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A B S T R A C T   

Shale gas is mostly made up of methane and is currently being exploited in fulfilling the world’s energy demands. 
Density Functional Theory (DFT) and Molecular Dynamics (MD) techniques are employed for understanding 
methane transport in the pores at typical reservoir conditions. Shale, which is made up of clay and quartz-like 
material, is represented in this study by a combined silica-kaolinite surface. The simulations revealed that the 
interface is formed by a chemical bond between silicon to two oxygen atoms from the kaolinite surface. Phys
isorption is the mode of adsorption of methane irrespective of the position of the gas on the interface. However, 
methane has stronger adsorption on the kaolinite region than the silica region.   

1. Introduction 

Shale gas which consists of mostly methane (CH4) is an unconven
tional fuel [1]. It has recently gained much popularity as a better 
alternative to fulfilling the world’s energy demands as compared to 
other conventional fuels such as oil and coal due to its low carbon impact 
[2,3]. This is evident in the commercial development of shale gas in 
North America (the USA and Canada) [4,5]. Qatar is the world’s largest 
exporter of liquefied natural gas (LNG) [6,7] and hence the development 
of shale gas exploitation has the potential to revolutionize the gas in
dustry in the region and the world at large. Shale is mainly a mixture of 
clay materials such as Kaolinite (Al2Si2O54) and quartz (SiO2) or silica as 
it is often called [8,9]. The shale gas is in three different states-free, 
adsorbed, and dissolved states with the adsorbed state accounting for 
about 85% of the total [10,11]. Hence, it is quite important to study the 
adsorption behavior of methane on shale [12]. Moreover, this will help 
to develop models that can be used to predict the original gas in place 
(OGIP) which would help in the development of a realistic reservoir 
model. 

Many experimental techniques such as scanning electron microscopy 
(SEM), energy dispersive X-ray spectrometry (EDS), and X-ray nano- 
computed tomography (nano CT) have been used to characterize and 
analyze the shale pore structure, which is important in understanding 

methane adsorption [13]. However, these techniques involve using so
phisticated equipment that is difficult to operate under the high pressure 
and high temperature (HPHT) conditions of the reservoir. For instance, 
in Longmaxi formation, shale gas field in China has a temperature of 
about 330–360 K and a pressure reaching up to 38 MPa [14] whilst in 
Qatar, the temperature and pressure reach up to 450 K and 50 MPa, 
respectively [15]. Such HPHT conditions are quite difficult to achieve in 
the conventional laboratory in studying the transport properties such as 
density, viscosity, and diffusion coefficient of methane adsorption. 
Molecular simulation techniques such as Density Functional Theory 
(DFT), Grand Canonical Monte Carlo (GCMC), and Molecular Dynamics 
(MD) have the unique advantage of studying these chemical systems at 
the atomistic scale at such HPHT conditions [16,17]. Previous works 
have studied the use of molecular simulation in methane adsorption on 
shale-like systems. Both Zhang, et al [18] and Zhao et al [19] studied the 
effect of methane adsorption on Kaolinite surface using DFT while Zhao 
et al, [20] used the GCMC method to study methane and carbon dioxide 
(CO2) adsorption on a silica surface. Other notable works have studied 
methane adsorption and desorption using GCMC and MD techniques for 
shale gas exploitation albeit using graphene [21,22]and kerogen models 
[23]. 

However, while GCMC and MD can handle a large number of atoms, 
unlike DFT they cannot give accurate descriptions especially for the 
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mode of adsorption vis-à-vis chemisorption or physisorption. Hence, the 
best practice is to study the chemical system using DFT before scaling up 
to either MD or GCMC. Unlike other DFT studies that study the 
adsorption on a single surface that is either kaolinite or silica alone. This 
work creates an interface of both silica and kaolinite as that is closer to 
the reality of modeling shale which is a mixture of clay and silica ma
terials. Though an earlier work had studied kaolinite and silicate sur
faces as a representative of shale [9]. Nevertheless, the surfaces were 
studied separately and not as an interface. The results of this work will 
provide the bedrock for future molecular simulation work on studying 
the transport properties (diffusion, density) of methane adsorption in 
shale and consequently lead to the development of a model that can be 
used to predict the original gas in place in shale gas reservoirs. 

2. Computational methods 

VASP (5.4.4.) code [24] was employed for all plane-wave DFT cal
culations. The revised Generalized Gradient Approximation of Perdew, 
Burke, and Ernzerhof (PBE-GGA)) [25,26] was used for exchan
ge–correlation energy for all elements. The Projected Augmented Wave 
(PAW) pseudopotentials were employed [27,28] for the description of 
the ion–electron interactions. The semi-empirical correction by Grimme 
(DFT + D3) was included [29,30] to consider the significance of 
dispersion forces in describing the interface and the generality of the 
surfaces. 

The computed bulk structures of Silica (mp-7000) [31] and Kaolinite 
(mp- 41152) [32] were retrieved from the materials project database 
[33] and used as the input structures in creating the interface. The 
original lattice parameters of bulk kaolinite used in this study were: a =
5.213 Å, b = 7.479 Å, c = 9.052 Å, α = 91.79◦, β = 89.73◦, and γ = 105◦, 
and for silica: a = b = 5.022 Å, c = 5.511 Å, α = β = 90◦, and γ = 120◦. 
The Bulk structures of both silica and kaolinite were optimized with a 
plane-wave energy cutoff set at 366.6 eV. Thereafter, both surfaces were 
cleaved at 001 Miller indices as it is the most stable surface for both 
silica [34] and kaolinite [35]. The interface builder in Quantum ATK 
virtual Nano lab [36,37] was used to build the interface. Different 
strains were applied while building the interface and the strain which 
had the most stable interface (the lowest energy) was used for subse
quent calculations [38]. Moreover, Lin et al [23] had suggested that 
compressive strain had a positive effect on the adsorption capacity of a 
surface. Hence, the motivation of including strain effect on the interface. 

For the methane adsorption, the interface was extended to three 
layers containing 354 atoms. This choice for the number of layers was 
considered as the best as it was not too large in terms of computational 
cost compared to using 5 layers yet the surface area was large enough to 
study multi-coverage adsorption of a few methane molecules. The z- 
direction was extended to at least 12 Å representing the vacuum region 
to avoid interaction with the neighboring cells with a 1 X 2 X 1 k-points. 
The adsorption of the methane molecule was studied at three different 
positions namely, the kaolinite-dominated part of the interface, the 
silica-dominated part, and the at the interface itself. Bader charge 
analysis [39,40] was carried out at the formation of the interface and 
also upon methane adsorption at the interface. The Quantum ATK vir
tual Nano lab was used for building the models and visualization of 
results [36,37] except for the Bader charge density difference which was 
visualized using VESTA [41]. 

For the classical Molecular Dynamics (MD) simulation using ReaxFF 
(Reactive Force Field), which can be used to study both reactive and 
non-reactive systems [42]. The choice of using ReaxFF was to save 
computational time compared to Ab initio Molecular Dynamics. This is 
especially because of the large number of atoms involved in this study. 
Moreover, ReaxFF could also give insights if new chemical bonds are 
formed compared to the conventional classical MD. The DFT optimized 
silica-kaolinite interface was used as the input file for the MD simula
tion. The CaSiAlO.ff, which was developed from studying clay-zeolite 
systems [43], was the force field used to study methane adsorption on 

the Silica-Kaolinite interface as it contained all the elements (C/H/O/Si/ 
Al) in the studied system. The number of iterations for the system was 
40,000 with a time step of 0.25 fs since the system contained hydrogen 
bonds making a totatl time of 10 ps. The NPT Berendsen method was 
used at 450 K and 500 bar with a damping constant of 100 fs and 500 fs 
for both temperature and pressure, respectively. The selected tempera
ture and pressure correspond to the realistic conditions found in regional 
reservoirs [15]. The ADF input program version 2019.301, by Software 
for Chemistry and Materials (SCM), was used for visualizing and 
analyzing the results from the trajectory [44]. 

3. Results and discussion 

3.1. Strain effect 

In building the interface, the lattices of the two surfaces need to 
match; hence, a strain is applied to either surface or both surfaces. The 
two surfaces could be matched by either putting the strain on the silica 
surface alone or the kaolinite surface alone or both surfaces. However, a 
particular strain percentage is automatically calculated based on the 
lattice of both surfaces using the interface builder in Quantum ATK 
virtual nano lab builder. This method uses mathematical equations 
which are ingrained in the interface builder. The unit vectors of the two 
surfaces are extracted; the strain tensor from the unit cell of one surface 
is calculated using three different straining methods. The first method 
strains the silica surface only, while the second method strains the 
kaolinite surface only, while the third method strains both surfaces 
equally. 

The ATK program calculates the optimum values of the strain. The 
detailed calculation methods are explained in the manual of the inter
face builder of Quantum ATK (https://docs.quantumatk.com/technic 
alnotes/interface_builder/interface_builder.html#interface-builder). 
Consequently, the optimum values of strain are determined for the silica, 
kaolinite and the combined surface as 4.8%, 4.3%, and 2.3%, respec
tively. These three possible strains would form an interface with a 
bonding system. After optimizing the three surfaces, the strained surface 
which showed the minimum total energy when strain applied only on 
Kaolinite surface, followed by the combined surface and finally the silica 
surface (see Table 1). Hence, the most stable interface of the silica- 
kaolinite system is obtained when the strain is applied on kaolinite 
surface only. It is important to reiterate that the bulk of each surface was 
optimized and thereafter cleaved at the 001 miller indices before being 
merged to create an interface. After the interface creation based on 
different strains applied then a second optimization was done to see 
which optimized interface based on the strain effect is the most stable 
(which in this case is 4.3%). Creating the interface first and thereafter 
cleaving the interface at 001 may lead to a different geometry which 
may be wrong, especially in a case where both surfaces do not have the 
same values for their most stable miller indices. 

At the interface, the silicon (in silica) forms two bonds with the ox
ygen atoms in Kaolinite (Fig. 1), that is the interface is formed by the 
chemical bond of one silicon atom from the silica surface to two oxygen 
atoms from the kaolinite surface. The Bader charge density difference 
(Fig. 2) denotes the charge redistribution from the interface. It is 
calculated by subtracting the charge densities of both silica and kaolinite 
surfaces alone from the charge density of the silica-kaolinite interface. 
The electron densities can be seen in the yellow and blue lobes, which 

Table 1 
The effect of strain on the silica-kaolinite interface.  

% Strain 4.8 4.3 2.3 

Surface Silica Kaolinite Silica Kaolinite Silica Kaolinite 
Strain position Silica kaolinite Both surfaces 
Total Energy 

(eV) 
− 846.440 − 847.694 − 847.068  
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represent the negative and positive electron densities, respectively. The 
blue lobes could be seen around the silicon atom, while the yellow lobes 
are around the oxygen atoms. This confirms that oxygen is more elec
tronegative than silicon; that is, oxygen donates its electrons to silicon to 
form the Si-O bonds. 

3.2. Adsorption studies 

DFT was used to understand the mode of adsorption of methane on 
the silica-kaolinite interface using Eq. (1). The methane molecule and 
three layers of the silica-kaolinite interface were optimized and their 
corresponding total energies ECH4 and Esurface of the isolated systems of 
methane and the interface (surface) alone were noted. The former was 
placed on three different positions of the latter, which is the silica 
dominated side, the interface (where silica joins with kaolinite), and the 
kaolinite dominated side (Fig. 3). The calculated adsorption energies 
showed that methane adsorbed stronger on the kaolinite region followed 
by the interface and then had the lowest adsorption at the silica region 
(Table 2). The results depicted that the mode of adsorption is phys
isorption (physical adsorption) because of the values of the adsorption 
energy. This result was in agreement with previous studies on methane 

adsorption on kaolinite system alone [45] and silica surfaces alone [46]. 
These studies were based on using different methods that is GCMC 
(Grand Canonical Monte Carlo) method for the kaolinite studies and 
small anlgle Neutron scattering method for the silica studies. Hence, the 
adsorption energy values cannot be easily compared. Nevertheless, the 
conclusion that the mode of adsorption of methane on kaolinite and 
silica is physisorption is agreed upon. Moreover, the adsorption energy 
of the silica region (-0.102 eV) was in close agreement to an earlier work 
(-0.13 eV) of ours using DFT which studied the adsorption of small 
molecules including methane on silica surface alone [47]. 

Eads. = Esurface+CH4 − Esurface − ECH4 

To ascertain the true nature of adsorption as a representative of the 
bulk, the number of layers of the interface was increased from three to 
five layers. However, the surface area was decreased this time to 
compliment the thickness. The five-layer interface (Fig. 4) contained 
340 atoms which are similar to the number of atoms in the three layers 
earlier studied (354 atoms). The adsorption energies of methane on the 
five-layer interface were similar to those observed in three layers 
(Table 2) as the difference was within the range of ± 0.03 eV. Though 
the interface had the highest value (-0.131 eV) in the five layers 
compared to what was observed in the three layers, which had Kaolinite 
dominated region as the highest adsorption energy (-0.129 eV). These 
differences are negligible as in both cases the values between both the 
interface and kaolinite dominated region are close. Moreover, the silica 
dominated region had the lowest adsorption energy in both cases. 
Hence, the order of adsorption is Silica-dominated < Kaolinite-domi
nated ≅ interface. 

3.3. Coverage effect 

To provide a better understanding of the adsorption of methane, the 
coverage effect was studied by adding more methane molecules to the 
interface. Herein, the 3-layer interface was used as it had a large surface 
area and hence would allow for more methane molecules on its surface 
compared to the 5-layer. The adsorption energy, Eads.coverage , upon 
addition of more methane is calculated using eq. (2) where n refers to the 
number of methane molecules added. The adsorption energy decreases 
steadily from 6 methane molecules and remained negative upon 
reaching full coverage of 14 molecules for the first monolayer 
(Table S1). This decrease in adsorption energy continues until reaching a 
plateau at 47 molecules which is the fourth layer (Fig. 5). However, to 
account for the effect of methane-methane interaction amongst the 
layers, the Elayer, was derived which is the total energy of all the layers of 
methane without the interface divided by N, where N is the total number 

Fig. 1. The silica-kaolinite interface (a) before and (b) after optimization. The silica surface is on the left while the kaolinite surface is on the right. The highlighted 
atoms and bonds show where the two materials joined to form an interface. 

Fig. 2. The charge density difference at the silica-kaolinite interface. Yellow 
and blue colors represent the negative and positive electron density, respec
tively. The highlighted atoms and bonds show where the two materials joined 
to form an interface while the dashed line represents hydrogen bonding. 
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of methane molecules in the four layers which in this case is 47 (eq. (3)). 
Consequently, to get the adsorption energy for the fourth layer 

without the methane-methane interaction effect of other layers, the 
Eads.layerenergy term is coined from a modification of eq. (2) where the 
Elayer, is subtracted from the Esurface+nCH4 (eq. (4)). Herein, n refers to the 
number of methane molecules (eq. (4)) in each layer which in the case of 
the fourth layer is 12. Hence, adsorption energy of 1.488 eV (Table 3) 
was obtained, which implied there was no longer adsorption as far as the 
fourth layer to the interface as compared to full coverage of the first 
layer (-0.559 eV). Hence, the negative adsorption energy value of − 0.2 
eV observed with 47 molecules is partly due to the methane-methane 
interaction and not the adsorption of methane to the interface. 

Eads.coverage =
Esurface+nCH4 − Esurface − (n × ECH4 )

n
(2)  

Elayer =
EL

N
(3)  

Eads.layerenergy =

[(
Esurface+nCH4

)
− Elayer

]
− [Esurface − (n × ECH4 )]

n
(4)  

3.4. Charge analysis 

The Bader charge analysis was carried out to provide further insight 
into the nature of methane adsorption on the interface. To simplify this 

study, only the charge distribution of the methane molecule before and 
after adsorption was studied since the atoms on the interface are many 
(Fig. 6). The charge differences confirmed that the mode of adsorption is 
physisorption (Table 4) as the charge differences were not large enough 
to confirm the formation of a new chemical bond. Nevertheless, the 
carbon atom which is the center of mass of the methane molecule has the 
greatest charge difference when adsorbed on the kaolinite-dominated 
region of the interface. This observation correlates very well with 
what was reported earlier on the high adsorption energy on Kaolinite 
region. 

3.5. Classical Molecular Dynamics analysis 

Unlike DFT Molecular Dynamics (DFT-MD) which is computation
ally expensive, ReaxFF classical molecular dynamics (ReaxFF-MD) was 
carried out to confirm if there were no new chemical bonds formed 
between methane and the interface. Moreover, MD could be used to 
study more atoms than DFT and also at the operating conditions of the 
reservoir which are usually at high pressure and high temperature 
(HPHT) in this case, 450 K and 500 bar. The DFT optimized interface 
was used as the input slab for the MD simulation with 30 methane 
molecules put above the slab. The simulation which lasted for 10 ps was 
long enough to observe that no reactions were formed via ReaxFF. 
Hence, corroborating what was earlier observed that the mode of 
adsorption is physisorption. 

Nevertheless, the radial distribution function (RDF) which defines 
the possibility of finding an atom at a distance r from another marked 
atom, which is calculated using the formula in eq. (5) [48,49]. Herein, 
the RDF of a Carbon atom, which is the center of mass of methane, is 
compared to both Aluminium and Silicon (Fig. 7a). It is important to 
note that when comparing the RDF of Carbon to Aluminium this rep
resents comparing methane to the kaolinite-dominated region as the 
Carbon atom represents methane while Aluminium represents 
Aluminium which is only present in kaolinite. However, this cannot be 
said of the RDF of Carbon and Silicon as both kaolinite and silica contain 
silicon atoms. The RDF confirms that there are no chemical bonds 
formed in both C-Al and C-Si as the shortest pair distance is larger than 3 
Å (Fig. 7a). The C-Al curve has two large peaks of which one coincides 

Fig. 3. The optimized structures of methane adsorbed on (A) Kaolinite-dominated interface (B) pure interface and (C) Silica-dominated interface. The top view 
corresponds to the small letters a, b, and c of each interface. 

Table 2 
Adsorption energies of methane at different positions on the interface.  

No. of layers 3 Layers 

Position Esurface  ECH4  Esurface+CH4  Eads.(eV)

Kaolinite dominated − 2461.411 − 24.251 − 2485.792 − 0.129 
Interface − 2461.411 − 24.251 − 2485.787 − 0.124 
Silica dominated − 2461.411 − 24.251 − 2485.765 − 0.102 
No. of layers 5 layers 
Interface − 2032.7551 − 24.251 − 2057.1408 − 0.134 
Kaolinite dominated − 2032.7551 − 24.251 − 2057.1376 − 0.131 
Silica dominated − 2032.7551 − 24.251 − 2057.0939 − 0.087  
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with C-Si at around 5 Å while the other is around 7 Å. 
Hence, to understand which region would mostly adsorb the 

methane molecules, the RDF of two methane molecules, which are at the 
interface (Fig. 8), are observed for the carbon atom. These carbons are 
selected as one of the methane molecules (C-72) from the silica domi
nated region (Si-1009) and the other from the kaolinite dominated (Al- 
13). The RDF of C72-Al13 showed a large peak for C72-Al13 at 3.6 Å and 
comes to a plateau at 7.5 Å compared to C72-Si1009 which had a smaller 
peak at 6 Å and reached a plateau at 11 Å (Fig. 7b). This confirmed what 
was earlier observed in DFT studies that methane is more adsorbed on 
the kaolinite dominated region than the silica dominated region. 

Fig. 4. The optimized 5-layer structures of (A) Kaolinite-dominated interface (B) pure interface and (C) Silica-dominated interface. The top view corresponds to the 
small letters a, b, and c of each interface. 

Fig. 5. The (a) optimized structure of 4 layers (47 molecules) of methane adsorbed on the interface and (b) the graph of adsorption energy against the number of 
methane molecules. 

Table 3 
Adsorption energies of multi coverage effect.  

No. of CH4in 
layer 

Layer 
position 

Esurface  ECH4  Esurface+CH4  Eads.(eV)

14 1st − 2461.411 − 24.251 − 2808.76 − 0.559 
12 4th − 2461.411 − 24.251 − 2758.87 1.488*  

* The Eads. value here is the Eads.layerenergy in the case of the 4th layer. 
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Fig. 6. The BADER charge densities before (A) and after methane adsorption at the (B) Kaolinite-dominated interface (C) pure interface and (D) Silica- 
dominated interface. 

Table 4 
Bader charge analysis of methane adsorption on the interface.    

After methane adsorption Charge difference 

Atom Before Adsorption Kaolinite Dominated Interface Silica Dominated Kaolinite Dominated Interface Silica Dominated 

C 4.467 4.181 4.325 4.274 − 0.286 − 0.142 − 0.193 
H1 0.914 1.039 0.957 0.988 0.125 0.043 0.074 
H2 0.931 0.912 0.891 0.973 − 0.018 − 0.040 0.043 
H3 0.845 0.909 0.907 0.916 0.064 0.062 0.071 
H4 0.843 0.957 0.922 0.839 0.114 0.079 − 0.004  

Fig. 7. The radial distribution function (RDF) curve of (A) all carbon atoms (methane) to all Aluminum and Silicon atoms (B) Carbon-72 (methane) to Aluminium-13 
(Kaolinite) and Silicon-1009 (Silica). 

Fig. 8. The positions of (A) Aluminium-13 (Kaolinite) and Silicon-1009 (Silica) at the start and (B) Carbon-72 (methane), Aluminium-13 (Kaolinite), and Silicon- 
1009 (Silica) at the end of the molecular dynamics simulation. 
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ρ(r) = ρbulkg(r) (5)  

4. Conclusion 

Molecular simulation techniques including DFT and MD were used to 
study the adsorption of methane on a silica-kaolinite interface. Whilst 
building the interface, strain effect was considered between the two 
initial surfaces of silica and kaolinite, respectively. Applying the strain 
on the kaolinite surface had the most stable silica-kaolinite interface as 
opposed to applying the strain on the silica surface alone or on both 
surfaces equally. The adsorption of methane was studied at three 
different positions- at the silica dominated region, at the kaolinite 
dominated region and at the interface where the two surfaces merge. 
The mode of adsorption of methane in all three positions is phys
isorption. However, the kaolinite dominated region has a stronger 
adsorption than the silica-dominated region. The charge analysis and 
ReaxFF MD study confirmed that no new chemical bonds are formed 
hence corroborating that the mode of adsorption is physisorption. The 
coverage effect showed that methane adsorption decreased from 
− 0.559 eV (first layer) and reached a plateau at − 0.215 eV (fourth 
layer). However, methane-methane interaction between the layers of 
methane contributes to the negative adsorption energy observed in the 
coverage effect and is suggested to be responsible for the negative value 
observed when the fourth layer of methane is considered. The RDF 
analysis supported that methane is preferentially adsorbed on the 
kaolinite dominated region than silica dominated region. The following 
conclusions were derived from this study:  

1. Applying a strain of 4.3% on kaolinite would lead to the most stable 
silica-kaolinite interface.  

2. The mode of adsorption of methane on the silica-kaolinite interface is 
physisorption  

3. The order of adsorption methane adsorption on the silica-kaolinite 
interface is Silica-dominated region < Kaolinite-dominated region ≅
interface.  

4. The coverage effect showed that methane adsorption decreased from 
− 0.559 eV (first layer) and reached a plateau at − 0.215 eV (fourth 
layer). However, methane-methane interaction between the 
methane layers contributes to the negative adsorption energy 
observed when the coverage effect reached four layers of methane.  

5. The charge analysis verified that the mode of adsorption is physical 
adsorption and kaolinite dominated region has greater adsorption 
than silica dominated region  

6. ReaxFF MD analysis at HPHT confirmed that no reactions are formed 
between methane and the interface.  

7. The RDF analysis confirmed that methane is preferentially adsorbed 
on the kaolinite dominated region than silica dominated region. 
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