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A B S T R A C T

Gas is adsorbed in the pores of coal matrix and during gas production gas is desorbed from the pore surface and
diffuses through the matrix pore structure and flows in the fracture/cleat system to the production well or
boreholes. However, coal is highly heterogeneous and anisotropic. How heterogeneity and anisotropy affect the
gas storage and especially the diffusion behaviour is not well studied. In this work, a series of measurements
were performed on three dry cubic coal samples cut from the same coal block from the Bowen Basin, Australia,
using an adsorbing gas, methane. For each sample, gas adsorption experiments with gas flowing from three
principal directions were performed. The diffusion data was fitted with a bidisperse diffusion model to obtain
diffusion coefficient. The three samples, although from the same coal block, showed difference in adsorption
amount and significant difference in effective diffusivity. It was found that the effective macropore diffusivity
increased with gas pressure and effective micropore coefficient decreased with gas pressure. The effective dif-
fusivity showed difference among samples and directions, demonstrating coal heterogeneity and anisotropy both
have a significant impact on gas diffusion behaviour. However, no generalisation can be obtained with any single
pore structure parameter, such as pore size or surface area, as it may be related to all pore and fracture structures
at various scales.

1. Introduction

Coalbed methane (CBM) as a kind of clean energy makes up about
7%, 35% and 3% of the annual natural gas production in the USA,
Australia and China, respectively [1]. The knowledge of gas storage and
migration mechanisms in coal is vital for optimising gas production and
reservoir evaluation [2]. It is widely assumed that coal is dual-porosity,
that is, gas transport through cleat system described by Darcy flow and
in matrix pores via diffusion [3,4]. Therefore permeability of the cleat
system and diffusivity of the matrix pores are two critical parameters
for CBM production. The coal permeability has been studied extensively
(e.g., [5–7]), however gas diffusion in coal matrix was not studied ex-
tensively (e.g., [2,3,8]).

Experimentally studying methane diffusion mechanism in coal ma-
trix and accurately determining methane diffusivity are of great im-
portance for CBM production. Busch and Gensterblum [2] reviewed
literature on gas diffusion in coal matrix, including the experimental

work [3,9–19], unipore diffusion modelling [9,10,12,18,20], and the
bidisperse diffusion modelling using Ruckenstein et al. [21] approach
[9,12,13,19,22,23]. Among these modelling work summarised in Busch
and Gensterblum [2], most models treated coal matrix as spherical and
isotropic. Often laboratory study of gas diffusion in coal matrix uses
coal powder or crushed coal (e.g., [11,14,17]), therefore, these as-
sumptions may be valid. However, crushed coal may not well possess
original matrix pore structure. Hence, experimental work using coal
core is required to investigate the gas diffusion behaviours [3,24].

Besides the publications summarised in Busch and Gensterblum [2],
a few recent experimental attempts have been performed to investigate
gas diffusion in coal. For instance, transient diffusivity using a limit
approximation approach was proposed to fit laboratory desorption data
using coal powder samples [25]. Experimental measurements on coal
were performed and unipore diffusion model and Fick’s law were used
to characterise methane diffusivity, but with limited success [26]. The
impact of maceral composition and coal rank on gas diffusion was
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experimentally investigated on 18 crushed Australia coals [27] and it
was found that gas diffusion rate varied over six orders of magnitude for
the tested coal samples, and the higher the inertinite content the higher
the diffusion rate. All above mentioned work were on coal powder or
crushed coal, and some other work have been using larger coal samples.
For instance, diffusion experiments were performed on cylindrical coal
samples and bidisperse diffusion model was used; it was found that
calculated diffusivity increased with respect to pore pressure [8]. An
experimental method to measure methane diffusivity on coal matrix
flakes was proposed, and the impact of gas pressure, coal rank and
moisture content on diffusivity was analysed [28]. A few theoretical
studies on diffusion have also been conducted since the review by Busch
and Gensterblum [2]. For instance, the diffusivity was found to increase
with the gas pressure [29]. The diffusion kinetics was found to be dif-
ferent between adsorption and desorption processes, and the bidisperse
model was more suitable than unipore model when modelling the dif-
fusion process for the coal samples studied, and the macropore diffu-
sivity was one or two orders of magnitude greater than the micropore
diffusivity [30]. However, no work has been performed to study the
impact of coal anisotropy and heterogeneity on gas diffusion.

Coal has anisotropic and heterogeneous pore structure, including
macropores (> 50 nm), mesopores (2–50 nm), and micropores
(< 2 nm) (e.g., [31]). Besides anisotropic pore distribution, the com-
position and fabric at all scales also determine that gas diffusion in coal
is heterogeneous. Coal has strong heterogeneity due to a combination of
many geological factors including sediment-source regions, deposi-
tional environments, tectonic settings, diagenesis, climate and hydro-
logical conditions [32]. Coal samples even from the same block have
various mineral components. For instance, Busch et al. [9] analysed
data of grain size fractions of the coal sample from the Silesia coal mine.
They found that the maceral composition, vitrinite contents, inertinite
contents and the liptinite contents varied strongly with grain size
fraction. Moreover, the diffusion mechanism in different components is
distinguished. For instance, Laxminarayana and Crosdale [33] studied
the influence of maceral composition on diffusivity and found that in-
ertinite-rich coals usually had faster diffusion rates comparing with
their rank equivalent vitrinite-rich ones. Karacan [34] performed
measurements on a range of lithotypes in a bituminous coal sample and
observed that CO2 diffusion was faster in the clay+ inertite region
compared to the vitrinite area.

Knudsen number, the ratio of the molecular mean free path to the
pore diameter, represents the relative degree of gas molecules collision
with the gas molecules and pore walls and it is commonly used to
classify diffusion mechanisms (Fickian diffusion, Knudsen diffusion and
surface diffusion) [35]. The pores with different size have different
diffusion mechanisms and different diffusivity, so gas diffusion is clo-
sely related to the pore structure in coal matrix. As the matrix pores are
anisotropic and heterogeneous, diffusion is therefore anisotropic and
heterogeneous in coal matrix. The availability of such knowledge may
provide the foundation for more practically modelling gas diffusion
process in coal matrix for CBM production. However, anisotropic dif-
fusion process through coal matrix is still not well-understood. Thus,
the impact of coal anisotropy and heterogeneity on gas diffusion re-
quires further investigation.

In this work, a series of measurements were performed on three
cubic coal samples cut from a same coal block from Bowen Basin,

Australia, using adsorbing gas, methane. For each sample, gas flow in
each of the three principal directions was measured. The samples were
dried before measurements to avoid the influence of moisture on gas
diffusion and adsorption results. The diffusion data was fitted with a
bidisperse diffusion model. Then the anisotropy and heterogeneity of
effective diffusivity were discussed with relation to pore structure.

2. Experimental

2.1. Sample description and preparation

A coal block was recovered from Bowen Basin, Queensland,
Australia, and three cubic samples, named Sample 1, Sample 2, and
Sample 3, were cut from different layers of the coal block using a
diamond wire saw, then the surfaces of the cubes were grinded. The
detailed process of sample preparation can be referred to our previous
work [36]. The size of each sample is approximately 23mm on each
side. One principal direction of each sample is perpendicular to bedding
plane and the other two principal directions are parallel to bedding
plane.

To eliminate the influence of moisture on flow results and to facil-
itate comparison among samples, each sample was dried at 70 °C in a
vacuumed oven for at least two days until the weight of the sample
remained constant. It is worth noting that the inherent moisture in
matrix and free phase water in cleat in in-situ coal reservoirs have
significant impact on gas diffusion and adsorption [3]. Therefore, the
results obtained from dry coal samples are different from moist coal
samples.

The offcuts of each cubic sample were crashed and used for vitrinite
reflectance, proximate analysis and ultimate analysis and the results are
summarised in Table 1. Maceral compositions for each sample were also
analysed based on 550 point counts of each sample and the results are
summarised Table 2. From these results, it can be seen that Sample 2
has less carbon and vitrinite contents compared to the other two sam-
ples.

2.2. Adsorption and diffusion measurement methods

The adsorption and diffusion measurements were conducted using a
tri-axial cell apparatus shown schematically in Fig. 1. The cubic sample
firstly was placed in a 3D-printed membrane which was printed using
photopolymer and had an outside diameter of 1.5 in. (3.81 cm). The
combination of cubic sample and 3D-printed membrane then was put in
a standard rubber sleeve, which was installed in a tri-axial cell for
measurements of gas diffusion, adsorption and permeability [37]. The
temperature of the sample cell was kept constant in a water bath to
ensure that all measurements were carried out at 34.5 °C. An ISCO
pump was used to supply confining pressure up to 9MPa. It should be
mentioned that after the sample was installed in the rig, a confining
pressure of 5MPa was applied and maintained about five hours to
consolidate the sample. The gas used for experiments was pure CH4.
During experiments, CH4 was injected to the sample from the up-stream
side. Diffusion and adsorption were measured under four gas pressure
steps. Pressure change against time was recorded at each pressure step
until the adsorption equilibrium was reached when pressure remained
unchanged. Then the permeability measurements were performed,

Table 1
Vitrinite reflectance and the compositions of the three samples.

Ro,max (%) Proximate analysis (mass%) Ultimate analysis (mass%)

volatile carbon ash C O Al Si Fe N

Sample 1 0.90 1.51 88.6 9.9 84.4 9.3 1.7 1.7 1.7 1.1
Sample 2 1.02 1.54 72.9 25.5 77.8 14.1 3.1 3.3 0.6 1.1
Sample 3 1.05 1.58 83.0 15.4 81.6 13.1 1.5 1.6 0.7 1.5
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which were detailed in Part II of this study [38].
The amount of adsorption directly calculated from the experimental

quantity is the excess adsorption, nads
excess [39]:

= −n n nads
excess

inj unads
excess (1)

where ninj is the gas quantity injected from the gas injection pump into
the sample cell and nunads

excess is the unabsorbed gas quantity. ninj can be
obtained by [39]:

= ⎛
⎝

⎞
⎠

n
p V
ZRT

Δ
inj

pump (2)

where p, ΔV and T are the pressure, volume change and temperature of
the gas injection pump, respectively. nunads

excess can be obtained by [39]:

= ⎛
⎝

⎞
⎠

n
pV
ZRTunads

excess void

cell (3)

where Vvoid is the void volume in the sample cell which can be de-
termined by injecting known amount of helium from the ISCO injection
pump from a separate and pre-perfromed experiment.

The excess adsorption can be converted to absolute adsorption using

the following equation [39]:

=
−

n
n
ρ ρ1 /ads

abs ads
excess

gas ads (4)

where nads
abs is the absolute adsorption amount, ρads is the adsorbed phase

density, 0.421 g/ml [40,41], and ρgas is the free gas density. It should be
noted that adsorbed phase density depends on the gas pressure, tem-
perature and the properties of the adsorbent surface and 0.421 g/ml is
the methane liquid density at the normal boiling point and is widely
used in the CBM reservoir engineering [42].

2.3. Diffusivity modelling

There were two widely applied diffusion models based on pore
structure of coal matrix: the unipore model and bidisperse model [2,9].
In this work, the experimental data was fitted with the bidisperse
model, which has been successfully applied to describe gas diffusion in
most coals (e.g., [3,22,43]).

Assuming the linear adsorption isotherm, the simplified bidisperse
diffusion model includes a macropore diffusion stage and a micropore

Table 2
Maceral composition results for the three samples.

Vitrinite (volume %) Liptinite (volume %) Inertinite (volume %) Minerals (volume %)

Telovitrinite Detrovitrinite Total Sporinite Cutinite Liptodetrinite Total Semifusinite Fusinite Inertodetrinite Total Minerals

Sample 1 45.1 4.0 49.1 1.3 3.0 3.0 7.3 24.3 11.3 4.3 39.9 3.7
Sample 2 30.0 4.7 34.7 0.3 11.3 2.3 13.9 32.0 5.0 2.3 39.3 12.0
Sample 3 50.3 4.0 54.3 0.7 5.3 1.0 7.0 25.7 4.7 2.0 32.4 6.3

Fig. 1. The tri-axial apparatus for diffusion and adsorption measurement (from [37]).
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diffusion stage [21], of which the macropore diffusion stage is:

∑ ⎜ ⎟= − ⎛
⎝

− ⎞
⎠∞ =

∞M
M π n

D n π t
R

1 6 1 expa

a n

a

a
2

1
2

2 2

2
(5)

where Ma is the total amount of adsorbed gas in macropores at time t,
Ra is the mean radius of macropores and Da is the macropore diffusivity.
The micropore diffusion stage is:

∑ ⎜ ⎟= − ⎛
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where Mi is the total amount of adsorbed gas in micropores at time t, Ri

is the mean radius of micropores and Di is the micropore diffusivity.
Therefore, the whole uptake can be simplified to [3]:

= +
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where β is the ratio of macropore adsorption to the total adsorption.

2.4. Pore structure

Knowledge of pore structure of coal is essential for studying gas
diffusion. In this work N2 adsorption at 77 K and CO2 adsorption at
273.15 K were performed to characterise surface area and pore volume.
Before N2 adsorption measurement, the samples of about 0.35 g each
were degassed at 383.15 K for 24 h. Then the samples were moved into
a Micromeritics ASAP 2020 surface area and porosimetry system for N2

adsorption/desorption at 77 K. The Brunauer–Emmett–Teller (BET)
surface area, pore volume and pore size distribution using BJH theory
were obtained. After that, the samples were degassed again at 383.15 K
for 24 h and then CO2 adsorption at 273.15 K was performed in the
Micromeritics ASAP 2020. The Langmuir surface area and pore volume
of the samples were obtained.

3. Results

3.1. Pore characterisation

Surface area and pore volume using N2 adsorption at 77 K and CO2

adsorption at 273.15 K are summarised in Table 3. The BET surface
areas using N2 adsorption for the three samples are about 2.98 to
4.24m2/g, with pore width lager than 17 Å, while the surface areas for
the three samples are from 48.5 to 58.0m2/g using CO2, with pore size
smaller than 37 Å. The BJH pore volumes using N2 adsorption are from
0.0099 to 0.014m3/g and the pore volumes using CO2 adsorption are
from 0.0162 to 0.0206m3/g for the three samples. It can be considered
that the N2 adsorption at 77 K is characterising mesopores and macro-
pores, while the CO2 adsorption at 273.15 K is characterising micro-
pores. Sample 2 has the largest surface area and pore volume by using
N2 and the smallest surface area and pore volume using CO2. This
corresponds well with the maceral composition of the samples, as
sample 2 has the lowest vitrinite content and highest liptinite content.
Literature results have indicated that vitrinite is mainly micro- and
mesoporous, inertinite is the most porous maceral group and mainly
mesoporous, and liptinite is the least porous maceral group and mainly
macroporous [44]. These results, combined with the coal composition

results summarised in Tables 1 and 2, suggest that Samples 1 and 3 are
similar in properties while Sample 2 is a bit different.

3.2. Adsorption results

Absolute adsorption isotherms for the three samples are plotted in
Fig. 2. The results show that Samples 1 and 3 have similar adsorption
capacity. However, Sample 2 shows lower adsorption. This is because
the ash yield of Sample 2 is the highest at 25.5%. When converting the
isotherms to dry ash free (d.a.f.) basis, as shown on the right side in
Fig. 2, the scattering of the adsorption results among the three samples
slightly reduces. The Langmuir model parameters are summarised in
Table 4. It can be seen from Table 4 that the Langmuir volume, VL, and
Langmuir pressure, PL, vary drastically among measurements in the
three directions for the same sample. However, the isotherms in Fig. 2
do not show such a big difference. This large difference in Langmuir
parameters for the same sample is mainly caused by the few data points
in each isotherm and the error in each measurement point may con-
tribute significantly to the Langmuir parameter variations.

Therefore, the slope of adsorption at VL/2 and PL was also used here
to better evaluate the Langmuir parameters. At pressure PL, the gas
adsorption reaches half of the adsorption capacity, VL/2. Table 5
summarised the VL/2PL values for all these measurements. From the
averaged VL/2PL values for each sample, it can be seen that Sample 1 is
more attractive to gas than the other two samples and this is corre-
sponding to the largest surface area for Sample 1. While Samples 2 and
3 have similar VL/2PL values, corresponding to similar surface areas for
the two samples.

3.3. Diffusion results

By fitting the experimental data using Eq. (7), diffusivity can be
obtained for each pressure step and each sample. Because the over-
parametrisation of the model, β, the ratio of macropore adsorption to
the total adsorption, is fixed to be the same for each sample to fit the
experimental data using the β value optimized for each sample [3]. It
should be noted that in the modelling using Eqs. (5)–(7), adsorption
isotherm is assumed to be linear with pressure. However, adsorption
isotherm is Langmuir type and this may cause error in diffusivity cal-
culation. Nevertheless, the adsorption isotherms shown in Fig. 2 are
relatively linear with respect to pressure as the coal rank is relative low.
Therefore, the diffusivity calculation assuming linear adsorption iso-
therm should still be accurate. Moreover, as the comparison is per-
formed for the three samples using the same modelling methodology,
the comparison is at least qualitatively meaningful.

Fig. 3 shows the examples of experimental results and modelling
results for the vertical direction of Sample 1 at four pressure steps. It
can be seen from the figure that the model is able to represent the
experimental data reasonably well with the same β to enable diffusivity
comparison performed later. The diffusion modelling results for the
three samples at three directions are summarised in Tables 6–8, re-
spectively.

The results show that typically the D R/a a
2 is within the range from

6.7×10−4 to 2.0×10−2 s−1 and it is about 1 to 2 orders of magni-
tude higher than that of the D R/i i

2 for the three samples studied. The
effective macropore and micropore diffusivity are also plotted in Fig. 4
and Fig. 5, respectively, with respect to mean gas pressure of the step
change.

As can be seen from the results, effective diffusivity for the mac-
ropore are from 6.7× 10−4 to 2.0× 10−2 s−1. Compared with lit-
erature results, Clarkson and Bustin [12] calculated the effective mac-
ropore diffusivity of 2×10−4 to 2×10−3 s−1 on four medium-
volatile bituminous dry coals with particle size of 4 mesh using me-
thane, fitting with a bidisperse model. It was 5.62× 10−4 to
1.06×10−3 s−1 on a dry 2.5 cm diameter cylindrical sample using CH4

with pressure from 0.6 to 4.0MPa [3]. Cui et al. [13] reported

Table 3
Surface area and pore volume results.

N2 BET
surface area
(m2/g)

N2 BJH pore
volume (m3/g)

CO2 Langmuir
surface area (m2/
g)

CO2 pore
volume (m3/
g)

Sample 1 3.29 0.0113 58.0 0.0206
Sample 2 4.24 0.0140 48.5 0.0162
Sample 3 2.98 0.0099 50.7 0.0170
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2.5×10−5 to 1.5×10−4 s−1 on a high volatile, moisture-equilibrium
bituminous coal sample (60 mesh) with pressure up to 5.77MPa using
CH4. These results are comparable except that moisture may sig-
nificantly reduce the gas diffusivity.

For effective micropore diffusivity, the range is 3.3× 10−6 to
2.1×10−4 s−1 from this work. Compared with literature results,
Clarkson and Bustin [12] reported effective micropore diffusivity of
2× 10−6 to 4×10−5 s−1 on four dry coals with particle size of 4 mesh
using methane, fitting with a bidisperse model. It was 9.05×10−6 to
2.37×10−5 s−1 from Pan et al. [3]. Cui et al. [13] reported
2.3×10−7 to 6.1×10−6 s−1 on a high volatile, moisture-equilibrium
bituminous coal sample. Again, these results show that the effective
micropore diffusivity results are comparable with the literature results
and moist samples show diffusivity an order of magnitude lower.

4. Discussion

4.1. Adsorption and heterogeneity

The isotherm results on d.a.f. basis (Fig. 2) show that adsorption is
highest for Sample 3, followed by Samples 1 and 2. This shows para-
bolic correlation with maximum vitrinite reflectance for the three
samples. This is in line with the literature results. For instance, Gurdal
and Yalcin [45] measured CO2 adsorption capacity of 81 Carboniferous
coals with different maturity. Their results showed that Langmuir gas
adsorption volume decreased with maturity up to the value of 1.1% for

Ro%, and then increased with respect to coal rank. Li et al. [46] ana-
lysed CH4 adsorption capacity of six Chinese pulverized coals and they
found that the Langmuir volume decreased first and then increased
after the maximum vitrinite reflectance (Ro, max) at 1.2%. The similar
parabolic trend of CO2 and CH4 sorption capacity with vitrinite re-
flectance, with a minimum at ∼1% of the vitrinite reflectance, for dry
coals also were indicated in Gensterblum et al. [47]. Although these
results showed parabolic relationship between Langmuir volume and
vitrinite reflectance, the parabolic relationship is only indicative.
Moreover, our work show positive correlation between adsorption and
vitrinite content. The effect of coal maceral on gas adsorption capacity
has been investigated and most work claimed that the vitrinite content
and gas adsorption capacity are positively correlated for the same rank
coals (e.g., [48–51]). However, other work found no obvious relation-
ship between coal maceral composition and gas sorption capacity (e.g.,
[52,53]).

Adsorption is also related to the surface area provided by the coal
matrix. Many literature results showed that surface area had a close
relationship with adsorption. For instance, Zhao et al. [54] conducted
CH4 adsorption experiments on coal samples and they found that larger
specific surface area led to higher CH4 adsorption. Fractal analyses for
13 fresh coal samples were performed to study the characteristic of
desorption-pores and it was found that more irregular coal surface and
more homogeneous pore structure led to higher CH4 adsorption capa-
city of coals [55]. Other work also found that more surface area led to
stronger adsorption capability but suggested more irregular surface and
the more inhomogeneous pore structures provided more surface area
[56]. Surface area in this work also shows positive correlation with
adsorption. Although surface area does not show good correlation with
Langmuir volume, it shows a good correlation with VL/2PL: Sample 1
has highest surface area thus the highest VL/2PL, while Samples 2 and 3
have similar surface areas and similar VL/2PL.

4.2. Diffusion and pressure relationship

As shown in Figs. 4 and 5, pressure has a significant impact on

Fig. 2. Absolute adsorptions for the three samples (error bar of 2.0 m3/t for visual assistance) (left: adsorption original; right: adsorption d.a.f.)

Table 4
Langmuir parameters for adsorption isotherms of the three samples.

Horizontal 1 Horizontal 2 Vertical

VL (mol/g) PL (MPa) VL (mol/g) PL (MPa) VL (mol/g) PL (MPa)

Original d.a.f. Original d.a.f. Original d.a.f.

Sample 1 24.4 27.5 2.83 24.9 28.1 2.55 23.4 26.4 2.43
Sample 2 16.8 23.0 1.49 27.7 38.0 5.13 17.6 24.1 2.18
Sample 3 35.8 43.1 4.80 24.1 29.0 2.29 34.7 41.8 5.34

Table 5
VL/2PL results of the three samples.

Horizontal 1 Horizontal 2 Vertical Average

Original d.a.f. Original d.a.f. Original d.a.f. Original d.a.f.

Sample 1 4.3 4.9 4.9 5.5 4.8 5.4 4.7 5.3
Sample 2 5.6 7.7 2.7 3.7 4.0 5.5 4.1 5.6
Sample 3 3.7 4.5 5.3 6.3 3.2 3.9 4.1 4.9
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effective diffusivity in different sized pores. It shows a general trend
that the effective macropore diffusivity increases with gas pressure and
the effective micropore diffusivity decreases with gas pressure in this
work. However, these trends are mixed from literature. Some literature
results showed that effective macropore diffusivity increased with gas
pressure (e.g., [3,12]), while some others showed that it decreased with
gas pressure [13]. For effective micropore diffusivity, the results from
Pan et al. [3] showed that its relationship with pressure was random.
Clarkson and Bustin [12] showed that it increased with pressure, while
Cui et al. [13] showed that it decreased with pressure.

Gas flow in porous media is related to Knudsen number, Kn, which
is defined as (eg., [57]):

=Kn λ L/ (8)

where λ is the mean free path of the gas molecules and L is the char-
acteristic length of the pore. Knudsen number is widely used to classify
gas flow regions in porous media: continuum region (Kn < 0.01),
transition (slip flow) region (0.01 < Kn<1) and Knudsen region

(Kn > 1) [58]. Fig. 6 illustrates the Knudsen number and flow region
with gas pressure up to 5MPa in a micropore of 2 nm, a macropore of
50 nm and a macropore of 300 nm. For gas flow in the micropore with
pressure up to 5MPa, the gas flow region transitions from Knudsen flow
to transition flow at about 3.3MPa. However, in the macropores, the
flow region is from transition flow to continuum flow. Therefore, the
different trends of diffusivity with gas pressure may be caused by the
different flow region change.

4.3. Sample heterogeneity on diffusion

To enable a better comparison of effective diffusivity among dif-
ferent samples, averaged effective diffusivity at different gas pressures
at different directions were considered. Fig. 7 shows the averaged ef-
fective micropore diffusivity at different gas pressures at different di-
rections for each sample with respect to CO2 pore volume. It shows that
effective diffusivity is quite different among the three samples and the
trend of the average effective micropore diffusivity with CO2 pore

Fig. 3. Diffusion modelling results (Sample 1, vertical direction).

Table 6
Effective diffusivity results of sample 1.

Horizontal direction 1 Absolute gas pressure step (MPa) 0–0.56 0.56–1.6 1.6–2.6 2.6–4.5

D R/a a
2 (s−1) 3.6× 10−3 5.4×10−3 6.6×10−3 7.8× 10−3

D R/i i
2 (s−1) 1.1× 10−4 5.7×10−5 2.4×10−5 2.5× 10−5

β 0.75 0.75 0.75 0.75

Horizontal direction 2 Absolute gas pressure step (MPa) 0–0.22 0.22–1.14 1.14–2.23 2.23–4.30

D R/a a
2 (s-1) 3.1× 10–3 4.7×10–3 6.5×10–3 7.0× 10–3

D R/i i
2 (s-1) 1.0× 10–4 6.6×10–5 3.4×10–5 8.7× 10–6

β 0.75 0.75 0.75 0.75

Vertical direction Absolute gas pressure step (MPa) 0–0.32 0.32–1.1 1.1–2.4 2.4–4.4

D R/a a
2 (s-1) (s-1) 2.2× 10–3 3.4×10–3 6.3×10–3 7.0× 10–3

D R/i i
2 (s-1) 8.1× 10–5 7.0×10–5 4.8×10–5 5.7× 10–6

β 0.75 0.75 0.75 0.75
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volume is not obvious. Fig. 8 shows the averaged effective macropore
diffusivity at different gas pressures at different directions for each
sample with respect to N2 pore volume. It also shows strong difference
among samples, however, the relationship of effective macropore dif-
fusivity with N2 pore volume is also not obvious. These mean that pore
volume or porosity is not a solo factor influencing the diffusivity. It was
found that effective diffusion coefficient in a porous media is propor-
tional to the diffusion coefficient in the absence of a porous medium
[59]. The ratio, termed as the diffusibility, of a homogeneous isotropic
macro porous media, is determined only by the structural properties of
the porous media and it was found to be inverse square of tortuosity,
proportional to porosity, and constrictivity, which is a parameter ac-
counts for the cross section of a segment variation over its length [59].
Therefore, diffusivity is also affected by tortuosity and constricitivity,
which are also different among the samples.

4.4. Diffusion anisotropy

From Figs. 7 and 8, it can be seen that the effective diffusivity shows
anisotropy but the anisotropy ratios are different. Sample 1 shows the
lowest anisotropy for both effective macropore and micropore diffu-
sivity. While Samples 2 and 3 show strong diffusion anisotropy.
Moreover, the anisotropic diffusion direction is different among the
three samples. To compare the anisotropy of different flow parameters,
Table 9 shows the relative strength among different directions for each
sample. It can be seen from the table that there is no relationship of
permeability, effective macropore diffusivity and effective micropore
diffusivity with directions. The permeability results are from part II of
this work [38]. This is because that these flow properties are for dif-
ferent pores. In permeability measurement, gas flowed through the
sample, which was pre-saturated after the diffusion/adsorption ex-
periment. Gas flowed mainly in the fractures and it was related to the
pattern and geometry of the fracture system and had little impact from
the pore structures in the matrix, as the pressure difference applied in
the measurement was small [38] and matrix pore structure did not
contributed to the flow in permeability measurement. During the dif-
fusion measurement, gas first flowed in/through the fracture/cleat
systems and gas was also quickly transporting into the coal matrix
through the matrix pore structure. Therefore, the flow-through ex-
periment at the saturated coal and the flow-in experiment during ad-
sorption measure different flow properties. This also means that the
pore structure of the coal can be better described as triple porosity as
the flow properties in the fracture, macropore and micropore are

Table 7
Effective diffusivity results of sample 2.

Horizontal
direction
1

Absolute gas
pressure step
(MPa)

0.0–0.59 0.59–1.7 1.7–2.8 2.8–4.4

D R/a a
2 (s-1) 5.2× 10–3 7.9× 10–3 8.1× 10–3 1.5× 10–2

D R/i i
2 (s-1) 9.2× 10–5 6.6× 10–5 3.3× 10–6 2.7× 10–5

β 0.8 0.8 0.8 0.8

Horizontal
direction
2

Absolute gas
pressure step
(MPa)

0.0–0.41 0.41–1.4 1.4–2.6 2.6–4.7

D R/a a
2 (s-1) 3.3× 10–3 5.0× 10–3 6.4× 10–3 8.0× 10–3

D R/i i
2 (s-1) 1.7× 10–4 5.4× 10–5 1.1× 10–5 2.0× 10–5

β 0.8 0.8 0.8 0.8

Vertical
direction

Absolute gas
pressure step
(MPa)

0.0–0.37 0.37–1.4 1.4–2.5 2.5–4.6

D R/a a
2 (s-1) 5.5× 10–3 4.9× 10–3 1.0× 10–2 1.4× 10–2

D R/i i
2 (s-1) 2.1× 10–4 9.8× 10–5 6.0× 10–6 5.3× 10–5

β 0.8 0.8 0.8 0.8

Table 8
Effective diffusivity results of sample 3.

Horizontal
direction
1

Absolute gas
pressure step
(MPa)

0.0–0.56 0.56–1.5 1.5–2.7 2.7–4.6

D R/a a
2 (s-1) 1.1× 10–3 4.6× 10–3 9.6× 10–3 2.0× 10–2

D R/i i
2 (s-1) 4.1× 10–5 3.1× 10–5 2.2× 10–5 2.9× 10–5

β 0.8 0.8 0.8 0.8

Horizontal
direction
2

Absolute gas
pressure step
(MPa)

0.0–0.30 0.30–1.2 1.2–2.4 2.4–4.4

D R/a a
2 (s-1) 1.3× 10–3 4.5× 10–3 6.5× 10–3 1.5× 10–2

D R/i i
2 (s-1) 6.6× 10–5 4.7× 10–5 2.5× 10–5 5.0× 10–5

β 0.8 0.8 0.8 0.8

Vertical
direction

Absolute gas
pressure step
(MPa)

0.0–0.51 0.51–1.5 1.5–2.6 2.6–4.5

D R/a a
2 (s-1) 6.7× 10–4 3.5× 10–3 5.1× 10–3 9.0× 10–3

D R/i i
2 (s-1) 1.1× 10–4 4.2× 10–5 4.0× 10–6 2.3× 10–5

β 0.8 0.8 0.8 0.8

Fig. 4. The effective macropore diffusivity with respect to pressure for the three samples.
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different. Furthermore, the anisotropy of the pore structure at different
sizes causes the different flow anisotropy as shown in Table 9.

It should be noted that if a flow-through experiment was performed
at an unsaturated sample, it may be possible to calculate both perme-
ability and diffusion [60]. However, this will rely on the flow models
(and the numerical model) in the interpretation of the results, making
the data analyses more difficult.

5. Conclusions

In this work, CH4 diffusion and adsorption experiments were per-
formed on three cubic samples from a same coal block from the Bowen
Basin to study the impact from sample heterogeneity and anisotropy on
adsorption and diffusion. Based on the findings from this work, below
conclusions can be drawn:

1. Although the samples were from the same coal block, the adsorption
isotherms are different. They differ slightly on the d.a.f. basis and
show correlation with vitrinite composition, vitrinite reflectance
and surface area.

2. Effective diffusivity shows relationship with pressure. Effective
macropore diffusivity increases with pressure and effective micro-
pore diffusivity decreases with pressure. As pressure increases, the
gas flow region transitions from Knudsen flow to transition flow in
micropores and from transition flow to continuum flow in macro-
pores. The difference in the flow region change may be a part of the
reason for different diffusivity pressure relationships at different
pores.

3. Diffusion is heterogeneous among samples with Sample 2 showing
the highest effective diffusivity in general, especially for the effec-
tive micropore diffusivity and Sample 3 showing the lowest effective
diffusivity. Their relationship with porosity is not obvious and it is
also related to tortuosity and constrictivity, which are difficult to

Fig. 5. The effective micropore diffusivity with respect to pressure for the three samples.

Fig. 6. Flow regions for different pores with respect to gas pressure.

Fig. 7. The relationship between effective micropore diffusivity and CO2 pore volume.
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measure.
4. Diffusion shows anisotropy, however the relationships with direc-

tion are different among different samples. This shows that the pore
structure at different levels have different anisotropy. This warrants
that the impact of diffusion anisotropy needs to be studied for CBM
production, as a directional and triple porosity model may be re-
quired.
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Sample 3 L H M H M L M L H
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vertical direction; H means high; M means middle; L means low.
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