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Separation of CO2/CH4 gas mixtures using
nanoporous graphdiyne and boron-graphdiyne
membranes: influence of the pore size†

Sahar Mahnaee, Marı́a J. López * and Julio A. Alonso

Nanoporous carbon-based membranes have garnered significant interest in gas separation processes

owing to their distinct structure and properties. We have investigated the permeation and separation of

the mixture of CO2 and CH4 gases through membranes formed by thin layers of porous graphdiyne

(GDY) and boron graphdiyne (BGDY) using Density Functional Theory. The main goal is to investigate the

effect of the pore size. The interaction of CO2 and CH4 with GDY and BGDY is weak, and this

guarantees that those molecules will not be chemically trapped on the surface of the porous

membranes. The permeation and separation of CO2 and CH4 through the membranes are significantly

influenced by the size of the pores in the layers. The size of the hexagonal pores in BGDY is large in

comparison to the size of the two molecules, and the passing of these molecules through the pores is

easy because there is no barrier. Then, BGDY is not able to separate CO2 and CH4. In sharp contrast, the

size of the triangular pores in GDY is smaller, comparable to the diameter of the two molecules, and this

raises an activation barrier for the crossing of the molecules. The height of the barrier for CO2 is one

half of that for CH4, the reason being that CO2 is a linear molecule which adopts an orientation

perpendicular to the GDY layer to cross the pores, while CH4 has a spherical-like shape, and cannot

profit from a favorable orientation. The calculated permeances favor the passing of CO2 through the

GDY membrane, and the calculated selectivity for CO2/CH4 mixtures is large. This makes GDY a very

promising membrane material for the purification of commercial gases and for the capture of the CO2

component in those gases.

1 Introduction

Greenhouse gas emissions related to human activity, particu-
larly CO2 emissions, have increased steadily over the past
100 years, contributing to global warming. This issue generates
deep concern among citizens and many governments around the
world. Indeed, reducing atmospheric CO2 content is one of
the most complex challenges facing modern society. Noteworthy,
up to 80% of the world’s energy demand is supplied by highly
polluting fossil fuels. In spite of the commitment of interna-
tional organizations, the pace of replacement of the contami-
nant energy sources by renewable clean energies is, by far, too
slow to restrain global warming. Meanwhile, alternative strate-
gies are being developed to reduce the excess of CO2 in the
atmosphere1 and to contribute to reach the objective of carbon
neutrality.

A promising strategy consists in the sequestration of CO2,
that is, the selective capture and storage of CO2 in suitable
sorbent materials. Post-combustion CO2 capture is performed
at the time of production, removing the CO2 from the flue gases
before its emission to the atmosphere. Pre-combustion capture
separates CO2 from CO2/H2 mixtures leading, ideally, to pure
H2 that can be used to generate energy. The purification of natural
gas and landfill gas, and the biogas upgrading2 through the
separation of CO2 from the CO2/CH4 mixtures, a process that
improves their energy content, have acquired great relevance in
the last years. A large variety of technologies and sorbents are
being actively investigated3,4 to improve the efficiency of more
conventional sorbents based on zeolites and activated carbons.
Among them, membrane-based technologies5–7 offer many advan-
tages, since they are easy to implement, scalable and energy
efficient. The last years have witnessed significant developments
on membranes for CO2 capture and gas separation: MOF
membranes,8 carbon molecular sieve (CMS) membranes,9 nano-
composite membranes,10 ionic liquid (IL)-based membranes11,12

and facilitated transport membranes (FTM).13 In this context,
nanomaterials show attractive characteristics.4 Mazri et al. have
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reviewed the application of graphene and graphene-based nano-
fluids for CO2 absorption4

Gas separation is the central process on all these technolo-
gies. Therefore, abundant, cheap, recyclable filtering materials
provide the key for the widespread use of these technologies.
The two main factors for the efficient separation of gases are
high permeability and selectivity of the membranes. Despite
substantial advances, there is still a need to improve and
develop novel membrane filtering materials to achieve a high
selectivity towards one of the gases in the mixture without
compromising their permeability.7 It is known that the gas
transport trough the filtering membrane is inversely proportional
to its thickness. Therefore, since the discovery of graphene and
the emergence of a large variety of 2-dimensional (2D) carbon
based materials there has been great interest for the applicability
of these 2D materials in filtration processes. These one atom-thick
platforms bear a great potential for developing filtration mem-
branes with excellent permeability. Thus, nanoporous graphene
and graphene oxide (GO) membranes have been designed and
proposed as efficient filters.14–17 Molecular dynamics simulations
demonstrate good performance of some arrays of these layers for
CO2/CH4 separation. The main difficulty for developing these
structures is the controlled generation of pores at the sub-
nanometer level, with high precision on their size and position
on the graphene layer. However, in recent years, members of a
novel family of 2D carbon materials with a uniform distribution of
pores of nanometric size and various shapes have been
synthesized.18,19 Graphynes are formed by hexagonal carbon
rings, similar to those of graphene, but linked to each other
through acetylenic chains of different lengths giving rise to
triangular pores18 or other shapes,20 depending on the inserted
linkages. It has been shown that doping these layers with het-
eroatoms (H, F, N) adds additional flexibility to improve/adjust
the pore structure for the effective separation of gas mixtures.21

The structure of another member of the family, boron graphdyine
(BGDY), is imposed by the three-fold coordination of the boron
atoms, linked by diacetylenic chains forming hexagonal pores.19

In this work, we examine and compare the utility of graph-
diyne (GDY) and boron-graphdiyne (BGDY) layered nanostruc-
tures as membranes for the separation of gas mixtures. We
expect that an array of these porous nanostructures can be
helpful in gas separation technologies, and can achieve a high
rate of gas throughput. Actually, GDY, and more in general
graphynes, have been investigated for helium separation,22

molecular hydrogen isotope separation,23 hydrogen
purification,24–26 detection of dissolved gases in oil,27 separa-
tion of oxygen from harmful gases,28 separation of hydrogen
from CO2,29 and separation of CO2 from N2.30 The specific gas
mixture that we study is the mixture of CH4 and CO2, of
significant interest in biogas upgrading.2,6 Different membrane
materials have been investigated for the separation of this gas
mixture: activated carbons,31 mixed matrix membranes,32,33

and hybrid organic–inorganic clay membranes.34,35 We per-
form Density Functional calculations (DFT)36 to investigate
the performance of GDY and BGDY as membranes for the
selective separation of CH4 and CO2 gas molecules. Specifically,

as one of the main objectives of this work we study the
important effect of the size of the pores on the permeability
and selectivity of the membranes, since the pore sizes in GDY
and BGDY are different. The theoretical method is briefly
presented in Section 2, the results are reported in Section 3,
and are discussed in Section 4. Finally, some conclusions are
offered in Section 5.

2 Theoretical method

To perform the calculations, we have employed the Kohn–Sham
DFT method36 as implemented in the Quantum Espresso compu-
tational package.37,38 The Perdew–Burke–Ernzerhof (PBE) general-
ized gradient (GGA) functional was used for electronic exchange–
correlation effects.39 The interaction between valence and core
electrons was described by projector-augmented wave (PAW)
pseudopotentials,40,41 and dispersion interactions effects were
included using Grimme’s DFT-D3 method.42,43 In a previous work
by some of the authors44 an extensive study of the interaction of
molecular hydrogen with graphene and benzene was performed
using DFT with a number of exchange–correlation functionals,
and also several other quantum chemical methods. The conclu-
sion was that the use of PBE with Grimme’s semiempirical
description of dispersion interactions gives accurate results for
the interaction energy between H2 and those substrates in com-
parison with more demanding quantum chemical methods. The
nature of the chemical interaction of CO2 and CH4 with GDY and
BGDY is just the same as that of H2 with graphene, a weak
interaction with an important van der Waals component, so the
above conclusions also apply here. However, it is worth noticing
that some differences exist between CO2 (and CH4) with respect to
H2. The main one in the present context arises from the electric
dipole polarizabilities, which affect the dispersion interactions
with the substrate: the measured polarizabilities of CO2 and CH4

are larger than that of H2. The electronic wave functions are
expanded in a basis of plane waves, with a cut-off energy of 45 Ry,
and the cut-off for the electron density is 360 Ry. The Brillouin
zone in reciprocal space was sampled with a 2 � 2 � 1 Mon-
khorst–Pack grid.45 The selected cut-off energies and grid of k
points yield to a good convergence of the adsorption energies with
a maximum numerical error of 2.0 � 10�4 eV (see Table S1 of the
ESI†). The calculations were carried out in spin-polarized mode.

The main purpose of this work is to investigate the per-
meance of the CO2 and CH4 molecules through the hollow
pores of the GDY and BGDY membranes. For this purpose, a
key ingredient is to calculate the potential energy of the system
as the molecule crosses from one side to the other side of the
layer. Two types of paths have been considered. The first one is
specified by the coordinates (0, 0, z), with varying z, of the
centre of mass of the molecule; that is, the molecule follows a
straight vertical path through the centre, placed at (0, 0, 0), of a
specific pore of the membrane layer. In the second type of path,
the x and y coordinates of the centre of mass of the molecule
are allowed to relax to optimize the energy at each distance z
from the layer. In all cases, that is, for both types of path, the
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individual positions of the atoms of the membrane layers (GDY
and BGDY), as well as the positions of the atoms of the molecules
(CO2 and CH4) are fully relaxed at each step; that is, for each value
of the distance z between the molecule and the layer.

3 Results
3.1 Structure of grapdiyne and boron-graphdiyne membranes

Graphdiyne46,47 is a unique carbon allotrope that belongs to the
family of graphyne. It is a two-dimensional layer material
composed of carbon atoms arranged in a periodic hollow lattice
structure shown in Fig. 1. In graphdiyne, some carbon atoms
form hexagons, like in graphene. However, these hexagons are
linked through carbon chains, resulting in a more complex
structure showing large triangular holes. The distinctive feature
of graphdiyne is the presence of both sp-hybridized and sp2-
hybridized carbon atoms. The sp2-hybridized C atoms are those
forming the hexagons, and the chains joining those aromatic
ring hexagons are formed by sp-hybridized C atoms, leading to
–CRC–CRC– chains with alternating triple (acetylenic) and
single bonds. The calculated bond lengths along the carbon
chains are: 1.39, 1.23, 1.33, 1.23, and 1.39 Å, and the carbon–
carbon bond lengths in the carbon hexagons are larger, with an
average value of 1.43 Å. These bond lengths agree well with
previous work.48 Because of the planar structure with triangular
holes, GDY can be used as a membrane for the filtration of
gases. The holes in the structure can also anchor metal clusters
and the metal-functionalized GDY has been proposed as a
promising material in catalysis and hydrogen storage.48,49

Boron graphdiyne, which has been synthesized by a bottom-
up strategy,19 is a two-dimensional layer material that contains
boron and carbon atoms in its structure. The structure of
BGDY, shown in Fig. 2, consists of a honeycomb lattice made
up of hexagons, like in graphene. However, in BGDY the
vertices of the hexagons are occupied by boron atoms, and
chains of C atoms join those B atoms and form the sides of the
large hexagonal holes. The C atoms in the structure of BGDY
form diacetylenic chains, like the chains in GDY. The calculated
B–C bond length is 1.52 Å, and the bond lengths of triple CRC

bonds and single C–C bonds are 1.23 Å and 1.36 Å, respectively,
close to the values in GDY and in agreement with previous
work.49,50 The large hexagonal holes are a result of the boron
atoms occupying the vertices of the hexagonal lattice. Because
of the presence of these holes, the material can have applica-
tions in filtration membranes.

3.2 Adsorption of CO2 and CH4 on the membrane surface

CO2 is a linear molecule with calculated C–O bond distance of
1.20 Å. In methane, the four H atoms form a tetrahedron
around a central C atom, and the calculated C–H bond distance
is 1.09 Å. When the molecules of the gas mixture approach to
the surface of the membrane, these molecules feel an attractive
force due, at least, to the weak van der Waals interaction. But
the force could be stronger if electrostatic or chemical interac-
tions occur in addition. If the net attractive interaction is
strong, the molecules will be trapped near the surface of the
membrane, and passing through the membrane pores might be
difficult. Of course, a barrier to cross the membrane may be
present, as we discuss in the next section, and a deep inter-
action potential results in a high activation barrier. For this
reason, it is important, as a first step, to know the strength of
the adsorption energies of the molecules on the GDY and BGDY
layers. The lowest energy adsorption configurations of one and
several molecules (per hollow pore) on top of the GDY and
BGDY layers were calculated, and the corresponding adsorption
energies are reported in Table 1. The structures are given and
described in the ESI.† The adsorption energy of a single CO2

molecule is defined

Eads(CO2) = E(CO2) + E(layer) � E(CO2-layer), (1)

written in terms of the energy of the system formed by the CO2

molecule adsorbed on the substrate layer, and the energies of
the isolated CO2 molecule and substrate, and a similar equa-
tion holds for CH4. The adsorption energies are small, and
consequently there is no danger of the molecules being chemi-
cally trapped in those adsorption configurations under the

Fig. 1 Planar structure of graphdiyne, showing hexagonal rings linked by
diacetylenic –CRC–CRC– chains, which form large triangular holes.
The unit cell used in the calculations is highlighted.

Fig. 2 Planar honeycomb structure of boron graphdiyne, showing hex-
agonal holes. BGDY is formed by boron atoms connected by carbon
chains containing diacetylenic –CRC–CRC– linkages. Boron and
carbon atoms are represented by green and brown spheres, respectively.
The unit cell used in the calculations is highlighted.
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usual filtration conditions. When n CO2 molecules are
adsorbed on top of the same hole of the substrate layer, the
adsorption energy becomes

Eads(nCO2) = nE(CO2) + E(layer) � E(nCO2-layer), (2)

with a similar equation for CH4. The main difference between
the BGY and BGDY substrates is that it becomes difficult to
place a second molecule on top of the same hole of GDY,
because the hole is small. In the case of CO2 on GDY, the
adsorption position of the second molecule is above a carbon
chain, and adsorption on an adjacent triangular hole would be
competitive. For CH4 on GDY, the second molecule is displaced
towards a vertex of the triangular hole. In contrast, when two or
more molecules are adsorbed on the same hexagonal hole of
BGDY, a weak cooperative effect is observed, in which the
adsorption energy per molecule increases a bit with respect to
the adsorption energy of a single molecule, because of the
dispersive interaction between the adsorbed molecules.

Some results for mixed adsorption of nCO2 and mCH4

molecules are reported in Table 2. Total adsorption energies
are compared with the sum nEads(CO2) + mEads(CH4), where the
values of those sums, calculated from the data in Table 1, are
given in parentheses. Again, the effect of the attractive disper-
sion interaction between the molecules is observed. In sum-
mary, the strength of the interaction energies (per molecule) of
CO2 and CH4 with GDY and BGDY is small, and will not prevent
the passing of the molecules trough the hollow pores.

Further insight on the interaction between the CO2 molecule
and the GDY and BGDY layers is provided by the electron
density redistribution taking place upon adsorption of CO2

on those supporting layers, defined as

Dr(-r) = rCO2-layer(
-
r) � rlayer(

-
r) � rCO2

(-r) (3)

where rCO2-layer(
-
r) is the electron density of the system formed by

the CO2 molecule adsorbed on the GDY (or BGDY) layer, and
rlayer(

-
r) and rCO2

(-r) are the densities of the separated GDY (or
BGDY) layer and CO2 molecule, where the separated subsystems
hold the same structure as in the adsorbed system. A similar
definition applies to CH4 adsorption on GDY and BGDY. The
electron density redistributions are shown in Fig. 3. The figure

shows that the density redistribution is small in all cases. One
can observe a tiny accumulation of electronic charge between the
CO2 molecule and the two diacetylenic chains of GDY (or BGDY)
closer to the molecule (notice the small value of the Dr iso-
density surface plotted) and a tiny polarization of the electron
density in the CH4 molecule. The density redistribution concen-
trates mainly on the adsorbed CO2 or CH4 molecules, and the
GDY and BGDY substrates are mostly unaffected. The electron
density redistribution confirms the weak interaction (van der
Waals type) between CO2 and CH4 molecules and GDY and
BGDY layers, and the absence of electrostatic or chemical inter-
actions between the molecules and the supporting layers that
would impede the passing of the molecules through the pores of
the layers.

We are not aware of other works for the interaction of CO2

and CH4 with GDY or BGDY. But some information exists for
the interaction of these molecules with other related carbon
materials. DFT calculations of the adsorption energies of CO2

and CH4 with graphene have been performed.51–53 The adsorp-
tion energies of CO2 on graphene calculated by Wood et al.52

and Thierfelder et al.53 vary between 0.12 and 0.16 eV per
molecule, depending on the exchange–correlation energy func-
tional used, and the treatment of dispersion. These results are in
good agreement with the experimental value of 0.127 eV per
molecule. The calculated adsorption energy of CH4 is 0.24 eV per
molecule.52 The adsorption energies obtained by Ossouledini
et al.51 are smaller, 0.03 eV per molecule (CO2) and 0.05 eV per
molecule (CH4). Overall, these results are consistent with the
results in Table 1. All the adsorption energies reveal the fact that
the attractive part of the interaction of CO2 and CH4 with the
three planar substrates, graphene, GDY and BGDY, is weak,
dominated by dispersion effects, although differences can be
expected between the difference substrates. Ganji54 investigated

Table 1 Adsorption energies, in eV, for n CO2 or n CH4 molecules on GDY
and BGDY. Adsorption energies per molecule are given in parentheses

n = 1 n = 2 n = 3 n = 4

nCO2/BGDY 0.121 0.272 (0.136) 0.429 (0.143) 0.614 (0.153)
nCH4/BGDY 0.091 0.198 (0.099) 0.331 (0.110)
nCO2/GDY 0.168 0.333 (0.167)
nCH4/GDY 0.138 0.272 (0.136)

Table 2 Adsorption energies, in eV, for nCO2 plus mCH4 molecules on
BGDY. The values in parentheses represent the sum nEads(CO2) +
mEads(CH4)

n = 1, m = 1 n = 2, m = 3

Adsorption energy 0.244 (0.212) 0.695 (0.515)

Fig. 3 Electron density redistribution Dr(r
-

) for the adsorption of CO2

(upper panels) and CH4 (lower panels) on the GDY and BGDY layers.
Isodensity surfaces with positive (in yellow) and negative (in blue) values of
Dr are represented. The values of Dr are indicated in parenthesis in the
figure for each molecule-layer system. Positive (negative) values of Dr
correspond to regions where the electron density increases (decreases) in
the adsorbed molecule-layer system with respect to the superposition of
the densities of the separated subsystems.
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the interaction of CO2 with carbon nanotubes using DFT, and
obtained an adsorption energy of 0.38 eV per molecule. This
energy is larger than the adsorption energies quoted above, and
this can be understood as due to the higher reactivity of the
curved nanotubes.

3.3 Vertical path of CO2 and CH4 through the center of the
pores of GDY and BGDY

We now investigate the filtration of CO2 and CH4 through the
GDY and BGDY membranes. The passing of these molecules
through the hollow pores of GDY and BGDY has been first
simulated by placing the molecules at a distance z above the
center of a hollow pore, that is, fixing the (x, y, z) coordinates of
the C atom of those molecules at (0, 0, z), and calculating the
energy of the whole system, molecule and membrane layer, for
several different distances z of approach (these conditions will
be relaxed in Section 3.4). For each value of z, the orientation of
the molecules, and also the interatomic distances in the
molecule, and the coordinates of the atoms of the membranes
are fully relaxed to optimize the energies. In this way, the
potential energy of the molecule along a path (with x = y = 0)
approaching the layer is obtained.

The energy versus distance z is plotted in Fig. 4. The main
difference between the GDY and BGDY membranes is that the
strength of the interaction between these molecules and BGDY
is substantially lower than their interaction with GDY. This is
due to the larger size of the holes in BGDY. The minimum of
the potential energy curves occurs near z = 2–3 Å in GDY, and at
z = 0 in BGDY. This means that there is an activation barrier for
the passing of CO2 and CH4 through the triangular holes of
GDY (notice that the potential energy curve is symmetrical with
respect to the layer plane). The magnitude of the barrier is quite
different: 0.28 eV for CO2, and 0.51 eV for CH4. On the other
hand, the passing of the two molecules through the hexagonal
holes of BGDY is much easier: the depth of the minimum at
z = 0 is tiny, with values of �0.029 for CO2, and �0.030 eV for
CH4, and there are no barriers for the passing from one side of
the membrane layer to the other.

The particular orientation of the molecular axis of the linear
CO2 molecule is not relevant when the molecule is far away, or
at least not close to the GDY layer. At distances z near the
potential energy minimum, the orientation of the CO2 axis is a
bit tilted with respect to the plane of the GDY layer; see Fig. 5.
However, the orientation becomes perpendicular when the
molecule approaches closely the layer. This reorientation of
the molecular axis occurs spontaneously in the calculations,
because it lowers the short-range Pauli repulsion with the pore
walls and facilitates the crossing of the molecule through the
narrow hole. The vertical orientation of the axis can be inter-
preted as a way of decreasing the effective size of the CO2

molecule, as sensed by the pore boundaries, in comparison to
other molecular orientations, when passing through the hole.
On the other hand, the shape of CH4 is nearly spherical, and its
orientation is not relevant. The boundaries of the hole deform
slightly through the crossing of CH4, but not through the cross-
ing of CO2 (due to the favorable orientation). The boundaries of

the large hexagonal holes of BGDY do not suffer deformation
through the passing of CO2 or CH4, as shown in Fig. 6.

To clarify the nature of the interaction between these
molecules and the GDY and BGDY layers, the interaction energy
and its attractive van der Waals contribution are plotted in
Fig. 7 for the case of CO2 interacting with GDY. The two curves
are very close until the molecule approaches the layer at a
distance of 3 Å. However, as the molecule approaches closer to
the layer, the total interaction turns repulsive because the
molecule does not fit well into the triangular hole due to the
short-range repulsive interaction with the pore walls, and some
energy has to be invested to go through.

3.4 Relaxation of the crossing path

The straight vertical path (0, 0, z) through the center of the
hollow pores serves to illustrate well the form of the potential
energy of interaction (see Fig. 4). However, in their travel the
molecules might deviate from the (0, 0, z) vertical path if this
lowers the potential energy. New calculations have been per-
formed by allowing for those deviations. That is, at each
specific value of the z coordinate of the center of mass of the

Fig. 4 Energy as a function of the distance z between the CO2 or CH4

molecules and the layer. Upper panel, GDY. Lower panel, BGDY. The (x, y)
coordinates of the molecule are x = 0, y = 0.
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molecule (vertical distance to the layer) the x and y coordinates
of the center of mass were allowed to relax to optimize the

energy, in addition to the full relaxation of the orientation and
interatomic distances of the molecule and the positions of all the
atoms of the membrane. The improved interaction potentials for
the passing of CO2 and CH4 through the GDY pores are plotted
in Fig. 8. By comparison with Fig. 4, no appreciable changes
are observed in the potential energies of the two molecules.
The positions of the energy minima and the magnitude of the
activation barriers are practically the same as in Fig. 4. The
position and orientation of the molecules near the potential
energy minimum, and at z = 0 are practically indistinguishable
from those in Fig. 5; that is, the deviation of the path of the
molecules from the path with x = y = 0 is negligible. The main
conclusion from Fig. 4 and 8, is that the different heights of the
barriers for CO2 and CH4 reveal the excellent selectivity of the
GDY:CO2 molecules will pass much more easily than CH4

molecules through the triangular holes. And one can profit from
this fact to purify commercial gas, and to capture the CO2.

In sharp contrast, in the case of BGDY, with large hexagonal
pore holes, the relaxation of the (x, y) coordinates of the

Fig. 5 Top and lateral views of the orientation of the CO2 molecule on
GDY, at z = 3 Å, and z = 0. Same for CH4 at z = 2 Å, and z = 0. The
calculations assume x = y = 0. Oxygen, carbon and hydrogen atoms are
represented by red, brown, and light grey spheres, respectively.

Fig. 6 Top and lateral views of the orientation of the CO2 molecule at z =
3 Å, and on the plane of the BGDY layer, z = 0 Å. Same for CH4. The
calculations assume x = y = 0. Oxygen, carbon and hydrogen atoms are
represented by red, brown, and light grey spheres, respectively.

Fig. 7 Energy as a function of the distance z between the CO2 molecule
and the GDY layer. The (x, y) coordinates of the molecule are x = 0, y = 0.
The van der Waals contribution is also included.

Fig. 8 Energy as a function of the distance z between the CO2 and CH4

molecules and the GDY layer. The (x, y) coordinates of the molecules are
relaxed for each value of z.
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molecules affects substantially their potential energies. Fig. 9
shows that the minima of the potential energy curves become
deeper in comparison to Fig. 4, because the path of the
molecules moves a bit towards one corner of the hexagon (see
Fig. 10), in this way increasing the attractive van der Waals
interaction with the layer. The barriers for the crossing of CO2

and CH4 molecules from one side of the BGDY layer to the
other through the hexagonal holes are negligibly small, and the
depth of the potential confining the molecules in the region
close to the layer is small in both cases, and easily surmoun-
table under the usual filtration conditions. This means that
BGDY is much less effective to separate CO2 and CH4.

4 Discussion

The potential energy minima at distances of 2–3 Å from the
GDY layer shown in Fig. 8 indicate that there is a stable
adsorption configuration for CO2 and CH4 when these mole-
cules are close to the GDY layer. This is mainly due to the
attractive van der Waals interactions between the molecules
and the GDY, and the depths of the minima are small. The
barrier to go through the hollow cavities arises because the
sizes of these molecules and the size of the pores are relatively
similar. However, the barrier for CO2 is smaller than the barrier
for CH4, because CO2 is a linear molecule that can adopt a
favorable orientation, perpendicular to the layer, to cross the
holes. On the other hand, CH4 is nearly spherical and cannot
profit from a favorable orientation. Fig. 11 shows the electronic
densities of CO2 and CH4 at the point of passing through the
GDY membrane, that is, at z = 0. At this point, the axis of the
CO2 molecule is, as mentioned above, perpendicular to the
GDY layer. Surfaces of constant density with a value 0.01 e
a.u.�3 have been plotted, and these reflect well the difference in
size of the two molecules that permits the easier crossing of
CO2 through the triangular hole.

The energy barriers are critical for controlling the permea-
tion of molecules through the material. Smaller activation
barriers indicate that it is easier for those molecules to pass

through. This property can be exploited to create selective
membranes allowing certain molecules to pass, while inhibit-
ing others. In our case, GDY membranes will be able to separate
a mixture of CO2 and CH4, allowing the purification of natural
gas and biogas, as well as the capture of the CO2.

The relative sizes of the pores and gas molecules are the
major factor determining what molecules can pass easily
through the membrane. The sizes of CO2 and CH4 are quite
similar, the experimental bond-lengths being d(C–O) = 1.16 Å,
and d(C–H) = 1.09 Å. But CO2 is a linear molecule, and by
adopting the vertical orientation with respect to the membrane
layer, its effective size when passing through the hollow pore is
much reduced.

The size of the hexagonal pores in BGDY is substantially
larger than the sizes of CO2 and CH4, and these molecules will
easily pass through the layer holes. The molecules have a
tendency to deviate from the x = y = 0 path, a fact that increases
the attractive part of the interaction with the BGDY layer, but

Fig. 9 Energy as a function of the distance z between the CO2 and CH4

molecules and the BGDY layer. The (x, y) coordinates of the molecules are
relaxed for each value of the vertical distance z.

Fig. 10 Top and lateral views of the orientation of the CO2 and CH4

molecules on BGDY, at z = 1 Å, and z = 0. Oxygen, carbon and hydrogen
atoms are represented by red, brown, and light grey spheres, respectively.
The (x, y) coordinates of the center of mass of the molecules are relaxed
for each value of z.

Fig. 11 Top view of the electronic density of CH4 (left panel) and CO2

(right panel) at the point of passing through the GDY membrane, z = 0. The
yellow regions correspond to a surface of constant electron density with
the value 0.01 e a.u.�3.
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the passing through the hollow pores is still easy because there
is no activation barrier. BGDY will not serve to separate CO2

and CH4, but could serve to separate CO2 and CH4 from larger
molecules, like large hydrocarbons.

To quantitatively assess the capacity of GDY to separate CO2

and CH4, the selectivity of the membrane and the permeances
of the two gases can be calculated. The selectivity of the GDY
membrane to separate CO2 and CH4 can be obtained by starting
from Arrhenius equation

A ¼ A0e
�Eb=kBT (4)

where A is the diffusion rate, A0 is a diffusion prefactor, Eb is
the diffusion barrier, kB is the Boltzmann constant, and T is the
temperature. A good approximation is to assume that the
diffusion prefactors are equal for CO2 and CH4.28,29,55,56 Then,
the selectivity S is obtained as

S CO2=CH4ð Þ ¼ A CO2ð Þ
A CH4ð Þ ¼ e� Eb CO2ð Þ�Eb CH4ð Þð Þ=kBT : (5)

The selectivity as a function of the temperature is shown in
Fig. 12 (the actual values are given in Table S2 of the ESI†).
Evidently, the selectivity decreases with increasing temperature.
But at room or lower temperatures the selectivity is substantial
and promising, reaching a value near 104 at room temperature,
which guarantees an efficient separation of the two gases, and
the capture of the CO2 component. Selectivities of this order
have been obtained in works for other gas mixtures.28,29

The permeance of a membrane for a gas28 is defined by

P = F/Dp. (6)

In this equation, F is the gas molar flux through the
membrane, and Dp the pressure difference between the two
sides of the membrane. F is calculated as F = Nf, where N
represents the number of gas molecules per unit surface and
unit time colliding with the membrane, and f is the probability
for a particle to diffuse through the pore at a given velocity. The
kinetic theory of gases allows to write N as

N ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pMRT
p ; (7)

with M, R and T standing for the molar mass, the gas constant
and the temperature. Next, the probability f is calculated from
the Maxwell–Boltzmann velocity distribution

f vð Þd3v ¼ m

2pkBT

� �3=2

e
�
m vx

2þvy2þvz2ð Þ
2kBT dvxdvydvz (8)

where m is the mass of the molecule. The probability f is the
integral of that distribution over the velocities of the gas
molecules under the constraint that vz is larger than vb, where
vb stands for the velocity leading to a kinetic energy equal to the
height of the diffusion energy barrier. Then the integral will
involve exclusively those gas molecules having kinetic energies
high enough to overcome the diffusion barrier. Integrating over
the x and y components of the velocity, the Maxwell–Boltzmann
distribution for the z direction becomes

f vzð Þdvz ¼
m

2pkBT

� �1=2

e
�mvz

2

2kBTdvz: (9)

Therefore, the probability f is given by

f ¼
ð1
nb
f vzð Þdvz: (10)

Taking into account the properties of the Gaussian
integral,57 f becomes

f ¼ 1

2
�
ðvb
0

f vzð Þdvz; (11)

which can be expressed in terms of the error function

f ¼ 1

2
1� erf

m

2kBT

� �1=2

vb

 !" #
: (12)

The calculated permeances of CO2 and CH4 through GDY
are plotted in Fig. 13 as a function of the temperature, for an
incoming pressure p = 3 � 105 Pa and a pressure difference
between the two sides of the membrane Dp = 105 Pa. The
permeance of CO2 is higher than the permeance of CH4, which
is consistent with the calculated selectivity of GDY. The hor-
izontal line plotted in this Figure marks the industrial per-
meance limit for gas separation processes, which is 6.7 � 10�9

mol m�2 s�1 Pa�1. These results confirm that GDY can act as a
porous membrane for the effective separation of CO2 and CH4,
and for the capture of the CO2 in the natural gas industry.

5 Conclusions

The capacity of GDY and BGDY nanoporous membranes to
separate CO2 and CH4 in a CO2/CH4 gas mixture has been
investigated. This process is relevant in the purification of
natural gas, landfill gas, and biogas. The strength of the
interaction between these two molecules and GDY or BGDY is
small. Consequently, these molecules are not chemically bound
to the membrane layers, and passing through the holes of the
GDY and BGDY membranes is possible under the usual filtra-
tion conditions. A crucial difference between the two mem-
branes is that the size of the hexagonal pores in BGDY is large

Fig. 12 Selectivity S(CO2/CH4) of the GDY membrane for different
temperatures.
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in comparison to the size of the two molecules, and the crossing of
these molecules through the pores of BGDY is easy because of the
lack of activation barriers. Then, BGDY is not efficient to separate
CO2 and CH4. On the other hand, the size of the triangular pores
in GDY is smaller, comparable to the diameters of the two
molecules, and this builds up an activation barrier for the passing
of the molecules. The height of the barrier for CO2 is approxi-
mately one half of that for CH4. The reason is that CO2 is a linear
molecule which adopts an orientation perpendicular to the GDY
layer to cross the pores, in this way reducing its effective size
during the crossing process. In contrast, CH4 has a spherical-like
shape, and cannot profit from a favorable orientation. For these
reasons, the calculated selectivity of the GDY membrane for
CO2/CH4 separation is large, and favors the passing of CO2. The
calculated permeances are consistent with the selectivity. This
makes GDY a very promising membrane material for the purifica-
tion of commercial gas and for the capture of its CO2 component.

Author contributions

Sahar Mahnaee: conceptualization; formal analysis; investiga-
tion; writing – original draft; visualization. Marı́a J. López:
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