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ABSTRACT: Coal has various types of macerals, which have different pore s [ _tow danstyerest ]
structures and adsorption properties that change with coal’s thermal J e -] |
metamorphism. In-depth study of the characteristics of different coal [ Lomtilsie 018 035 | S Mesimmensiy e s
macerals, especially the pore structure and adsorption properties, can better * ol ian deneig e
predict the coal reservoir gas storage capacity and migration ability. In this I T
study, the sub-samples enriched in a specific maceral group with different

coal ranks and particle sizes were obtained by centrifugal flotation
experiments. Then, experiments containing low-temperature N, isotherm
adsorption (LT-N,GA), low-temperature CO, isotherm adsorption (LT- s, |
CO,GA), and methane isothermal adsorption were carried out on the sub- ‘ _ \7” J
samples to quantitatively analyze the evolution characteristics of pore { parice S s | 2 hciumae
structure and adsorption properties of different maceral groups. The results
showed the following: (1) The separation effect of the light maceral groups
by centrifugal flotation experiments increased with the decrease of particle
sizes, which were treated with the heavy liquid of low and medium densities, while that of the heavy maceral groups had the relatively
best separation effect in the particle sizes of 0.1—0.125 mm, which were treated with the heavy liquid of high densities. (2) The
vitrinite-enriched samples had more ultra-micropores (mainly within the diameter range of 0.4—0.65 nm), while the inertinite
enriched samples had more mesopores and transition pores (mainly within the diameter range of 40—50 nm). (3) For the low-rank
coal, inertinite had more potential methane adsorption capacity. However, for the medium- and high-rank coal, vitrinite had more
potential methane adsorption capacity. (4) For the low-rank coal, the adsorption potential and adsorption space increased with the
increase of the inertinite content, while the adsorption potential, adsorption space, and surface free energy for the medium- and high-
rank coal increased with the increase of vitrinite content. It is expected that the results can deepen the understanding about the gas
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storage capacity and migration ability and be used in the prevention of gas outburst and the reduction of carbon emission.

1. INTRODUCTION

In recent years, all kinds of environmental problems caused by
the greenhouse effect have emerged frequently."” Countries
around the world are actively responding to them and putting
forward measures, such as carbon capture, utilization, and
storage (CCUS),** to reduce global carbon emissions.”® CO,
geological sequestration can be stored into brine aquifers, deep
ocean, depleted oil and gas reservoirs, deep coal seams, and so
on. Among the carbon dioxide storage sites, deep coal seams are
regarded as one of the potential sites.”” Carbon sequestration in
coal seam can improve coalbed methane (CBM) recovery,”
prevent coal mine gas outburst accidents,'°"'* and further
realize the strategic planning of net-zero carbon emission," "
which has been paid more and more attention. The storage of
carbon dioxide in coal, the development of CBM, and coal mine
gas outburst accidents are all related to the adsorption
characteristics of coal.>~"® At present, the adsorption character-
istics of coal on gas, such as carbon dioxide, methane, nitrogen,
and flue gas, have been deeply studied and the related results can
be divided into two main categories. The first category mainly
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focuses on the influence of the properties of coal on gas
adsorption, such as pore structure'” and maceral groups.”® The
second category mainly focuses on the influence of external
conditions on gas adsorption, such as temperature”' and particle
size.”

There is a consistent understanding of the influence of
external factors on the adsorption of coal, but there is still a
dispute on the influence of coal maceral groups. Most scholars
found that the gas adsorption capacity of vitrinite was stronger
than that of inertinite,”>™>° while a few scholars found that the
gas adsorption capacity of inertinite was stronger than that of

vitrinite,*° > and some other scholars found that there was no
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Table 1. Results of R, ..., Maceral Composition, and Proximate Analysis of the Samples”

maceral composition (vol %)

proximate analysis (vol %)

coal mine coal type Ry max (vOl %) V/H
Hequ long flame coal 0.56 503
Rongtai coking coal 1.70 472
Zhaozhuang meager coal 221 57.8

L

1.4
/
/

I M My, Ay vy FC,
39.9 8.4 3.09 22.04 28.95 49.01
48.9 39 091 10.14 16.50 73.36
36.0 62 0.76 10.11 9.39 80.50

“V: vitrinite content, vol %; H: huminite content, vol %; L: liptinite content, vol %; I: inertinite content, vol %; M: mineral content, vol %; M,4:
moisture content (air-dried basis), vol %; A4: ash yield (dry basis), vol %; V: volatile content (dry basis), vol %; FC;: fixed carbon content (dry

basis), vol %.
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Figure 1. Schematic of the experimental process for the separation of maceral groups of samples.

obvious relationship between vitrinite and inertinite and gas
adsorption capacity.”*~**

Because most of the gas adsorption on coal is physical
adsorption, the difference of maceral groups’ adsorption
performance is mainly controlled by the difference of pore
structure.””** Corresponding with the understanding of the
adsorption properties of coal macerals, there are also different
views on the development of pore structure of coal macerals.
Shan et al.*' found that pores <0.64 nm were more developed in
inertinite-rich coals, while Zhang and Fu** found that pores <2
nm were more developed in vitrinite-rich coals. Generally, the
reason for the different conclusions is mostly related to the
heterogeneity of coal and the different contrast criteria, such as
coal rank, coal maceral, and mineral content. The centrifugal
flotation experiment of coal, which can obtain samples with the
same coal rank and different maceral groups, provides a basis for
accurate analysis of the pore structure and adsorption properties
of macerals.

The adsorption of gas by coal is essentially the interaction
between solid molecules and gas molecules.”” The process of
adsorption equilibrium is often accompanied by changes in
energy, and the coal surface always tends to reduce the energy to
adsorb gas molecules to a stable state.*”** From the view of
thermodynamic properties, the characteristics of adsorption
potential, adsorption space, and surface free energy can
satisfactorily characterize the adsorption capacity of coal for

12080

gas."¥"> At present, a lot of work has been carried out on the
thermodynamic properties of methane adsorption by coal.**™>"
Lu et al.> found that the stronger the tectonic deformation, the
greater the reduction of surface free energy and the higher the
amount of methane adsorbed. Zhang et al.”>" found that high-
rank coal samples had higher adsorption space, adsorption
potential, and methane adsorption capacity than the medium-
rank coal samples. However, few literatures have reported the
thermodynamic properties of methane adsorption by maceral
groups.

Because the study of pore structure and adsorption capacity of
coal macerals can more accurately predict the carbon dioxide
storage capacity of coal reservoirs, the CBM content and
production characteristic, and the coal mine gas outburst
potential,””* it is necessary to study the pore and adsorption
properties of coal maceral groups, so as to achieve the purpose of
greenhouse gas control, carbon emission reduction, and gas
outburst accident.'”"* In addition, despite that a large number of
studies about the pore structure of coal have been published,
little is known about how the maceral groups of different coal
ranks and particle sizes affect the distribution of pore structure
and the thermodynamic properties.

On the basis of this fact, the low-, medium-, and high-rank coal
samples with different particle sizes were prepared in this study.
The sub-samples concentrated with different contents of
vitrinite or inertinite were obtained using centrifugal flotation
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Figure 2. Pulverized coal and coal bricks after separation (R, a: pulverized coals; b: coal bricks).

experiments. Meanwhile, the influence of particle size on the
separation of maceral groups was determined. The pore
structure characteristics, methane adsorption capacity, and
thermodynamic properties of the separated samples were
studied using LT-N,GA, LT-CO,GA, and methane isothermal
adsorption experiments. Finally, the evolution characteristics of
different maceral groups in various coal ranks were determined.
This study not only contributes to a deeper understanding of the
evolution characteristics and adsorption capacities of different
maceral groups but also brings a better prospect for carbon
sequestration.

2. EXPERIMENTAL SECTION

2.1. Sample Selection. In this study, the samples were
taken from the Hequ (H), Rongtai (R), and Zhaozhuang (Z)
coal mines. The Hequ and Rongtai coal mines are located on the
eastern margin of Ordos Basin, whereas the Zhaozhuang coal
mine is in the south of Qinshui Basin in China. All collected
samples were immediately wrapped with polyethylene film to
prevent the oxidation and sent directly to the laboratory. The
results of maceral compositions, proximate analysis, and the
maximum reflectance of vitrinite (R, ,,,) of samples are listed in
Table 1. During the experiments, China National Standards
GB/T 8899-2008, GB/T 212—2008, and GB/T 6948—-2013
were followed to achieve standardized experimental operations.

2.2. Methods. 2.2.1. Methodology of the Centrifugal
Flotation. The centrifugal flotation method separates maceral
groups based upon their differences in densities. The brief
experimental process and the scheme for naming the samples are
shown in Figure 1. The centrifugal flotation experiments were
carried out using the HITACHI-20PR-52D automatic cen-
trifuge following the Chinese National Standard of GB/T 478-
2008. The practical steps are as follows. (1) All the samples were
first crushed into powder. The powdered samples with the
particle sizes of 60—80 (0.18—0.25 mm), 120—150 (0.1—0.125
mm), and >200 (<0.075S mm) mesh were obtained by sieving.
Meanwhile, the powdered samples were sealed into a vacuum
glass bottle. (2) Next, aqueous ZnCl, solution with densities of
1.34 and 1.39 g/cm? for low-rank coal samples, 1.25 and 1.4 g/
cm?® for medium-rank coal samples, and 1.4 and 1.45 g/ cm? for
high-rank coal samples were prepared. The density errors were
controlled to less than 0.005 g/cm>. (3) Then, 100 g of low-rank

coal powdered samples (60—80 mesh) was taken in a beaker and
an appropriate amount of heavy liquid with the density of 1.34
g/cm® was added to the beaker. The beaker was placed in a
blender and stirred for 20 min. (4) The mixture was placed in a
centrifugal bottle for centrifugation. The rotational speed of the
centrifuge was 2500 rpm, while the centrifugation time was 20—
30 min. (5) After the centrifuge stopped working, the centrifugal
bottle was removed and stood still for 2 h. (6) The powdered
samples floating on top of the heavy liquid were collected. The
collected samples were put into a Buchner funnel, washed with
distilled water, and filtered. The low-rank wet powder samples of
low density were obtained. (7) The samples sunk at the bottom
of the bottle were collected. Steps 3—6 were repeated using a
heavy liquid with a density of 1.39 g/cm? to obtain low-rank coal
samples of medium density and high density. (8) Steps 2—7
were repeated to obtain the low-, medium-, and high-density
powdered samples for low-, medium-, and high-rank coal
samples with different powder sizes, respectively (Figure 2a).
(9) The wet samples were dried in a vacuum oven for 12 h at a
temperature of 378.15 K to prepare them for pore structure and
isotherm adsorption experiments. In addition, coal bricks were
made for microscopic analysis (Figure 2b). The partially
separated pulverized coals were made into polished sections,
and the contents of maceral groups were obtained using
photometer microscopy. All samples were marked appropriately
to distinguish among various samples with different powder sizes
and densities. Various subscripts in the nomenclature of samples
were as follows: “1” represents 60—80 mesh samples; “2”
represents 120—150 mesh samples; “3” represents >200 mesh
samples; “L” represents low density samples; “M” represents
medium density samples; and “H” represents high density
samples.

2.2.2. Methodology of LT-N,GA and LT-CO,GA. The LT-
N,GA and LT-CO,GA experiments were carried out using an
ASAP 2020 automated surface analyzer at the experimental
temperatures of 77 and 273.15 K| respectively, and following the
Chinese Oil and Gas Industry Standard of SY/T 6154-2008.
First, about S g of different particle size samples was taken out
and dried at 378.15 K for 12 h in a vacuum-drying instrument.
After degassing, the pulverized coal samples were placed in the
analyzer. Based on the different pore size ranges obtained using
LT-N,GA (1.7-300 nm) and LT-CO,GA (<2 nm) experi-
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ments, the analyzer preset different pressure conditions for
adsorption/desorption experiments. When calculating the pore
volume, surface area, and other parameters, the Barrett—
Joyner—Halenda (BJH) method was used in the LT-N,GA
experiments, whereas the density functional theory (DFT)
method was used for the LT-CO,GA experiments.

2.2.3. Methodology of Isothermal Adsorption. Methane
adsorption experiments were carried out using an ISO-300
isothermal adsorption instrument at the experimental temper-
ature of 303.15 K (Terra Tek Ltd). The experimental gases
included He and CH, (purity of 99 vol %). Before experiments,
the air tightness and free volume tests of the experimental
instrument and the free space volume of the sample cylinder
were carried out by using He. The gulverized coal samples
(about 30 g, dried at 378.15 K for 12 h)*" were put in the sample
cylinder. After vacuuming, the amount of adsorption was
analyzed at different pressure points with the equilibration time
of 12 h for each pressure point. The above experiments were
repeated for different pulverized coal samples.

In general, to reflect the actual situation of gas adsorption of
the samples, the excess adsorption amount is often converted to
absolute adsorption amount using eq 1.”%**

V.= V{l - @]
A (1)

where V, is the excess adsorption amount, in cm®/ g V, is the
absolute adsorption amount, in cm?/g; Pgas 18 the gas density, in
g/cm’; and p,4 is the adsorption phase density, in g/cm”.

The absolute adsorption amount at each pressure point was
fitted to the Langmuir model (eq 2) to obtain the characteristics
of the isothermal adsorption curve.

_ W
P+ B (2

a

where V| is the Langmuir volume, in cm?/ g; Pis the gas pressure,
in MPa; and Py is the Langmuir pressure, in MPa.

2.2.4. Methodology of the Adsorption Potential and
Adsorption Space. The adsorption potential reflects the work
done by the adsorbate while chansgir_l from the free phase to the
adsorption phase per unit mass.”>>° When the adsorbate falls
into the force field space, it will be affected by the field strength
and be adsorbed. Under the action of the adsorption potential
field, the adsorption potential can be described using eq 3.%

B
T P.
€=/ R—dP:RTIn—O
o P R (3)

where ¢ is the adsorption potential, in J/mol; P, is the saturated
vapor pressure of gas, in MPa; P, is the equilibrium pressure of
ideal gas under a constant temperature, in MPa; R is the molar
gas constant, in J/(K-mol); and T is the temperature, in K.

Because the experimental temperature (303.15 K) is higher
than the critical temperature of methane (190.6 K), methane
cannot be liquefied normally, which makes P, meaningless.58
The Dubinin empirical correlation is often used to replace P,
with the virtually saturated vapor pressure (P;) for research,
which is given using eq 4.

2
T
B=P|—
[T) (4)

where P is the critical pressure such that P_ ¢y, = 4.62 MPa; T is
the critical temperature such that T, cyy = 190.6 K.

The adsorption space represents the space occupied by the
adsorbed gas and can be used as a parameter to characterize the
pore structure. It can be calculated using eq 5.

= VaclM -
Aa  1000Ven, (8)

where  is the adsorption space, in cm®/g; V4 is the absolute
adsorption quantity, in mol/g; M is the molar mass, in g/mol;
and V) is the molar volume of the gas at standard conditions, in
L/mol.

2.2.5. Methodology for Determining Surface Free Energy.
Coal has a macromolecular structure, which is mainly composed
of aromatic rings that are connected by aliphatic side chains.
Ideally, the carbon atoms on the macromolecular skeleton
attract each other and reach equilibrium. However, the presence
of pores in the macromolecular skeleton can lead to a stress
imbalance between the carbon atoms, resulting in a force on the
surface of the pores toward the coal body.”” In this case,
according to the theory of surface chemistry, the reduction in
surface tension reduction is described using eq 6.

—do = RTTd(In P) (6)

where ¢ is the surface tension, in J/m? and I is the surface
excess, in mol/m?, which is given by eq 7.

_Vv.__h
SV, 10008V, (7)

where V is the absolute adsorption amount, in L/g; S is the
specific surface area, in m’/g.

Through eqs 6 and 7, the reduction of surface free energy of
methane gas can be expressed using eq 8.

V,RT
Ay = Liln[l + 3]

~ 10008V, B, )

where Ay is the reduction of surface free energy, in J/m? which
represents the difference in surface free energy before and after
the adsorption of gas.

By differentiating the pressure, the rate of change of reduction
in surface free energy at different pressure points can be obtained
and is expressed using eq 9.

V,RTP,

Apy=——"2 L
& 1000SVy(P + P,) (9)

where Ayyp is the value of the change in surface free energy at
each pressure point, in J/m? which represents the difference
between the cumulative free energy reductions across two
consecutive pressure points.

3. RESULTS AND DISCUSSION

3.1. Separation Characteristics of Different Maceral
Groups with Various Ranks. Generally speaking, it has
become a consensus that inertinite density > vitrinite density >
liptinite density.60 However, various factors such as coal rank
and structural conditions can affect the densities of different
maceral groups.61 Therefore, in this study, to effectively
compare the differences of maceral groups, the density of the
heavy liquid was appropriately adjusted to meet the separation
needs of different coal rank samples. The separation results are
presented in Table 2 and Figure 3. It is seen from the results
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Table 2. Separation Content of Maceral Groups under Different Particle Sizes and Heavy Liquid Densities
density interval

V/H I L, density interval V/H I density interval V/H I
samples (g/cm®) (vol %)  (vol %) (vol %) samples (g/cm?) (vol %)  (vol %) samples (g/cm®) (vol %)  (vol %)
H,, <134 90.8 8.8 04 R, <125 90.4 96  Zy, <14 87.6 124
Hy 1.34—1.39 75.5 23.7 0.2 Rim 1.25—-14 71.6 284 Zim 1.4—1.45 85.1 149
Hy >1.39 726 272 02 Ry >14 56.5 435 Ly >1.45 67.4 326
H,, <134 86.6 129 0.5 Ry <125 82.6 174 7, <14 86.4 13.6
Hyy 1.34-1.39 743 254 03 Rox 12514 67.4 326 Zoy 1.4-145 84.2 15.8
Hy >1.39 6.7 431 02 Ry >14 459 54.1 Zoy >1.45 61.8 382
H; <1.34 85.1 14.1 0.8 Ry <1.2§ 71.3 28.7 Zy <1.4 72.9 27.1
Hay 134-1.39 734 262 04 Roy 125-14 64.8 352 Zay 14-145 716 284
Hyy >1.39 637 36 03 Ran >14 487 S13 Zy >1.45 62.5 37.5
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Figure 3. Separation characteristics of maceral groups in samples of various ranks (a, ¢, e: the distribution characteristics of vitrinite for low-, medium-,
and high-rank coal samples; b, d, f: the distribution characteristics of inertinite for low-, medium-, and high-rank coal samples).

presented in Table 2 that the maceral groups of low-, medium-,
and high-rank coal samples were mainly vitrinite, and therefore,
vitrinite-enriched samples can be obtained (vitrinite content is

more than 85 vol %). The effect of particle size on the separation

12083

of maceral group separation is shown in Figure 3a—f. For the low
and medium densities of heavy liquid samples, the smaller the
particle size, the lower the separation content of vitrinite and the

higher the separation content of inertinite. For the high density

https://doi.org/10.1021/acsomega.2c07876
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Figure S. Enrichment characteristics of maceral groups of medium-rank coal samples (a—i: R;;—Ryy).

of heavy liquid samples, although the overall variation trend of
vitrinite and inertinite remained the same as for the low and
medium densities of heavy liquid samples, the optimum
separation was achieved for the samples with a particle size of
0.1—0.125 mm. The effect of the density of heavy liquid on the
separation of maceral groups is also shown in Figure 3a—f. For
the samples with different particle sizes, the higher the density of
the heavy liquid, the lower the separation content of the vitrinite,
and the higher the separation content of inertinite.

The maceral groups of all the samples under reflected
polarized light (oil immersed) are shown in Figures 4—6. From
the point of view of the morphology of particles, with the
decrease of particle size, the degree of fragmentation of maceral
groups improved, but it will be relatively more enriched. As the
density of heavy liquid increased, the content of inertinite
increased. The maceral groups were mainly composed of
vitrinite, including telocollinite (C1), desmocollinite (C2),
corpogelinite (C3), and vitrodetrinite (VD), followed by
inertinite that included fusinite (F), semifusinite (SF), macrinite
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Figure 6. Enrichment characteristics of maceral groups of high-rank coal samples (a—i: Z;; —Z3y).

(MA), micrinite (MI), and inertodetrinite (ID), with only a few
minerals (M).

3.2. Pore Characteristics of Different Maceral Groups
with Various Ranks Using LT-N,GA. 3.2.1. Evolutionary
Characteristics of LT-N,GA Isotherms. Figure 7 shows the
detailed characteristics of isothermal adsorption curves. First, it
is seen from the adsorption branches that, when relative pressure
(P/P,) was less than 0.9, the amount of N, adsorbed increased
slowly, suggesting a gradual conversion from monolayer
adsorption to multilayer adsorption. When P/P, was greater
than 0.9, the amount of N, adsorbed increased rapidly,
indicating that capillary condensation occurred.”> Therefore,
the LT-N,GA isothermal adsorption curves belonged to type IV
isotherms.”>** Second, the desorption and adsorption branches
of some samples did not overlap at high pressure, indicating that
hysteresis loops existed. According to the delineation by IUPAC,
the hysteresis loops can be classified into three types.®” Type L is
characterized by almost overlapping adsorption and desorption
branches, whereas the hysteresis loops are weak or non-existent,
such as R,;, which indicates that it is dominated by semi-closed
pores with poor connectivity in the samples, such as wedge-
shaped pores and cylinder cavity closed at one end. Type II has
significant hysteresis loops at relatively high pressure. However,
the adsorption and desorption branches overlap at relatively low
pressure, such as Z,y;, which indicates that it is dominated by the
large open pores with better connectivity, such as cylindrical
pores and parallel plane pores, and small semi-closed pores in
the samples. Type III is similar to type II, except that the
desorption branch appears to have a sudden drop at the P/P, of
about 0.45. Moreover, the hysteresis loop is more significant
than type II, such as H,y, which shows that the pore type is
dominated by narrow neck and wide body pores, such as ink-
bottle-shaped pores.

Within the same particle size interval, the type of the
hysteresis loop of the samples with various ranks changed with
the increase in vitrinite content as follows: low-rank coal samples

changed from type I1I to type II (Figure 7a—c); medium-rank
coal samples remained type I (Figure 7d—f); and high-rank coal
samples changed from type III or type II to type I (Figure 7g—i).
The results show that the samples rich in vitrinite generally had
more semi-closed pores, while samples rich in inertinite
generally had more open pores. In addition, it is seen in Figure
7a—c that the vitrinite content of H,,; was 74.3 vol %, which
differed from those of H;y; and Hjy by 1.2 and 0.9 vol %,
respectively. Therefore, the variation characteristics of the
hysteresis loop from H;y, to Hjy; can be approximately regarded
as the influence of particle size and the decreasing hysteresis loop
with Hy;, Hyyy, and Hyyg suggests that the particle size is also able
to influence the morphological characteristics of the pores to
some extent.

3.2.2. Characteristics of the LT-N,GA Pore Structure.
Results on the pore structure of various samples are presented
in Table 3 and Figures 8 and 9. In this study, the classification of
pore structure is based on Hodot pore classification. Pores are
divided into ultra-micropores (<2 nm), micropores (2—10 nm),
transition pores (10—100 nm), mesopores (100—1000 nm), and
macropores (1000—20,000 nm). It is clear that due to the
orientation effect of nitrogen molecules and the fact that the
cross-sectional area of nitrogen molecules is smaller than the
recognized area (0.162 nm?), inaccurate results for micropores
were obtained.°>®” Thommes et al.”> and Bertier et al.”®
conducted related research and found that the BJH model
underestimated the pores (<10 nm), while the error can be as
high as 20—30 vol % as compared to the actual values. Therefore,
when calculating the BJH pore volume and surface area, the
micropores are not considered.

The pore volume and surface area of samples with the same
particle size interval increased with the increase in inertinite
content (Figures 8 and 9), indicating that inertinite can provide
more pore volume and surface area than vitrinite in transition
pores and mesopores, which is consistent with the results of
Louw et al.”” Vitrinite and inertinite are mainly formed through
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Figure 7. N, adsorption and desorption isotherms (a—c, d—f, and g—i: low-, medium-, and high-rank coal samples at particle sizes of 0.18—0.25, 0.1—
0.125, and <0.0075 mm, respectively).

Table 3. Characteristic Parameters of Pore Structure Derived from LT-N,GA”

pore volume pore volume
pore volume (X 107> cm®/g) (X 107% cm®/g) (X 107% cm®/g)

SN Spm (mz/ g) Vi Vi v, SN Spyn (mz/ g) Vim Vi v, SN N (mz/ g) Vim Vi v,
H,, 0.69 5.17 373 144 Ry 023 299 155 144 Z, 0.14 1.82 097 085
Hpy 0.84 5.96 446 150 Ry 021 271 139 132 Ziy 024 3 162 138
Hy 1.68 10.54 841 213 Ry 0.42 s 271 229 Zy 0.18 2.16 118 098
H, 0.39 345 2.34 1.11 Ry 0.15 2.08 1.01 1.07 Zy 0.28 3.39 1.92 1.47
H,um 0.5 4.28 2.87 1.41 Rome 0.52 6.47 3.35 3.12 Zom 0.28 3.46 1.89 1.57
Hyy 2 1501 1085 416 Ry 0.54 662 354 308  Zy 0.57 695 396 299
H;, 0.44 4.6 2.76 1.84 Ry 0.79 7.66 S5.74 1.92 Zy 0.51 6.15 3.62 2.53
Hsy 0.75 7.5 4.57 2.93 Ry 0.74 8.85 4.68 4.17 Zim 0.53 6.02 3.44 2.58
H;y 1.78 14.89 9.99 4.90 Riyg 0.8 9.29 5.47 3.82 Zyy 1.72 14.25 9.66 4.59

“SN: sample number, dimensionless; Sgy;;: BJH surface area (>10 nm), m*/g; Vyyu: BJH pore volume (>10 nm), 107 cm?®/g; V;: pore volume of
transition (10—100 nm), 10~% cm®/g; V,: pore volume of mesopores (>100 nm), 10~ cm®/g; S,: surface area of transition pores (10—100 nm),
m?/g; S,: surface area of mesopores (>100 nm), m*/g.

biochemical processes after the burial of higher plants. Due to humification to form vitrinite eventually.”” Therefore, in the
the presence of unstable compounds such as proteins, the cavity early stages of coalification, inertinite itself has a large number of
is constantly broken down by the action of bacteria and plant tissue pores while vitrinite is not developed. The higher the
enzymes. At the same time, the cell wall becomes more stable content of inertinite in low-rank coal samples, the larger the
than the cell cavity. Thus, it can be preserved under different volume and surface area. With the deepening of coalification, the
coal-forming conditions. Plant tissues need to undergo generation of hydrocarbon of vitrinite begins to strengthen,
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Figure 8. Distribution of pore volume under different particle sizes and heavy liquid densities from LT-N,GA (a, ¢, e: the distribution characteristics of
volume of transition pores for low-, medium-, and high-rank coal samples; b, d, f: the distribution characteristics of volume of mesopores for low-,
medium-, and high-rank coal samples).

resulting in the appearance of gas pores and a large number of

micropores. Therefore, due to the enrichment of gas pores in the
medium- and high-rank coal samples,”" certain anomalies such
as Ry and Z;y appear. Because of the limitations of the
experimental methods in this study, the variation characteristics
of micropores are not discussed.

In addition, some unique phenomena can also be observed.
The first special phenomenon is exemplified by the samples H;y,
and H,y;, which have similar contents of vitrinite and inertinite.
However, the differences in pore volume and surface area were
nearly twice as large. The main reason for this phenomenon is

that the inertinite is mainly dominated by fusinite, which
develops a unique stripped fiber structure with different
evolutionary effects, resulting in tissue pores showing remark-
able differences in the pore structure.’””> For the second
extraordinary phenomenon, the samples of Ry and Ry are
considered as an example. The total pore volume increased,

12087

while the total surface area decreased. This phenomenon is
mainly because the increase in mesopores and macropores
(>100 nm) makes a very limited contribution to the surface area,
due to which the decrease in transition pores leads to a decrease
in the surface area.
The results obviously showed that the particle size had little
effect on pore volume and surface area (Figures 8 and 9). The
vitrinite content was 90.8, 86.6, and 85.1 vol % for H,;, H,;, and
Hj;, respectively. The pore volume and surface area values first
decreased and then increased with the decrease in particle size.
The same variation pattern was observed for the low-rank coal
samples (H,y;, Hyy, and Hyy) and medium-rank coal samples
(Ry1, Ry, and Ry ). These results suggested that inertinite did
not provide more pore volume and surface area than vitrinite.
However, the analysis of low-rank samples (H;y, Hyyy, and Hyy),
medium-rank coal samples (R;y;, Ryy, and Ry, and Ryyy, Ry,
and R;y), and high-rank coal samples supported the inference
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Figure 9. Distribution of surface area under different particle sizes and heavy liquid densities from LT-N,GA (a, ¢, e: the distribution characteristics of
surface area of transition pores for low-, medium-, and high-rank coal samples; b, d, f: the distribution characteristics of surface area of mesopores for
low-, medium-, and high-rank coal samples).

The results further showed that the particle size had little
influence on the change of pore structure, and the effect of

particle size on pore structure decreased with the increase of coal
rank. However, Mastalerz et al.””> and Zhang et al."” reported
that when the particle size was less than 0.25 mm, its influence

on the change of total pore volume and surface area was small
and negligible. Zhang et al.'"” and Wang et al.”* found that when
the particle size was less than 0.25 mm, the change in the volume
of macropores was tiny, while the increment was about
0.00003—0.0001 cm®/g. In this paper, the increments of
macropores with different particle sizes significantly exceeded
this value. Therefore, the changes in pore volume and surface
area of the samples are mainly caused by vitrinite and inertinite.
The particle size had an impact on the change of pore volume

and surface area. Moreover, compared with the influence of

12088

maceral groups, the effect of particle size on the variation in pore
volume and surface area was very limited.

The effect of particle size on the pore structure is seen in
Figure 10. This can be due to the following reasons: (1) From
the perspective of the pores, with the decrease of particle size,
some closed pores may have opened, contributing to detectable
pore volume and surface area (Figure 10a,b) or leading to the
destruction of some pores, thus reducing the contribution of

these pores to pore volume and surface area (Figure 10b,c). (2)
From the point of view of inorganic minerals, with the decrease
in particle size, the minerals may fall off from the matrix or pores
during the crushing process, forming some mineral pores.”””®
(3) From the perspective of the brittleness of maceral groups,
vitrinite is more brittle, while inertinite is harder. Therefore, it is
more easily controlled by particle size for samples rich in
vitrinite, while it is relatively weakly influenced by particle size of
samples rich in inertinite.”° (4) From the point of view of
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Figure 10. Schematic of the influence of particle sizes on pore structure (a—c: effect of particle size on pores; d: effect of external forces on pores; e:

closed pores; f: micropores filling; g: external surface).

external interference, the samples may generate artificial pores
and fissures during the crushing process.”””® Due to the
inhomogeneous and fragile nature of coal, with the decrease in
particle size, the samples will be subjected to specific external
forces, which will affect the contribution of these pores to the
pore volume and surface area (Figure 10d).

3.2.3. Pore Size Distribution Characteristics. The PSD of the
samples is shown in Figure 11. With the increase in pore
diameter, the incremental pore volume of different curves first
increased, and then decreased, followed by another increase.
The incremental pore volume of all samples reached the
maximum value within the pore diameter range of 40—50 nm
and the minimum value for the pore diameter of around 80 nm.
It is noteworthy that the maximum incremental pore volume
increased with the increase in inertinite content and the
minimum incremental pore volume increased with the increase
in vitrinite content. This phenomenon reflects that in the
transition pores, the pores of 40—50 nm are more developed in
inertinite while the pores around 80 nm are more developed in
vitrinite.

3.3. Pore Characteristics of Different Maceral Groups
with Various Ranks Using LT-CO,GA. 3.3.1. Evolutionary
Characteristics of LT-CO,GA Isotherms. Because the kinetic
diameter of carbon dioxide (0.33 nm) is smaller than that of
nitrogen (0.364 nm) and the presence of the difference in
thermal energy is caused by the experimental temperatures (77
and 273.15 K), LT-CO,GA can measure smaller pores than LT-
N,GA adsorption experiments. Moreover, LT-CO,GA ex-
hibited a typical characteristic of the type I isothermal
adsorption curve, with a rapid increase in adsorption at low
pressure, which is similar to the results obtained in previous

work (Figure 12).”

For all the samples, the amount of adsorbed CO, increased
with the increase of vitrinite content. The adsorbed amount of
CO, was found in the following descending order for various
samples: Hy > H;; > H1y; > H,y; in low-rank coal samples; R,
> Ry > Ry > Ry in medium-rank coal samples; Z,; > Z;y >
Z,y > Zyy in high-rank coal samples.

3.3.2. Characteristics of the LT-CO,GA Pore Structure. The
results for the pore structure for various samples are presented in
Table 4 and Figure 13. For the same particle size, the pore
volume and surface area of samples with various ranks decreased
with the increase of inertinite content (Figure 13a—c),
indicating that vitrinite can provide more pore volume and
surface area of ultra-micropores than inertinite. Interestingly, the
samples H;; and Hy; that have similar vitrinite contents (75.5
and 72.6 vol %) exhibited significantly different pore volumes
and surface areas from each other. It is consistent with the
variation in transition pores, mesopores, and macropores in Hjy
and Hy, reflecting the difference of tissue pores in pore
structure. However, the influence of sub-maceral groups cannot
be ignored. In addition, in terms of the decrease in pore volume
and surface area, the decrease in surface area was always smaller
than the decrease in pore volume. It can be concluded that the
ultra-micropores in inertinite are larger than those in vitrinite.

From the point of view of particle size, for the medium-rank
coal samples R,y and Ry (V: 45.9 and 48.7 vol %), the volume
and surface area increased with the decrease of particle size,
whereas for the high-rank coal samples Z,; and Z (V: 67.4 and
62.5 vol %), the volume and surface area decreased with the
decrease of particle size. The effect of particle size was not
discussed for the low-rank coal samples H,y; and H,y; due to the
difference in the contents of vitrinite of H;;; and H,y (72.6 and
56.7 vol %). The variation of Ry, Ry, Z 1y, and Zy; shows no
correlation between the particle size and the ultra-micropore
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Figure 11. PSD characteristics based on the BJH method (a—c: low-,
medium-, and high-rank coal samples with different particle sizes and
heavy liquid densities, respectively).

structure. Moreover, the changes in the structure of ultra-
micropores are consistent with the conclusion that vitrinite can
provide more ultra-micropores. In addition, based upon LT-
CO,GA analysis of coal with different particle sizes, Hou et al.”*
and Mastalerz et al.”” showed that when the particle size was less
than 0.38 mm, the particle size did not affect the characteristics
of micropores. Therefore, particle size has essentially no effect
on the pore structure of ultra-micropores, whereas the changes
in pore volume and surface area are mainly caused by vitrinite
and inertinite.

3.3.3. Characteristics of the Size Distribution of Ultra-
Micropores. Figure 14 shows the pore size distribution of ultra-
micropores (UPSD) for various samples. The UPSD of all
samples shows multi-peak characteristics. With the increase of
vitrinite content, the number of peaks within the pore diameter

25 ,
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Figure 12. CO, adsorption isotherms for different samples.

range of 0.4—0.65 nm of low-, medium-, and high-rank coal
samples changed from S to 4, which showed that the number of
peaks decreased, although the values of peaks increased. With
the increase in inertinite content, the number of peaks in the
pore diameter (>0.7 nm) of low-, medium-, and high-rank coal
samples was diverse, and the values of peaks showed an overall
increasing trend. This phenomenon reflects that the ultra-
micropores (0.4—0.65 nm) are more developed in vitrinite,
while ultra-micropores (>0.7 nm) are more developed in
inertinite.

3.4. Methane Adsorption Characteristics of Different
Maceral Groups with Various Ranks. Based upon the
discussion presented in Sections 3.2 and 3.3, it is inferred that
the influence of particle size on the structure of pores is limited
relative to the influence of maceral groups. In addition, the gas
adsorption sites are mainly provided by the surface area of ultra-
micropores in the isothermal adsorption experiments. There-
fore, in this study, the relative influence of particle sizes is not
considered when discussing the variation in the adsorbed
amount of CH,, starting with the characteristics of maceral
groups and pore structure.

Figure 15 shows the characteristics of isothermal adsorption
curves of CH, for samples with various ranks, whereas the fitting
results are presented in Table S. In the low-rank coal samples,
with the increase of inertinite content, the amount of adsorbed
CH, gradually increased (Figure 15a). In the medium- and high-
rank coal samples, the amount of adsorbed CH, increased
gradually with the increase of vitrinite content (Figure 15b,c). It
is seen in Figure 15d that the fitting relationship between the
Langmuir volume and the vitrinite content is good, indicating
that the amount of adsorbed CH, is controlled by inertinite in
low-rank coal samples and vitrinite in medium- and high-rank
coal samples. In addition, it is seen in Figure 1S5e that the amount
of adsorbed CH, shows a U-shaped variation from low-rank to
high-rank coal.

The amount of adsorbed methane is mainly controlled by
pore and molecular structures of colas. From the point of view of
pore structure, it is generally accepted that ultra-micropores play
an essential role in gas adsorption. The more the ultra-
micropores, the larger the surface area, and the more the
adsorption sites (Figure 15).* The adsorption results for
methane from the samples show that the adsorption capacity
decreased with the increase of vitrinite content in the low-rank
coal samples. However, in this study, the ultra-micropores are
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Table 4. Characteristic Parameters of Pore Structure Derived from LT-CO,GA”

samples Vper (X 1072 cm®/g) Sper (m*/g) samples Vper (X 1072 cm®/g) Sper (m*/g) samples Vper (X 1072 cm®/g) Sper (m*/g)
H, 245 67.93 Riy 1.94 50.67 Zu 3.65 106.87
Hiy 2.53 70.87 Ry, 2.14 59.87 Zin 3.49 10323
Hy 1.91 55.62 Ry 2.04 59.01 Zin 3.44 94.77
Hoy 1.87 5570 Ry 2.15 61.73 L 227 6335

“Sppr: ultra-micropore total special surface area (0.48—1.05 nm), m*/g; Vppr: ultra-micropore total pore volume (0.48—1.05 nm), cm?/g.
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Figure 13. Distributions of pore volume and surface area under different particle sizes and heavy liquid densities derived from LT-CO,GA (a—c: low-,

medium-, and high-rank coal samples, respectively).

mainly provided by vitrinite, which contradicts the view that the
more there are ultra-micropores, the greater the adsorption
capacity. The reason for this phenomenon can be found in the
molecular structure. It should be noted that there are two main
differences between the vitrinite and the inertinite.** ™% First,
the aliphatic side chain of inertinite is not affected by the degree
of metamorphism. However, for vitrinite, the length of the
aliphatic side chain decreases with the deepening of meta-
morphism. Second, the degree of polycondensation of the
aromatic ring of inertinite is basically not affected by the degree
of metamorphism, while that of vitrinite increases with the
degree of metamorphism.

From the point of view of the molecular structure, the gas
adsorption capacity shows that the aromatic ring is stronger than
the aliphatic side chain and oxygen functional groups. Although
the samples were rich in vitrinite for the low-rank coal samples,
the degree of polycondensation of the aromatic ring of vitrinite
was low and the aliphatic side chain was relatively long, due to
which it had a weak impact on gas adsorption (H;; and Hyy).
Meanwhile, the degree of polycondensation of the aromatic ring
of inertinite is higher than vitrinite,*® and therefore, it has a
stronger controlling effect on gas adsorption (H,y). In addition,
in the low-rank coal samples, the relative abundance of aromatic
functional groups in vitrinite was less than that in inertinite.*”
Therefore, the adsorption capacity of functional groups in
inertinite was stronger than that in vitrinite. Moreover, the
higher the content of inertinite, the stronger the amount of
adsorbed CH,. For medium- and high-rank coal samples, the
degree of polycondensation of aromatic rings and the abundance
of functional groups of vitrinite will increase with the deepening
of metamorphism and eventually exceed those of inertinite,”*
thus leading to vitrinite having a stronger effect on gas
adsorption than inertinite. As a result, the higher the vitrinite
content, the stronger the adsorption capacity. Finally, under the
dual action of molecular and pore structure, it is inferred that the
amount of adsorbed CH, for low-rank coal samples lies between
the corresponding amounts for the medium-rank and high-rank
coal samples.
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3.5. Adsorption Thermodynamics of Different Maceral
Groups with Various Ranks. 3.5.1. Characteristics of the
Adsorption Potential and Adsorption Space. The adsorption
potential and adsorption space can be calculated using eqs 4 and
6 (Figure 16). For a sample, the adsorption potential and the
adsorption space are independent of each other and are not
affected by temperature and pressure.** The relationship can be
given using eq 10.

e=aln(w) + b (10)
where a and b are the fitting parameters, dimensionless.

It is seen in Figure 16 that the larger the adsorption space of
the samples, the smaller the adsorption potential. For the same
adsorption potential, the adsorption space of the samples is
found to be lying in the following descending order: wyy,y >
Oy > Oy OroL > Opom > Orw a0d W71 > Oz > Oz >
@2,y The larger the adsorption space, the higher the amount of
adsorbed gas. Similarly, for the same adsorption space, the
adsorption potential of the samples is found to be lying in the
following descending order: €y > €yim > Emin €roL > Erom >
eriw and €71 > €71 > €z0m > €201 The larger the adsorption
potential, the lower the equilibrium pressure, and the greater the
amount of adsorbed CH,. These results show that the
adsorption potential and adsorption space of coal samples
with high inertinite content are larger than those with high
vitrinite content under the same conditions in low-rank coal
samples. Meanwhile, the adsorption potential and adsorption
space of coal samples with high vitrinite content are larger than
those with high inertinite content under the same conditions in
medium—high-rank coal samples. Therefore, the changes of
adsorption potential and adsorption space of the samples also
confirmed the results of the methane isothermal adsorption
experiments.

In addition, based upon the volume filling theory of methane,
it is well-known that the adsorbed gas is preferentially filled in
the micropores. The relationship between the adsorption
potential and the adsorption space shows that the adsorption
potential of the samples gradually decreases with the mesopores
and macropores being filled (the adsorption space becomes
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Figure 14. UPSD characteristics based on the DFT method (a, b, and
c—low-, medium-, and high-rank coal samples with different particle
sizes and heavy liquid densities, respectively).

larger). Due to this reason, the micropores have an extremely
high adsorption potential. Previous studies have shown that
when the pore size is less than 3.8 nm,*>*® the adsorption
potential would be superimposed (which may be caused by the
van der Waals’ forces), increasing the adsorption capacity of
micropores or ultra-micropores. Therefore, it can be concluded
that the more there are ultra-micropores in the samples, the
greater the adsorption capacity for the gas. According to the
distribution characteristics of ultra-micropores of different coal
rank samples (as shown in Figure 13), the medium- and high-
rank coal samples conform to the positive effect of methane
adsorption by the ultra-micropores, while the low-rank coal
samples exhibited the opposite trend. However, with regard to
the macromolecular structure, the adsorption energy is similar to
the adsorption potential. The aromatic ring contributes the most
to the adsorption energy, followed by the oxygen-containing
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functional group.®' Therefore, in low-rank coal samples, the
inertinite, which provides less ultra-micropores surface
(compared to vitrinite), has stronger adsorption potential
because the degree of polycondensation of aromatic rings of
vitrinite is lower than that in inertinite. Additionally, the
abundance of the functional groups of inertinite is higher than
that in vitrinite. However, this phenomenon is not present in
medium- and high-rank coal samples, and vitrinite evolves
continuously with the deepening of metamorphism, due to
which it has a greater adsorption potential.

3.5.2. Characteristics of Surface Free Energy. Figure 17
shows the reduction and rate of change of surface free energy of
the samples at different pressure points. According to the
changes in energy, an object always has the characteristic of
achieving relative stability by reducing its energy. The same is
true for coal, which can reduce its surface free energy by
adsorbing methane. With the increase of pressure, the amount of
adsorbed CH, increased, resulting in a continuous increase in
the reduction of surface free energy (Figure 17a—c). Therefore,
the more the reduction of surface free energy, the stronger the
methane adsorption capacity of the samples, which can be
represented by the descending order of Ayy 1 > Ay > A¥ow
A¥rar > Aypin > Arpam and Ayyy, > Ayziv > Ayzom > Az

It is seen in Figure17d—f that the rate of change of surface free
energy decreases and tends to be stabilized with the increase of
pressure, indicating that the influence of low pressure on surface
free energy is more evident than that of high pressure. This is
because the strong adsorption site of the samples is preferentially
occupied by the adsorbed methane, which can reduce the
surface free energy of the samples to a greater extent.”’
Furthermore, with the increase of pressure, the methane
adsorption becomes more and more difficult. Therefore, the
rate of change of surface free energy decreases with the increase
of pressure.

From the variation pattern of the surface free energy, it is seen
that the inference obtained from the low-rank coal samples is
inconsistent with the CH, isothermal adsorption, while the
results obtained from medium- and high-rank coal samples are
consistent with the CH, isothermal adsorption. It is seen in
Figurel7a that the reduction of surface free energy of low-rank
coal samples is much smaller than that of medium- and high-
rank coal samples (the difference can be nearly 30 times). The
main reason for this phenomenon is that the thermal evolution
of maceral groups of low-rank coal samples is low. The pore
structure is complex, and the inward force is weak, all of which
lead to a smaller change in the surface free energy.

4. CONCLUSIONS

The pore structure and the thermodynamic characteristics of
adsorption of different maceral groups with different ranks and
particle sizes were studied. The relevant conclusions are as
follows.

1. The particle size can affect the separation effect of
centrifugal flotation experiments. Under the low and
medium densities of ZnCl, heavy liquid, the smaller the
particle size, the lower the separation of vitrinite and the
higher the separation of inertinite. In the case of samples
with high heavy liquid density, the optimum separation is
achieved with a particle size range of 0.1—0.125 mm.

. In the early stage of coalification, inertinite has a larger
number of tissue pores than vitrinite. Therefore, inertinite
can provide more pore volume and surface area in the
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Table S. Fitting Results for the Langmuir Volume and the
Langmuir Pressure

sample Vi, (em®/g) P, (MPa) R*
H, 24.52 8.506 0.99
Hyy, 26.96 8.68 0.99
Hyy 3294 10.04 0.99
Ry 17.09 1.573 0.99
Ry 259 2.599 0.99
Roy 21.84 2.16 0.98
Zu 467 4177 0.99
Zont 4032 5.136 0.99
Zons 39.83 7.143 0.99
Zon 3843 1033 0.99

transition pores and mesopores (mainly within the
diameter range of 40—50 nm). With the deepening of
coalification, vitrinite can generate a larger number of gas
pores and micropores than inertinite. Therefore, vitrinite

can provide more pore volume and surface area in the
ultra-micropores (mainly within the diameter range of
0.4—0.65 nm) than inertinite in the medium and high coal
rank.

. According to methane isothermal adsorption, inertinite
adsorbed more methane than vitrinite in the low coal rank
stages, while vitrinite adsorbed more methane than
inertinite in the medium and high coal rank stages.

. The adsorption potential, adsorption space, and surface
free energy explain the adsorption characteristics of
vitrinite and inertinite for methane from the point of view
of thermodynamics. Based on different thermal character-
istics of vitrinite and inertinite, the changes in
thermodynamic parameters show that the energy changes
of inertinite are greater than those of vitrinite in low-rank
coal samples, whereas an opposite variation trend was
observed for medium- and high-rank coal samples. The
difference in energy change further clarifies the difference
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12093

https://doi.org/10.1021/acsomega.2c07876
ACS Omega 2023, 8, 12079—12097


https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07876?fig=fig16&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
0.7 14 20
e H, (a) @ Ry (b) s & Zoy _dc)
06| @ Hpy 12| @ Ry _ @ Zoy ///
@ Hy, | @ Ry 16 o z,, i
05 10F 14| @ Z, /
04t o8t il
E E £
s ] S =10
S i / /a//e/ 2 2l 2‘ sl // /
0.2} / 24 4l 3 il e
e
0d / il W"" * Lo
. & 7L _—
o i ] [
0.0 A A . . L 0 ; L L s . 0 .
2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10
Pressure (MPa) Pressure (MPa) Pressure (MPa)
1.1 7 14 =
@ Hy (e) 8 Ry () S @ Zm
IO-(d) @ Hpy 6+ ? R,y 12 \ P Zyy
09+ @ Hy e R, e Zy
08k St Bl 10F \\ e Z,
Borp £ 3 S
) e . s 2 Bhsnsy:
L N oz
20,6 \\\0 it 56 a\?\\\\‘ e
05y T~ 2 e 4 B
) F r T
04l TSy e
r = 2t M
03 B \L ! —y -
e S =
02 . L L L i e 0 I L L T ) 0 1 L L !
0 2 4 ] 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10
Prossure (MPa) Pressure (MPa) Pressurc (MPa)

Figure 17. Reduction in the surface free energy and the rate of change of surface free energy for different coal rank samples (a—c: the reduction of
surface free energy for low-, medium-, and high-rank coal samples, respectively; d—f: the rate of change of surface free energy for low-, medium-, and

high-rank coal samples, respectively).

in gas adsorption capacity between the vitrinite and the
inertinite.
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