3)

Nave � Lc/d002 + 1 (4)

λ is the wavelength of the X-ray with the value being 0.154,056
nm; θ002 and θ100 are the diffraction angles corresponding to the
(002) and the (100) peaks, respectively (°); β002 and β100 are the

TABLE 1 | Sample information.

Coal type Sample Petrographic analysis (%) Sample Petrographic analysis (%)

Vitrinite Inertinite Other groups Vitrinite Inertinite Other groups

Unaltered WTZ-1-V 91.4 4.4 4.2 WTZ-1-I 0.5 95.5 4
WTZ-2-V 93.5 2.1 4.4 WTZ-2-I 1.8 91.6 6.6

Cataclastic WTZ-3-V 95.1 2.3 2.6 WTZ-3-I 4.6 90.6 4.8
WTZ-4-V 94.3 3.3 2.4 WTZ-4-I 4.1 91.9 4

Porphyroclast WTZ-5-V 94.8 3.3 1.9 WTZ-5-I 3.4 92.6 4
WTZ-6-V 93.8 5.1 1.1 WTZ-6-I 3.2 94.7 2.1

Scaly WTZ-7-V 93.9 4.1 2 WTZ-7-I 5.5 91.3 3.2
WTZ-8-V 96.6 1.2 2.2 WTZ-8-I 2.4 94.9 2.7

Powdery WTZ-9-V 94.3 2.8 2.9 WTZ-9-I 3.5 95.3 1.2
WTZ-10-V 93.2 2.7 4.1 WTZ-10-I 4.7 91.6 3.7
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half-peak breadths corresponding to the (002) and (100) peaks,
respectively, rad; K1 and K2 are crystallite shape factors, K1 = 0.94
and K2 = 1.84.

RESULTS

CO2 Adsorption Experiment Results
The CO2 adsorption experiment is mainly used to measure
micropores less than 2 nm in size (Wang and Long, 2020).
The measured pore size range of the CO2 adsorption
experiment in this study is 0.3–1.4 nm. The adsorption curves
obtained are illustrated in Figure 1. The maximum absorption
volume range of vitrinite is 6.22–10.14 cc/g (Figure 1A), whereas
that of inertinite is 5.01–9.90 cc/g (Figure 1B); therefore, the
maximum adsorption capacities of the two macerals do not differ
considerably from each other. However, the adsorption curves of
vitrinite and inertinite stripped from the same coal sample are
different, denoting that the pore structure of vitrinite is far
different from that of inertinite.

The calculated micropore volumes and micropore specific
surface areas of vitrinite and inertinite are listed in Table 2.
The micropore volume of vitrinite ranges from 16.758 × 10–3 to
30.153 × 10–3 cc/g with a mean of 21.586 × 10–3 cc/g, whereas that
of inertinite is between 15.740 × 10–3 and 30.527 × 10–3 cc/g with

a mean of 23.240 × 10–3 cc/g, denoting that the micropore volume
of vitrinite is generally close to that of inertinite. The micropore
specific surface area of vitrinite ranges from 64.296 to 99.079 m2/g
with an average of 79.651 m2/g, which is close to that of inertinite
(from 49.963 to 101.893 m2/g with an average of 77.062 m2/g).

N2 Adsorption/Desorption Experiment
Results
The N2 adsorption/desorption experiment is mainly used to
measure the mesopore (2–50 nm in size). The mesopore size
range that can be measured in this paper is 2–140 nm. The
adsorption/desorption curves are shown in Figure 2. The
maximum nitrogen gas adsorption capacity of inertinite, as
Figure 2B shows, is much higher than that of vitrinite
(Figure 2A). With respect to the curve shape, the desorption/
desorption curves of vitrinite are considerably different from
those of inertinite. The curve shape of vitrinite is not smooth, and
there is a sharp decrease in the desorption curve, indicating that
there are more bottleneck pores in vitrinite than in inertinite
(Wang et al., 2017). The adsorption curves of inertinite are
relatively smoother than that of vitrinite, and the adsorption
curve almost coincides with the desorption curve, indicating that
there are relatively more one-side-closed and two-side-opened
pores in inertinite than that in vitrinite.

FIGURE 1 | CO2 adsorption curves of vitrinite (A) and inertinite (B).

TABLE 2 | Results of CO2 adsorption experiments.

Sample Pore volume
(10−3cc/g)

Surface area
(m2/g)

Sample Pore volume
(10−3cc/g)

Surface area
(m2/g)

WTZ-1-V 30.153 99.079 WTZ-1-I 30.527 96.964
WTZ-2-V 23.896 87.482 WTZ-2-I 29.742 91.161
WTZ-3-V 21.511 79.316 WTZ-3-I 32.197 101.893
WTZ-4-V 19.426 71.592 WTZ-4-I 29.976 90.695
WTZ-5-V 22.475 81.257 WTZ-5-I 21.488 79.686
WTZ-6-V 16.758 59.331 WTZ-6-I 17.290 49.963
WTZ-7-V 21.286 76.629 WTZ-7-I 15.740 52.223
WTZ-8-V 19.242 72.000 WTZ-8-I 19.155 71.828
WTZ-9-V 20.439 64.296 WTZ-9-I 18.160 65.498
WTZ-10-V 20.674 75.523 WTZ-10-I 18.120 70.711
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FIGURE 2 | N2 adsorption/desorption curves of vitrinite (A) and inertinite (B).

TABLE 3 | Result of N2 adsorption/desorption experiments.

Sample BET surface
area (m2/g)

BJH pore volume (10–3 cc/g) BJH surface area (m2/g)

2–50 nm 50–140 nm Total 2–50 nm 50–140 nm Total

WTZ-1-V 2.382 3.698 0.699 4.397 1.929 0.028 1.957
WTZ-2-V 2.152 3.103 0.644 3.747 1.748 0.029 1.777
WTZ-3-V 1.865 3.161 1.466 4.627 1.340 0.062 1.402
WTZ-4-V 1.463 2.264 0.705 2.969 1.118 0.031 1.148
WTZ-5-V 1.974 2.996 0.919 3.915 1.571 0.039 1.610
WTZ-6-V 1.980 2.790 1.077 3.867 1.335 0.047 1.382
WTZ-7-V 1.006 1.314 0.419 1.733 0.623 0.018 0.641
WTZ-8-V 1.947 2.818 1.297 4.115 1.374 0.056 1.430
WTZ-9-V 2.172 3.665 0.829 4.494 1.928 0.038 1.966
WTZ-10-V 2.967 4.662 0.993 5.655 2.971 0.046 3.017
WTZ-1-I 2.396 4.244 1.723 5.967 1.931 0.074 2.005
WTZ-2-I 2.342 6.040 2.011 8.051 2.901 0.090 2.991
WTZ-3-I 3.091 3.865 1.177 5.042 2.269 0.052 2.321
WTZ-4-I 3.768 7.690 2.683 10.372 3.288 0.121 3.408
WTZ-5-I 2.401 4.546 1.966 6.512 1.885 0.094 1.979
WTZ-6-I 1.083 0.796 0.611 1.407 0.442 0.031 0.473
WTZ-7-I 1.313 1.912 0.942 2.854 1.028 0.042 1.070
WTZ-8-I 2.345 3.844 1.166 5.010 1.836 0.050 1.886
WTZ-9-I 1.550 2.337 1.371 3.708 1.013 0.059 1.072
WTZ-10-I 4.195 14.616 7.139 21.755 4.948 0.328 5.276

FIGURE 3 | NMR spectra of vitrinite (A) and inertinite (B).
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The calculated N2 adsorption/desorption experiment results
are listed in Table 3. For vitrinite, the total pore volume ranges
from 1.733 × 10–3 to 5.655 × 10–3 cc/g with a mean of 3.952 ×
10–3 cc/g, whereas the mesopore volume ranges from 1.314 ×
10–3 to 4.662 × 10–3 cc/g with a mean of 3.047 × 10–3 cc/g; the
BET specific surface area is between 1.006 and 2.967 m2/g with
an average of 1.991 m2/g, and the BJH pore surface area ranges
from 0.641 to 3.017 m2/g with an average of 1.633 m2/g. For
inertinite, the total pore volume ranges from 1.407 × 10–3 to
21.755 × 10–3 cc/g with a mean of 7.068 × 10–3 cc/g and the
mesopore volume ranges from 0.796 × 10–3 to 14.616 × 10–3 cc/
g with a mean of 4.989 × 10–3 cc/g, which is higher than that of
vitrinite; furthermore, the BET specific surface area is between

1.083 and 4.195 m2/g with an average of 4.989 m2/g and the
BJH pore surface area ranges from 0.473 to 5.276 m2/g with an
average of 2.248 m2/g, which is also higher than that of
vitrinite.

In addition, for both vitrinite and inertinite, the micropore
volume and surface area are much higher than the mesopore
volume and surface area according to the comparison results of
Table 2 and Table 3.

13C NMR Experiment
The obtained spectra curves of the 13C NMR experiments are
presented in Figure 3. Based on the literature, the NMR
spectrum of coal can be divided into three parts (Li, 2015;

TABLE 4 | Results of the NMR parameters.

Sample fal fa fa
H fa

B fa
S fa

P fa/fal Sample fal fa fa
H fa

B fa
S fa

P fa/fal

WTZ-1-V 39.59 47.86 30.20 5.99 8.07 3.60 1.21 WTZ-1-I 40.47 48.52 29.31 6.28 7.84 5.09 1.20
WTZ-2-V 41.16 49.94 32.92 6.63 7.71 2.58 1.21 WTZ-2-I 39.29 52.30 37.55 7.71 3.41 2.30 1.33
WTZ-3-V 40.04 51.60 30.98 7.50 9.48 3.65 1.29 WTZ-3-I 38.41 51.57 38.61 4.98 5.56 1.17 1.34
WTZ-4-V 38.87 50.21 31.01 7.54 15.93 3.17 1.29 WTZ-4-I 37.92 51.23 31.50 6.36 9.70 3.67 1.35
WTZ-5-V 40.23 50.25 27.77 6.57 10.78 5.13 1.25 WTZ-5-I 39.02 52.88 34.45 7.09 8.55 2.79 1.36
WTZ-6-V 37.49 51.19 32.81 6.51 8.81 3.05 1.37 WTZ-6-I 36.05 54.73 39.00 7.65 4.40 2.27 1.52
WTZ-7-V 38.45 50.91 34.45 5.59 8.41 2.47 1.32 WTZ-7-I 34.19 56.64 39.70 4.22 8.44 3.54 1.66
WTZ-8-V 37.23 54.44 36.23 5.88 8.66 3.02 1.46 WTZ-8-I 34.79 56.15 36.13 7.00 9.49 3.17 1.61
WTZ-9-V 32.47 56.38 44.11 5.00 4.87 1.08 1.74 WTZ-9-I 32.14 54.87 34.69 8.63 8.16 1.45 1.71
WTZ-10-V 30.99 57.29 40.84 3.28 9.80 1.88 1.85 WTZ-10-I 29.99 55.38 42.79 5.54 5.13 1.56 1.85

FIGURE 4 | NMR structure parameters of vitrinite (A) and inertinite (B).
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FIGURE 5 | XRD spectrogram of vitrinite (A) and inertinite (B).

FIGURE 6 | XRD parameters of vitrinite (A) and inertinite (B).

FIGURE 7 | Pore volume (A) and surface area (B) of vitrinite and inertinite.
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Liu et al., 2019b): aliphatic carbons (0–90 ppm), aromatic
carbons (90–165 ppm), and carbonyl or carboxyl carbons
(165–240 ppm). The spectrum curves of the aromatic carbons
of vitrinite (Figure 3A) and inertinite (Figure 3A) have

basically unimodal characteristics, whereas those of the
aliphatic carbons have bimodal characteristics. As the degree
of coal deformation increases, the aliphatic carbon peak
gradually becomes flat, whereas the peak shape of the

FIGURE 8 | Micropore volume and surface area of vitrinite (A) and inertinite (B).

FIGURE 9 | Relationships between the fa/fal and mesopore volume (A), fa/fal and BET surface area (B).

FIGURE 10 | Relationships between the mesopore volume and XRD parameters (d002 (A), Lc (B), La (C), and Nave (D)).
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aromatic carbon does not change considerably, indicating that
the deformation of TDCs has a significantly stronger influence
on aliphatic carbons than on aromatic carbons.

The NMR spectra of samples are analyzed using the curve-
fitting method (Li et al., 2017). This study adopts a widely used
classification of chemical shifts to represent different functional
groups of coal (Suggate and Dickinson, 2004; Erdenetsogt et al.,
2010; Malumbazo et al., 2011): fal (aliphatic carbons, 0–90 ppm),
fa (aromatic carbons, 90–165 ppm), fa

H (protonated aromatic
carbons, 100–129 ppm), fa

B (aromatic bridgehead carbons,
129–135 ppm), fa

S (alkylation aromatic carbons,
135–150 ppm), and fa

P (nonprotonated aromatic carbon
constituted by phenolic, 150–165 ppm) have been calculated,
and fa/fal is also computed to reveal the enrichment degree of
aromatic carbons to aliphatic carbons.

The calculated parameters representing the functional groups
of coal are presented in Table 4 and Figure 4. For both vitrinite
and inertinite, the fal remains stable from the deformation degree
of unaltered to cataclastic coal and starts to decrease at
porphyroclast coal, indicating that the aliphatic carbons
distinctly reduce at the porphyroclast coal; the fa of vitrinite
increases from unaltered to powdery coal (Figure 4A), whereas
that of inertinite increases from unaltered coal but is stable from
scaly to powdery coal (Figure 4B), implying that it is difficult to
alter the aromatic carbon of inertinite compared with that of
vitrinite. The fa

H of vitrinite increases from porphyroclast to
powdery coal, whereas that of inertinite exhibits no obvious
regularities related to the deformation degree, suggesting that
the protonated aromatic carbons of vitrinite would be greater in
number from porphyroclast to powdery coal. The fa

B, fa
S, and fa

P

of both vitrinite and inertinite have no relations to deformation
degree of TDCs. The fa fal of both vitrinite and inertinite
significantly increases from unalterted to powdery coal. This

clearly shows that the tectonic stress can reduce the aliphatic
carbons and increase the aromatic carbons of coal.

XRD Results
The spectra obtained by the XRD experiment are presented in
Figure 5. As the degree of TDC deformation increases, the shape
of peak 002 in both vitrinite (Figure 5A) and inertinite
(Figure 5B) becomes sharper, whereas peak 100 does not
change considerably. The calculated parameters mentioned in
Section 2.5 are shown in Figure 6. It can be seen that
independently of vitrinite or inertinite, as the deformation
degree of TDC increases, d002 gradually decreases, indicating
that tectonic stress diminishes the aromatic interlayer space. In
addition, Lc and Nave gradually increase, indicating that the
tectonic stress causes the average crystallite stacking height
and the average number of crystallites in a stack to grow.
However, La does not exhibit an obvious regularity as the
deformation degree increases. Furthermore, the parameters of
vitrinite and inertinite differ: the changes in Lc and Nave of the
vitrinite remain stable (Figure 6A), whereas those of the inertinite
exhibit greater variability (Figure 6B).

DISCUSSION

Pore Structure Evolution of Vitrinite and
Inertinite at Different Stages of TDCs
According to Sections 3.1 and Section 3.2, the pore structure
evolution characteristics of vitrinite and inertinite are shown as
follows.

1) For mesopores, from unaltered to powdery coal, the total
pore and mesopore volume of vitrinite slowly decrease and

FIGURE 11 | fa/fal and micropore structures. fa/fal and micropore volume (A), fa/fal and micropore surface area (B).
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then increase at the stage of scaly coal, whereas those of
inertinite fluctuate from unaltered to porphyroclast coal
and then increase at the stage of scaly coal (Figure 7A). In
addition, the mesopore and total pore volume of inertinite
are generally higher than those of vitrinite (except Sample
WTZ-6). Whether in accordance with the BET or BJH
model, the surface area value of vitrinite slowly decreases
from unaltered to porphyroclast coal and then increases
from scaly to powdery coal, whereas that of inertinite
increases at cataclastic coal, decreases at porphyroclast

coal, and then increases from scaly to powdery coal
(Figure 7B).

2) For micropores, the micropore volume and specific surface
area of vitrinite are different from those of inertinite
(Figure 8). 1) The micropore volume of vitrinite gradually
decreases as the deformation degree of TDC increases
(Figure 8A), whereas that of inertinite decreases since the
deformation degree of porphyroclast coal (WTZ-5) as
Figure 8B shows; thus, in the deformation stage of

FIGURE 12 | Relationships between micropore volume and XRD parameters d002 and micropore volume (A) Lc and micropore volume (B) La and micropore
volume (C) Nave and micropore volume (D).
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unaltered and cataclastic coal, the pore volume of the
inertinite does not change considerably. This also reduces
the difference in the pore volume between vitrinite and
inertinite as the deformation degree of TDC increases. 2)
The micropore volume of inertinite is higher than that of
vitrinite from unaltered and cataclastic coal (WTZ-1–WTZ-
4); however, vitrinite’s micropore volume exceeds inertinite’s
micropore volume since the deformation degree of
porphyroclast coal (WTZ-5–WTZ-10). 3) The micropore
specific surface area of vitrinite gradually decreases as the
deformation degree of TDC increases and that of inertinite
also gradually decreases starting from the stage of
porphyroclast coal (WTZ-5). The micropore specific
surface area of vitrinite is larger than that of inertinite. In
the stage of unaltered and cataclastic coal, the micropore
specific surface area of inertinite exhibits undulating changes;
however, the changes are insignificant.

Pore Structure Controlled by
Macromolecular Structure Evolution
1) Mesopore structure determined by N2 adsorption/desorption

experiments

The N2 experiment mainly determines the mesopore (2–50 nm)
structure. Based on the NMR and N2 adsorption/desorption
experiment results, with the increasing fa/fal, the mesopore volume
and surface area of vitrinite first decreases and then increases, whereas
those of inertinite exhibit no obvious regularities (Figure 9).

Based on the results of the XRD and N2 adsorption/
desorption experiments, there are no obvious relationships
between the mesopore volume and macromolecular structure
parameters (d002, Lc, La, and Nave) of inertinite. For vitrinite,
the mesopore decreases as Lc (Figure 10B) and Nave

(Figure 10D) increase within a certain range (Lc < 1.4 and
Nave < 4.8, respectively) and increases when d002 > 0.365 and
La > 2.2 (Figures 10A,B). Therefore, it can be concluded that
the macromolecular structure evolution does not affect the
mesopore structure of inertinite but weakly influences the
mesopore structure of vitrinite at a certain range.

2) Micropore structure determined by CO2 adsorption/
desorption experiments.

The micropore volume and micropore surface area of both
vitrinite and inertinite first decrease and then increase as fa/fal
increases (Figure 11); however, they still slightly differ in the
following: the micropore volume and micropore surface area of
vitrinite gradually decrease and then increase, whereas those of
inertinite first remain stable, sharply decrease, and then gradually
increase.

The correlation analysis between the XRD results and
micropore volume (Figure 12) show that 1) with the
decreasing d002 caused by the coal deformation, the micropore
volume of vitrinite first decreases and then increases at the point
of d002 being approximately 0.365, whereas that of inertinite
remains nearly unchanged at first, then sharply drops, and
increases when the d002 is less than 0.364 (Figure 12A); 2) as
Lc increases, the micropore volume of vitrinite first decreases and
then increases when Lc exceeds 1.4, whereas that of inertinite also
remains unchanged at first, drops sharply, and then increases
when Lc exceeds 1.4 (Figure 12B); 3) for both vitrinite and
inertinite, there are no obvious relationships between La and the
micropore volume (Figure 12C); 4) as Nave increases, the
micropore volume of vitrinite first decreases and then
increases when Nave exceeds 4.8, whereas that of inertinite first
remains unchanged, then significantly drops, and increases when
Nave exceeds 4.8 (Figure 12D). In summary, as the deformation
degree of TDCs increases, the micropore volume of both vitrinite
and inertinite decreases and then increases. However, the
micropore of inertinite remains nearly unchanged, sharply
drops, and then slowly increases, whereas that of vitrinite
decreases and then increases.

The Mechanisms of Pore Structure
Evolution in TDCs
As presented in Section 4.1 and Section 4.2, only the mesopores of
vitrinite will first decrease and then increase as the deformation
degree increases, which is controlled by the evolution of fa/fal, and, to
a certain degree, the mesopore evolution could also be affected by
d002, Lc, and Nave. However, the inertinite mesopore has no obvious
relations with the deformation degree. The micropore volumes of
both vitrinite and inertinite first decrease and then increase with the
increasing deformation degree of TDC, which are also controlled by
fa/fal, d002, Lc, La, and Nave.

When coal is subjected to strong deformation by tectonic
movements, it exhibits a gradual decrease in hardness on the
macroscopic scale (Wang et al., 2020a). On the microscopic
scale, the aliphatic carbon in the basic structural unit (BSU)
of the macromolecular structure in coal decreases and the
aromatic carbon increases. In the deformation process, d002
gradually decreases, causing the micropore volume of the coal
to gradually decrease (Figure 13). However, the Lc and Nave

increase, causing the micropore volume to increase
(Figure 13). Based on the experimental results, from
unaltered coal to porphyroclast coal, i.e., Samples WTZ-
1–WTZ-6, the decrease in the micropore volume caused by

FIGURE 13 | Micropore variation with macromolecular structure
evolution
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decreased d002 values is higher than the increase in the
micropore volume caused by increased Lc and Nave values.

The pores in the BSU of the macromolecular structure in coal are
less than 2 nm in size (Liu et al., 2019a). Therefore, the micropores
will inevitably exhibit regularity as the macromolecular structure
evolves. However, mesopores do not mainly occur in the BSU but
exist between BSUs, which is related to the order degree of the BSU
(Liu et al., 2019b). The order degree of the BSU is determined by the
coal metamorphism degree, therefore, the evolution of mesopore
volume is also affected by the macromolecular structure changes as
Figure 9 shows.

CONCLUSION

In this study, the TDC samples of different deformation degrees
have been stripped into vitrinite and inertinite samples to
compare the nanopore structure evolution in the deformation
process. CO2 adsorption and N2 adsorption/desorption
experiments were applied to study the nanopore structure,
whereas 13C NMR and XRD experiments were conducted to
obtain the macromolecular structures of coal. The main
conclusions can be drawn as follows.

1) For mesopores, the pore volume of vitrinite slowly decreases
and then increases at the stage of scaly coal, whereas that of
inertinite fluctuates with no obvious regularities.

2) For micropores, the pore volume of vitrinite deceases as the
deformation degree increases, whereas that of inertinite
decreases from the deformation degree of porphyroclast
coal and slightly changes from unaltered to cataclastic coal.

3) The macromolecular structures of both vitrinite and
inertinite can be altered by tectonic stress. As the
deformation degree increases, the aliphatic carbons

decrease, the aromatic carbons increase, and the
aromatic interlayer spacing also decreases; conversely,
the crystallite stacking height and the average number
of crystallites in a stack increase.

4) In the deformation process of coal, d002 decreases,
resulting in a decrease in the micropore volume;
however, Lc and Nave increase, leading to an increase in
the micropore volume. Therefore, the micropore decreases
and then increases as the deformation degree of coal
increases.
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