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Abstract Gas diffusion in the coal matrix plays a
significant role in forecasting the production performance
of coalbed methane (CBM) wells. To better understand
methane diffusion behavior, a systematic study was
performed on various rank coals with vitrinite reflectance
(R,,) ranging from 0.46% to 2.79%. Multiple experiments,
including coal petrographic analysis, field emission
scanning electron microscopy (FESEM), low-temperature
N, adsorption/desorption, and mercury intrusion porosime-
try (MIP), were conducted to quantitatively characterize
the multiscale micro-nano pore system in different rank
coals, which showed that the pore structure of coals
exhibited a multimodal pore size and volume distribution.
Isothermal adsorption-diffusion experiments using the
volumetric method were also performed to understand the
methane diffusion characteristics in the micro-nano pores
of the coal reservoir. The applicability of the multiporous
diffusion model is verified, and methane diffusion in the
multi-scale pores of coal reservoirs exhibits the
characteristics of early fast diffusion, transitional diffusion
in the medium term, and slow diffusion in the later period.
In addition, the factors affecting methane diffusion in coals
were systematically analyzed, and gray relational analysis
(GRA) was employed to analyze and identify the
importance of these factors on methane diffusion. The
results show the impact ranking of factors, in order from
the most important to the least: particle size > moisture >
surface area > pore volume > pressure > coal rank >
temperature in all of three diffusion stages. These findings
are helpful for forecasting production performance and
enhancing the production efficiency of CBM.
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1 Introduction

Coalbed methane (CBM) is an abundant and low-cost
fuel with significant long-term potential for discovery and
development. The production and recovery rates of CBM
are mainly controlled by gas diffusion in the coal matrix
and permeability within the pore-fracture system (Busch
etal., 2004; Luetal., 2020; Jiaetal., 2021). Diffusion
theory tells us how methane molecules move from one
place to another (from one pore to the next until the
methane molecule reaches a cleat ‘superhighway’)
(Moore, 2012). This should be addressed in CBM
exploitation planning and economic reserve estimation.
Based on this, there is a growing interest in understanding
coal micro-nano pore characteristics, which affect the gas
transport behavior and the mechanisms of adsorption-
desorption and storage of methane in coal. A coal
reservoir is characterized as a dual-porosity system
(Warren and Root, 1963) that consists of cleats and a pore
structure in the coal matrix. Based on their contribution to
gas accumulation and migration, coal pores are divided
into adsorption pores (including micropores and transition
pores) and seepage pores (including mesopores and
macropores) (Yao et al., 2008; Zhang et al., 2010). In this
study, coal pores were divided into micropores (<10 nm),
transition pores (10—-100 nm), mesopores (100-1000 nm),
and macropores (>1000 nm) (Zhang et al., 2010). Micro-
structural characterization techniques for coal reservoirs
can be systematically divided into two categories: 1) fluid
injection methods, including CO,/N, adsorption/desorp-
tion, mercury intrusion porosimetry (MIP), and nuclear
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magnetic resonance (NMR) (Liuetal., 2018a; Zheng
etal., 2018; Quan et al., 2020; Wang et al., 2020; Zhang
et al., 2020; Baietal., 2021), and 2) non-fluid injection
methods, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force
microscopy (AFM), small-angle X-ray scattering (SAXS),
small-angle neutron scattering (SANS), and X-ray com-
puted tomography (CT) (Karacan and Okandan, 2001; Lu
et al., 2020; Zhang et al., 2020; Zhao et al., 2020; Chen
etal., 2021).

CBM transport in coal occurs in three stages: desorp-
tion (release of adsorbed methane), diffusion (controlled
by the concentration gradient), and seepage (controlled by
a pressure gradient) (Smith and Williams, 1984; Zhang
et al., 2010). Several diffusion processes occur in coals,
such as Fickian diffusion, Knudsen diffusion, and surface
diffusion (Rigby, 2005; Pan et al., 2010; Zeng et al.,
2019). In addition, a density model was proposed to
describe the nonlinear gas diffusion behavior in a coal
matrix, which exhibited a higher accuracy than the Fick
model (Liu et al., 2018b). The main research methods on
CBM diffusivity include experimental tests (Pan et al.,
2010; Staib et al.,, 2013; Xu et al., 2015), numerical
analysis (Fang et al., 2018; Liuetal., 2019a; Yang et al.,
2019) and molecular simulation (Hu et al., 2010; Si et al.,
2021). In CBM diffusion studies, some scholars have
demonstrated a negligible impact of sorption time on gas
production from coalbeds (Bybee, 2004; Salmachi et al.,
2014), but gas diffusivity in the coal matrix significantly
affects the gas production rate (Pan etal.,2010). Gas
diffusion may play an important role in the later stages of
the life of a CBM reservoir. It may explain the increased
production rates typically observed in the basin during the
later part of the reservoir’s life (Pillalamarry et al., 2011).
Some researchers have suggested that using the diffusion
coefficient as a direct input parameter would be more
reasonable than using the sorption time (Pillalamarry et al.,
2011). Owing to the complexity and heterogeneity of the
coal pore structure, scholars have proposed the unipore
diffusion model (Crank, 1956), bidisperse diffusion
model (Ruckenstein et al., 1971; Smith and Williams,
1984; Clarkson and Bustin, 1999) and multiporous diffu-
sion models (Lietal., 2016). The bidisperse diffusion
model can be used to describe the methane diffusion of
bituminous coal and anthracite with a relatively complex
pore structure, whereas the unipore diffusion model is
only applicable to bright coal with a relatively uniform
pore structure (Clarkson and Bustin, 1999).

This is a crucial research topic regarding the factors
affecting diffusion. According to previous studies, in the
bidisperse model, CH, diffusivity would decrease first
and then increase with coal rank, which showed an
asymmetric “U” shape (Meng and Li, 2016). Thereafter,
it would decrease gradually with the increase of moisture
content (Meng and Li, 2016; Pan et al., 2010; Guo et al.,
2018). In a porous diffusion model, the diffusion coeffi-

cient of macropores and micropores in low-rank coal
decreases with increased pressure, whereas that of
mesopores is positively correlated with pressure (Li et al.,
2016). Coals with a high macroporosity content would
have good gas flow capability, and the times for sorption
equilibrium would increase with increasing grain size
(Busch et al., 2004). Some researchers have suggested
that gas diffusivities increase with pressure and tempera-
ture (Charriere et al., 2010; Cai et al., 2014), whereas
Pillalamarry et al. (2011) found a negative correlation
between the diffusion coefficient and pressure for press-
ures below 3.5 MPa. In addition, they insisted that the
diffusion coefficient depends on adsorption or surface
coverage, whereas Crosdale et al. (1998) supported the
view that pore structure, rather than coal rank and maceral
composition, is a critical factor in controlling gas diffusion.

As the factors influencing diffusion are controversial
and the diffusion mechanism is not clear, a comprehen-
sive investigation is required. In this study, multiple
regular experiments were conducted to quantitatively
characterize the multiscale micro-nano pore system in
different rank coals. Isothermal adsorption-diffusion
experiments using the volumetric method were also
performed to investigate the characteristics and influen-
cing factors of methane diffusion in the micro-nano pores
of coal reservoirs based on different diffusion models.
Finally, gray relational analysis was employed to
integrate all information to determine the most crucial
factor for CBM diffusion.

2 Theoretical background and
experimental scheme

2.1 Diffusion model

Owing to the multiscale and complexity of the pore
structure in coal reservoirs, scholars have proposed
unipore, bidisperse, and multiporous diffusion models.
Based on the assumptions of homogenous pore size in a
coal reservoir, the relationship between the adsorption

capacity and gas unipore diffusion coefficient can be
obtained (Crank, 1956):

Mﬁ; =1- 7% Z:o:l %exp (—Denzﬂ'zt), (1)

where M, is the mass of gas desorbed at time ¢ and M is
the total mass of gas desorbed at equilibrium pressure; ¢ is
the time, s; D, is defined as effective diffusivity, which
can be expressed as D. =D/r§, D is the gas diffusion
coefficient, m?/s; r, 1s the diffusion path length.

Smith and Williams (1984) and Clarkson and Bustin
(1999) claimed that a homogeneous unimodal pore
structure was only appropriate for modeling methane
diffusivity in bright coals. They assumed that the coal
reservoir had a bimodal pore size distribution. The
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simplified bidisperse diffusion model includes a fast
macropore diffusion stage and a slower micropore
diffusion stage (Ruckenstein et al., 1971):

Mo 1- =) anl ~7eXP (—Daen n t), ()
W =1- ;anl ;exp(—Dien Vs t), 3)

where M, and M, are the total mass of methane desorbed
in the macropores and micropores, respectively, at time ¢.
M, and M, are the total amount of methane desorbed in
the macropores and micropores over infinite time,
respectively, and D,, and D, are the macropore and
micropore effective diffusivities, respectively.

The studies on pore microstructure showed that the
pore size distribution of coals is usually multi-peak (Cai
et al., 2014). Based on the extremely complex structure of
coal reservoirs, a multiporous diffusion model was
proposed based on the bidisperse diffusion model (Li
et al., 2016):
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where M, is the amount of methane desorbed at a certain
pore scale at time 7, M, is the total amount of methane
desorbed at the same pore scale over infinite time, and 9,
is the ratio of desorption to the total desorption at a
certain pore scale. In addition, 91+ 9, + ... + 0, = 1. In

this study, ¢ was assigned a value of 3. Therefore, Eq. (4)
can be expressed as

M;
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where M, is the total amount of methane desorbed in the
transition pores and mesopores (corresponding to the
transition diffusion stage) at time ¢ and 9; + 9, + 93 = 1.

2.2 Coal samples and fundamental analysis

Considering the metamorphic grades and pore structure
characteristics, 12 block coal samples were collected
from the active mining areas of the eastern Junggar Basin,
eastern Ordos Basin, and southern Qinshui Basin (Table
1), including four high-rank coals (SY 15#, XY 15#, DY
6#, GZ 15#), four medium-rank coals (YT 5#, HIG 5#,
WIY 8#, DQ 4#), and four low-rank coals (LHJ 4#, FL
1#, HDG 6#, BD 2#). The maximum vitrinite reflectance
(R, ) (immersion in oil) and maceral composition were
acquired using a Laborlxe 12 POL microscope on
polished surfaces following China National Standards
GB/T 6948-2008 and GB/T 8899-2013. Proximate
analysis was performed with an automatic proximate
analyzer (5E-6600) following the Standards ISO 17246-
2010 at the China University of Geosciences in Beijing
(CUGB).

2.3 Microstructure characterization

Field emission scanning electron microscopy (FESEM)

Table 1 Sample basic information and structure analysis results of the selected coals

Maceral and mineral/(vol%) Prox/(wt%, ad)

Low-temperature N, analysis

Mercury injection analysis

Sample p /g
No. o \Y I E M Mo A Vo FC Sy V(1073 gy @ Sa/ E dJ V/ Curve
(m2-g ) em3-gh nm % % % um (cm3-gl) types
LHI4# 046 7880 540 12.1 3.8 646 6.09 39.11 48.34  0.559 2.282 18.03 6.17 89.75 43.02 0.431 0.104 1
FL 1# 0.65 78.00 12.20 7.00 2.8 578 15.8 162 6220 0.116 0.467 15.38 4.31 76.38 34.6 0.250 0.088 I
HDG6# 0.68 7230 11.00 16.2 0.5 638 11.3 15.02 67.30  0.867 4.207 21.02 8.92 82.77 65.84 0.323  0.049 I
BD 2# 0.68 69.90 18.30 11.6 0.2  8.63 538 17.93 68.06  0.301 1.701 11.21 4.86 73.42 54.63 0.239 0.062 I
YT 5# 1.19 57.81 32.19 2.0 7.5 0.71 12 26.77 60.48  0.477 2.546 16.99 3.46 70.76 45.04 0.182 0.048 1T
HIGS5# 134 60.68 25.02 0 143 0.74 103 27.94 61.05 0.367 1.232 13.43 2.98 58.56 61.65 0.314 0.037 I
WIY 8% 1.44 40.03 56.67 0 33 057 99 268 62.73 0347 1.574 13.82 1.48 31.64 31.88 0.149 0.042 1
DQ 4# 1.68 59.69 34.61 0 57 0.63 11.1 21.3 6697 0.378 1.279 10.60  3.1.3 89.04 30.65 0.329 0.031 I
SY 15#  2.05 7697 16.33 0 6.7 0.71 11.6 48.97 38.75  0.487 2.339 16.52 1.58 30.72 15.51 0.244 0.023 1
XY 15# 254 7798 15.52 0 6.5 1.43 11.1 12.46 75.05  0.246 0.867 15.22 1.79 31.77 23.77 0.125 0.016 1
DY 6# 2.56  49.51 7.99 0 425 0.62 38.1 1594 4536  0.375 1.595 15.20 4.66 90.37 33.52 0.355 0.015 1
GZ 15# 279 83.55 12.15 0 43 1.2 13.3 12.49 73.01 0.202 1.662 18.77 1.92 27.67 39.62 0.125 0.018 1

Notes: ad- as received basis; V- Vitrinite; I - Inertinite; E- Exinite; M- Mineral; Prox- Proximate analysis; Mo-Moistures; Vo-Volatiles; A-Ash; FC-Fixed
Carbon; Sypr - BET surface area; Vg, - BJH total pore volume; d,- Average pore size; @ - Porosity; Sa- Mercury saturation; £, - Extrusion efficiency;

d,, - Average pore throat size; V, - MIP total pore volume.
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was used to observe the morphological characteristics of
micropores in the coal reservoirs. Before FESEM
imaging, one surface of the cube (~0.5 cm x 1 cm x 1 cm)
was polished using dry emery paper and then polished
again by argon ions (Desbois et al., 2011). Experiments
were conducted at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, using the
MERLIN high-resolution FESEM system produced by
Zeiss.

Low-temperature N, gas adsorption/desorption experi-
ments were used to characterize the pores with diameters
between 1.7 to 300 nm. Before the experiment, the
samples were ground and gridded to a particle size of
60—80 mesh (0.18-0.25 mm) and dried at 105°C for 24 h
in a vacuum oven (Yao et al., 2008). The experiment was
performed in the Coal Reservoir Petrophysical Labora-
tory of the China University of Geosciences (Beijing)
with Micromeritics ASAP-2000.

MIP is a conventional technique for characterizing the
pore structures of coal reservoirs. The tests were
conducted using a PoreMasterGT60 at the Petrophysical
Laboratory of China University of Geosciences (Beijing)
following the Chinese Oil and Gas Industry Standard
SY/T 5346-2005 (Zheng et al., 2018). Volume intrusion
curves of mercury were obtained at pressures ranging
from 0.0074 to 206 MPa, corresponding to diameters
ranging between 100 and 0.0072 pum.

2.4 Volumetric diffusion experiment

The CH, diffusivity experiment was based on the
volumetric method, which was performed using the
TerraTek Isotherm Measurement System (IS-300)
following the Chinese standard GB/T 19560-2004. The
maximum pressure in the experimental process could
reach 8.0 MPa with a maximum test temperature of 40°C,
and the CH, desorption capacity was calculated using the
volumetric method. The experimental and data processing
procedures were the same as those presented in our
previous studies (Yao et al., 2008; Fang et al., 2018). In
addition, moisture-equilibrated samples were prepared, as
described in detail by Pan et al. (2010).

2.5 Grey relational analysis

Grey relational analysis is an impacting measurement
method in gray systems theory which analyzes uncertain
relations between one main factor and all the other factors
in a given system (Tosun,2006). First, an original
analysis sequence, which includes a reference sequence
and a comparing sequence, should be determined. The
reference sequence, consisting of methane diffusion
coefficients, is denoted by {Xo® (i)},(i=1,2,...,n). The
comparing sequence which is denoted by {X,© (i)} =
1,2,...,m),(i=1,2,...,n) is composed of several influenc-
ing factors of methane diffusion.

Data pre-processing is normally required since the
range and unit in one data sequence may differ from the
others. The original sequence can be simply normalized
as follows:

X9 ()
XV = = —=, 6
P0= o (©)
where t =1, 2,..., m; i =1, 2, ..., n. The gray relation

coefficient &, (i) for the ith performance characteristics in
the ith experiment can be expressed as

f () tminimin |X0(l) (l) _Xt(l) (l)| +ptmaximax |X0(1) (l) _Xt(l) (l)|
)=

X0 () = X:™V ()] + ptmaximax [Xo ™ () — X,V ()|
(7

where p is distinguishing coefficient: p € (0,1), and p =

0.5 is generally used. After that, the gray relational grade

is defined by the average value of the gray relational
coefficient:

1 n
ri=— ) &,

wherei=1,2, ..., n.

®)

3 Results

3.1 Coal basic information

Information regarding the 12 coal samples (including the
maximum vitrinite reflectance, maceral and mineral
contents, and proximate analysis) is shown in Table 1.
The coals are subbituminous to anthracite, with mean
maximum vitrinite reflectance in oil (R, ) ranging from
0.46% to 2.79%. The volume contents for vitrinite,
inertinite and exinite are in the range of 40.03%—83.55%,
5.4%-56.67% and 0%-16.2%, respectively. Exinite
cannot be identified when R is over 1.19%. The
mineral content in coal marke(ily varies from 0.2% to
42.5%, which is related to the sedimentary environment.
Figure 1 shows the oil-immersed photographs of the six
samples under reflected light using a polarizing
microscope. The cell walls are broken and filled with a lot
of clay (Cl), and pyrite particles (Py) are randomly
distributed in semitelinite (Figs. 1(a), 1(b), and 1(c)). The
collinite (C) is widely distributed in the sample DY 6#,
and the microsomes (Mi) are densely banded in GZ 15#
(Figs. 1(c) and 1(d)). The moisture content in low rank
coal is obviously higher (5.78%—8.63%) than in medium-
high rank coal (0.57%-2.01%). Volatile material content
varies from 3.5% to 48.97%, and fixed carbon content
ranges between 38.75% and 75.05%. The ash yield varies
markedly, ranging from 5.38% to 38.08%, and its main
composition is aluminosilicate which is controlled by the
sedimentary environment of coal accumulation.
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Short linear-like

5

Intragranular pore

Fig. 1 Oil-immersed photographs of maceral and minerals and FESEM images of pore structure in different rank coals. (a) HIG 5#,
R, =1.34%,200 x ; (b) DQ 4#, R, ,, = 1.52%, 200 < ; (¢) DY 6#, R, ,, = 2.56%, 200 < ; (d) GZ 15#, R, ,, = 2.79%, 200 x ; (e) YT 5#,
Ry =1.19%, 10650 x; (f) SY 15#, R, ,, = 2.05%, 4140 x ; (g) XY 15#, R, ,, = 2.54%, 6350 x ; (h) DY 6#, R, ,, = 2.56%, 14940 x .

Notes: T: telinite; ST: semitelinite; C: collinite; SV: semivitrinite; F: fusinite; SF: semifusinite; Cl: clay; Py: pyrite; Mi: microsome.

3.2 Pore structure characteristics

The morphology of pore fractures from FESEM images is
shown in Fig. 1, and the pores in the coals are divided
into primary pores, metamorphic pores, and mineral-
related pores (Zhang, 2001). For low-rank bituminous
coals, gas pores were generated during the decomposition
of organic matter in the initial stage of coal formation,
whose initial shape was round; however, they were
compressed into irregular shapes by formation pressure.
As a result, irregularly shaped organic matter pores with

small radii (<100 nm) were dispersed in the coal matrix,
such as oval pores (accounting for approximately 20%),
wedge-shaped and slit-like pores (accounting for
approximately 50%), and short linear-like pores
(accounting for approximately 20%) (Figs. 1(e), 1(f), and
1(g)). With the process of coalification, many metamor-
phic pores (accounting for approximately 70%) appeared
with a cluster distribution in the organic matter in high-
rank bituminous coal and anthracite, and their pore size
increased to 100—1500 nm with better pore connectivity
(Fig. 1(g)). In addition, a few pores were filled with
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minerals that would affect pore connectivity and gas
diffusions, such as metallic minerals (pyrite) and clay
minerals (kaolinite and illite) (Figs. 1(f), 1(g), and 1(h)).

The BET pore surface area, BJH total pore volume, and
pore size distribution obtained from low-temperature N,
adsorption/desorption experiments are shown in Table 1.
The surface areas ranged from 0.1156 to 0.8667 m2-g~!,
and the averages of the surface areas showed the
following trend: low-rank coal > medium-rank coal >
high-rank coal (Fig. 2(a)). The average pore diameters of
coal samples are between 11.21 and 21.02 nm, and the
total pore volumes of coal are positively correlated with
surface areas (Fig.2(b)), which is consistent with the
conclusion 8 of Zhao et al. (2016).

The parameters, such as porosity, total pore volume,
mercury saturation, and mercury extrusion efficiency
obtained by MIP, are shown in Table 1. The porosity of
all the samples ranged from 1.48 to 8.92%, among which
the porosity of low-rank coal was larger (4.31% to
8.92%) than that of medium-high rank coal (1.48%—
4.66%). The mean diameter of the pores in the different
ranks of coal ranged from 0.226 to 8.18 pm. The
variations in mercury saturation and mercury extrusion
efficiency were significant, with values ranging from
27.67%-90.37% and 15.51%—65.84%, respectively.
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Fig.2 (a) The relationship between pore surface area and coal rank;
(b) The relationship between total pore volume and pore surface area.

According to previous studies, samples with a higher
mercury withdrawal efficiency may have a more uniform
pore structure and better connectivity, conducive to the
diffusion and seepage of coalbed methane (Zhang et al.,
2010).

Micropores and transition pores (<102 nm), mesopores
(102103 nm), and macropores (>103 nm) accounted for
19.57%—69.08%, 4.2%—55.65%, and 4.36%—70.64% of
the total pore volume in the samples, respectively. Based
on a summary of previous studies, mercury injection
curves were divided into three categories in this study
(Fig. 3), and the specific classification criteria were the
same as those presented in our previous study (Fang
et al., 2018). The mercury intrusion-extrusion curves and
pore volume distributions of typical coal samples are
listed in Table 1.

3.3 Methane diffusion characteristics in micro-nano pores

The CH, effective diffusion coefficients under the
bidisperse and multiporous models were obtained through
data fitting using Origin and MATLAB (see Supplement-
ary material). Based on the bidisperse diffusion model,
the effective diffusion coefficient of macropores is within
the order of magnitude of approximately 1075-107% s71,
whereas that of micropores is 107107 s71. In contrast,
based on the multiporous model, the order of magnitude
of the macropore diffusivity (M,,) was between 10 and
1073 s71, the transition pores and mesopore diffusivity
(M,,) ranges from 107 to 10 s7!, and the micropore
diffusivity (M,) ranges from 107® to 107> s7!. The
macropore diffusivities (M,,) calculated by the bidisperse
model are between the values of M, and M_, calculated
by the multiporous model, which is consistent with the
results of Li et al. (2016).

Figure 4 shows the fit curves of the bidisperse and
multiporous models for the different ranks of coals. The
multiporous model shows an excellent fit to the diffusion
data, whereas the fitting curve of the bidisperse model
shows a partial deviation from the data points. The
deviation between the fitting curve of the bidisperse
model and the data was significant in DY 6# and GZ15.
This difference indicates that the bidisperse model has
some errors in characterizing CH, adsorption-diffusion
behavior, whereas the multiporous model is more in line
with the CBM adsorption-diffusion process by consider-
ing the transition diffusion stage. This conclusion is also
reflected in the goodness of fit in Supplementary material.

By analyzing the diffusion coefficient based on the
multiporous model, it was found that the average
macropore effective diffusion coefficient (A4,,) for low-
rank coals is 3.85 x 1073 s7!, and that of the transition
diffusivity (M,,) and micropore diffusivity (M,,) are
1.17 x 107* s7! and 1.48 x 107 s7!, respectively. For
medium-rank coals, the mean values of the macropore
diffusivity were 1.01 x 1073 s7!, that of transition
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Fig.3 The mercury intrusion-extrusion curves of different rank coals.

diffusivity, and micropore diffusivity were 4.79 x 1073
s 1and 5.94 x 107© 571, respectively. For high-rank coals,
the average macropore diffusivity is 3.98 x 1073 s7!, and
those of transition pores, mesopores, and micropore are
1.22 x 104 s 1 and 1.31 x 107 571, respectively.

In addition, several groups of comparative experiments
were also set in this study, and the multiporous diffusion
coefficients were obtained, as shown in Supplementary
material. FL 1# and GZ 15# were selected and ground
into0.18-0.25 mm (60—80 mesh), 1.7-3.35 mm (6—10mesh)
and 6.7-8 mm (2-3 mesh), respectively, for particle size
contrast experiment. The order of magnitude of the
macropore and micropore diffusivities of the three
particle size samples was 1073 s™! and 107 s7!, respec-
tively. In the transition diffusion stage, the effective
diffusion coefficients of the 60-80 mesh samples vary
from 1075 to 1074 571, whereas that of the 6—10 mesh and
2-3 mesh samples are 1074 s, LHJ 4# and GZ 15# were
selected for drying and equilibrium moisture, respecti-
vely, and each group of samples was divided into three
states: dry, semi-equilibrium, and equilibrium moisture.
In the macropore diffusion stage, the order of magnitude
of the diffusivity with dry and equilibrium samples was
103 s71 and 107 s71, respectively, whereas the effective
diffusion coefficients of the semi-equilibrium moisture
samples vary from 10™* to 1073 s71. In the transition
diffusion stage, the order of magnitude of the diffusivity
with dry samples was 107 s™1, whereas that of the semi-
equilibrium and equilibrium samples was 107 s71. In the
micropore diffusion stage, the diffusivity of dry samples
is within the order of magnitude of 107> s7!, and that of
semi-equilibrium and equilibrium samples was 1076 s71.
To investigate the impact of temperature on methane
diffusion, two groups of additional diffusion experiments
at 40°C were performed using BD 2# and SY 15#, and

the order of magnitude of the macropore diffusivity,
transition diffusivity, and micropore diffusivity was
103 571,107 s71, and 1075 571, respectively.

4 Discussion

4.1 Factors affecting methane diffusion

Methane diffusion in coal reservoir is affected by coal
rank, pore structure, particle size, moisture content,
temperature, and pressure (Figs. 5(a)-5(f)). To analyze
the mechanism of methane diffusion in coal, each
influencing factor was studied separately using the
control variable method.

4.1.1 Pore structure

The test range of pore diameter using N, adsorption/
desorption method is 1.7-300 nm, and that of the MIP is
7-10° nm (Zhang et al., 2010). In the mercury intrusion
porosimetry, matrix shrinkage occurs in coals when the
pressure reaches 7.06 MPa (Cai et al., 2018), indicating
that errors occur in the pore data with the corresponding
pore diameter below 100 nm. To qualitatively analyze the
relationship between the diffusion coefficient ratio (0)
and pore volume/surface area at various scales of coal
reservoirs, a new group of integrated data was selected
and spliced from the front segment of the N, adsorption/
desorption experiment results (<100 nm) and the back
segment of the MIP results (>100 nm). The integrated
data were divided into three sections (<10, 10-1000 nm,
>1000 nm), which correspond to the stages of micropore
diffusion, transition diffusion, and macropore diffusion in
the multiporous diffusion, respectively (Table 2).
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Fig. 4 Fitting curves of experimental data using bidisperse and multiporous diffusion model.

A composite graph of the diffusion coefficient ratio (0)
and pore volume/surface area fraction of different diffu-
sion stages was plotted to reveal the relationship between
methane diffusivity and pore structure (Fig. 6). The entire
diffusion process can be divided into three parts: a fast
macropore diffusion stage corresponding to macropores
(>1000 nm), an intermediate rate transition diffusion
stage corresponding to transition pores and mesopores
(10-1000 nm), and a much slower micropore diffusion
stage corresponding to micropores (<10 nm). It is
apparent that the samples with relatively high pore
volumes also have a correspondingly high diffusion
coefficient ratio in the macropore diffusion and transition
pore diffusion stages (Fig. 6(a)). However, the corres-
ponding relation is not obvious in the micropore diffusion

stage owing to the low micropore content. A comparison
diagram of the diffusion coefficient ratio and micropore
volume is plotted separately in Fig. 6(b). The image
suggests little correlation between the diffusion coeffi-
cient ratio and pore volume fraction in the micropore
diffusion stage. Figure 6(c) shows a good correlation
between the diffusion coefficient ratio and the specific
surface fraction, and only SY 15# has a large outlier in
the transition diffusion stage, indicating that the three
diffusion processes with the multiporous diffusion model
are controlled by the surface areas of the three pore scales
in the coal reservoir. The increased surface area of coal
provides more sorption sites, and more molecules would
migrate at the critical point of adsorption-desorption
equilibrium, resulting in an increase in methane diffusion
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Table 2 The integrated data of pore volume and pore surface area by MIP and low-temperature nitrogen analysis
Integrated pore volume distribution/(1073 cm3-g~1) Integrated pore surface area distribution/(m2-g~1)
Sample No.
<10 nm 10-102 nm 102-10% nm >103 nm <10 nm 10-102 nm 102-103 nm >103 nm
LHJ 4# 0.308 1.112 29.484 7.186 0.373 0.163 0.001 0.016
FL 1# 0.158 0.667 1.406 11.032 0.086 0.025 0.105 0.826
HDG 6# 0.486 2.019 12.818 2.332 0.553 0.270 0.159 0.029
BD 2# 0.475 0.875 5.332 16.275 0.230 0.067 0.089 0.272
YT 5# 0.348 1.284 3.617 21.265 0.329 0.130 0.079 0.466
HIG 5# 0.202 0.567 2.741 9.274 0.286 0.070 0.035 0.119
WIY 8# 0.263 0.720 1.764 26.445 0.271 0.065 0.047 0.710
DQ 4# 0.285 0.481 11.813 1.597 0.323 0.045 0.143 0.019
SY 15# 0.321 1.181 2.048 16.692 0.343 0.126 0.033 0.270
XY 15# 0.046 0.487 0.934 10.992 0.099 0.129 0.031 0.361
DY o6# 0.241 0.745 8.069 0.632 0.279 0.083 0.094 0.007

GZ 15# 0.257 0.827 1.512 8.891 0.007 0.165 0.047 0.278
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(Zhao et al., 2016). Thus, the larger the pore surface area,
the more significant the surface diffusion.

4.1.2 Coal rank

Putting the diffusivities into a line chart versus R, the
figures show that the broken lines of macropore diffu-
sivity (M,,), transitional diffusivity (M,.), and micropore
diffusivity(M,,) present a “U” shape (Fig. 7(a)). Methane
diffusivity is mainly related to the pore structure charac-
teristics and adsorption capacity of coals of different
ranks (Crosdale et al., 1998; Clarkson and Bustin, 1999;
Liu et al., 2018b). The more developed the surface area or
the higher the adsorption capacity, the greater the
effective diffusion coefficient. The surface area of coal
decreases with an increase in coal rank, whereas the
adsorption capacity of coal increases with an increase in
coal rank (Fig. 5(b)).

The adsorption capacity of coal is controlled by the
pore structure and the maceral composition; the adsorp-
tion capacity increases as the total content of vitrinite and
inertinite increases (Yao et al., 2008). In this study, the

total content of vitrinite and inertinite increased with
increasing coal rank (Table 1). The results showed that
coal with a larger surface area had a smaller adsorption
capacity when the influence of vitrinite and inertinite on
the adsorption capacity was greater than that of the
surface area. Therefore, the “U” shaped diffusion
coefficient curve is the result of the combined action of
specific surface and adsorption capacity.

4.1.3 Pressure

As shown in Fig. 7(b), the variation in the values of the
three methane diffusion coefficients with pressure was
bimodal. There is a negative correlation between the dif-
fusion coefficient and pressure at low pressures, whereas
the curve flattens out at high pressures. This conclusion is
in contrast to the study of Si et al. (2021), in which the
diffusion experiment was conducted in a water-saturated
environment. The pressure caused the seepage of gas in
the residual pores, leading to a larger contact area
between the gas and water-saturated pores and more
diffusion paths.
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Fig. 7 (a) Methane diffusivities of different rank coal samples using multiporous model; (b) methane diffusivities with pressure
using multiporous model. Notes: D, : the macropore effective diffusion coefficient; D,,: the transition pore and mesopore effective
diffusion coefficient; D, : the micropore effective diffusion coefficient.

Diffusive flow in a coal reservoir can be influenced by
three distinct mechanisms: Fickian, Knudson, and surface
diffusion (Rigby, 2005; Pan et al., 2010; Zeng et al.,
2019). Fickian diffusion involves intermolecular colli-
sions between gas molecules and tends to dominate large
pores, which corresponds to the fast macropore diffusion
stage. Knudsen diffusion dominates when the mean free
path of the gas molecule is greater than the pore size, and
collisions occur between the gas molecules and the pore
walls, which corresponds to a much slower micropore
diffusion stage. The intermediate rate transition diffusion
stage is influenced by the combination of Fickian and
Knudsen diffusion. Surface diffusion occurs during the
entire diffusion process, and it is important when the

molecules are strongly adsorbed and move along the
surface of the pore. Surface diffusion is a function of the
amount adsorbed, which increases as the quantity of
adsorbed dye increases (Medved and Cerny, 2011). The
density of gas increases with increasing pressure,
resulting in a decrease in the intermolecular distance and
the mean free path of methane molecules (Fig. 5(c)),
which causes some methane molecules in Fickian
diffusion to change into Knudsen diffusion. At low
pressures, more methane is adsorbed on the surface of the
coal matrix with an increase in pressure, and then more
surface diffusion occurs, resulting in a rapid decrease in
the diffusion coefficient. At high pressures, the
adsorption capacity increases slowly to the adsorption-
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desorption equilibrium, resulting in a slow increase in
surface diffusion. Thus, the methane diffusion coefficient
decreases significantly at low pressures, resulting in faster
gas desorption in low-pressure ranges. This finding can
have a significant impact on the projection of methane
production from coal at low pressure.

4.1.4 Particle size

When the particle size changes from 60 to 80 mesh to 2—3
mesh, the macropore diffusivity, transition diffusivity,
and micropore diffusivity decreases by approximately
60%, 63%, and 57% on average, respectively, which is
shown in Fig. 8(a). Figure 5(d) shows the fraction of gas
desorbed with a time of FL 1# samples with three particle
sizes from 0.51 to 0.74 MPa. The results show that more
time is needed to reach the diffusion equilibrium with the
increase of coal particle size.

According to Groen et al. (2003), a smaller sample
particle size does not significantly increase the specific
surface area but only slightly increases the external
surface area of coal particles, and the external surface
area is negligible relative to the pore specific surface area.
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Small coal particles correspond to a simple pore topology
and low diffusion resistance (Sander et al., 2020), and the
increase in particle size results in a longer effective
diffusion path and a higher tortuosity factor affecting the
diffusion influx in porous media. Thus, a coal sample
with a larger particle size has a smaller effective diffusion
coefficient.

4.1.5 Moisture content

The macropore diffusivity, transition diffusivity, and
micropore diffusivity decreased by 93%, 87%, and 83%,
respectively, with increased moisture content, as shown in
Fig. 8(b). Coal mainly consists of aromatic macro-
molecular structures and side chains composed of small
molecules. The small molecules contain hydrocarbon
groups (—CH; and —CH,) and polar hydrophilic groups
(-COOH, —CO, —~OCHj;, and —OH), and the former easily
adsorbs hydrocarbons, whereas the latter easily adsorbs
H,0, O,, N,, CO,, and other gases (Liu et al., 2019b).
There is a strong chemical binding force between the
polar functional groups and H,0O molecules, and moisture
adsorbs more easily to the pore surface than methane
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Fig. 8 (a) Methane diffusivities with particle size; (b) methane diffusivities with moisture content; (c) methane diffusivities with
temperature using multiporous model. Notes: D,.: macropore effective diffusion coefficient; D,.: transition pore and mesopore
effective diffusion coefficients; D, : micropore effective diffusion coefficient.
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molecules. Water clusters may occur and occupy the free
pore space, which is unfavorable for gas adsorption and
diffusion. In addition, clay minerals such as illite and
montmorillonite may swell when absorbing moisture,
which possibly reduces the original pore volume and
narrows the pore throats (Fig. 5(e)).

4.1.6 Temperature

Figure 8(c) shows the methane diffusivities obtained from
the multiporous model at different SY 15 # temperatures.
The macropore, transition, and micropore diffusivities
increased by 26%, 47%, and 55%, respectively, when the
experimental temperature was changed from 30°C to
40°C (Supplementary material). The effects of tempera-
ture on methane diffusivities in the coal matrix can be
interpreted using thermodynamic theories and molecular
dynamics. Because gas diffusion is an endothermic
process, the increasing temperature is favorable for the
adsorption-diffusion equilibrium state to move toward the
diffusion direction. Second, high temperatures increase
the velocity and weaken the adsorbability of gas
molecules (Sietal., 2021), which is conducive to
improving the diffusion rate of methane (Fig. 5(f)). In
addition, increasing the temperature causes the coal
matrix to expand outward, opening up the pores and
increasing the methane diffusion channel.

4.2 Comprehensive evaluation of methane diffusion
controlling factors

A study on the influencing factors of methane diffusion
shows that the methane diffusion coefficient first
decreases and then increases with coal rank, which is due
to the combined action of the specific surface and
adsorption capacity. The presence of water significantly
reduces the diffusion capacity of CBM as a result of
water molecules occupying the pore space in the coal
matrix and clay mineral swelling when absorbing mois-
ture. The increase in particle size increases the diffusion
path, and thus, a longer time is required to reach desorp-
tion equilibrium. Elevated temperatures would facilitate
diffusion capacity because the rms velocity and mean free
path of gas molecules would increase at higher tempera-
tures. High pressure impedes methane diffusion because
of the greater resistance generated by collisions between
molecules. These factors are not physical quantities of the
same dimension (Fig. 5); therefore, it is difficult to find
the most effective factor for methane diffusion because
each factor was studied separately using the control
variable method.

In this study, gray relational analysis (GRA) was
employed to analyze and verify the influence of coal
rank, pore structure, particle size, moisture content, tempera-
ture, and pressure on methane diffusion in a coal
reservoir. Grey systems theory has been developed as an
emerging scientific discipline, with its theoretical struc-

ture consisting of systems analysis, evaluation, modeling,
prediction, decision making, control, and techniques of
optimization (Liu et al.,2012). Through gray relational
analysis, the data were normalized and made dimension-
less, and all factors affecting diffusion were unified into
the same parameter, gray relation grade (r;). Thus, a
unified and intuitive comparison standard is obtained.
This method has been applied to coal geology by many
scholars, and research has proven the applicability of
GRA in the analysis of influencing factors (Zhang et al.,
2016; Xu et al., 2021).

The reference sequence consisting of methane diffusion
coefficients is denoted by {Xo® (i)},(i=1,2,...,n). The
comparison sequence, which is denoted by {X,¥ (i)}(r=
1,2,...,m),(i=1,2,...,n) is composed of several influenc-
ing factors, including coal rank, pore volume, pore
surface area, particle size, moisture content, temperature,
and pressure, as listed in Table 3.

After preprocessing, the data in the sequence can be
substituted into Eq. Seven to produce the gray relational
coefficient, where p = 0.5, m is the number of influencing
factors (m = 7), and n is the number of experimental data
(n = 22). The gray relational grade (7;) indicates the
degree of influence that the comparability sequence can
exert over the reference sequence. The values of gray
relational grade for each factor affecting methane diffu-
sion are shown in Fig. 9, the importance of these factors
on methane diffusion was identified in order from the
most important to the least: particle size > moisture > sur-
face area>pore volume > pressure > coal rank > temperature
in all of three diffusion stages. The weight of the particle
size (20%) is much greater than that of the other factors;
therefore, the particle size is the most crucial factor for
methane diffusion in coal reservoirs. The effect of the
particle size on diffusion is due to changes in the diffu-
sion path and tortuosity. Therefore, the most effective
enhancement scheme for methane diffusion is to shorten
the diffusion distance, according to the analysis results of
the main factors controlling methane diffusion.

5 Conclusions

In this work, the multiscale micro-nano pore system in
various rank coals was quantitatively characterized, and
isothermal adsorption-diffusion experiments using the
volumetric method were conducted to explore the
influencing factors of methane diffusion in micro-nano
coal pores based on different diffusion models. The
following conclusions were drawn.

1) The development characteristics of seepage pores
(>100 nm) and adsorption pores (<100 nm) in different
coal ranks were quantitatively characterized. The results
showed that the pore structure of the coals exhibited a
multimodal pore size/volume distribution. There are ir-
regular oval pores (accounting for approximately 20%),
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Table 3 Methane diffusion coefficients and test data of each influencing factor

Methane diffusion coefficients

Sample No D,Js! D /s Dy/s! Rowl%  Sger/(m*g™h)  Vyy(x107%em¥g™)  pMPa Almm  M/%  T°C
LHJ 4#-01 644E-03  2.I8E-04  295E-05  0.46 0.559 2282 078 0215 0 30
LHJ 4#-02 120E-03  543E-05  751E-06 046 0.559 2282 148 0215 33 30
LHJ 4#-03 3.53E-04  1.04E-05  247E-06 046 0.559 2.282 476 0215 59 30
FL 1#-01 3.90E-03  129E-04  125E-05  0.65 0.116 0.467 199 0215 0 30
FL 1#-02 291E-03  8.10E-05  9.15E-06  0.65 0.116 0.467 252 255 0 30
FL 1#-03 147E-03  4.26E-05  5.73E-06  0.65 0.116 0.467 416 735 0 30
HDG 6# 403E-03  122E-04  168E-05  0.68 0.867 4207 146 0215 0 30
BD 2#-01 3.66E-03  1.03E-04  140E-05  0.68 0.301 1701 09 0215 0 30
BD 2#-02 5.14E-03  1.93E-04  321B-05  0.68 0.301 1701 083 0215 0 40
YT 5# 1.63E-03  7.27B-05  722E-06  1.19 0.477 2.546 35 0215 0 30
HIG 5# 1.09E-03  5.14E-05  697E-06 134 0.367 1232 338 0215 0 30
WIY 8# 941E-04  5.16E-05  6.53E-06 144 0.347 1574 357 0215 0 30
DQ 4# 212B-04  231E05  3.76B-06  1.68 0.378 1279 728 0215 0 30
SY 154-01 3.15E-03  137E-04  LISE-05  2.05 0.487 2339 046 0215 0 30
SY 15#-02 3.75E-03  2.00E-04  2.54B-05  2.05 0.487 2.339 261 0215 0 40
XY 15# 325E-03  832E-05  1.00E-05  2.54 0.246 0.867 554 0215 0 30
DY 6# 383E-03  1.01E-04  1.09E-05  2.56 0375 1595 554 0215 0 30
GZ 15#-01 3.75E-03  7.14E-05  1.02E-05 279 0.202 1.662 75 0215 0 30
GZ 15#-02 294E-03  8.I8E-05  1.06E-05 279 0.202 1.662 135 2525 0 30
GZ 15#-03 1.59E-03  4.23B-05  454E-06  2.79 0.202 1.662 374 135 0 30
GZ 15#-04 126E-03  429E-05  S5.12E-06  2.79 0.202 1.662 26 0215 23 30
GZ 15#-05 124E-04  1.06E-05  200E-06  2.79 0.202 1.662 714 0215 41 30

Notes: D, .- Macropore effective coefficient; D, - Transition pore and mesopore effective coefficient; D, - Micropore effective coefficient; Sy - BET
surface area; Vy),; - BJH total pore volume; P - Pressure; A - Particle size; M - Moisture content; 7- Temperature.
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Fig.9 The gray relational grade for seven comparability sequences
with three diffusion stage.

Notes: D,,: macropore effective coefficient; D, .: transition pore and
mesopore effective coefficient; D,.: micropore effective coefficient;
Sper: BET surface area; Vy,y: BJH total pore volume; P: pressure; A4:
particle size; M: moisture content; 7: temperature.

wedge-shaped and slit-like pores (accounting for appro-
ximately 50%), and short linear-like pores (accounting for
approximately 20%) in low-medium rank bituminous

coal, whereas multitudinous metamorphic pores develop
in high-rank bituminous coal and anthracite, accounting
for approximately 70%.

2) Methane diffusion in the multi-scale pores of coal
reservoirs exhibits the characteristics of early fast
diffusion, transitional diffusion in the medium term, and
slow diffusion in the later period. The surface area
proportions of micropores, transition pores, mesopores,
and macropores in the coal reservoir correspond well with
the diffusion stages, indicating that the multiporous
diffusion model is more suitable for describing the
methane adsorption-diffusion process.

3) The influencing factors and mechanisms of methane
diffusion in coal were systematically analyzed. The
results show that the diffusion coefficient of methane first
decreases and then increases with an increase in the coal
rank. The presence of water significantly reduces the
diffusion capacity of CBM, and the increase in particle
size reduces the diffusion rate by increasing the diffusion
path. An elevated temperature would facilitate diffusion
capacity, whereas a high pressure is supposed to impede
methane diffusion.
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4) Grey relational analysis was employed to analyze
and verify the importance of the factors affecting methane
diffusion. The impact ranking of factors, as an order from
the most important to the least: particle size > moisture >
surface area > pore volume > pressure > coal rank >
temperature in all of three diffusion stages. The particle
size (weight of 20%) is the most effective factor for
methane diffusion in coal reservoirs.

Although the impact ranking of the factors affecting
methane diffusion is estimated using GRA, the model
does not explain how these factors interact in nature.
Thus, other analysis models need to be established to
analyze the influence mechanism between each factor in
follow-up studies.

Supplementary material is available in the online version of this article
at http://dx.doi.org/10.1007/s11707-022-0992-3 and is accessible for
authorized users.
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