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a b s t r a c t

The desorption behavior of methane in slit was studied in this paper. We build a differential equation
which describe dynamic desorption process, and propose a correction method. The mass transfer
resistance in free region is considered and the accuracy of the result is improved using this correction
method. Based on differential equation, the effects of pressure, temperature and solid material on dy-
namic desorption speed are analyzed. Desorption becomes faster when pressure increases. When
pressure is low, desorption speed increases with increasing temperature; oppositely, desorption speed
decreases with increasing temperature. When pressure is low, the desorption speed at different wall
material is quartz > kaolinite> graphite; when pressure is high, the desorption speed is
quartz > graphite> kaolinite.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

China is rich in shale gas resources. The United States Energy
Information Administration estimates the recoverable shale gas
resources in China to be thirty-six trillion cubic metres, which ac-
counts for 20% of the total shale gas recoverable resources, ranking
China as first in the world [1]. Exploitation of shale gas is important
for Chinese energy security. Adsorption, desorption and flow of
shale gas are important processes in shale gas exploration [2e12].
The main component of shale gas is methane. There are different
definitions of desorption from different angles. From the viewpoint
of a single adsorbent particle, desorption is a phenomenon inwhich
the adsorbent particles are released from the surface of the
adsorbent, i.e., the process by which the adsorbate particles are
converted from the adsorbed state to free state [2,3] (“micro-
desorption” is used below to refer to this process). When the
adsorbate/adsorbent system is in equilibrium, the micro-
adsorption process (the adsorbate particles are converted from
the free state to the adsorbed state) and the micro-desorption
process are present at the same rate. From the point of view of
the total adsorbate, desorption is a process in which the total
amount of adsorbed adsorbate is reduced (“macro-desorption” is
used below to refer to this process). Macroscopic desorption occurs,
the system is in a non-equilibrium state, the rate of micro-
).
desorption is greater than the rate of microscopic adsorption. The
phenomenon of macroscopic desorption can be caused by pressure
reduction, temperature and other factors. Microscopic desorption
can exist in equilibrium and non-equilibrium states, macroscopic
desorption only exists in the non-equilibrium process. The
desorption referred to engineering applications is usually macro-
scopic desorption [4,13e24].

During shale gas extraction, shale gas is continuously with-
drawn from gas wells [25e32], resulting in the decrease in pressure
in the reservoir, which triggers a macroscopic desorption process of
shale gas in the reservoir [5e7,33e35]. Shale gas desorption plays
an important role in the production of shale gas reservoirs and
typically increases by 5%e15% at the end of production [8]. The
study of shale gas desorption behavior will help to better under-
stand the transport process of shale gas in gas reservoirs, thus more
accurately predict yield and productivity [9,10,34e36].

In this paper, the microscopic adsorption and desorption pro-
cesses in the slit in the equilibrium state are studied. The differ-
ential equations derived from the Langmuir model can well
describe the macroscopic desorption process. However, when the
mass transfer resistance inside the slit is large, it will have a sig-
nificant effect on macroscopic desorption. We will present an
improved measure to consider the mass transfer resistance inside
the slit, which can make the solution of the differential equation
more consistent with the actual situation. Besides, the effect of
pressure, temperature and wall material on desorption process was
also studied.
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2. Microscopic adsorption and microscopic desorption in
equilibrium state

The Langmuir model [11,37e42] is a classical model that de-
scribes physical adsorption and has the advantage of simple
structure. According to the Langmuir adsorption model, the micro-
adsorption and micro-desorption rates can be expressed as:

Ja ¼ kað1� qÞP=P0 (1)

Jd ¼ kdq (2)

where：
Ja, Jd dd The rate of microscopic adsorption and microscopic
desorption, mol/(m2 s);
ka, kd dd The rate constant of microscopic adsorption and
microscopic desorption, mol/(m2 s);
qdd Adsorbent surface coverage;
P, P0 dd Pressure and reference pressure, MPa;

When microscopic adsorption progress and microscopic
desorption progress are in equilibrium:

Ja ¼ Jd (3)

We can obtain Langmuir isothermal adsorption curve by Eqs.
(1)e(3):

q ¼ cs
csat

¼ 1
kdP0
kaP

þ 1
(4)

where：

cs dd Adsorbent surface adsorbate concentration, mol/m2；
0 10 20 30 40 50 60
0.0

2.0x10-6

4.0x10-6

6.0x10-6

8.0x10-6

1.0x10-5

1.2x10-5

1.4x10-5

1.6x10-5

Surface concentration
Langmuir model fitting curveSu

rfa
ce

co
nc
en
tra
tio
n/
m
ol
·m

-2

P/P0

Fig. 1. The Langmuir isothermal adsorption curve which was fitted with simulated
results of methane adsorption in a 3.6 nm graphite slab at 353.5 K.

Table 1
Estimation of methane adsorption simulation under 353 K condition.

Group 1

Number of methane molecules 100
Pressure (MPa) 3.14
Surface concentration cs (mol/m2) 3.91� 10�6

Surface coverage ratio/q 0.23
Microscopic adsorption (desorption) rate/Ja (Jd) [mol/(m2 s)] 8.21� 105
csat dd Adsorbent surface adsorbate saturation concentration,
mol/m2

To obtain the relationship between cs and P/P0, set the reference
pressure P0 1MPa. In the calculation of the surface concentration of
adsorbate, we select the first and second layer of adsorption layer as
the adsorption area, the amount of adsorbed methane corre-
sponding to the unit area of solid wall is the surface concentration.
In order to obtain csat, the relationship between cs and P/P0 needs to
be fitted by using Eqn. (4). The fitting results are shown in Fig. 1. It
can be seen from the figure that the Langmuir isothermal adsorp-
tion equation can describe the adsorption behavior of methane on
graphite surface. The saturation density csat of the adsorption of
methane on the graphite surface at 353.5 K is 1.69� 10�5mol/m2,
and the ratio ka/kd of the microscopic desorption rate constant to
the microscopic adsorption rate constant is 11.66.

In order to obtain the rate constants of microscopic adsorption
and microscopic desorption, microscopic adsorption and micro-
scopic desorption rates should also be monitored. The adsorption
behavior of methane in the graphite slit was simulated by molec-
ular dynamics simulation. We first carried out simulations of
methane adsorption in a 3.6 nm graphite slit inwhich there are 438
methane molecules at 353.5 K, the periodic boundary condition is
conducted, the NVT systemwas adopted with a time step of 3 fs, the
pressure in the slit was about 30.5MPa, Nose-Hoover maintains a
temperature of 353.5 K and a relaxation time of 300 fs. The first 1.05
ns after the start of the simulation is used to balance the system and
the density distribution is counted from 1.05 to 1.5 ns. Then, and the
microscopic adsorption and microscopic desorption flux of 0.45 ns
were calculated after the equilibriumwas carried out under 353.5 K
temperature. The division method of fitting Langmuir isotherms
from above is used in the adsorption zone. Since the statistical
system is in equilibrium, the microscopic adsorption rate is equal to
the microscopic desorption rate.

Table 1 summarizes the adsorption of methane in a 3.6 nm
graphite slit at 353.5 K. Using Eq. (2), the microscopic desorption
rate constant kd can be obtained by fitting the microscopic
desorption rate Jd and the surface coverage q. As shown in Fig. 2, the
microscopic desorption rate is approximately proportional to the
surface coverage, although sometimes the pressure is slightly
higher and lower, but the deviation is within acceptable limits. We
can get that the value of the microscopic desorption rate constant
kd is 4.96� 106mol/(m2$s) from Fig. 2，and then we can get the
value of ka is 4.25� 105mol/(m2 s) by the ka/kd value obtained by
the Langmuir isotherm fitting.

The above studies show that the Langmuir adsorption model
can not only describe the relationship between the amount of
methane in the adsorbed state and the pressure, but also the
relationship between the rate of microscopic adsorption and
desorption and the pressure and the surface coverage. In the next
section, we will establish the differential equation describing
macroscopic desorption progress in the non-equilibrium state.
Comparing the differential equation solution and the molecular
dynamics simulation results, it shows that these conclusions are
still suitable in the non-equilibrium state.
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Fig. 2. The relationship between microscopic desorption rate and surface coverage.

Fig. 3. Molecular Dynamics Simulation of Macroscopic desorption.
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Fig. 4. The change of methane number in the adsorption zone with time.
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3. Macroscopic desorption process in the non-equilibrium
state

3.1. Differential equation on the macroscopic desorption process

The concentration of methane in the slit is only related to
pressure but not to time. It can be considered as equilibrium state.
But the exploitation of shale gas is inevitably a diffusion process
from micro-pore to fracture, so it is inevitably a non-equilibrium
state, that is to say, when the macroscopic desorption occurs, the
microscopic desorption rate is greater than the microscopic
adsorption rate, resulting in a decrease in the total amount of
adsorbed adsorbate. In the practical engineering application, the
macroscopic desorption process is more concerned than the
microscopic desorption process. We can know how much adsor-
bent can be released in a macroscopic desorption process through
the study of equilibrium. We can obtain the relationship between
the amount of released adsorbent and time by the study of non-
equilibrium macroscopic desorption process. Furtherly, we can
establish the differential equation describing themethane coverage
of the graphite surface:

dq
dt

¼ Ja � Jb
csat

¼ kað1� qÞPðtÞ=P0 � kdq
csat

(5)

If the pressure condition P(t) at each moment in the slit is
known, the change of the methane coverage of the graphite surface
with time can be obtained by using Eqn. (5), and the amount of
adsorbed methane at each time can be calculated. When P(t) is
relatively simple, the above equation can be directly obtained
analytical solution. For example, the solution of the equation is
obtained when P is a constant as follows:

qðtÞ � qð0Þ
qðþ∞Þ � qð0Þ ¼ 1� exp

�
� ðkaP þ kdÞ

csat
t
�

(6)

where:

qðþ∞Þ ¼ 1
kdP0
kaP

þ 1
(7)

It can be seen from Eq. (6) that csat=ðkaP þ kdÞ has a time
dimension and can be regarded as the time constant of the
macroscopic desorption process. It is the decisive factor that affects
the speed of the macroscopic desorption process. The value of csat=
ðkaP þ kdÞ is larger, the macroscopic desorption process goes faster.
When P changes with time, csat=ðkaP þ kdÞ can still be used to
qualitatively judge the speed of macro-desorption process.
3.2. Molecular dynamics simulation of macroscopic desorption
process

In order to verify the correctness of Eq. (5), we use molecular
dynamics simulation (MDS) to simulate a macroscopic desorption
process [12,13,23e27] and compare this process with the results of
Eq. (5). Here 438 methane molecules were filled in the slit, NVT is
adopted, the Nose-Hoover temperature control method was used
to maintain the temperature of 353.3 K, the time step was 1 fs, the
equilibrium state was reached after 1 ns, the equilibrium pressure
was 30.95MPa and the other model parameters were the same as
those used in the previous simulation. Remain the coordinates and
velocity of methane molecules in the adsorption zone unchanged,
and then remove all methane molecules in the free zone to simu-
late a sudden pressure drop. The remaining 245methanemolecules
in the slit continue the NVT simulation 15 ps, and stat the number
of methane molecule in the adsorption zone during each time step.
Fig. 3 shows the methane molecules distribution, and the number
of methane molecule in the adsorption zone decreases with time
shown in Fig. 4.
3.3. Solving macroscopic desorption process by differential
equation

The following process is used to predict the process by Eq. (5).
P(t) must be known to work out the solution. However, in the
simulation of molecular dynamics, we only know that the initial
pressure is zero. The subsequent pressure changes are related to the
degree of macro-desorption: the more adsorbed methane is
released during macro-desorption, the greater the pressure in the
slit. In order to solve Eq. (5), A relationship between the number of
methane molecules in the free zone and pressure should be added.
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Assuming that the methane molecules in the free zone are evenly
distributed, the methane density in the free zone can be calculated
according to the number of methane molecules in the free zone,
and the free zone pressure can be obtained by the P (r, T). So the
pressure can be obtained:

P ¼ 0:1547Nf þ 0:0907 (8)

where:

Nf ddNumber of methane molecules in free zone
P dd Pressure in the slit, MPa

Substitute Eq. (8) into Eq. (5), then we get:

dNa

dt
¼ kaðSNAcsat � NaÞ½0:1547ð245� NaÞ þ 0:0907�=P0 � kdNa

csat
¼ f ðNaÞ

(9)

where：

NaddNumber of methane molecules in adsorption area;
Sdd The graphite surface area in the simulated box (the sum of
the area of the upper and lower walls);
NA dd Avogadro constant, 6.02� 1023;

Solve Eq. (9) by numerical method. Eqn. (9) is discretized in
time:

Naðiþ 1Þ � NaðiÞ
Dt

¼ f ½NaðiÞ� (10)

where:

Na(i)dd Number of methane molecules in the adsorption zone
of the i-th time step
Dt dd Time step

Substituting the initial conditions Na (0)¼ 245 into Eq. (10), the
number of molecules in the adsorption zonewith time are obtained
shown in Fig. 4. The results of molecular dynamics simulation are in
good agreement with the results of the differential equation after 5
ps. The theoretical solution can basically reflect the situation of
MDs, but there is one drawback that the theoretical solution
slightly overestimated the decreasing rate of methane molecular
number in the adsorption region in the dynamic process of the first
5 ps. Therefore, the theoretical model will be corrected below.

3.4. Diffusion delay correction

We previously assumed that the free zone of methane is evenly
distributed to obtain Eq. (8), which is equivalent to ignore the free
zone internal mass transfer resistance and consider that the mass
transfer coefficient in the free zone is infinite. In fact, the mass
transfer coefficient in the free zone is finite and there is a concen-
tration gradient [11,12]. So its concentration near the adsorption
area is greater than the average concentration, the pressure is also
higher than the estimated value. Therefore, the original theory
underestimates the microscopic adsorption rate in the microscopic
desorption process. In order to further improve the accuracy of the
original theoretical model, we will add to the free area within the
mass transfer resistance correction.

In order to quantify this deviation, we need to study the mass
transfer within the free zone. In order to simplify the analysis, it is
assumed that the mass transfer coefficient inside the free zone is
uniform and constant throughout the process. The semi-free-area
is selected as the research object, and the mathematical descrip-
tion of its mass transfer behavior is:

8>>>>>><
>>>>>>:

vnðz; tÞ
vt

¼ D
v2nðz; tÞ

vz2
;0< z< l; t >0

vnð0; tÞ
vz

¼ �qðtÞ
D

;
vnðl; tÞ
vz

¼ 0; t � 0

nðz;0Þ ¼ 0;0 � z � l

(11)

where:

n (z, t) dd Methane molecular density;
D dd Mass transfer coefficient;
l dd Half of the width of the free zone;
q dd Macroscopic desorption flow, equal to Jd - Ja

When q is a constant, the solution of Eq. (11) is:

nð0; tÞ ¼
X∞
n¼1

�2ql
D

1
n2

exp
��Dn2p2t

l2

�
þ ql

2D
þ q

l
t ¼ gðq; tÞ

(12)

when q is the amount q(t) with time, according the superposition
principle to obtain:

nð0; tÞ ¼
ðt

0

g½dqðtÞ; ðt � tÞ� (13)

Substituting Eq. (12) into Eqn. (13):

nð0; tÞ ¼
ðt

0

�2l
D

dqðtÞ
dt

X∞
n¼1

1
n2

exp
��Dn2p2ðt � tÞ

l2

�
dtþ l

2D
qðtÞ

þ 1
l

ðt

0

qðtÞdt

(14)

The first term in the above formula indicates the effect of the
previous concentration field on the current concentration field, and
the impact is weakened over time. When the time interval exceeds
a certain value, the effect can be ignored. The second term indicates
that the concentration field is stable under the influence of the
current macroscopic desorption flow when it is not affected by the
previous concentration field. The third term represents the total
amount of free methane. Eq. (14) is discretized in time step of 1 fs.
The first term is omitted when t� t>5fs, the items of n> 1 in the
first infinite series is neglected when 5fs � t � t � 5fs and the
items of n> 2 in the first infinite series is neglected when t� t ¼
1fs. So we have:

nðiÞ ¼ Nf ði� 1Þ
2Sl

þ l
2D

qði� 1Þ �
X5
n¼1

2l
D
½qði� nÞ � qði� n� 1Þ�

exp
�
� Dp2

l2

�
� l
4D

½qði� 1Þ � qði� 1Þ�exp
�
� 8Dp2

l2

�

(15)

when i< 5, some items do not exist, then these items should be
ignored. The diffusion coefficient D is obtained by the average
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pressure of the macroscopic desorption process, and the diffusion
coefficient is 3.45� 10�7m2/s in this paper.

The new pressure P(i) taking into account the diffusion delay
factor can be obtained by replacing nf in Eq. (8) by n(i) obtained by
Eq. (15) multiplied by 2Sl. Each time the old pressure is replaced by
the new pressure, and complete the calculation similar to the
previous calculation method. The theoretical predictions with
diffusion delay correction are shown in Fig. 4. Compared with the
old theoretical model, the theoretical model taking into account the
diffusion factor is in good agreement with the results of molecular
dynamics simulation. Compared tomolecular dynamics simulation,
the use of differential equations to describe the macroscopic
desorption process can greatly reduce the amount of calculation,
with a strong operability.
4. The effect of pressure, temperature and wall material on
macroscopic desorption

In the previous section we derive the differential equation Eq.
(5) describing the macroscopic desorption process and a time
constant T0 ¼ csat=ðkaP þ kdÞ can be obtained from a particular
solution of the equation. So, the effect of temperature, pressure and
wall material on macroscopic desorption are studied by the time
Table 2
Simulation results of csat, ka and kd under different conditions.

Temperature/Materials
of Wall

csat/mol$m�2 ka/mol$m�2$s�1 kd/mol$m�2$s�1

300 K/Graphite 1.67� 10�5 6.85� 105 4.32� 106

353.5/Graphite 1.69� 10�5 4.25� 105 4.96� 106

400 K/Graphite 1.77� 10�5 2.90� 105 5.71� 106

353.5/Quartz 2.05� 10�5 8.85� 105 3.00� 107

353.5/Kaolinite 2.04� 10�5 2.33� 105 6.67� 106
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Fig. 5. The change of time constant with
constant. In order to obtain the methane saturation concentration
of the solid-walled surface csat, the microscopic adsorption rate
constant ka and the macroscopic desorption rate constant kd with
different temperature and wall materials conditions, we carried out
molecular dynamics simulation of four situations of 300 K graphite
wall, 400 K Graphite wall，353.5 K Quartz Wall and 353.5 K
Kaolinite Wall. Quartz is the main component of the inorganic
matrix containing gas shale, and kaolin is also an important place
for clay minerals and shale gas adsorption. We use the CLATFF force
field for quartz and kaolin. The results of the simulation are shown
in Table 2 along with the results of the 353.5 K graphite wall.

From Table 2, it can be seen that the effect of temperature in-
crease on csat is not significant, but ka is significantly decreased and
kd is significantly increased with temperature increase. Under the
same temperature condition, csat: quartz groupz kaolinite
group> graphite group, ka: quartz group> graphite
group> kaolinite group, kd: quartz group> kaolinite
group> graphite group.

The expression of the time constant T0 shows the pressure term.
From Table 2, we can also know that how the other parameters are
affected by the temperature and the wall material. Figs. 5 and 6
show the change of the time constant with pressure at different
temperatures and the change of the time constant with pressure
under different wall materials.

In general, the time constant decreases as the pressure in-
creases, indicating that the higher the pressure, the higher the
macroscopic desorption is to proceed. From the temperature point
of view, the higher the temperature, the pressure change on the
time constant the smaller the impact. The relative size relationship
of time constants at different temperatures can vary with pressure.
As shown in Fig. 5, when the pressure is less than 2MPa, the time
constant is 300 K > 353.5 K > 400 K; when the pressure is greater
than 2MPa, the time constant is 300 K< 353.5 K< 400 K. It shows
that at lower pressure, the higher the temperature, the faster the
30 40 50
ure/MPa

300K/Graphite
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pressure at different temperature.
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macro-desorption proceeds; at higher pressure, the higher the
temperature, the slower the macro-desorption proceeds. The dif-
ference in wall material will also affect the relative speed of
macroscopic desorption. It can be seen from Fig. 6 that when the
pressure is less than 2~3MPa, the time constant:
quartz< kaolinite< graphite; when the pressure is greater than
2~3MPa and less than 45MPa, the time constant:
quartz< graphite< kaolinite. The effect of different wall materials
onmacroscopic desorption is related to the interaction between the
wall and methane, which remains to be further studied.
5. Conclusions

In this paper, we establish differential equations to describe the
macroscopic desorption process. A theoretical model taking into
account the diffusion factor is presented, which can make the so-
lution of the differential equation more suitable with the actual
situation. And we get conclusions as follows:

1) The relationship between the amount of adsorbed methane in
the equilibrium state and the pressure is consistent with the
Langmuir isothermal adsorption curve. The microscopic
adsorption rate and microscopic desorption rate of methane are
also consistent with the Langmuir model.

2) Using the Langmuir model, the differential equations describing
macroscopic desorption in slits are derived theoretically. The
non-equilibrium desorption process was simulated by molecu-
lar dynamics, and a modified method for solving differential
equations with free mass transfer is presented. After adding this
correction, the solution of the differential equation is closer to
the result of molecular dynamics simulation.

3) The effect of pressure, temperature and wall material on
macroscopic desorption velocity was discussed by analyzing the
time constant of macroscopic desorption process. Increased
pressure will increase the speed of macroscopic desorption. The
relationship between temperature and wall material is more
complex, which is related to the difference of microscopic
adsorption, desorption constant and saturated surface concen-
tration of methane under different temperature and material
conditions. At low pressure, the higher the temperature, the
faster the desorption; at the high pressure, the higher the
temperature, the lower the desorption. When pressure is low,
the desorption speed at different wall material is
quartz> kaolinite> graphite; when pressure is high, the
desorption speed is quartz> graphite> kaolinite.
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