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Abstract A combination of ab initio quantum mechanical
(QM) calculations and canonical Monte Carlo (CMC) simu-
lations are employed to investigate possible usage of single-
walled silicon nanotubes (SWSiNTs) as a novel media for
hydrogen and methane adsorption as well as their separa-
tion from each other. By fitting the force field, a Morse
potential model is selected as an efficient potential to de-
scribe the binding energies between both hydrogen-SiNTs
and methane-SiNTs obtained from ab initio calculations.
Then CMC simulations are performed to evaluate the ad-
sorption and separation behaviors of H2 and CH4 on the
three different sizes of SiNTs including (5, 5), (7, 7), and
(9, 9) SiNTs at ambient temperatures and pressures from 1
up to 10 MPa. As a comparison, the adsorption and sepa-
ration of H2 and CH4 on the (8, 8) CNTs which are isodi-
ameter with (5, 5) SiNTs are also simulated. Results are in-
dicative of remarkable enhancement of H2 and CH4 adsorp-
tion capacity on the SiNTs compared to the CNTs, which
arise from stronger van der Waals (VDW) attractions. In the
case of methane adsorption on SiNTs, the stored volumet-
ric energy exceeds the goal of the US Freedom CAR Part-
nership by 2010, which can not be achieved by methane
compression at such low pressures. Moreover, simulation
results indicate that SiNTs preferentially adsorb methane
relative to hydrogen in their equimolar mixture, which re-
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sults in efficient separation of these gases from each other
at 293 K.
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1 Introduction

The tremendous exploitation of the fossil fuels as the result
of growing population and industrialization has had many
serious consequences such as air pollution and global warm-
ing over recent years. Moreover, the reserves of fossil fuels
are limited. Therefore, finding new energy sources is indis-
pensable. Since H2 and CH4 are sustainable clean energy
sources with high heat of combustion, they seem to be the
eternal solution to eliminating pollution and the diminution
of traditional sources (Zhang 2006; Zhou et al. 2005). How-
ever, regarding their considerable advantages, these energy
sources have not been used extensively yet. The major im-
pediments in this area are related to storage and transporta-
tion of these gases in a safe and economical way. There-
fore, for H2 and CH4 storage, several alternative ways have
been considered such as gas compression, liquefaction, and
adsorption on solid state materials (Kowalczyk et al. 2006;
Morales-Cas et al. 2007).

Danger of explosion and high weight of the gas storage
vessels are the two limitation factors for on-board applica-
tion of compression technique. Moreover, for CH4 and H2

liquefaction, the extremely difficult condition of low tem-
perature is required because of their low critical tempera-
tures (119 K for CH4 and 33 K for H2). Therefore, among
the methods mentioned, adsorption is a promising technol-
ogy if an appropriate adsorbent is accessible (Peng et al.
2008).
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The separation of hydrogen and methane from each other
is another issue that is of crucial importance, since 95% of
hydrogen used in the fuel cells is provided by the purifica-
tion of synthetic gas obtained from steam reforming of nat-
ural gas (Kowalczyk et al. 2007).

For more than two decades, a large variety of porous ma-
terials for instance carbon nanotubes (Tanaka et al. 2005;
Poirier et al. 2006; Chen and Sholl 2006), fibers and acti-
vated carbon (Dillon et al. 1997; Bhatia and Myers 2006),
molecular sieves (Ohkubo et al. 2002; Roussel et al. 2006),
layered pillared pore materials (Cao et al. 2002), and metal
organic frameworks (MOFs) (Li and Yang 2005, 2006)
have been explored to find efficient adsorbent for H2 and
CH4 storage, and their separation from each other. Car-
bon nanotubes have particularly attracted a great deal of
attention because of their unique properties. Bekyarove
et al. (2003) have reported measurement of methane ad-
sorption on single-walled carbon nanotube (SWCNTs). In
2004, Lan et al. (2008) performed grand canonical Monte
Carlo simulation (GCMC) to optimize the SWNT arrays for
methane storage, and their simulation results demonstrated
that methane storage in the optimized triangular arrays at
4.1 MPa exceeded the US Department of Energy (DOE)
goal. Lee et al. (2006) have measured the methane adsorp-
tion on multi-walled carbon nanotubes (MWCNTs) com-
pared to two types of zeolites (DAY and HSZ-320). Their
experimental data indicated that the methane uptakes of
MWCNTs were higher than for zeolites. Kowalczyk et al.
(2006) have investigated methane storage on bundles of
(10, 10) CNTs and worm-like carbon porous by GCMC sim-
ulation. Their results have revealed that such nanoscale ma-
terials can attain the US freedom CARP partnership goal at
ambient temperature.

Many studies have also been accomplished about hydro-
gen adsorption on pristine and improved doped carbon nan-
otubes. However, most of these efforts have failed to attain
the DOE target, namely 6.5 wt% by 2010. Nowadays, most
of the researchers believe that the solution to this problem
comes from the design of novel materials (Cote et al. 2005;
Rosi et al. 2003; Yaghi et al. 2003; Mpourmpakis et al.
2006). Recently, silicon nanotubes (SiNTs) have been syn-
thesized by several methods such as the chemical vapor de-
position (CVD) (Sha et al. 2002) and hydrothermal (Chen
et al. 2005; Tang et al. 2005) methods. Silicon is more po-
larizable than carbon due to the presence of more electrons
in its outer shells. Therefore, we anticipate that SiNTs can
be tailored to achieve a stronger van der Waals attraction
to adsorbed molecules than CNTs (Lan et al. 2008). Only
a few studies have been implemented about hydrogen ad-
sorption on SiNTs (Lan et al. 2008; Lithoxoos et al. 2008;
Ryou et al. 2008). Lan et al. (2008) have used multiscale the-
oretical method, combining the first-principle calculations
and a grand canonical Monte Carlo (GCMC) simulation to

evaluate the hydrogen adsorption on the SiNT arrays. They
have found that capacity of hydrogen adsorption on SiNT ar-
rays is considerably higher than that on CNTs and SiCNTs.

In the current study, we employed a multiscale theoreti-
cal approach to explore the hydrogen and methane adsorp-
tion on SiNTs as well as their separation from each other.
First the binding energies between adsorbate and adsorbent
obtained from ab initio calculations were fitted to a proper
potential function. Then the results were applied as an input
in the canonical Monte Carlo (CMC) simulation to evalu-
ate capacity of adsorption of hydrogen, methane, and their
equimolar mixture on SiNTs at different pressures, tempera-
tures, and tube sizes. The amount of H2 and CH4 adsorption
on SiNTs and CNTs were also compared. Lastly, the pos-
sibility of H2–CH4 separation by SiNTs was considered at
293 K.

2 Models and methodology

2.1 Ab initio calculations

In this section, for the determination of the interaction po-
tential of CH4 and H2 with SiNTs, ab initio calculations
were carried out using the Gaussian 03 program package.

Three different sizes of armchair-type SiNTs including
(5, 5), (7, 7), (9, 9) SiNTs were adopted as adsorbents, due
to survey of curvature effect on the adsorption behavior of
species. In this work, to obtain results with high accuracy,
without executing heavy calculations, the SiNTs were char-
acterized by cluster model, since adsorbed molecules mainly
interact with their closest atoms in the adsorbent (Mpourm-
pakis et al. 2006; Lan et al. 2008). According to the diam-
eter of the tubes, two cluster models were used in the first-
principle calculation. As shown in Fig. 1, the cylinder clus-
ter model containing 70 Si atoms was chosen for the (5, 5)
SiNT, because of its small diameter, whereas, for both (7, 7)
and (9, 9) SiNTs, a graphite like sheet constituting 24 Si
atoms were selected, due to their bigger diameters and lower
curvatures. In addition, to avoid the edge effect, all the dan-
gling bonds at the ends of the tubes were terminated by hy-
drogen atoms (Mpourmpakis et al. 2006; Meng et al. 2007).
In all the selected cluster models of nanotubes, three adsorp-
tion sites were considered: on-top, bridge, and hollow (Lan
et al. 2008). To find the energetically favorable site for H2

and CH4 adsorption, the binding energies were calculated in
the mentioned positions, by DFT/MP1PW91 method, which
could afford more accurate results than DFT/B3LYP for dis-
persion force (Mpourmpakis et al. 2006; Lan et al. 2008).
Additionally, to attain the highest possible accuracy, for hy-
drogen, methane and their closest six silicon atoms, the
6-311++g∗∗ basis set was used, while for the other atoms,
the 3-21g basis set was treated (Mpourmpakis et al. 2006;



Adsorption (2012) 18:13–22 15

Fig. 1 Top and sideview of the SiNT cluster models where dangling
bond at the end of tubes are saturated by hydrogen atoms: (a) (9, 9)
SiNT and (b) (5, 5) SiNT

Lan et al. 2008). Our results indicate that the hollow sites are
the most favorable adsorption sites for both H2 and CH4. It
should be mentioned that similar results have also been ob-
tained for adsorption of hydrogen on SiNTs by Lan et al.
(2008).

According to the results obtained from geometry opti-
mization, the hollow sites were considered to perform poten-
tial energy surface scans. Many different orientations were
possible when H2 and CH4 approached the hollow sites of
the SiNTs. The most important orientations and correspond-
ing potential energy curves for both hydrogen and methane
adsorption on the hollow sites are illustrated in Figs. 2 and 3.

It is worthy to point out that a similar vertical orientation
has also been observed for hydrogen adsorption on SiCNTs
and CNTs (Mpourmpakis et al. 2006).

By inspecting carefully the curves shown in Fig. 3, we
find that for both hydrogen and methane, increase in nan-
otube diameter results in decrease in binding energy. This
has explicitly been attributed to the curvature effect (Kleiner
and Eggert 2001). Additionally, since the interaction en-
ergies for interaction of CH4 and H2 with SiNTs are in
the region of physisorption through the van der Waals in-
teractions, and CH4 is more polarizable than H2, stronger
CH4–SiNT interactions are resulted.

2.2 Choice of an accurate potential equation

To employ the results obtained by ab initio calculations
in the simulation of hydrogen and methane adsorption on

Fig. 2 The energetically favorable orientations for hydrogen and
methane adsorption on the (7, 7) SiNT: (a) hydrogen adsorption and
(b) methane adsorption

SiNTs, we require to choose a potential function as a link
between ab initio calculations and canonical Monte Carlo
simulations. The proper choice of this function is of cru-
cial importance, because the accuracy of the simulation re-
sults is influenced by this choice. Therefore, three models
of potential functions including (12-6) and (9-6) Lennard–
Jones (LJ) and Morse equations were selected to describe
the potential curves obtained from the first-principle calcu-
lations.

Neither (12-6) LJ nor (9-6) LJ equation could be fitted
with the H2 and CH4 potential curves, because the slope
of repulsion branch in LJ potentials is sharper than that in
the potential curves from ab initio calculations, whereas we
found that the Morse potential in (1) is in excellent coinci-
dence with the results driven from the ab initio calculations
for both hydrogen and methane, due to slower slope in the
repulsion branch. The Morse potential is represented as fol-
lows (Lan et al. 2008):

Ui = 2D[X2 − 2X], X = exp

(
−g

2

(
ri

re
− 1

))
(1)

where ri is center to center distance (Å). For hydrogen and
methane, the Morse potential parameters are listed in Ta-
ble 1.

All the calculations have already been reported for ad-
sorption of hydrogen on the surface of silicon nanotubes by
Lan et al. (2008). It should be noted that our findings are
consistent with their results.
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2.3 Canonical Monte Carlo (CMC) simulation

A standard CMC simulation was carried out to investi-
gate the adsorption of pure hydrogen and methane, and
their mixture on SiNTs at different pressures, tempera-
tures, and tube diameters. In this method, the standard
procedure Metropolis sampling was applied for the ac-
ceptance decision of every configuration generated by the
random displacement of a molecule from former config-
uration. For each isotherm point, 5 × 107 configurations
were generated. The system was achieved to equilibrate

Fig. 3 Potential energy curves of H2 and CH4 adsorption on three dif-
ferent sizes of SiNTs with favorable orientation approaching the hol-
low sites: (a) methane adsorption (b) hydrogen adsorption

after 2 × 107 steps, and the remaining 3 × 107 configu-
rations were used to obtain ensemble average values for
thermodynamic properties. The periodic boundary condi-
tion was imposed in the all three dimensions (Lan et al.
2008).

The intermolecular interactions between H2–H2 and
CH4–CH4 were calculated using the (12-6) LJ potential
(Lan et al. 2008; Heyden et al. 2002)

φLJ(r) = 4εff

[(
σff

r

)12

−
(

σff

r

)6]
. (2)

Here r is the distance between two interacting fluid
molecules, σff denotes the LJ fluid–fluid collision diame-
ter in the unit of nm, and εff is the LJ fluid–fluid potential
well depth in the unit of K . Additionally, Lorentz–Berthelot
combining rules in (3) were applied for the interaction be-
tween H2 and CH4 as well as the interaction of H2 and CH4

with (8, 8) CNT

εij = √
εiεj , σij = 1

2
(σi + σj ). (3)

The Lennard–Jones parameters for each species are listed in
Table 2.

The total interactions between adsorbed molecules and
SWSiNTs were represented using the Morse potential equa-
tion, which was introduced before.

In the CMC simulation, the temperature, the volume of
simulation box, and the number of molecules are held con-
stant during the simulation of every state. In this work, the
simulation box (100 Å×100 Å×45 Å) contains one single-
walled nanotube with the length of about 37 Å at its center
along with z-axis. The Virial equation of state with second
and third viral coefficients was applied to estimate the num-
ber of fluid molecules at different temperatures and pres-

Table 2 Lennard–Jones parameters used in the simulations (Lan et al.
2008; Heyden et al. 2002)

Species ε/kB(K) σ(A)

H2–H2 42.8 2.97

CH4–CH4 148.1 3.81

C–C 28 3.4

Table 1 The Morse potential
parameters used to describe the
interactions of H2 and CH4 with
the hollow sites of the SiNTs

Interaction energies between gases and outside the tube walls

Morse potential parameter For (9, 9) SiNT For (7, 7) SiNT For (5, 5) SiNT

H2 CH4 H2 CH4 H2 CH4

D (kcal/mol) 1.1 2.951 0.983 2.603 0.973 2.548

g 4.83 5.71 4.768 5.703 4.98 5.818

re(A) 2.79 3.608 2.98 3.647 2.944 3.744
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Table 3 Coefficients of temperature correlation for pure-component
second Virial coefficients (Estela-Uribe et al. 2003)

Interaction bij0 × 10−2 bij1 bij2

(dm3 mol−1) (dm3 Kmol−1) (dm3 K2 mol−1)

CH4–CH4 4.218856 −1.713109 × 101 −2.457425 × 103

H2–H2 2.083580 −1.928868 −1.065080

Table 4 Coefficients of temperature correlation for pure-component
third Virial coefficients (Estela-Uribe et al. 2003)

Interaction cij0 cij1 cij2

(dm6 mol−2) (dm6 K mol−2) (dm6 K2 mol−2)

CH4–CH4– 2.799668×10−3 −9.276054×10−1 2.446528×102

CH4

H2–H2–H2 1.597000×10−4 6.427210×10−2 −1.254470×10−1

sures to achieve more accurate results than usage ideal gas
equation

PV

NRT
= 1 + B ′(T )P + C′(T )P 2,

B ′ = B

RT
, C′ = (C − B2)

(RT )2
,

(4)

where B and C are the second and third Virial coefficients,
respectively, which are functions of temperature and type of
species. Virial coefficients were determined through follow-
ing relations reported by J.F. Estela-Uribe et al. (2003)

Bij = bij,0 + bij,1

T
+ bij,2

T 2
, (5)

Cijk = cijk,0 + cijk,1

T
+ cijk,2

T 2
. (6)

The amounts of the coefficients in (5) and (6) for pure
H2 and CH4 are listed in Tables 3 and 4 (Estela-Uribe et al.
2003).

Furthermore, temperature and type of molecule, for the
mixture of gases B and C, are also dependent on the bulk
composition through the following relations:

BMIX =
∑

i

∑
j

xixjBij , (7)

CMIX =
∑

i

∑
j

∑
k

xixj xkCijk. (8)

In (7) and (8), xi , xj , and xk are the mole fractions of
the ith, j th, and kth components of the mixture. Bij and
Cijk are also obtained by (5) and (6), and the corresponding
parameters are listed in Tables 5 and 6 (Estela-Uribe et al.
2003).

Table 5 Coefficients of temperature correlation for interaction second
Virial coefficients fitted to binary-mixture compression factors (Estela-
Uribe et al. 2003)

Interaction bij0 × 10−2 bij1 bij2 × 101

(dm3 mol−1) (dm3 K mol−1) (dm3 K2 mol−1)

CH4–H2 3.733621 −9.050586 −5.118172

Table 6 Coefficients of temperature correlation for independent
double-interaction third Virial coefficients fitted to binary-mixture
compression factors (Estela-Uribe et al. 2003)

Interaction cij0 × 10−4 cij1 × 10−1 cij2

(dm6 mol−2) (dm6 K mol−2) (dm6 K2 mol−2)

CH4–CH4–H2 2.894530 2.082070 1.959194 × 101

CH4–H2–H2 2.608140 1.182288 1.565030

Furthermore, to obtain adsorption isotherms, gravimetric
storage capacity (pw) was calculated using following equa-
tion:

ρW = Ngas.mgas

Ngas.mgas + Nsi.msi
. (9)

Here, Ngas and NSi are the number of adsorbed molecules
and nanotube atoms, respectively.

In addition, the heat of combustion was used to eval-
uate the volumetric energy storage; the corresponding
values for methane and hydrogen are −55.6 MJ/kg and
−141.789 MJ/kg, respectively (Kowalczyk et al. 2007).

3 Results and discussion

3.1 Adsorption of pure H2 and CH4 on SiNTs

The adsorption behaviors of CH4 and H2 on three differ-
ent sizes of SiNTs including (5, 5), (7, 7), and (9, 9) SiNTs
were investigated at two supercritical temperatures (293 K,
313 K) and pressures ranging from 1 up to 10 MPa.

Our simulation results in Fig. 4 reveal that for hydrogen
and methane adsorption, the gravimetric storage capacity
is an increasing function of pressures and decreasing func-
tion of temperatures. As expected, in all the simulations,
the amount of CH4 adsorption capacity is greater than H2,
due to its stronger interaction with SiNTs and higher boiling
temperature.

The effect of tube size on the adsorption capacity was
also investigated. As mentioned above, we perceived from
the ab initio calculations that the potential interaction of
fluids with SiNTs increase palpably for both hydrogen and
methane adsorption, while the diameter declines. However,
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Fig. 4 Gravimetric adsorption isotherms for adsorption of H2 and CH4 on the (5, 5), (7, 7), and (9, 9) SiNTs at 293 K and 313 K, and five
pressures: (a) H2 adsorption at 293 K (b) H2 adsorption at 313 K (c) CH4 adsorption at 293 K (d) CH4 adsorption at 313 K

our CMC simulation results in Fig. 4 indicate that among the
three different sizes of silicon nanotubes, the (7, 7) and (9,
9) SiNTs provide the highest storage capacity for both H2

and CH4 within the pressure range under study. This incon-
sistency emanate from the fact the amount of gas adsorption
is influenced by several factors such as the space, surface
area, and attractive force. The co-effect of these factors de-
termines the magnitude of fluid adsorption on the SiNTs (Gu
et al. 2002).

The smaller space and surface area of the (5, 5) SiNTs
overwhelm the higher potential interaction of CH4 and H2

with this sorbent. Therefore, over the pressure range under
study, the (5, 5) SiNT exhibits the lowest gravimetric storage
capacity for both H2 and CH4 compared to (7, 7) and (9, 9)
SiNTs.

3.2 Comparison of H2 and CH4 adsorption on the SiNTs
and CNTs

Figure 5 depicts the gravimetric storage capacity for H2 and
CH4 adsorption on the (5, 5) SiNTs and isodiameter (8, 8)
CNTs as a function of pressure at 293 K. All the hydrogen
and methane adsorption isotherms are characterized by type
1 (Langmuir shape), and no capillary condensation is ob-
served.

As we can see from this figure, due to stronger interac-
tion between the SiNTs and fluids, the values of hydrogen
and methane adsorption on the (5, 5) SiNTs are consider-
ably higher than those on the isodiameter (8, 8) CNTs. The
gravimetric percentage enhancement for both H2 and CH4

are presented in Table 7.
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Fig. 5 Gravimetric storage capacity for adsorption of H2 and CH4 on
the (5, 5) SiNTs compared to isodiameter (8, 8) CNTs at 293 K and
pressure range from 1 to 10 MPa: (a) H2 gravimetric capacity and (b)
CH4 gravimetric capacity

Moreover, the adsorption isotherms for hydrogen and
methane do not show saturation. Therefore, higher adsorp-
tion capacity for both H2 and CH4 is expected by further
increase in pressure (Li and Yang 2005). Additionally, in-
crease in pressure results in increase in repulsion force. Be-
cause, in contrary to the LJ potential applied to describe gas
adsorption on the CNTs, the Mors potential rises smoothly
at repulsion branch, the enhancement rate of gas adsorption
on the SiNTs is greater than that in the CNTs at elevated
pressures. Therefore, we can conclude that the SiNTs are
a promising candidate for hydrogen storage to achieve the
DOE target (Lan et al. 2008).

Moreover, in order to answer the question, whether
SiNTs are appropriate media for methane adsorption, the

Table 7 Gravimetric percentage enhancement of H2 and CH4 adsorp-
tion on the (5, 5) SiNTs compared to (8, 8) CNTs at 293 K

Adsorbed 1 MPa 3 MPa 5 MPa 7 MPa 10 MPa

molecules

CH4 101% 73% 53% 47% 45%

H2 95% 74% 60% 59% 57%

Fig. 6 The variation of stored volumetric energy for adsorption of
methane on the (5, 5), (7, 7), and (9, 9) SiNTs as well as (8, 8) CNTs
with pressure at 298 K. Solid line indicates the US Freedom CAR Part-
nership goal (5.4 MJ/dm3)

stored volumetric energy for adsorption of methane on the
SiNTs has been presented in Fig. 6.

The methane fluid requires to be compressed to approx-
imately 13 MPa at 293 K, to provide the 2010 target for
volumetric energy storage (5.4 MJ/dm3) (Kowalczyk et al.
2006), whereas all the three silicon nanotubes investigated
in this work achieved this goal at much lower pressures. Fur-
thermore, since the interaction energies of methane with the
SiNTs are in the region of physisorption, captured methane
can simply be liberated by variation of the temperature.
Therefore, we can conclude that silicon nanotubes are ex-
cellent materials for methane storage at ambient temper-
atures. In comparison with the (5, 5) SiNTs, isodiameter
(8, 8) CNTs can not provide the 2010 target over the pres-
sure range under study.

3.3 Adsorption of CH4 and H2 mixture on the SiNTs

For all considered SiNTs, the gravimetric storage capacity
of two components of equimolar CH4–H2 mixture is illus-
trated in Fig. 7. The temperature was set at 293 K. As we can
observe, the variation patterns of H2 and CH4 adsorption on
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Fig. 7 Pressure variation of gravimetric adsorption isotherms of hy-
drogen and methane in the equimolar CH4–H2 mixture at 293 K: (a)
hydrogen isotherms and (b) methane isotherms

binary mixture with pressure and temperature is similar to
their pure adsorption.

Additionally, it is clear from Fig. 8 that the amount of vol-
umetric energy stored by adsorption of equimolar CH4–H2

mixture on the SiNTs is much higher than that by bulk
compression. Furthermore, the stored volumetric energy of
equimolar mixture for adsorption on the (9, 9) SiNTs at
10 MPa is very close to the US Freedom CAR Partnership
goal by 2010.

3.4 Selectivity

The discrepancies between the adsorption behaviors for ad-
sorption of CH4 and H2 molecules on the SiNTs manifest-
ing these sorbents are effective for separation of CH4 and
H2 from each other.

Fig. 8 The stored volumetric energy of equimolar H2–CH4 mixture in
the different sizes of SiNTs versus storage pressure at 293 K. Solid line
corresponds to the 2010 target of the US Freedom CAR Partnership
(5.4 MJ/dm3) and dashed line corresponds to the volumetric energy of
H2–CH4 compression in the equimolar mixture

Fig. 9 The variation of equilibrium selectivity of methane over hydro-
gen in the (5, 5), (7, 7), and (9, 9) SiNTs with pressure

To provide deep insight into the separation efficiency of
silicon nanotubes, we can explain the equilibrium selectivity
of CH4 over H2 as follows (Morales-Cas et al. 2007):

SCH4,H2 = (xCH4/xH2)pore

(yCH4/yH2)bulk
(10)

where x and y refer to the mole fractions of species at adsor-
bent and bulk phases, respectively. It is worthy to point out
that if the selectivity is larger than unity, methane is prefer-
entially adsorbed compared to hydrogen.

In this section we consider, how pressure and tube diam-
eter exert their affects on the selectivity of CH4 over H2 in
the equimolar mixture and at 293 K.

Figure 9 displays the equilibrium selectivity for CH4 over
H2 storage on the SiNTs versus storage pressure. Obviously,
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Fig. 10 The equilibrium selectivity of methane over hydrogen in the
(5, 5) SiNTs and (8, 8) CNTs

the equilibrium selectivity diminishes as the pressure in-
creases. This phenomenon is attributed to the packing effect
which becomes dominant at elevated pressures. Therefore,
in these conditions, the smaller molecules are more proper
to be packed in the nanotubes (Gu et al. 2002).

In addition, the value of the selectivity mostly is influ-
enced by the potential interaction between fluids and SiNTs
(Huang et al. 2007). Since the interaction energy of CH4 and
H2 with SiNTs come nearer to each other with increase in
the tube diameter, the (9, 9) SiNT indicates the lowest value
of equilibrium selectivity.

The variation of selectivity with pressure in the (5, 5)
SiNTs compared to the isodiameter (8, 8) CNTs was also
presented in Fig. 10. The results show that the (8, 8) SiNT
is more favorable than the (8, 8) CNT for separation of CH4

and H2 from each other.
It is worthy to point out that in all the cases, the selec-

tivity of CH4 over H2 is higher than unity. Therefore, the
separation of these gases is possible under the investigated
conditions.

4 Conclusions

In summary, the performance of silicon nanotubes as a novel
material for pure and mixed H2 and CH4 adsorption as well
as their separation in the equimolar mixture were studied
using a multiscale theoretical approach. The interaction en-
ergies of hydrogen and methane with the SiNTs determined
via ab initio calculations were fitted to a Morse potential
equation employed as an input in the canonical Monte Carlo
simulations. To investigate the effects of size, temperature,
and pressure on the adsorption and separation behaviour

of hydrogen and methane, three different-sized silicon nan-
otubes including (5, 5), (7, 7), and (9, 9) SiNTs, two tem-
peratures (293 and 313 K), and five pressures in the range
from 1 to 10 MPa were considered. In all the investigated
conditions, the adsorption capacities for adsorption of both
H2 and CH4 on the SiNTs are increasing function of pres-
sure and decreasing function of temperature. Additionally,
simulation results indicate that higher adsorption capacity
for both H2 and CH4 are provided by SiNTs compared to
CNTs. This phenomenon arises from the fact that electronic
cloud around the surface of silicon nanotube is denser than
that around the CNT, which results in stronger VDW attrac-
tion to the gases. As an excellent result from this research,
in all three sizes of SiNTs, the amount of energy stored
by CH4 adsorption exceeds the target of the US Freedom
CAR Partnership by 2010 at 293 K and low pressures from
3 to 4.5 MPa. This target can not be achieved by methane
compression at such low pressures. Moreover, the interac-
tion energies of methane with the SiNTs are in the regain of
physisorption. Therefore, liberation of methane can be con-
trolled by simple variation in the temperature. Accordingly,
we can conclude that the SiNTs are appropriate materials for
methane storage. Furthermore, the stored volumetric energy
of equimolar mixture in the (9, 9) SiNT at 10 MPa is very
close to the US Freedom CAR Partnership target.

Moreover, the possible usage of silicon nanotubes as an
efficient media for separation of hydrogen and methane in
the equimolar mixture were explored at 293 K and pres-
sure range from 1 to 10 MPa. The results indicate that the
selectivity is a decreasing function of pressure because the
packing effect is principle at higher pressures. Regarding the
amounts of selectivity of methane over hydrogen, we can
conclude that although all three investigated SiNTs are suit-
able medias for H2 and CH4 separation, the (5, 5) SiNT is
the best one, in which the selectivity varies from 2.5 to 4.2
at the pressure range under study.
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