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A B S T R A C T   

The tests on gas (CH4 or CO2) desorption-diffusion in coal particles, together with the analytical unipore or 
bidisperse diffusion model, are widely used to study the gas diffusion behavior, but the fitted diffusion coefficient 
always increases with particle size, which makes it difficult to determine an identical diffusion coefficient for coal 
particles. In this work, five sets of anthracite particles with different sizes are prepared, and tests on CO2 
desorption-diffusion in different coal particles are carried out. Four continuum models (including an analytical 
unipore diffusion model, an analytical bidisperse diffusion model, a numerical unipore diffusion model, and a 
dual-porosity model) and a discrete fracture model are established. The continuum models can all fit the 
experimental results well, while the fitted diffusion coefficients always increase with particle size. Based on the 
identical matrix’s side length, matrix diffusion coefficient, and fracture diffusion coefficient, the discrete fracture 
model fits the experimental results of different coal particles successfully, and the size effect of diffusion coef
ficient is resolved. The diffusion coefficient fitted by the continuum models is the equivalent diffusion coefficient 
of matrix diffusion and fracture diffusion, so the equivalent diffusion coefficient increases with fracture path (i.e., 
particle size), and the size effect of diffusion coefficient occurs. The results provide an insight into the size effect 
of diffusion coefficient and make it possible to determine an identical diffusion coefficient for coal particles of 
different sizes.   

1. Introduction 

Coalbed methane (CBM) production, CO2 enhanced CBM recovery 
(CO2-ECBM), and CO2 storage in coal seams all involve gas adsorption/ 
desorption-diffusion-seepage in pores and fractures [1–4]. Tests on gas 
steady seepage through cylindrical coal samples are carried out widely 
to determine the permeability, in which Darcy’s law is used directly 
[5,6]. Similarly, tests on gas diffusion through a thinly sliced coal sample 
are also used to determine the diffusion coefficient, in which Fick’s law 
is applied [7–9]. 

CH4 is mainly stored on the pore surface of the coal matrix in an 
adsorption state. For CBM recovery, the adsorbed gas first desorbs into 
the free state (the desorption time is negligible compared with the 
diffusion process), then the free gas diffuses through the pores to the 
fractures, and finally flows through the fractures to the well [10]. 
Accordingly, CH4 desorption-diffusion tests in coal particles, rather than 
through the sliced coal sample, are used more widely to determine the 
diffusion coefficient. Preparation of the coal sample and measurement of 

the gas diffusion amount in the ‘particle method’ are also much easier 
than those in the ‘sliced method’ [11]. 

Corresponding to the ‘particle method’, the classical unipore diffu
sion model is mostly used to study the diffusion behavior and determine 
the diffusion coefficient [12]. The unipore diffusion model is actually 
the application of Fick’s second law in spherical porous media. 
Assuming that the pores are uniform and the diffusion coefficient is 
constant, Crank [13] gives an analytical solution to the unipore diffusion 
model with a constant gas concentration on the sphere surface. Based on 
the ‘particle method’ and the analytical solution of the unipore diffusion 
model, the effects of gas type, gas temperature, gas pressure, coal rank 
and particle size on the diffusion coefficient can be analyzed [14,15]. 

Table 1 summarizes the variation of the CH4 diffusion coefficient (D, 
m2/s) with the average diameter of coal particles [16–24]. It shows that 
the diffusion coefficients all increase with particle size. Scholars believe 
that this is due to the existence of ‘extreme particle size’ (i.e., coal matrix 
size) [12,23,25]. When the coal sample is smaller than the extreme 
particle, the gas diffusion resistance is related to the particle size. When 
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the coal sample is larger than the extreme particle, it would be divided 
by fractures with minor transport resistance, so the diffusion coefficient 
of a large coal particle increases with particle size. Table 1 shows that 
the size effect of ‘diffusion coefficient increasing with particle size’ al
ways exists when the average diameter of coal particles is as small as 
0.005 mm and as large as 20 mm. An identical diffusion coefficient for 
different coal particles is unable to be determined. Clearly, this size ef
fect poses challenges in applying the diffusion coefficients obtained from 
coal particles to engineering-sized coal seams. 

Scholars [17,24,26] have also attempted to analyze this size effect 
using the effective diffusion coefficient De = D/R2 (1/s, where R is the 
coal particle radius or gas diffusion path). As listed in Table 1, the 
diffusion coefficient D increases with R, while De decreases with R. For 
this reason, the coal particle size when De tends to be stable is regarded 
as the matrix size, and the decrease of De is attributed to the pore volume 
decreasing with particle size [27–30]. In fact, Dmax/Dmin is less or much 
less than (Rmax/Rmin)2, leading to a decrease in De. It is doubtful to 
determine the coal matrix size and diffusion coefficient according to De. 

The analytical unipore diffusion model does not distinguish between 
adsorbed gas and free gas. When applied to gas desorption-diffusion in 
coal particles, it cannot accurately represent the nonlinear desorption 
with gas pressure decreasing [31]. It can fit the early stage of CH4 
desorption-diffusion in coal particles well, but its fitting of the middle 
stage is not good [32]. It can fit CH4 desorption-diffusion in high-rank 
coal well, but its fitting of medium-rank coal and low-rank coal is not 
good [33]. 

The analytical bidisperse diffusion model, proposed by Ruckenstein 
et al. [34], includes macropore diffusion coefficient Da, micropore 
diffusion coefficient Di, and the ratio of macropore adsorption/desorp
tion to the total adsorption/desorption β. Its fitting of CH4 desorption- 
diffusion in coal particles is better than the unipore diffusion model, 
but it needs to solve transcendental equations. The determination of the 
three fitting parameters also lacks certain rules, which would cause 
overfitting and uncertainties [35,36]. Another improvement of the 
analytical bidisperse diffusion model is that the free gas in the macro
pore and the adsorbed gas in the micropore are considered, respectively. 
But it adopts a linear adsorption model based on Henry’s law, which is 
not suitable for CH4 or CO2 adsorption in coal [37]. 

Table 2 lists the CH4 diffusion coefficients fitted by the analytical 
bidisperse diffusion model for different coal particles [38–40]. In order 
to reduce the fitting parameters, the effective micropore diffusion co
efficient Die = Di/Ri

2 and the effective macropore diffusion coefficient 
Dae = Da/Ra

2 are used in the literature, where Ri is the microsphere 
radius and Ra is the macrosphere radius. Similar to the analytical uni
pore diffusion model, the effective diffusion coefficients, Die and Dae, 

both decrease with particle size, and the macropore diffusion coefficient 
Da (determined by Da = Dae × Ra

2) still increases with particle size. The 
size effect of the diffusion coefficient still exists. 

Other models have also been proposed to study the coal particle size- 
dependent diffusion coefficient. Based on a dual-permeability model, 
Zhao et al. [41] simulate gas desorption-diffusion/seepage in coal par
ticles with one fracture and indicate that the apparent permeability of 
the matrix also increases with particle size. Based on a combined model 
considering fracture flow, matrix diffusion, and surface sorption pro
cesses, Zhao et al. [42] simulate gas transport in coal particles and 
indicate that the matrix diffusion coefficient also increases with particle 
size. Based on a time-dependent dynamic diffusion coefficient model, 
Wang et al. [43] simulate gas diffusion-adsorption in coal particles and 
indicate that the initial diffusion coefficient also increases with particle 
size. 

The pore-fracture structures of different scales in coal are the 
inherent mechanisms controlling gas diffusion laws [44–46]. Different 
stimulation methods also lead to the further evolution of pores and 
fractures [47,48]. The microscopic pores and microscopic fractures 
contribute to the highest fractions of porosity [49,50]. The mesopores 
(2–50 nm) greatly affect gas diffusion in long-flame coal, and the 
diffusion coefficient increases with mesopore volume [51]. The pore/ 
facture width that corresponds to the inflection points of the fractal 
curves can be considered to be a critical value for determining the pores 
and the fractures in coal [52]. Diffusion models considering the fractal 
characteristics of pores and fractures [53,54], local diffusion based on 
3D microcomputed X-ray tomography images [55], or molecular 
transport in a combined matrix and nano-fracture system are also pro
posed [56]. However, the determination of an identical matrix size (or 
representative elementary volume where gas diffuses) and an identical 
diffusion coefficient for different coal particles is still challenging. 

In view of this, the main objective of the present work is to obtain a 
consistent diffusion coefficient for coal particles of different sizes. Tests 
on gas desorption-diffusion in coal particles of five sizes are carried out. 
The analytical unipore diffusion model, analytical bidisperse diffusion 
model, numerical unipore diffusion model, dual-porosity model, and 
discrete fracture model are used to fit the experimental results, respec
tively. The size effect of the diffusion coefficient is discussed in detail. 

2. Materials and methods 

2.1. Sample preparation 

The anthracite coal from the No. 3 coal seam of Qinshui Basin 
(Shanxi Province, China) is used in this work. When the coal blocks are 

Fig. 1. The experimental system for gas adsorption/desorption-diffusion.  
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collected at the coal mining face, they are sealed and sent to the labo
ratory immediately. Then, the coal blocks are crushed and screened to 
obtain coal particles with sizes of 0.5–0.58, 1.7–2.0, 4.0–4.75, 6.0–8.0, 
and 8.0–9.5 mm, respectively. Afterwards, the coal particles are dried at 
333 K for 24 h in a drying oven for subsequent adsorption/desorption- 
diffusion tests. 

2.2. Adsorption/Desorption-diffusion test procedure 

Tests on CO2 adsorption/desorption-diffusion in coal particles are 
carried out by the experimental system shown in Fig. 1. The main steps 
are as follows:  

(1) Place the sample cell containing 70 g of dry coal particles of 
selected size in the water bath at 303 K.  

(2) Vacuumize the sample cell to 20 Pa.  
(3) Inject 1.5 MPa of He into the sample cell for 12 h.  
(4) Open the gas outlet valve of the sample cell. Collect and record 

the total volume of discharged He by the drainage method under 
local atmospheric pressure.  

(5) Repeat step (2).  
(6) Inject 1.5 MPa of CO2 into the sample cell for 48 h.  
(7) Open the gas outlet valve of the sample cell. Collect and record 

the cumulative desorption-diffusion volume of CO2 at different 
times by the drainage method.  

(8) Replace coal particles of other sizes and repeat steps (1)–(7). 

2.3. Mathematical model 

In this section, a discrete fracture model is established to fit gas 
desorption-diffusion in coal particles and study the size effect of the 
diffusion coefficient. The analytical unipore diffusion model, analytical 
bidisperse diffusion model, numerical unipore diffusion model and dual- 
porosity model are also introduced briefly. 

2.3.1. Analytical unipore diffusion model (AU model) 
Assuming that gas diffusion in coal follows Fick’s first law, the mass 

conservation equation for gas diffusion in a spherical coal particle can be 
defined as [13]: 

∂C
∂t

= D
(

∂2C
∂r2 +

2
r

∂C
∂r

)

(1)  

where C is gas concentration (mol/m3), D is diffusion coefficient (m2/s), 
t is time (s), and r is the distance from the sphere center (m). 

The initial and boundary conditions are: 

C(0, r) = C0 (2)  

C(t, R) = Cb (3)  

where C0 is the initial gas concentration in the sphere (mol/m3), Cb is the 
gas concentration on the sphere surface (mol/m3), and R is the sphere 
radius (m). 

The solution to Eqs. (1)–(3) with a constant diffusion coefficient in 
the coal can be expressed as [13]: 

Mt = M∞

[

1 −
6
π2

∑∞

n=1

1
n2 exp

(

−
Dn2π2t

R2

)]

(4)  

where Mt and M∞ are the total amount of gas desorbed-diffused from the 
sphere at times t and ∞ (i.e., desorption equilibrium), respectively. Mt 
and M∞ are both m3/kg in SI units, that is, the diffused gas volume per 
unit mass of coal particles. It should be noted that, to facilitate the 
expression of Figs. 2–7 and 9, the gas diffusion amount is in the unit of 
cm3/g. 

2.3.2. Analytical bidisperse diffusion model (AB model) 
Assuming that the spherical macroporous particle is composed of 

small spherical microporous particles, gas diffusion in the microsphere 
and macrosphere can be defined, respectively, as [34]: 

(ϕi + SiHi)
∂Ci

∂t
=

ϕiDi

r2
i

∂
∂ri

(

r2
i
∂Ci

∂ri

)

(5)  

(ϕa + SaHa)
∂Ca

∂t
+N4πR2

i ϕiDi

(
∂Ci

∂ri

)

ri=Ri

=
ϕaDa

r2
a

∂
∂ra

(

r2
a
∂Ca

∂ra

)

(6)  

where ϕ is the porosity, S is the surface area of pore (m2/m3), and H is 
Henry’s law constant for adsorption (m3/m2). The subscripts ‘i’ and ‘a’ 
indicate micropore and macropore, respectively. The third term on the 
left side of Eq. (6) represents the gas diffusion from the microsphere to 
the macrosphere. N is the number of microspheres per unit macrosphere 
volume, and Ri is the microsphere radius (m). 

The initial and boundary conditions are: 

Ci(0, ri) = Ca(0, ra) = C0 (7)  

Ca(t, Ra) = Cb (8)  

Ci(t, Ri) = Ca(t, ra) (9)  

where Ra is the coal particle radius (m). 
If Di is much smaller than Da (the threshold given by Ruckenstein 

[34] is DiϕiR2
a (ϕa+SaHa)

DaϕaR2
i (ϕi+SiHi)

< 10− 3), the gas diffusion can be simplified into a 

fast stage dominated by macropore diffusion and a slow stage dominated 
by micropore diffusion. The solution to Eqs. (5)–(9) can be expressed as 
[11 38–40 57]: 

Mt = λbM∞

[

1 −
6
π2

∑∞

n=1

1
n2 exp

(

−
Dan2π2t

R2
a

)]

+(1 − λb)M∞

[

1 −
6
π2

∑∞

n=1

1
n2 exp

(

−
Din2π2t

R2
i

)] (10)  

where λb = Ma∞
Ma∞+Mi∞

, and M∞ = Ma∞ + Mi∞. 

2.3.3. Numerical unipore diffusion model (NU model) 
Assuming that the porous coal particle (which can be of any shape) 

contains both free gas and adsorbed gas, the free gas diffusion in coal 

Fig. 2. Diffusion amount of CO2 in coal particles with an average radius of 
0.27, 0.925, 2.1875, 3.5, and 4.375 mm. 
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follows Fick’s first law, and the adsorbed gas desorbs instantaneously, 
the mass conservation equation for gas desorption-diffusion in a coal 
particle can be expressed as [58]: 

∂
∂t
(
ϕC1Mg + C2Mg

)
− ∇⋅

(
MgD∇C1

)
= 0 (11)  

where C1 is the free gas concentration (mol/m3), C2 is the adsorbed gas 
concentration (mol/m3), and Mg is the molecular weight of gas (kg/ 
mol). 

If the free gas is regarded as an ideal gas, C1 can be defined as: 

C1 =
p

RT
(12)  

where p is gas pressure (Pa), T is gas temperature (303 K, corresponding 
to the water bath temperature in Section 2.2), and R is the ideal gas 

constant (8.314 J/(mol•K)). 
If the isothermal adsorption of CO2 in coal follows the Langmuir 

equation, C2 can be expressed as: 

C2 =
VLp

PL + p
⋅
ρcpst

RTst
(13)  

where VL and PL are the Langmuir volume constant (m3/kg) and pres
sure constant (Pa), respectively. ρc is coal density (kg/m3). pst and Tst are 
the standard pressure (0.1 MPa) and temperature (273 K), respectively. 

Substituting Eqs. (12) and (13) into Eq. (11) yields: 

Mg

RT

(

ϕ +
ρcpstT

Tst

VLPL

(PL + p)2

)
∂p
∂t

= ∇⋅
(

Mg

RT
D∇p

)

(14)  

Fig. 3. Back-calculation of diffusion coefficient by the analytical unipore model.  
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b b b

Fig. 4. Back-calculation of diffusion coefficient by the analytical bidisperse model.  
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2.3.4. Dual-porosity model (DP model) 
According to the dual-porosity concept, the coal particle is composed 

of matrix blocks (porous medium with pore networks) and fracture 
networks [59–62]. The matrix system and fracture system are both 
continuously distributed in the coal. Based on the same assumptions as 
the ‘numerical unipore diffusion model’ in Section 2.3.3, gas desorption- 
diffusion in the two systems can be expressed as: 

λd
Mg

RT

⎛

⎜
⎝ϕ +

ρcpstT
Tst

VLPL
(

PL + pf

)2

⎞

⎟
⎠

∂pf

∂t
= ∇⋅

(
Mg

RT
Df∇pf

)

+Qm (15)  

(1 − λd)
Mg

RT

(

ϕ +
ρcpstT

Tst

VLPL

(PL + pm)
2

)
∂pm

∂t
= ∇⋅

(
Mg

RT
Dm∇pm

)

− Qm (16)  

where the subscripts ‘f’ and ‘m’ indicate the fracture and matrix, 
respectively. λd is the ratio of the gas amount (including adsorbed gas 
and free gas) in fracture to the total gas amount in coal. In order to 
reduce the parameters required for the numerical model, the identical ϕ, 
VL, and PL as presented in Eq. (14) are used here for both matrix and 
fracture. The difference between matrix and fracture is mainly reflected 
by λd, Dm, and Df . 

Qm is the mass transfer rate of gas diffusion from matrix to fracture 
(kg/(m3•s)), and is defined as: 

Q =
Mg

RT
pm − pf

τ (17)  

where τ is the desorption-diffusion time (s). 
For gas diffusion in the matrix, the pseudo-steady-state equation is 

commonly used (i.e., the first term on the right side of Eq. (16) is 

Fig. 5. Back-calculation of diffusion coefficient by the numerical unipore model.  

C. Wei                                                                                                                                                                                                                                             



Chemical Engineering Journal 493 (2024) 152509

8

d d d

Fig. 6. Back-calculation of diffusion coefficient by the dual-porosity model.  
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deleted) in previous studies [59–62]. In that case, substituting Eq. (17) 
into Eqs. (15) and (16) yields: 

λd
Mg

RT

⎛

⎜
⎝ϕ +

ρcpstT
Tst

VLPL
(

PL + pf

)2

⎞

⎟
⎠

∂pf

∂t
= ∇⋅

(
Mg

RT
Df∇pf

)

+
Mg

RT
pm − pf

τ (18)  

(1 − λd)
Mg

RT

(

ϕ +
ρcpstT

Tst

VLPL

(PL + pm)
2

)
∂pm

∂t
= −

Mg

RT
pm − pf

τ (19)  

2.3.5. Discrete fracture model (DF model) 
If discrete fractures are introduced into the ‘numerical unipore 

diffusion model’ in Section 2.3.3, Eq. (14) can be applied directly to gas 
diffusion in discrete matrixes as follows: 

Mg

RT

(

ϕ +
ρcpstT

Tst

VLPL

(PL + p)2

)
∂p
∂t

= ∇⋅
(

Mg

RT
Dm∇p

)

(20)  

where Dm is gas diffusion coefficient in the coal matrix (m2/s). 
The storage of adsorbed gas in fractures is not considered to reduce 

model parameters. The free gas diffusion in fractures also follows Fick’s 
first law. If the geometry thickness of fractures is considered in the nu
merical model, the mass conservation equation for gas diffusion in 
fractures would be similar to Eq. (20), except that the first and second 
terms in the left parenthesis of Eq. (20) are 1 and 0, respectively. The 
governing equation can be expressed as: 

Fig. 7. The discrete fracture model with a cubic matrix of 0.27 × 0.27 × 0.27 mm3.  

Table 3 
Parameters used in the analytical and numerical models.  

Variable Parameter Value Unit 

Mg CO2 molar mass 0.044 kg/mol 
R Ideal gas constant 8.314 J/ 

(mol•K) 
pst Standard pressure 0.1 MPa 
Tst Standard temperature 273 K 
VL Langmuir volume constant 0.0315 m3/kg 
PL Langmuir pressure constant 0.44 MPa 
ϕ Porosity of coal 0.1  
ρc Density of coal 1460 kg/m3 

T Gas temperature 303 K 
p0 Initial gas pressure 1.5 MPa 
pb Gas pressure on particle surface 0.1 MPa 
M∞ The total amount of diffused gas 19.4 cm3/g 
R, Ra Coal particle radius 0.27, 0.925, 

2.1875, 3.5, 4.375 
mm 

Ri Microsphere radius 0.001 mm 
λb The ratio of macropore 

desorption to the total desorption 
0.9, 0.5, 0.1  

λd The ratio of gas amount in 
fracture to the total gas amount 

0.9, 0.5, 0.1  

D, Da, Di, 
Dm, Df 

Diffusion coefficient unknown m2/s  
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Mg

RT
∂p
∂t

= ∇⋅
(

Mg

RT
Df∇p

)

Ω fracture (21)  

where Df is the gas diffusion coefficient in fractures (m2/s). 
For the numerical solution of Eq. (21), the fracture domains require a 

dense mesh consisting of a great number of tiny elements. The numerical 
solution would be time-consuming and even unsolvable. Here, an effi
cient and accurate method, the weak form of PDE (partial differential 
equation) modes in the commercial software COMSOL Multiphysics 
[63], is used to jointly model the fracture and matrix diffusions in a 
fractured block. The fractures are represented as the boundaries be
tween adjacent matrix blocks. By accounting for the fracture’s thickness, 
gas diffusion in fractures can be expressed as: 

Mg

RT
dfrac

∂p
∂t

= ∇⋅
(

Mg

RT
Df dfrac∇p

)

∂Ω fracture (22)  

where dfrac is the fracture thickness or opening (m). 

2.3.6. Analytical/Numerical model setup 
Based on the AU (Eq. (4)), AB (Eq. (10)), NU (Eq. (14)), DP (Eqs. (18) 

and (19)) and DF (Eqs. (20) and (22)) models mentioned above, tests of 
CO2 desorption-diffusion in coal particles carried out in Section 2.3 can 
be fitted analytically or numerically. The commercial software, COM
SOL Multiphysics [63], is used here to solve the NU, DP, and DF models, 
respectively. 

Model geometry. Spheres with a radius of 0.27, 0.925, 2.1875, 3.5, 
and 4.375 mm are established for the AU, AB, NU, and DP models. The 
geometry of the DF model is detailed in Section 3.6. 

Initial conditions. The initial gas pressure p0 of 1.5 MPa is preset. 
Boundary conditions. On the outer surface, an atmospheric pres

sure pb of 0.1 MPa is preset. 
Most parameters used in the analytical and numerical models are 

listed in Table 3. The parameters VL and PL are determined based on the 
isothermal adsorption tests by the Beishide 3H-2000PH instrument 
(Beishide Instrument Technology (Beijing) Co., Ltd.) [31]. The total 
amount of gas desorbed-diffused from the particles, M∞, is determined 
by: 

M∞ =

(
ϕ
ρc

p0

pst

Tst

T
+

VLp0

PL + p0

)

−

(
ϕ
ρc

pb

pst

Tst

T
+

VLpb

PL + pb

)

(23)  

where the first and second parentheses are the initial and final gas 
content in coal particles, respectively. The first and second terms in the 
parentheses represent the free and adsorbed gas content, respectively. 

3. Results and discussion 

3.1. Experimental results 

Based on the He volume (i.e., the dead space of the sample cell and 
coal particles) in step (4) of Section 2.2, environment temperature, local 
atmospheric pressure, and water column height in the measuring cyl
inder, the cumulative desorption-diffusion volume of CO2 recorded in 
step (7) of Section 2.2 is corrected to the volume at standard condition. 
Then the standard volume is divided by the total mass of coal particles, 
and the gas diffusion amount (cm3/g, the diffused gas volume per unit 
mass of coal particles) as shown in Fig. 2 is obtained. The smaller the 
particle size, the faster the desorption-diffusion rate in the early stage 
and the shorter the time required to reach desorption-diffusion equi
librium, which is consistent with previous studies. 

The final diffusion amounts of different coal particles are nearly 
identical, which is consistent with the results of [38,57,64] but different 
from those of [19,21,39,65]. The reasons may include two aspects: 

(1) In previous experiments on gas desorption-diffusion in coal par
ticles, the gas discharged in the first few seconds (such as 5 s) is 

usually not collected to remove the gas in dead space. Consid
ering the fact that the stacking porosity of coal particles varies 
with particle sizes and the gas desorption-diffusion rate near the 
particle surface is very fast in the first few seconds, this method 
may cause significant errors. In the present work, the volume not 
occupied by coal particles in the sample cell is measured by he
lium gas first. All the CO2 discharged in the desorption-diffusion 
experiment is then collected. The actual desorption-diffusion 
amount of CO2 is determined by the difference between the two 
datasets. The present method can improve data accuracy.  

(2) The larger the coal particle, the longer the adsorption/desorption 
equilibrium time requires. In previous experiments, the adsorp
tion time was usually 12–24 h and the desorption time was 2–3 h 
[16–23]. The adsorption/desorption equilibrium may not be 
achieved. In the present experiments, the adsorption time is 48 h 
and the desorption time is 8 h. The adsorption/desorption equi
librium is more likely to be achieved. 

3.2. Back-calculation of diffusion coefficient by the analytical unipore 
model 

Fig. 3 shows the fitting of the analytical unipore model to experi
mental results. For each coal particle, a series of values are assigned to 
the diffusion coefficient D to fit the diffusion process. The mean relative 
error for each D is also calculated. The fitting results by five represen
tative diffusion coefficients are presented, in which the third (red) curve 
in Fig. 3(a–e) has the smallest fitting error (as listed in Table 5). The 
analytical unipore model cannot perfectly fit the experimental results. It 
can be roughly determined that the diffusion coefficients of coal parti
cles with a radius of 0.27, 0.925, 2.1875, 3.5, and 4.375 mm are 0.045, 
0.25, 1.0, 3.0, and 5.0 × 10-10 m2/s, respectively. The diffusion coeffi
cient increases with particle size, which is consistent with previous 
studies [16–24]. 

As shown in Fig. 3(f), although the diffusion coefficient D increases 
with particle size, the effective diffusion coefficient De (De = D/R2, 1/s) 
decreases and tends to be stable with particle size. Scholars [25,26] have 
determined the coal particle size when there is no significant change in 
De as the coal matrix size. The doubts are as follows:  

(1) The diffusion coefficient D characterizes the connectivity of pores 
and gas diffusion resistance. It seems more reasonable to deter
mine the coal matrix size according to D rather than De. 

(2) The total gas diffusion rate on the particle surface can be deter
mined by Eq. (4) as Qt = dMt

dt = 6M∞
∑∞

n=1Detexp
(
− Den2π2t

)
, 

m3/(kg•s) or cm3/(g•s). It indicates that De relates to the total gas 
diffusion rate on the particle surface rather than the local diffu
sion velocity inside the particle. Obviously, the larger the coal 
particle, the longer the path of gas diffusion from the inside to the 
surface of the particle, and the slower the total diffusion rate.  

(3) De is inversely proportional to R2. Here, R increases by 16.2 times 
from 0.27 to 4.375 mm, and D increases by 111.1 times from 4.5 
to 5.0 × 10-10 m2/s, but R2 increases by 262.4 times. As particle 
size increases, R2 increases faster than D, leading to De decreasing 
and tending to be stable. 

3.3. Back-calculation of diffusion coefficient by the analytical bidisperse 
model 

The analytical bidisperse model includes three fitting parameters: λb, 
Di, and Da. In this section, three typical cases of λb = 0.9, 0.5, and 0.1 are 
considered, respectively. Theoretically, the microporous characteristics 
of coal particles with different sizes should be similar. When the 
experimental results of different coal particles are fitted with the same 
λb, the micropore diffusion coefficient Di stays the same. 

Take λb = 0.5 as an example. First, an initial value is assigned to Di, 
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and a series of Da are used to fit the experimental results. The fitting 
errors are also calculated. Then, a new value is assigned to Di, and fitting 
results with different Da are calculated again. Finally, the optimal Di 
with the smallest error is confirmed for λb = 0.5. Meanwhile, Da for each- 
sized particle is also determined, respectively. 

As shown in Fig. 4, for λb = 0.9, the analytical bidisperse model with 
Di = 5 × 10-16 m2/s fits the experimental results of all particles well. The 
macropore diffusion coefficients Da for coal particles with a radius of 
0.27, 0.925, 2.1875, 3.5, and 4.375 mm are 0.04, 0.23, 1.0, 2.6, and 4.5 
× 10-10 m2/s, respectively. For the same coal particles, the Da deter
mined by the analytical bidisperse model is similar to the D determined 
by the analytical unipore model. In fact, if λb = 1, the analytical bidis
perse model would reduce to the analytical unipore model. 

For λb = 0.5, the micropore accounts for half of the gas diffusion 
amount. Compared to λb = 0.9 (where the micropore accounts for only 
10 % of the gas diffusion amount), Di for λb = 0.5 should be smaller. The 
analytical bidisperse model with Di = 5 × 10-17 m2/s fits the experi
mental results of all particles well. Da for coal particles with a radius of 
0.27, 0.925, 2.1875, 3.5, and 4.375 mm are 0.046, 0.17, 0.6, 1.8, and 
3.0 × 10-10 m2/s, respectively. Similarly, the diffusion coefficient Da 
increases with particle size. 

For λb = 0.1, the macropore accounts for 10 % of the gas diffusion 
amount. If the micropore diffusion coefficient Di stays constant, chang
ing the macropore diffusion coefficient Da could not significantly alter 
the diffusion amount. The fittings for R of 0.925, 2.1875, 3.5, and 4.375 
mm are all worse than those of λb = 0.9 and 0.5. The fitting for R = 0.27 
mm fails. The fitting errors of λb = 0.9, 0.5, and 0.1 are 1.1 %–4.2 %, 1.9 
%–5.4 %, and 3.7 %–17.8 %, respectively (as listed in Table 5). 

3.4. Back-calculation of diffusion coefficient by the numerical unipore 
model 

For each coal particle, a series of values are assigned to the diffusion 
coefficient D in the numerical unipore model to simulate the diffusion 
process. The fitting results by five representative diffusion coefficients 
are presented in Fig. 5(a–e), in which the third (red) curve fits well with 
the experimental results. The diffusion coefficients for coal particles 
with a radius of 0.27, 0.925, 2.1875, 3.5, and 4.375 mm are 0.23, 1.2, 
4.9, 13, and 24 × 10-10 m2/s, respectively. The diffusion coefficient also 
increases with particle size. 

Comparing Figs. 5 and 3 indicates that the fitting result of the nu
merical unipore model is better than that of the analytical unipore 
model. The fitting errors of the numerical unipore model are also much 
smaller than the ones of the analytical unipore model, as listed in 
Table 5. For the same-sized coal particle, the diffusion coefficient 
determined by the numerical unipore model is larger than that deter
mined by the analytical unipore model. The former is about five times 
that of the latter. 

The analytical unipore model (Eq. (1)) does not distinguish between 
adsorbed gas and free gas. That is, gas only exists in a free state, and 
there is no desorption process. The numerical unipore model (Eq. (11) or 
(14)) distinguishes between adsorbed gas and free gas. It considers the 

influence of the desorption process on gas diffusion based on the 
nonlinear Langmuir equation. With gas pressure decreasing, the 
desorption rate per unit gas pressure drop increases gradually, and the 
desorption rate in the initial stage is the lowest. It means the desorption 
process would slow down the gas diffusion amount from the coal par
ticle. Taking R = 0.27 mm and D = 7.0 × 10-12 m2/s as an example, the 
diffusion amount of the analytical unipore model is faster than the 
experimental result, while the diffusion amount of the numerical uni
pore model is much slower than the experimental result. As a result, the 
diffusion coefficient in the numerical unipore model would be larger to 
fit the experimental results. 

3.5. Back-calculation of diffusion coefficient by the dual-porosity model 

The dual-porosity model includes three fitting parameters: τ, λd, and 
Df. The parameter τ characterizes the gas desorption-diffusion rate from 
matrix pores to fractures. The smaller the τ, the faster the mass exchange 
between the two interspaces. When τ = 0, the dual-porosity model 
would reduce to the numerical unipore model. Here, τ = 300 s is 
adopted. The parameter λd represents the ratio of fracture gas content to 
total gas content, and three typical cases of λd = 0.9, 0.5, and 0.1 are 
considered, respectively. As shown in Fig. 6, for the same λd, the fitted Df 
increases with particle size, which is consistent with the results of Sec
tions 3.2–3.4. 

Table 4 lists the diffusion coefficients determined by the analytical 
unipore (AU), analytical bidisperse (AB), numerical unipore (NU), and 
dual-porosity (DP) models, respectively. The mean relative errors of the 
fitting results are also listed in Table 5. For the same-sized coal particles, 
the diffusion coefficients determined by these four models are different. 
For example, the diffusion coefficients fitted by the AU and DP (λd = 0.1) 
models for R = 0.27 mm are 0.045 and 3 × 10-10 m2/s, respectively. The 
latter is 67 times that of the former. It suggests that a good fit of the 
experimental data does not imply a fully resolved issue. The determined 
diffusion coefficient may differ significantly from the actual value. The 
mechanism mainly includes two aspects:  

(1) In terms of the gas storage state, the gas in the coal mainly exists 
in the adsorbed state and the free state. Previous studies have 
shown that the adsorbed gas accounts for more than 80 % of the 
total gas. The cumulative amount of gas diffusion from coal 
particles is controlled by not only the diffusion coefficient but 
also the desorption process. Whether the diffusion models regard 
all gases as free states, adsorbed states, or ‘adsorbed states & free 
states’, different diffusion coefficients will be determined.  

(2) In terms of the pore-fracture structure of coal particles, the actual 
coal particles contain micro-pores and micro-frctures of different 
scales. The multi-scale structure is difficult to characterize 
completely. The unipore model simplifies it as a uniform pore 
with only one diffusion coefficient, while the bidisperse model 
simplifies it as macropore & micropore’ with two diffusion co
efficients. Therefore, the diffusion coefficients determined by 
different diffusion models are also different. 

Table 4 also indicates that the ratios ‘D4.375 / D0.27′ are different for 
these models. For instance, ‘D4.375 / D0.27′ in the AU and DP (λd = 0.1) 
models are 111 and 15, respectively. A relatively consistent diffusion 
coefficient for different particles cannot be determined by these models. 

3.6. Back-calculation of diffusion coefficient by the discrete fracture 
model 

There are macroscopic and microscopic fractures of different scales 
in the coal. Scanning electron microscopy reveals that microscopic 
fractures at the micrometer scale still exist. Therefore, the coal particle 
can be idealized as a combination of discrete matrixes and fractures, as 
shown in Fig. 7. The fractures are interconnected, and there are also 

Table 4 
Diffusion coefficients fitted by the analytical and numerical models.  

Diffusion 
coefficient 
(×10-10 m2/s) 

AU 
(D) 

AB (Da) NU 
(D) 

DP (Df) 

λb =

0.9 
λb =

0.5 
λb 

=

0.1 

λd =

0.9 
λd 

=

0.5 

λd 

=

0.1 

R = 0.27 mm 0.045 0.04 0.06 0.1 0.23 0.22 0.4 3 
R = 0.925 mm 0.25 0.23 0.17 1 1.2 1.2 1.5 3 
R = 2.1875 

mm 
1 1 0.6 2 4.9 5 6 9 

R = 3.5 mm 3 2.6 1.8 5 13 14 15 25 
R = 4.375 mm 5 4.5 3 10 24 25 30 45 
D4.375 / D0.27 111 113 50 100 104 114 75 15  
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interconnected pores inside the matrix. Here, the side length of the cubic 
matrix is set as a = 0.27 mm, and the fracture thickness or opening is set 
as df = 0.01 mm. The coal particle is also represented as a cubic model. 
Each side of the coal particle consists of n matrix blocks and n-1 frac
tures. The coal particle’s side length (2R is used here) may not be an 
integer multiple of the matrix’s side length. The number of matrix blocks 
n is rounded to the nearest whole number. 

Initial conditions. The initial gas pressure of 1.5 MPa is preset in the 
fractures and matrixes. 

Boundary conditions. An atmospheric pressure pb of 0.1 MPa is 
preset both on the outer surface of matrixes and at the edge of fractures. 
The fractures are represented as the interior boundaries between adja
cent matrixes, so the boundary conditions for the inner surface of the 
matrixes do not need to be set. 

In the discrete fracture model, different coal particles are composed 
of matrixes with the same side length and fractures with the same 
opening, so the matrix diffusion coefficient Dm and the fracture diffusion 
coefficient Df are also identical for different particles. Similar to the 
fitting methods in Sections 3.2-3.5, a series of values are assigned to ‘Dm 
& Df’ to simulate the gas diffusion process, and the optimal ‘Dm = 5 × 10- 

12 m2/s & Df = 1 × 10-8 m2/s’ with the smallest error is confirmed, as 
shown in Fig. 7. When n = 2, the simulated diffusion amount is in good 
agreement with the experimental data of R = 0.27 mm in most stages 
and slightly less than the experimental data during 30–100 min. When n 
= 7, the simulation result agrees well with the experimental result of R 
= 0.925 mm in 0–30 min and is slightly larger than the experimental 
result during 40–200 min. When n = 16, the simulated diffusion amount 
is in good agreement with the experimental data of R = 2.1875 mm in all 
stages. 

Fig. 8 shows gas pressure in the matrix cross section and fracture 
cross section of the discrete fracture model with a = 0.27 and n = 7 at 
300 s. The gas pressure distribution in each matrix block is similar, and 
the pressure gradually decreases from the matrix center to the matrix 
edge (i.e., the fracture surface). The gas pressure distribution in each 
fracture is also similar, and the pressure gradually decreases from the 
fracture center to the fracture edge (i.e., the outer surface of the model). 
That is to say, the gas diffuses from the matrix center to the matrix 

surface, enters the fracture system, and then diffuses from the fracture 
system to the outer surface of the model. 

Although the fitting in Fig. 7 is slightly worse than the ones in Sec
tions 3.2–3.5, the size effect that ‘the diffusion coefficient increases with 
particle size’ disappears here. It seems that the ‘coal particle size- 
dependent diffusion coefficient’ in Sections 3.2–3.5 can be reasonably 
explained by the discrete fracture model. For gas diffusion from the 
multi-scale pore-fracture system of coal particles to the particle surface, 
three factors should be considered comprehensively, including the 
characterization of the multi-scale pore-fracture system, the gas state, 
and the gas diffusion path.  

(1) If the gas mostly exists in a free state in the fractures, it will 
diffuse mainly through the fractures to the particle surface. The 
diffusion path increases with particle size. Simplifying the coal 
particles as continuous-porous medium, continuous-fractured 
medium, or porous-fractured medium is feasible. In this case, 
there will be no the size effect of diffusion coefficient.  

(2) If the gas mostly exists in an adsorbed state in the pores and the 
gas desorption-diffusion rate from the pore system to the fracture 
system is extremely fast, it can also be approximated as the first 
case.  

(3) If the gas mostly exists in an adsorbed state in the pores and the 
gas desorption-diffusion rate from the pore system to the fracture 
system is not fast, the gas diffusion path will be a series mode of 
‘pore diffusion’-‘fracture diffusion’. The gas diffuses from the 
pore system to the fracture system first, and then diffuses from the 
fracture system to the particle surface. When the coal particle is 
simplified as a continuum medium, the fitted diffusion coefficient 
is the equivalent diffusion coefficient of ‘matrix diffusion’-‘frac
ture diffusion’. Although the equivalent diffusion coefficients can 
be fitted for different coal particles, the small coal particle cor
responds to ‘constant matrix diffusion path’-‘shorter fracture 
diffusion path’, and the large coal particle corresponds to ‘con
stant matrix diffusion path’-‘longer fracture diffusion path’. The 
size effect of diffusion coefficient occurs. 

Table 5 
The mean relative errors of the fitting results in Table 4.  

Mean relative error (MRE) AU AB NU DP 

λb = 0.9 λb = 0.5 λb = 0.1 λd = 0.9 λd = 0.5 λd = 0.1 

R = 0.27 mm  0.051  0.039  0.044  0.178  0.017  0.020  0.023  0.059 
R = 0.925 mm  0.065  0.026  0.043  0.059  0.017  0.020  0.033  0.058 
R = 2.1875 mm  0.073  0.013  0.019  0.037  0.014  0.010  0.025  0.063 
R = 3.5 mm  0.051  0.011  0.021  0.041  0.018  0.015  0.037  0.061 
R = 4.375 mm  0.081  0.042  0.054  0.074  0.032  0.027  0.045  0.083  

Fig. 8. Gas pressure distribution in discrete fracture model ‘a = 0.27 mm, n = 7′ at 300 s: (a) cross-section of matrixes, and (b) cross-section of fractures.  
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Fig. 9. The discrete fracture model with cubic matrix a = 0.9 and 1.4 mm.  
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(4) The discrete fracture model can characterize the series path of 
‘matrix diffusion’-‘fracture diffusion’. The diffusion path in the 
matrix is constant, and the diffusion path in the fracture increases 
with coal particle size. It corresponds better to the actual diffu
sion path of coal particles. The size effect of diffusion coefficient 
is resolved. 

Fig. 9(a)–(d) are the simulation results of the discrete fracture model 
with a = 0.9 mm, Dm = 3 × 10-11 m2/s, and Df = 4 × 10-7 m2/s. When n 
= 2, 5, 8, and 10, the simulated diffusion amount is in good agreement 
with the experimental data of R = 0.925, 2.1875, 3.5, and 4.375 mm, 
respectively. Fig. 9(e)–(g) are the simulation results of the discrete 
fracture model with a = 1.4 mm, Dm = 7 × 10-11 m2/s, and Df = 11 × 10- 

7 m2/s. When n = 3, 5, and 6, the simulated diffusion amount agrees well 
with the experimental data of R = 2.1875, 3.5, and 4.375 mm, 
respectively. 

The relationship between the diffusion coefficients (Dm and Df) and 
the matrix size a is shown in Fig. 9(h). The matrix diffusion coefficient 
Dm increases with a, which is caused by the same mechanism mentioned 
above about the ‘coal particle size-dependent diffusion coefficient’. The 
fracture diffusion coefficient also increases with matrix size a. For the 
same coal particle, as the matrix size increases, the number of fractures 
decreases. Therefore, it is necessary to improve the diffusion capacity of 
individual fractures, that is, increase the fracture diffusion coefficient, to 
ensure that the total diffusion capacity of the fracture system remains 
unchanged. 

It can be inferred that if there is indeed a minimum-sized matrix in 
the coal, the experimental results of different-sized coal particles can all 
be fitted by the same discrete fracture model when the model matrix size 
a is the same as the actual matrix size. In fact, the actual matrix may be 
very small (less than 0.1 mm). When fitting larger coal particles (such as 
those with a side length of 10 mm) based on the minimum matrix, the 
discrete fracture model would include 106 matrix blocks and 297 
discrete fractures, making it difficult and infeasible to numerically solve 
the model. The commonly used continuous and porous media models 
mentioned in Sections 3.2–3.5 are feasible to simulate gas diffusion in 
larger coal particles, but these models could inevitably lead to the ‘coal 
particle size-dependent diffusion coefficient’. The discrete fracture 
model with appropriate-sized matrixes makes it possible to determine a 
consistent matrix diffusion coefficient and fracture diffusion coefficient 
for different-sized coal particles. More importantly, the fitted diffusion 
coefficients can be applied to coal with a larger size. 

4. Conclusions 

In this study, tests on gas diffusion in anthracite particles are carried 
out, and five diffusion models are established to analyze the size effect of 
diffusion coefficient. The main conclusions are:  

(1) A longer adsorption time of 48 h and a longer desorption time of 
8 h, together with the accurate measurement of the dead space (i. 
e., the volume not occupied by coal particles in the sample cell), 
can make the experimental data more precise. The final diffusion 
amounts of different particles are nearly identical.  

(2) The diffusion coefficients fitted by the continuum models 
(including the analytical unipore diffusion model, the analytical 
bidisperse diffusion model, the numerical unipore diffusion 
model, and the dual-porosity model) always increase with coal 
particle size, and the ratio ‘D4.375 / D0.27′ is 15–114.  

(3) The diffusion coefficients fitted by the discrete fracture model are 
identical to different particles’. The existence of discrete fractures 
and the equivalent treatment of matrix-fracture diffusion in the 
continuum model lead to the size effect of diffusion coefficient. 

This study provides a reasonable explanation for the ‘coal particle 
size-dependent diffusion coefficient’ and makes it possible to determine 

an identical diffusion coefficient for coal particles of different sizes. The 
present results are limited to anthracite particles with an average radius 
of 0.27–4.375 mm. Further research on particles of different rank and 
larger sizes is expected, based on which the application of diffusion 
coefficient obtained from coal particles to engineering-sized coal seams 
would be more feasible. 
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