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A. Sakhaee-Pourb and Golibjon R. Berdiyorov*c

Natural gas, consisting primarily of methane, is found in carbonate reservoirs of which calcite is major

component. However, the complexity and heterogeneity of carbonate reservoirs remain a major

challenge in estimating ultimate recovery. Herein, density functional theory calculations are employed to

study the effect of surface morphology on the adsorption of CH4 on the surface of CaCO3 (calcite).

Among the 9 different surface symmetries considered, the strongest adsorption (and consequently the

largest adsorption capacity) of methane is found for the 110 surface of the material. In fact, the

adsorption capacity of this surface is more than an order of magnitude larger than the one for the 104

surface, which is the lowest energy surface for the calcite. The obtained results are explained by

structural analysis and charge calculations. These findings can be useful for the estimation of the

ultimate gas recovery taking into account heterogeneous porosity and permeability of the carbonate

reservoirs.
1 Introduction

Methane (CH4), which is the main component of the natural
gas, is considered to be a cleaner source of energy compared to
coal and petroleum. Recent research activities in the eld are
directed towards enhanced gas recovery (EGR)1 and also esti-
mated ultimate recovery (EUR)2 in different gas reservoirs.
Particular interest is given to carbonate reservoirs as they are
valued to contain about 50% of the global hydrocarbon
resources in the Middle East.3,4 However, carbonate reservoirs
need circumspection as it can be challenging to predict the
quality of the natural gas, and guarantee high recovery from this
rock type. The major difficulties are the complex and hetero-
geneous nature of carbonate reservoirs.5,6

Atomistic scale modelling oen provide a fundamental
insight into the nature of gas adsorption (e.g., chemisorption or
physisorption) on the surface of different reservoir materials.
The outcome of such studies is used as an input for pore-scale
modelling, which requires an extensive knowledge of the
surface morphology on the adsorption of different types of gas
molecules on these surfaces. Pore studies are fundamental for
EUR, which is an essential part for securing the energy cores in
the near future.7
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Molecular simulations have proved to be a useful tool in
complementing experimental results by providing insights
which may be difficult to deduce experimentally e.g., enhanced
gas recovery applications.7–9 Density functional theory (DFT) has
been applied in studying the calcite surfaces10–17 with a main
focus on the lowest energy surface symmetries. First-principles
calculations are also used to study the adsorption of methane
on different surfaces. However, to the best of our knowledge
there is no detailed work that describes methane adsorption on
different calcite surfaces. Most articles in the literature focused
only on the most stable 104 surface.18–25 In this work, DFT
calculations are employed to study the effect surface morphol-
ogies on the adsorption properties of methane on calcite. 9
different surfaces are considered including the lowest energy
104 surface. The strongest adsorption is obtained for the 110
surface. The estimated adsorption capacity if this surface is
found to be more than an order of magnitude larger than the
104 surface. Geometrical surface and charge analysis are
studied to give insight into the nature of adsorption. These
ndings can be useful for pore modelling of carbonate rocks.
2. Computational details

All calculations are conducted using VASP (5.4.4.) code26

employing periodic boundary conditions. The revised general-
ized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE-GGA) which gives better equilibrium structural parame-
ters than the Local Density Approximation (LDA)27,28 was used
for exchange-correlation energy for all elements. For the
description of the ion–electron interactions, the Projected
RSC Adv., 2020, 10, 16669–16674 | 16669
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Table 1 Symmetry and lattice parameters of the considered calcite surfaces

Surface Lattice parameters (�A) # of layers # of atoms Type

104 a ¼ 16.19; b ¼ 9.98; c ¼ 20.05 3 120 Pure
100 a ¼ 27.64; b ¼ 9.94; c ¼ 20.34 6 200 Pure
110 a ¼ 8.10, b ¼ 12.14; c ¼ 20.05 4 80 Pure
001-Ca terminated a ¼ b ¼ 9.98; c ¼ 25.64 6 120 Pure
001-CO3 terminated a ¼ b ¼ 9.98; c ¼ 25.64 6 116 Pure
101-Ca terminated a ¼ 12.75; b ¼ 9.184; c ¼ 22.68 6 120 Pure
101-CO3 terminated a ¼ 12.75; b ¼ 9.184; c ¼ 22.68 6 116 Pure
103 a ¼ 21.57; b ¼ 9.913; c ¼ 20.42 3 160 Stepped
105 a ¼ 9.98; b ¼ 17.06; c ¼ 25.25 3 208 Stepped
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Augmented Wave (PAW) pseudopotentials were employed.29,30

Due to the importance of dispersion forces in describing
surfaces and interfaces, the semi-empirical correction by
Grimme (DFT+D3) was included.31,32 A 3 � 3 � 1 k-point
sampling is used for all considered structures and the plane
wave cut-off energy was 282.84 eV.

Calcite has a hexagonal crystal structure with a R�3c space
group. The experimental bulk geometry was downloaded from
the database in materials studio33 with lattice parameters of a¼
b ¼ 4.99�A and c ¼ 17.061�A.9,34 The isolated adsorbate molecule
(CH4) was modeled using the gamma k-point sampling in
a periodic box of 10 � 10 � 10 Å3 to avoid the interactions with
the periodic images. A vacuum region was extended to 10 Å in
the z direction and applied on all surfaces to avoid interaction
with the neighboring cells. Nine surface morphologies were
studied (Table 1) and these surfaces were selected from the
literature.10,35 However, the studied surfaces account for most of
the component of calcite. The rst two layers on all the studied
surfaces were allowed to relax while the rest was xed to repli-
cate the bulk nature. The number of layers for all the surfaces
was not equally the same, as different supercell was used for
each surface depending on its termination. For the adsorption
calculations, the CH4 molecule was placed within this vacuum
region. The Quantum ATK virtual Nano lab was used for
building the models and visualization of results.36,37
Fig. 1 Side view of the different surfaces.

16670 | RSC Adv., 2020, 10, 16669–16674
3. Results and discussion
3.1 Surface energies

Nine calcite surfaces were studied (see Fig. 1), their lattice
parameters and surface symmetries are shown in Table 1. Both
the 001 and the 101 surfaces have two facets each, as they could
be terminated in two different ways (i.e., calcium terminated or
carbonate terminated). Surface energies of the considered
systems are calculated using:38–41

g ¼ ðEslab �NslabEbulkÞ
2Aslab

(1)

where Eslab the total energy of each is relaxed surface slab, Ebulk
is the total energy of the bulk unit cell of calcite, Nslab is the
number of the CaCO3 unit in each surface slab, and Aslab is the
surface area. The calculated surface energies are shown in
Fig. 2. The calcium terminated 001 surface (001-Ca) has the
highest surface energy (1.84 J m�2), whereas, the 104 surface
has the lowest energy (0.57 J m�2). This value was in agreement
with De Leeuw et al.'s work10 which had the 104 surface energy
as 0.59 J m�2. The 103 and 105 stepped surfaces are derivatives
of the 104 surface. The 103 surface is an offset of one atomic
layer down the 104 surface in the 101 cleavage plane while the
105 surface is an atomic layer down which is cleaved at the 0001
plane.13 This is reected in their surface energies as they are the
second and third most stable surfaces (Fig. 2).
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The surface energies of the different calcite surfaces.

Fig. 3 The adsorption energies (dots, right axis) and surface energies
(columns, left axis) of the different calcite surfaces.

Fig. 4 (a) Optimized structure calcite 110 surface with 24 CH4 molecules
and 104 surfaces.

This journal is © The Royal Society of Chemistry 2020

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
25

/2
02

4 
10

:4
2:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3.2 Adsorption energies

For the adsorption study, various adsorption sites were
considered. Specically, the methane molecule was localized on
top of Ca, C and O atoms (Table S2†). In the case of stepped
surfaces one set of adsorption studies is carried out on all the
elements at the top step (upper) and another at the bottom step
(lower). This was done to observe if there is any signicant
difference in the adsorption property since the 103 and 105
surfaces are not in one plane unlike the pure surfaces (Table
S2†). The adsorption energies are calculated using the following
equation:

Eads ¼ Esurface+CH4
� Esurface � ECH4

(2)

where, Esurface is the total energy of the slab, ECH4
is the total

energy of the isolated gas molecule and Esurface+CH4
is the total

energy of the slab with the gas molecule. In this formula,
a stronger adsorption correlated with a more negative value of
Eads.42 The calculated total energies and resulting adsorption
energies for different adsorption sites are given in Table S2† for
all the considered surfaces. Fig. 3 shows the lowest adsorption
energy values (dots, right axis) for all the systems together with
the surface energy values (columns, le axis). The strongest
adsorption is obtained for the 110 surface (Eads ¼ �1.91 eV),
whereas the 101_CO3 surface has the weakest adsorption (Eads¼
�0.061 eV). The lowest energy surface (104) resulted in the
second weakest adsorption among the studied morphologies.
The value of the adsorption for this surface (Eads ¼�0.085 eV) is
in good agreement with the energy reported in an earlier work.9

The adsorption energies for the other surfaces are in the range
of �0.09 eV to �0.55 eV. It is important to note that the higher
the surface energy, the higher the adsorption energy. However,
some exceptions occur such as the 001-Ca, and 101_Ca which
are both characterized by high surface energy and low adsorp-
tion energy. This may be due to the fact that both surfaces are
not well terminated, and so the exposed Ca atoms could affect
the adsorption. This applies also to the 101_CO3, surface but
due to the carbonate instead.
(Ca–Green; O–Red; C–Grey; H–White). (b) Adsorption capacity of 110

RSC Adv., 2020, 10, 16669–16674 | 16671
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Fig. 5 Optimized structures of 110 clean surface (a), CH4 adsorption side- (b) and top-view (c) and optimized structures of 104 clean surface (d),
CH4 adsorption side- (e) and top-view (f).
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In what follows, we mainly concentrate on the adsorption
properties of 110 surface which provides the strongest adsorp-
tion for methane. Analysis are also conducted for the 104
surface as a reference. The adsorption capacity of these two
surfaces, which is the amount of the adsorbate (i.e., methane)
per unit area43 is calculated using:

Eads: cap: ¼ Eads

nAslab

(3)

where, n and A implies the number of molecules adsorbed and
the area of the calcite surface respectively. The calculated
Fig. 6 Electron difference density plots for the adsorption of methane
on 104 (a) and 110 (b) surface of calcite. The isosurfaces are taken as
�0.05 e Å�3.

16672 | RSC Adv., 2020, 10, 16669–16674
adsorption capacities of both the 110 and 104 surfaces are
shown in Fig. 3. The 104 surface stopped adsorbing starting
from 4th methane molecules (i.e., positive adsorption energy is
obtained), whereas 110 surface can adsorb up to 24 methane
molecules. Fig. 4a shows the optimized geometry of the 110
surface with 24 methane molecules adsorbed. Thus, the 110
surface had an adsorption capacity that was about one order of
magnitude larger than the most stable 104 surface.
3.3 Structural and charge analysis

To nd the reasons for the large adsorption property of the 110
surface, structural and charge analysis were carried out. The
Fig. 7 Optimized structures of methane adsorbed on (a) 4-layers of
104 surface (b) 5-layers of 110 surface.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Symmetry and lattice parameters of 104 and 110 surfaces

Surface Lattice parameters (�A) # of layers # of atoms Adsorption energy (eV)

104 a ¼ 16.19; b ¼ 9.98; c ¼ 20.05 3 120 �0.085
104 a ¼ 16.19; b ¼ 9.98; c ¼ 22.71 4 165 �0.089
110 a ¼ 8.10, b ¼ 12.14; c ¼ 20.05 4 80 �1.910
110 a ¼ 8.10, b ¼ 12.14; c ¼ 22.61 5 105 �1.919
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structures analysis shows that the 104 surface remains unal-
tered during the adsorption processes (i.e., no structural
changes are obtained aer methane adsorption) (Fig. 5d and e).
However, signicant changes are obtained in the case of 110
surface aer the gas adsorption (Fig. 5b and e). The oxygen from
the carbonate, which is located vertically on the 110 surface
(Fig. 5a), rotates by about 90� aer the gas molecule adsorption
(Fig. 5b and the ESI Video†). The bond distance between the
center of mass of the methane molecule (carbon atom) and the
calcium atom in the two surfaces show that the 110 surface has
a shorter bond distance (d ¼ 3.20�A, Fig. 5b) as compared to the
case of 104 surface (d ¼ 3.88 �A, Fig. 5e). This corroborates the
stronger adsorption of the gas molecule on 110 surface of
calcite.

To further understand the obtained peculiarities in the
adsorption properties of methane on the surface of calcite,
partial charge calculations are conducted for both 104 and 110
surface. The density derived electrostatic and chemical (DDEC)
charge method,44,45 which is known to be the most accurate
charge partitioning method for complex systems,46 was
employed. The calculated total charge of CH4 molecule on top
of 104 surface is q ¼ 0.01|e|, which conrmed weak interaction
of the molecule with that surface, whereas, in the case of 110
surface, the total charge of the molecule becomes q ¼ 0.023|e|.
Such larger charge transfer further explains the obtained larger
adsorption energy observed in the 110 surface. To better visu-
alize the charge transfer between the molecule and the
substrate, we plotted in Fig. 6 the electron difference density
calculated as the difference between the self-consistent valence
charge density and the superposition of atomic valence densi-
ties. Stronger charge exchange between the methane molecule
and 110 surface of the calcite (Fig. 6b) is clearly visible as
compared to the case of 104 surface (Fig. 6a).

3.4 Size effect on adsorption

Finally, we study the effect of calcite thickness in the model
systems on the adsorption of methane. Fig. 7 shows the opti-
mized structures for 104 and 110 surfaces for 4 and 5 layers,
respectively. As in the case of smaller layers (see Fig. 5) the
distance from the substrate to the molecule is smaller in the
case of 110 surface, indicating to stronger interaction of the
molecule with this surface. Indeed, 110 surface gives smaller
adsorption energy (�1.919 eV, see Table 2) as compared to 104
surface (�0.089 eV, see Table 2). Thus, no qualitative changes
are obtained about the effect of surface symmetry on the
adsorption properties of the material for larger simulation cell
with 110 surface having larger adsorption energy that 104
This journal is © The Royal Society of Chemistry 2020
surface. The increase in the slab thickness increases the
adsorption energies slightly for both cases. We would like to not
that have 4 to 5 layers of the materials for the simulations is
enough for calculating the adsorption of small molecules on
calcite.47
4. Conclusions

Using DFT calculations we study the effect of surface
morphologies on the adsorption properties of methane on
CaCO3. We found that Ca rich 001 surface has the highest
surface energy, whereas 104 is the lowest energy surface.
Interestingly, the 110 surface shows the highest adsorption
capacity which is more than an order of magnitude larger than
the one obtained for the lowest energy 104 surface. Structural
analysis and partial charge calculations show that such larger
adsorption originates from the larger charge transfer between
the molecule and the substrate and structural changes on the
surface during the adsorption process. These ndings will be
useful for fundamental understanding of the gas adsorption on
calcite surfaces and provide useful information for pore-scale
modeling required for EUR studies.
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