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Abstract High- and low-rank coalbed methane (CBM)
are both important fields of CBM development in China,
but their formation and production mechanisms differ
considerably. The adsorption/desorption behavior of high-
and low-rank coals under the coupling of coal-water—gas
was investigated using two series of samples. Coal samples
from Zhangjiamao (ZJM) coal mine, Ordos Basin, and
Sihe (SH) coal mine, Qinshui Basin, were tested by
isothermal adsorption—desorption experiment, natural
imbibition experiment, nuclear magnetic resonance,
mercury injection porosimetry, contact angle test, and
permeability test. Isothermal adsorption and desorption
experiments under dry, equilibrium water, and saturated
water, were performed to explore the differences between
the adsorption and desorption characteristics. The results
show that the wettability and permeability of the ZIM low-
rank coal sample was considerably higher than that of the
SH high-rank coal sample. The imbibition process of the
ZJM sample exhibited a high imbibition rate and high
total-imbibition volume, whereas the SH sample exhibited
a slow imbibition rate and low total-imbibition volume.
The ZIM sample had a complex pore structure and diverse
pore-size distribution with a lower mercury withdrawal
efficiency at 59.60%, whereas the SH sample had a
relatively uniform pore-size distribution with a higher
mercury withdrawal efficiency at 97.62%. The response of
adsorption and desorption of the ZJM sample to water was
more significant than that of the SH sample. The desorp-
tion hysteresis of the ZJM sample was stronger than that of
the SH sample and was more prominently affected by
water, which was consistent with its strong wettability and
complex pore-throat configuration. A comprehensive
adsorption and desorption mode was constructed for high-
and low-rank coal samples under coal-water—gas coupling
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condition. The research results are important to enrich the
geological theory of high- and low-rank CBM and to guide
efficient CBM recovery.

Keywords coalbed methane, adsorption—desorption,
desorption hysteresis, wettability, pore structure, coal—
water—gas coupling

1 Introduction

Coal is a complex, multiple-pore medium with organic
macromolecular structure as its skeleton. These pores are
generally filled with gas and/or water, the coal-water—gas
three-phase coupling effect controls the adsorption and
desorption behavior of coalbed methane (CBM). Wetta-
bility is an important surface property of solid materials,
which represents the affinity of a solid material surface to
fluid (Alvarez and Schechter, 2016). For coal, wettability
determines its water content and the spatial distribution of
gas and water in pores and is a key factor in the coal-
water—gas three-phase coupling system. CBM adsorption
and desorption characteristics under the control of the
wettability and water content of coal reservoirs have been
reported in the several aspects: 1) the characteristic of
coal wettability evolution and its main control factors
(Arkhipov et al., 2014; Savitskyi, 2015; Jietal., 2021;
Wang et al., 2021); 2) the influence of surfactants on coal
wettability and desorption rate (Abdulelah et al., 2021;
Hu et al., 2021; Jia et al., 2021); 3) the influence of wetta-
bility and water content on adsorption/desorption capacity
(Clarkson and Bustin, 2000; Qin et al., 2005; Sang et al.,
2005; Azizian and Bashiri, 2008; Guo et al., 2017, 2021;
Chen et al., 2021; Xu et al., 2021); 4) relationship between
fluid type, wettability, and adsorption heat (Filippova,
1998; Madani et al., 2015; Grinev et al., 2016; Askalany
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and Saha, 2017); and 5) the mass transfer mechanism
during CBM desorption and production (Ma et al., 2018;
Sun et al., 2018). The influences of coal petrographic
properties on wettability and adsorption/desorption have
also been discussed, indicating that organic matter
abundance and vitrinite content are the significant factors
(Oparin et al., 2014; Varma et al., 2015a, 2015b; Sharma
et al., 2016; Mohanty et al., 2018).

There are considerable differences between high- and
low-rank CBM in coal petrographic properties, pore
structure, accumulation characteristics, and production
mechanism, resulting in differences in exploration and
exploitation methods (Shen et al., 2015; Lietal., 2017,
2020; Qin et al., 2018; Mohamed and Mehana, 2020; Sal-
machi et al., 2021). Understanding the difference in
adsorption and desorption behavior under the constraints
of wettability, porosity, and permeability can contributes
to the determination of CBM distribution and enhancing
recovery rate. This study considers the differences in
physical properties between high- and low-rank coal
samples and investigates their adsorption/desorption
behaviors with different water content. By integrating the
obtained experimental results, we attempt to construct a
wettability-based adsorption—desorption model of high-
and low-rank CBM. This work can provide a better
understanding of the adsorption—desorption mechanism
under the coal-water—gas three-phase coupling effect, as
well as improve the geological understanding of CBM
reservoir formation and development.

2 Samples and experiments

The samples were taken from coal seam No. 472 of the
Yan’an Formation (J,,), the Zhangjiamao (ZJM) coal
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mine in the Jurassic coalfield in northern Shaanxi, and
coal seam No. 3 of the Shanxi formation (P,,) of
Carboniferous—Permian coal-bearing strata in the Sihe
(SH) coal mine, southern Qinshui Basin. The coal
samples were collected from the working face of coal
mines by the grooving method and were wrapped with
polyethylene film and transported to the laboratory for
processing. Maceral analysis, proximate analysis, and
physical property tests were performed on the coal
samples. Particularly, the physical property tests included
isothermal adsorption—desorption experiment (IADE),
natural imbibition experiment (NIE), nuclear magnetic
resonance (NMR), mercury injection porosimetry (MIP),
contact angle (CA) test, and permeability test.

Cylindrical samples with a diameter of 25 mm were
prepared from the raw coals along the laminae and were
polished to conduct the IADE, NMR, NIE, MIP, CA, and
permeability tests. The remaining samples were crushed
to four levels of particle size as follows: 4—7 mesh
(2.80-4.75 mm), 20-60 mesh (0.25-0.83 mm), 60-80
mesh (0.18-0.25 mm), and > 200 mesh (< 0.075 mm),
which were used for MIP, maceral analysis, IADE, and
proximate analysis, respectively (Fig. 1).

2.1 Maceral and proximate analysis

The maceral analysis and maximum vitrinite reflectance
(%, Ry max) tests were conducted according to ISO 7404-3
(2009) and ASTM Standard D2798-05. The proximate
analysis was according to ASTM standard D3172-13.

2.2 MIP

This was performed on a Micromeritics AutoPore IV
9500 V1.09 mercury injection apparatus, according to the

Coal samples: high-rank, Sihe Mine, Qinshui Basin; low-rank, Zhangjiamao Mine, Ordos Basin |
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Fig. 1 Diagram of experimental scheme.




Chen GUO et al. Adsorption and desorption behavior of high- and low-rank coal samples

China standard SY/T 5346-2005. The lower limit of the
testable pore size was 3.0 nm. The specific experimental

method and principle of MIP were introduced in our
previous studies (Guo et al., 2020a, 2020b).

2.3 TADE

This was performed on coal samples with three water-
bearing states: dry, equilibrium water, and saturated
water, based on the China standard GB/T 19560-2008.
The experimental gas was high-purity methane (methane
concentration 99.99%), the experimental temperature was
30°C, and the experimental pressure ranged from 0 to
11 MPa, with an equilibrium pressure interval of 1.5-
2 MPa. The dry sample was prepared by drying the air-
dried base sample in an oven at 100°C for 48 h. The
equilibrium water sample was prepared according to the
China standard MT/T 1157-2011. The saturated water
sample was saturated via evacuation for 24 h and pre-
ssurization (15 MPa) for another 24 h.

24 CA

This was measured on an OCA25 video optical contact
angle measuring instrument produced by Dataphysics,
Germany, with CA measurements of 0-180°, an accuracy
of +£0.1°, and a resolution of +0.01°. Syringes were filled
with deionized water and installed on the instrument
injection unit. The volume of liquid droplets was set at
3 pL for each injection at an injection rate at 1 puL/s. Each
sample was tested three times, and the average was taken
as the final result.

2.5 NIE

The coal samples were placed in a measuring cylinder
entirely submerged in distilled water with a water column
height of 20 cm. The NIE was conducted under normal
atmospheric pressure, and the water volumes of the coal
after 1, 8, 20, 32, 52 h, and 100 h were recorded via a
weighing method. Finally, the samples were saturated via
evacuation for 24 h and pressurization (15 MPa) for
another 24 h to achieve a fully saturated state. The water
volumes of the saturated coal were recorded. NMR was
performed on coal samples with different NIE time
intervals and the saturated samples to obtain transverse
relaxation time T, spectra and to better understand the

Table 1 Results of the maceral and proximate analysis
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evolutionary characteristics of the natural imbibition
process and pore types of the coal samples.

2.6 Permeability test

The gas used for permeability tests was nitrogen (purity
99.99%) with a viscosity of 0.017805 mPa-s (25°C,
0.1 MPa). The samples were dried at 100°C for 24 h
and placed in a permeability tester gripper. The gas
permeability was measured at five set inlet pressure
points while keeping the effective stress (I MPa) and
outlet pressure (0.1 MPa) constant. Finally, slip-effect
corrections, based on the relation between the average gas
pressure (P,) and measured permeability, were per-
formed to obtain the absolute permeability (equivalent
liquid-phase permeability). The specific test method and
principle of absolute permeability was given in our
previous study (Guo et al., 2021).

3 Results
3.1 Maceral composition, coal quality, and contact angle

The maximum vitrinite reflectance (%, R, ,,) showed
that SH sample was anthracite (high-rank coal) and ZJM
sample was high-volatile bituminous coal (low-rank
coal). The inertinite content of the ZJM sample was
considerably higher than that of the SH sample, which is
one of the characteristics of the Jurassic coal seam in
northwest China. In addition, the mineral content of the
ZJM sample was lower and the mineral type was mainly
silica, whereas the SH sample was dominated by clay
minerals. The proximate analysis results showed that the
ZJM sample had a higher water content and volatile
matter yield, belonging to high-volatile coal and ultralow
ash coal; SH sample had a higher ash yield and fixed
carbon content, belonging to ultralow-volatile coal and
low-ash coal (Table 1).

The average CA of the ZJM sample was 61.18°,
whereas that of the SH sample was 92.40°. The wett-
ability of the ZJM sample was obviously better than that
of the SH sample (Table 2; Fig. 2). The water wettability
of coal is a characterization of the binding force between
water and the coal surface. Specifically, it is mainly the
hydrogen bonding force between water molecules and the
polar functional groups of coal macromolecules. The

Sample Coal seam Ro,max/% V/% 1/% E/% M/% M, /% A% Viad % FC,y/%
ZIM (JZy) 472 0.61 55.90 43.20 0.50 0.50 3.40 6.47 44.75 49.92
SH (P,y) 3 3.04 88.12 8.75 0.00 3.13 1.09 11.37 8.02 80.64

Notes:V-Vitrinite, I-Inertinite, E-Exinite, M-Mineral, M, ,-Moisture content at air-dried basis, 44-Ash yield at dry basis, V,,~Volatile matter yield at dry

ash-free basis, FC,4-Fixed carbon content at air-dried basis, R

0,max’

-Maximum vitrinite reflectance in oil immersion.
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Table 2 Results of the CA tests
Experiment o ° Injecti o
Sample nfl(gl %rérrnen CA/(°) Error/(°) Vrgleuc nig/nuL Average CA/(°)
ZIM 1 57.92 3.96 0.37
2 66.02 1.04 0.45 61.18
3 59.61 2.79 0.39
SH 1 99.30 1.58 0.43
2 88.35 227 0.43 92.40
3 89.50 1.64 0.33
CA left: 57.5 ZIM-1 CA left: 62.4 7IM-2
CA right: 58.4 CA right: 69.9
0 2 mm

ZIM-3

CA left: 58.8
CA right: 60.4

SH-2

CA left: 88.3
CAright: 88.4

CA left: 99.3
CA right: 99.3

CA left: 90.0
CA right: 89.0

Fig. 2

functional groups that experience a hydrogen-bonding
force with water molecules mainly include carboxyl
(-COOH), hydroxyl (-OH), and methoxy (—OCH,)
groups (Liand Li, 2016). The hydrogen-bonding force
between carboxyl groups and water molecules is the
strongest, which is the most important factor affecting the
wettability of a coal surface, followed by hydroxyl groups
(Zhang and Wu, 2017). High-volatile bituminous coal
molecules contain more polar oxygen-containing func-
tional groups than anthracite, particularly carboxyl and
hydroxyl groups. The poor wettability of anthracite to
water provides favorable conditions for the adsorption of

Images of contact angle tests.

methane on the pore surface of coal under the condition
of coal-water—gas three-phase coexistence.

3.2 NIE and NMR

The volume of water invading the coal samples at
different NIE time intervals is shown in Table 3, and the
changes in water-based porosity and saturation at
different time intervals were calculated, as shown in
Table 4. Combined with NMR, the influence that
invading water has on the pore structure of the coal
samples can be better understood.
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Table 3 Sample parameters and data recording of NIE and saturation
Sample Diameter Length Volume Dry weight/ 1 h-wet 8 h-wet
P /mm /mm /em3 Ty weightis weight/g weight/g
SH 25.78 60.54 31.60 47.64 48.14 48.71
ZIM 25.81 37.83 19.79 23.18 25.54 25.67
Sample 20 h-wet 32 h-wet 52 h-wet 100 h-wet Saturated wet
weight/g weight/g weight/g weight/g weight/g
SH 49.22 49.50 49.64 49.70 49.83
ZIM 25.67 25.72 25.74 25.77 25.85
Table 4 Changes in porosity and saturation at different stages of NIE and saturation
Porosity/%

Sample

lh 8h 20h 32h 52h 100 h Saturated
SH 1.58 3.39 5.00 5.89 6.33 6.52 6.93
ZIM 11.92 12.58 12.58 12.83 12.93 13.09 13.49

Saturation/%

Sample

1h 8h 20h 32h 52h 100 h Saturated
SH 22.83 48.86 72.15 84.93 91.32 94.06 100.00
ZIM 88.39 93.26 93.26 95.13 95.88 97.00 100.00

Figure 3 shows that the NIE process of the sample was
considerably significantly different from that of the SH
sample. The water intrusion rate of the sample was
considerably higher than that of the SH sample. The ZJM
sample absorbed most of the saturated water within 1 h,
and the saturation was over 80%; SH absorbed water
more gradually, showing the characteristics of a gradual
increase in water content with the continuation of NIE
time interval. The NIE results were consistent with the
differences in wettability between high- and low-rank
coal samples, as the imbibition rate of low-rank coal with
a strong wettability is higher. In addition, the saturated
water porosity of the ZJM sample was approximately
twice that of the SH sample, which provided favorable
conditions for water imbibition. In general, the NIE
results of the ZJM sample showed the characteristics of
rapid imbibition and a large total imbibition volume,

e
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Porosity/%
[oe]

6L
ar —— 7ZIM
5 L —o— SH

1 8 20 32 52 100 Saturation
Time/h
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whereas the SH sample showed the characteristics of
slow imbibition and a small total imbibition volume.

The NMR curves at different imbibition time intervals
of the ZIM sample presented multipeak characteristics,
indicating a multiple-pore-structure system (Fig. 4(a));
The SH sample has single-peak characteristics with
dominant left peak, indicating that pores are predomi-
nantly small pores (Fig. 4(b)). The multiple pore system
of the ZJM sample provided favorable conditions for the
rapid imbibition of water into the coal sample. The NMR
response of the saturated water state featured a consi-
derable increase in the left peak, indicating that the water
increment in the saturated water state of the low-rank coal
mainly originated from small pores (Fig. 4(a)). The left
T, peak of the SH sample showed the characteristics of
step-by-step imbibition (Fig. 4(b)).

Three types of pores were identified based on the T,

100
80

60

Saturation/%

40 b

20 + —a— ZIM

—o— SH
0 1 1 1 1 1 1 1
1 8 20 32 52 100  Saturation
Time/h
(b)

Fig. 3 NIE porosity and saturation evolution of coal samples.
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Fig.4 NMR T, spectra of coal samples after NIE and saturation.

spectra, including mesopores (including micropores),
macropores, and fractures (Yao and Liu, 2012). However,
the T, thresholds distinguishing the three pore types
varied between the different coal samples. In our study,
T, values of 3 and 4 ms were selected to identify the
mesopores and macropores for the ZJM sample and SH
sample, respectively, and 100 ms was set to identify
macropores and fractures for both ZJM and SH samples.

The variation in pore type during the NIE of the ZJM
samples was not obvious, and the proportion of macro-
pores was always higher than that of mesopores. The
water content in the macropores slightly increased with
the prolongation of imbibition time interval, whereas the
water in the mesopores remained relatively stable.
However, the amount of water invading the mesopores
had increased in the saturated state, indicating that the
water mainly invaded the mesopores in the saturated
state. The proportion of mesopores was higher than that
of macropores in the saturated state, differing from the
NIE results (Fig. 5(a)).

During the NIE process of the SH sample, the water

volume increased gradually and was dominated by the
increase in mesopores. With continuing imbibition, the
rate of increase tended to slow down. All pore types
reached a maximal porosity under the saturated water
state, where the most obvious increase was exhibited by
macropores (Fig. 5(b)). The proportion of mesopores was
considerably higher than that of macropores both in the
NIE and saturated states for the SH sample.

After the rapid imbibition of macropores occurred in
ZJM sample, the mesopores and micropores were easy to
be blocked by water in the macropores, yielding no
obvious change in water content in mesopores during the
NIE process; The SH sample was characterized by a
continual increase in mesopore water, indicating that no
obvious blocking effect occurred. The water content
under the saturated condition increased for both samples,
reflecting that more pores were invaded by water in the
pressurized saturation state. Particularly, the mesopore
water increment was mainly because of the imbibition of
mesopores that were blocked by macropore water during
the NIE, as seen for the ZJM sample; the macropore and

[] Fractures [_] Macropores [l Mesopores ~ ZIM [ Fractures [__] Macropores [l Mesopores SH
14 - 13,40 Total porosity 8 -
s 2ss 1283 1293 1309 o Porosity
1192 ey e [T - 6.93
12 of fractures 6.52
0.33 .52 0.77]
. L 5.89 041 2
10 b Porosity 6 Kot
6.34} ~ .
b L 719 |72 7.57 of macropores 5.00
- 6.59 ‘ B S 030
< 8r <
) >
Z Z
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g 6 = 339
o, o Q20
4+ Porosity
2k 158
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2|
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Time/h
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Fig. 5 Evolution of imbibition pore types of coal samples.
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fracture water increment mainly originated from newly
formed fractures during pressurized saturation, as seen for
the SH sample.

3.3 Absolute permeability and pore structure

The absolute permeability of the SH sample was 0.0061 mD
and that of the ZJM sample was 0.1154 mD (Fig. 6). The
permeability of the ZJM sample was considerably higher
than that of the SH sample. The saturated water porosity
of the ZJM sample was almost twice that of the SH
sample, and the permeability of the ZJM sample was two
orders magnitude higher than that of the SH sample. This
difference was further supported by MIP.

The pore structure parameters and mercury intrusion/
extrusion curves obtained via MIP are shown in Table 5
and Fig. 7, respectively. The pore volume, specific sur-
face area, pore size, and porosity of the ZJIM sample were
all higher than those of the SH sample.

From Fig. 7, the cumulative mercury intrusion volume
of the ZJM sample was higher, with a lower mercury
withdrawal efficiency (MWE) at 59.60%. The MWE of
the SH sample was 97.62%. The MWE reflects the
configuration relationship and homogenization degree of
pores and throats. The higher the MWE, the more
uniform the size of pores and throats. The low MWE of
the ZJIM sample showed that the configuration of pores
and throats was complex, with a highly variable pore size.
The high MWE of the SH sample showed a high
homogenization degree of its pore-throat system. Figure 8
shows that the range of pore size distribution of the ZJM
sample was wide, whereas that of the SH sample was
concentrated at a pore size of <100 nm (Table 6). The
pore structure of high-rank coal tends to homogenize
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0.24 |-
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toward a small pore size, which is consistent with the fact
that the macromolecular structure of coal tends to be
orderly and dense with continued coalification (Jin et al.,
2017; Guo et al., 2018). The pore size of the ZJM sample
was more diverse, and the pore structure was more
complex than SH sample.

3.4 Adsorption and desorption

The water content of the coal samples in equilibrium
water and saturated water states is shown in Table 7. The
water content of the ZJM sample was higher than that of
the SH sample both in the equilibrium and saturated water
states, which was consistent with the differences in
wettability of low- and high-rank coals.

The TADE data were fitted using the Langmuir equation
to obtain isothermal adsorption/desorption curves and
Langmuir constants. The Langmuir equation was estab-
lished based on the equilibrium principle of gasification
and coagulation kinetics. The adsorption pattern of gas on
coal can be perfectly fitted by this model. The Langmuir
adsorption isothermal equation is shown below:

= VLP
p+P,’

M

where V is the adsorption volume, cm?/g; p is the
equilibrium pressure, MPa; V; is the Langmuir volume,
cm’/g, representing the maximum adsorption capacity; P,
is the Langmuir pressure, MPa, representing the equili-
brium pressure when the adsorption volume reaches half
of V;. ¥, and P; are known as the Langmuir constants.
The experimental results showed that the adsorption
capacity gradually decreased moving from the dry,

0.025 - gy
|}
Absolute permeability: 0.0061 mD
2 0.020
=
= 3=0.0093x+0.0061
FS__‘ R*=0.9737
5 0.015 |
Ay
L}
00]0 1 1 1 1 1 I

06 08 10 12 14 16 18 20
1/P,, (MPa™)

m

Fig. 6 Slip correction of coal sample permeability.

Table 5 Pore structure parameters of coal samples obtained from MIP

Sample Pore volume Specific surface Volumetric median Specific surface area Average pore Porosity Mercury withdrawal
P /(cm3-g71 area/(m2-g 1) pore size/nm median pore size/nm size/nm 1% efficiency/%

ZIM 0.0917 40.939 11.65 4.90 8.96 9.74 59.60

SH 0.0262 18.151 6.63 4.10 5.77 3.13 97.62
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Fig. 7 Mercury intrusion and extrusion curves of coal samples.

equilibrium water, and saturated water states, and the SH
sample had a higher adsorption capacity than the ZJM
sample. The equilibrium water state of the ZJM sample
had a large decrease in adsorption volume compared to
the dry state, which was consistent with its strong
wettability. The desorption curve of the saturated water
state of the ZJM sample was obviously different from that
of the other states, indicating that there was an obvious
occurrence of the desorption hysteresis phenomenon
(Fig. 9(a)). Water is crucial in the adsorption and desorp-
tion processes because it reduces the adsorption capacity
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of coal toward methane and hinders the efficient desorp-
tion of methane. The low correlation coefficient (R%) of
the fitted curve of desorption data under saturated water
state also proved the strong hindering effect of water on
desorption.

The adsorption/desorption curves of the SH sample
under different water content states showed obvious
differences. From the dry state to the saturated water
state, the adsorption capacity gradually decreased with
the increase in water content, indicating that water
reduced the adsorption capacity. The desorption hystere-
sis of the equilibrium water state and saturated water state
was stronger than that of the dry state, indicating the
water hindered the desorption of CBM (Fig. 9(b)). The
effect of water on the adsorption and desorption of the
ZJM sample toward methane was considerably stronger
than that of the SH sample, which was consistent with
their wettability difference.

The differences of adsorption and desorption capacity
between the three water-bearing states were quantitatively
characterized by the coefficient of variation of Langmuir
volume and Langmuir pressure at different water-bearing
states. Figure 10 shows the coefficients of variation of the
ZJM sample were generally higher than those of the SH
sample, indicating the ZJM sample was more suscep-
tible to water with strong wettability.
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Fig. 8 MIP pore size distribution of coal samples.
Table 6 Statistics of pore size distribution of coal samples
Sample Parameter Macropore Mesopore Transitional pore Micropore Total
ZIM Pore volume/(cm3-g 1) 0.0053 0.0142 0.0296 0.0427 0.0917
Proportion/% 5.77 15.45 32.24 46.55 100.00
SH Pore volume/(cm3-g™1) 0.0014 0.0000 0.0063 0.0184 0.0262
Proportion/% 5.52 0.00 24.10 70.38 100.00

Notes: Macropore, pore diameter > 1000 nm; Mesopore, 100~1000 nm; Transitional pore, 10~100 nm; Micropore, < 10 nm.

Table 7 Water content of coal samples for IADE in different states

Sample Dry/% Equilibrium water/% Saturated water/%
ZIM 0 9.65 35.07
SH 0 6.99 28.79
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Fig. 9 Isothermal adsorption and desorption curves of coal samples.

4 Discussion

4.1 Quantitative characterization of desorption hysteresis

4.1.1 Desorption hysteresis constant

Quantitative characterization of desorption hysteresis is
the basis for explaining the mechanism of this pheno-
menon. The change in Langmuir constant between adsorp-
tion and desorption is a direct indicator for desorption
hysteresis. We define the following parameters:

Via-V,
V= A TED 100%, ©)
LA
Pis—P
pP="" D 100%, 3)
Pra

1-Contact angle/(° )

2-Water content in the equilibrium water state/%

3-Water content in the saturated water state/%

4-Coefficient of variation of Langmuir volume of adsorption process/%
92 5-Coefficient of variation of Langmuir pressure of adsorption process/%

6-Coefficient of variation of Langmuir volume of desorption process/%

7-Coefficient of variation of Langmuir pressure of desorption process/%

79

80

60

Values

40

20

Fig. 10 Comparison of wettability and variation of adsorption/
desorption constants of three water-bearing states between ZJM and SH
samples.

where V’ is the change-rate of the Langmuir volume
between the adsorption process and desorption process,
%; V, , is the V, of the adsorption process; V, |, is the V;
of the desorption process; P’ is the change-rate of the
Langmuir pressure between the adsorption process and
desorption process, %; P, , is the P, of the adsorption
process; and P, ,, is the P, of the desorption process. Both
VvV’ and P’ tend to be positive because of desorption
hysteresis. The slope of the desorption curve was smaller
than that of the adsorption curve, which implied that both
V, and P, of the desorption process were less than those
of the adsorption process. V' and p’ are called desorption
hysteresis constants in this study; the larger their values,
the more obvious the desorption hysteresis phenomenon.
The calculated results are shown in Table 8.

The desorption hysteresis constant of the ZJM sample
in all states was larger than that of the SH sample,
indicating that the desorption hysteresis degree of low-
rank coal was stronger than that of high-rank coal. In
general, with the increase in water content, desorption
hysteresis tended to be stronger, particularly for the ZJM
sample. The desorption hysteresis of the SH sample in the
dry state was not obvious, which was consistent with its
homogenized pore structure. The value of p’ was larger
than that of V' as p’ was more obviously affected by the
slope of the adsorption/desorption curve, which was a
better parameter to characterize desorption hysteresis.

Table 8 Calculation results of desorption hysteresis constant

Sample State V1% P'/%

ZIM Dry 19.31 81.94
Equilibrium water 64.00 94.40
Saturated water 52.36 99.88

SH Dry —7.48 2.04
Equilibrium water 17.58 76.27
Saturated water 13.82 64.83
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4.1.2 Desorption hysteresis area coefficient

An area parameter based on the isothermal adsorption and
desorption curves was further introduced to quantitatively
characterize the desorption hysteresis. The desorption
hysteresis area coefficient HI is defined as follows:

HI=Apn/A;, 4

where 4, is the measured hysteresis area and 4, is the
hysteresis area under theoretical, completely irreversible
conditions, as shown in Fig. 11. HI is between 0 and 1,
the closer to 1, the stronger the desorption hysteresis. HI
is 0 when the desorption and adsorption curves comple-
tely coincide, representing a completely reversible desorp-
tion state. H/ is 1 when the desorption curve is a horizon-
tal line parallel to the x-axis, meaning that the desorption
was completely irreversible, and there was no decrease in
adsorption volume during the pressure-reduction process.

The HI was calculated for each coal sample at different
water-bearing states to quantitatively characterize the
degree of desorption hysteresis (Table 9). Curve integra-
tion was applied to calculate area using Origin Pro 2018.
The results of the calculation showed that the HI of the
ZJM sample tended to increase gradually with an increase
in water content and nearly approached a completely
irreversible state in the saturated water state (HI = 0.99).
The difference in the HI of the SH sample between all
three water-bearing states was relatively small, and the
equilibrium-water state had the highest H/. Water will
aggravate the degree of desorption hysteresis, particularly
in low-rank coal, because of the strong wettability and
complex pore-throat structure. The HI of the ZJM sample
was higher than that of the SH sample for each water
state, which was consistent with the desorption hysteresis
constant results, reflecting that the desorption hysteresis
of low-rank coal was stronger than that of high-rank coal
(Table 9). Since HI represents the overall characteristics
of the isothermal adsorption and desorption curves, it is a
better parameter in characterizing desorption hysteresis
compared to desorption hysteresis constant.

A
o Measured adsorption point 777 A,
e Measured desorption point KX A4,

P

Adsorption volume

v

Equilibrium pressure

Fig. 11 Schematic for quantitative calculation

hysteresis (Wang et al., 2016).

of desorption
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4.2 Desorption hysteresis mechanism

The desorption hysteresis of coal has been widely
investigated (Zhang and Liu, 2017; Zhou et al., 2020), and
it originates from the limited desorption and diffusion
caused by pore deformation after adsorption (Wang et al.,
2016). This is explained from the perspective of coal-gas
interaction, yet the question of whether there are new
control factors of desorption hysteresis under coal-water—
gas three-phase coupling remains. From the experimental
results of this study, water will intensify the degree of
desorption hysteresis. The blocking effect of water on
adsorption pore results in a relatively closed pressure
system, and the gas cannot be effectively desorbed. Low-
rank coal has strong wettability, and the water in
macropores limits the pressure drop in mesopores and
micropores, affording stronger desorption hysteresis.
High-rank coal has poor wettability with mesopores and
micropores dominating, and the negative influence of
water on methane desorption is relatively weak. The
solution phase of gas could be another factor enhancing
desorption hysteresis under the condition of coal-water—
gas coexistence (Zhou et al., 2020).

In general, the limited spread of pressure drop caused
by the nonuniform distribution of pores at various pore-
size levels intensify the desorption hysteresis of low-rank
coal. In addition, the strong wettability of low-rank coal
will increase the amount of dissolved gas in the water-
bearing state, which may further enhance desorption
hysteresis.

4.3 Adsorption and desorption mode

Based on the aforementioned analysis, the following
adsorption and desorption mode under the coal-water—
gas three-phase coupling system of high- and low-rank
coal samples is formed (Fig. 12): the pore size of the low-
rank coal sample is obviously larger than that of the high-
rank coal sample, and water easily enters the pores under
strong wettability, which reduces the adsorption potential
of methane. This negative influence is exerted in the
equilibrium-water stage and is further strengthened in the
saturated-water state.

For the dry state of low-rank coal sample, methane

Table 9 Calculation results of desorption hysteresis area coefficient

HI

Sample State A, A, HI

ZIM Dry 37.32 56.90 0.66
Equilibrium water 24.19 34.62 0.70
Saturated water 42.93 43.19 0.99

SH Dry 22.66 43.12 0.53
Equilibrium water 44.16 71.78 0.62
Saturated water 33.68 72.75 0.46
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Low-rank coal
Adsorption

Desorption

High-rank coal
Adsorption

Desorption

Equilibrium water
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Saturated water

Fig. 12 Three-phase coupled adsorption—desorption mode for low- and high-rank coals.

adsorbed in large pores preferentially desorbs, and
desorption hysteresis occurs because of the pore deforma-
tion after adsorption and limited pressure spreading in
complex pore-and-throat structures with nonuniform
pore-size distribution; in the equilibrium-water state, the
large pores are preferentially filled with water. Methane
adsorption volume reduces because of the occupation of
adsorption sites by water. Particularly, the ratio of
available sorption sites for desorption relative to
adsorption decreases, resulting in a considerable desorp-
tion hysteresis phenomenon; in the saturated water state,
methane adsorption capacity is further reduced. Methane
is mainly absorbed in small pores, whereas large pores
are filled with water, which may contain a certain amount
of dissolved gas. The ratio of available sorption sites for
desorption relative to adsorption further decreases. The
dual effect of saturated water and dissolved gas leads to a
considerable desorption hysteresis.

The high-rank coal sample is characterized by a

uniform pore size distribution. The adsorption capacity
decreases in the order of dry state, equilibrium-water
state, and saturated-water state because of the reduction
of adsorption sites. However, the impact of water on the
adsorption of the high-rank coal sample is weaker than
that of the low-rank coal sample due to weak wettability.
In the equilibrium-water state, water preferentially fills
large pores and occupies the adsorption sites that easily
desorb methane, which increases the relative proportion
of methane that is difficult to desorb and enhances
desorption hysteresis during the desorption process; in the
saturated-water state, more water enters into the smaller
pores and reduces the methane adsorption and desorption
capacity therein. However, the influence of water on the
desorption hysteresis of the high-rank coal sample is
more complex than that of the low-rank coal sample.
There is no clear trend of desorption hysteresis with the
increase in water content. The intensity of desorption
hysteresis caused by water intrusion is limited by a low
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proportion of macropores and uniform pore size distri-
bution, and the difference in desorption hysteresis
between the dry, equilibrium-water, and saturated-water
states is relatively small.

5 Conclusions

1) The ZJM sample had stronger water wettability than
that of the SH sample. The NIE process of the ZIM
sample exhibited the characteristics of a rapid imbibition
rate and high total imbibition volume, whereas the SH
sample showed the characteristics of a slow imbibition
rate, low total imbibition volume, and pore increments
dominated by mesopores and micropores. The relatively
large pore size of low-rank coal provides favorable
conditions for the rapid imbibition of water into the
sample.

2) ZJM sample had a higher porosity and permeability
than the SH sample, which constituted the structural basis
for its strong wettability. The MIP showed that the ZJM
sample had a high pore volume (0.0917 cm3/g), large
pore size (8.96 nm on average), and low MWE (59.60%),
reflecting a diverse pore-size combination; SH sample
had a low pore volume (0.0262 cm?/g), small pore size
(5.77 nm on average), and high MWE (97.62%), which
indicates the homogenization of its pore-throat system.

3) Water reduced the adsorption capacity of coal
toward methane, and hindered efficient desorption, which
was reflected more considerably in ZJM sample. The
desorption hysteresis of the ZJM sample was stronger
than that of the SH sample and was more susceptible to
water. The adsorption—desorption mode of high- and low-
rank coal samples under coal-water—gas three-phase
coupling was constructed, which deepened the under-
standing of the differences in the formation and develop-
ment mechanisms between the two types of CBM
reServoirs.
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