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Abstract Endohedral adsorption properties of ethylene and
ethane onto single-walled carbon nanotubes were investi-
gated using a united atom (2CLJQ) and a fully atomistic
(AA-OPLS) force fields, by Grand Canonical Monte Carlo
and Molecular Dynamics techniques. Pure fluids were stud-
ied at room temperature, T = 300 K, and in the pressure
ranges 4 × 10−4 < p < 47.1 bar (C2H4) and 4 × 10−4 <

p < 37.9 bar (C2H6). In the low pressure region, isotherms
differ quantitatively depending on the intermolecular poten-
tial used, but show the same qualitative features. Both po-
tentials predict that ethane is preferentially adsorbed at low
pressures, and the opposite behavior was observed at high
loadings. Isosteric heats of adsorption and estimates of low
pressure Henry’s constants, confirmed that ethane adsorp-
tion is the thermodynamically favored process at low pres-
sures. Binary mixtures of C2H4/C2H6 were studied under
several (p,T ) conditions and the corresponding selectivities
towards ethane, S, were evaluated. Small values of S < 4
were found in all cases studied. Nanotube geometry plays
a minor role on the adsorption properties, which seem to
be driven at lower pressures primarily by the larger affinity
of the alkane towards the carbon surface and at higher pres-
sures by molecular volume and packing effects. The fact that
the selectivity towards ethane is similar to that found earlier
on carbon slit pores and larger diameter nanotubes points
to the fact that the peculiar 1-D geometry of the nanotubes
provides no particular incentive for the adsorption of either
species.
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1 Introduction

Separations of close boiling point mixtures, such as the
ethylene/ethane mixture, are amongst the most energy-
intensive unit operations in chemical and petrochemical
plants, where they usually involve low-temperature distil-
lation techniques. For this type of separations, encompass-
ing structurally and/or energetically similar molecules, al-
ternative techniques are actively sought, particularly for
small-scale applications such as those used in the phar-
maceutical, biomedical and aerospace industry (Noble and
Agrawal 2005). While adsorption using nanoporous mate-
rials is posed to be considered as an option, our current
molecular-level knowledge of the physical phenomena in-
volved in the adsorption and diffusion of fluids in confined
nanospaces still needs improvement.

Molecular simulation has played a key role in under-
standing the intricate details of the cooperative adsorption of
ethane and ethylene. To date, two types of adsorbents have
been proposed for the separation of this kind of mixtures;
zeolites (Al-Baghli and Loughlin 2006; Da Silva and Ro-
drigues 1999) and π -complexation sorbents (Yang 2003).
The separation using zeolites is kinetic in nature, i.e. the
separation is based on the distinct diffusivities of the species.
On the other hand, π -complexation sorbents are designed by
doping conventional adsorbents with cations (usually Cu+
or Ag+) that have a high affinity with the double bond
present in alkenes. While selectivity in these latter adsor-
bents is high, regeneration of the adsorbent is an issue if
continuous processing is required. In this context, the quest
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for a carbon adsorbent, suitable for this type of separation,
would prove to be an attractive alternative, on basis of cost,
availability and practicability. The adsorption of ethane and
ethylene onto activated microporous carbon has been al-
ready discussed (Cracknell and Nicholson 1994; Do and Do
2004a, 2004b; Klochko et al. 1999), and the competitive ad-
sorption of a mixture of both has been studied by Do and Do
(2005) using a united-atom force field. Recently, we have
addressed the possibility of separating an ethylene/ethane
mixture using an ideal carbon slit pore as the adsorption me-
dia (Curbelo and Müller 2005). Preliminary results obtained
using molecular simulations seemed to suggest this separa-
tion is feasible using adsorption, as selectivity values of the
order of five (or higher) were characteristic under the pres-
sure and temperature conditions considered. Recently, Guo
et al. (2007) have employed gas-chromatography to mon-
itor the co-adsorption of C2H4/C2H6 mixtures on various
activated carbons. Their findings suggest that the strongly-
adsorbed component (ethane) could replace the weakly-
adsorbed component (ethylene), and the adsorption capac-
ities of the hydrocarbon gas mixtures onto the activated car-
bons are between that of pure ethane and pure ethylene.

Since their first laboratory preparation in the early
90’s (Bethune et al. 1993; Iijima 1991; Iijima and Ichi-
hashi 1993), carbon nanotubes have attracted a consid-
erable amount of attention due to their unique and ex-
citing new features, such as optical (Fagan et al. 2007)
and electronic properties (Taherpour 2007). Recently (Lu
et al. 2006), a method has been developed to fine tune
a nanotube diameter that can afterwards be purified ac-
cording to different needs and strategies (Liu et al. 2007;
Yerushalmi-Rozen and Szleifer 2006). Their structure can
be rationalized as resulting from the folding of a graphene
sheet, or several of them aligned in a concentric way, giving
rise respectively to single-walled carbon nanotubes (SWC-
NTs) or multi-walled carbon nanotubes (MWCNTs). The
graphene folding along a specific directional vector (n,m)

will produce a zig-zag (n,0), arm-chair (m,m), or chi-
ral (n,m) nanotube (Meyyappan 2005). Similarly to what
happens to molecules inside other confining environments,
the restricted space within SWCNT is expected to induce
phase changes and local behavior which may not have
a parallel in the fluids bulk phases (Alba-Simionesco et
al. 2006; Gelb et al. 1999). Therefore, it is not surpris-
ing that along with other confining nanosurfaces, SWC-
NTs are being actively investigated (Bekyarova et al. 2003;
Darkrim et al. 2002) and, in spite of the current cost and
difficulties to mass-produce them, are being considered as
possible storage nanomaterials for H2 and CH4, building
blocks in composites (Sinnott and Andrews 2001), chem-
ical sensors (Hong et al. 2007), and separating agents of
organic vapors (Jiang et al. 2005; Jiang and Sandler 2006;
Mao and Sinnott 2001), amongst other uses. Recently, Funk

et al. (2007) employed molecular beam scattering exper-
iments to throw some light onto the adsorption of n/iso-
butane on SWCNTs. Kondratyuk et al. (2005) have studied
a similar system, performing molecular dynamics simula-
tions, and determining the adsorption profiles of n-heptane
on the interior and exterior walls of a nanotube bundle; the
fluid molecules were described according to a united-atom
model, and the self-diffusion properties have been charac-
terized at different temperatures. A similar fluid force-field
was used by Agnihotri et al. (2006) in their Grand Canonical
Monte Carlo simulations. In this last work, the authors have
described the endo- and exohedral adsorption profiles of
hexane, modeling the nanotube as a structureless nanocylin-
der of infinite length.

The present work aims to extend our knowledge regard-
ing the adsorption and separation of ethylene, ethane, and
their corresponding binary mixtures, when the fluids are put
in contact with an adsorbent made of a zig-zag type (16, 0)
SWCNT. We have employed both a detailed all-atom de-
scription and a coarse-grained version of the intermolecular
potentials for the fluids and described the adsorbent explic-
itly, as detailed in the next section. We have used both classi-
cal molecular dynamics (MD) in a canonical ensemble, and
grand canonical Monte Carlo (GCMC) simulations. A fol-
lowing paper will complement these results with dynamical
information on the diffusion processes within these confined
spaces.

2 Force fields and models

The outcome of any simulation study is directly related to
the confidence placed in the applicability and accuracy of
the intermolecular potentials used. In general, it is assumed
that the more detailed the intermolecular potential, the more
confident one can be on the results obtained from it. The
downside is that complexity is usually synonymous of in-
creased computational requirements, sometimes to the ex-
tent of rendering the simulations unfeasible or producing
spurious results; e.g. in macromolecular science, simplified
coarse grained potentials perform and describe the physical
behavior better than the detailed atomistic ones since they
allow the observation of longer-lived processes, avoiding
metastable non-equilibrated states. In the present paper we
directly compare two models, a well known fully atomistic
detailed potential (AA-OPLS) and a coarse grained model
(2CLJQ) which has been successful in other applications,
neither of whose performance in this context has been eval-
uated.

2.1 All-atom (AA) OPLS

The all-atom (AA) OPLS parameterization of Jorgensen
et al. (1996) is employed here for both the inter- and in-
tramolecular interactions. Within the AA model, all the
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atoms in the fluid molecules are modeled as Lennard-Jones
(LJ) spheres (1). Explicit electrostatic charges, qi , were con-
sidered for all particles. In order to take into account the
1–4 nonbonded interactions, an appropriate scaling-factor,
fij = 0.5, was used (as opposed to fixing fij = 1.0 for all
other cases), thus allowing the AA-OPLS parameterization
to be employed for both the inter- and intramolecular inter-
actions.

U(rij ) =
∑

i

∑

j

{
qiqj e

2

rij
+ 4εij

[(
σij

rij

)12

−
(

σij

rij

)6]}
fij

(1)

Both ethylene and ethane models included explicit contribu-
tions from bond stretching (2), angle bending (3) and dihe-
dral energies (4); Ki and V i

1–3 are the corresponding force
constants.
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The fluid molecular geometry, namely equilibrium bond
lengths and angles, and the corresponding parameters,
req, θeq, have been obtained from the standard literature val-
ues (Jorgensen et al. 1996; McDonald et al. 1997) and were
adopted without further refinement. The parameter values
are summarized in Tables 1a, 1b.

2.2 2CLJQ

Recently, Vrabec et al. (2001) have parameterized a large
number of small organic molecules using a coarse grained
potential based on a Lennard-Jones dumbbell of variable
bond length, L, which may or may not have an embed-
ded centrally located multipole moment (dipole, quadru-
pole, etc.). In the case that concerns us here, both ethane and
ethylene have been considered as a two center uncharged
LJ molecule with a quadrupole moment placed at the cen-
ter of mass (2CLJQ). This particular force field has been
used to study and predict vapor liquid equilibria in mix-
tures (Stoll et al. 2003), transport properties (Fernández
et al. 2005a, 2005b), derivative thermodynamic properties
such as Joule-Thomson inversion curves (Chacin et al. 1999;
Vrabec et al. 2005) and has been used in adsorption stud-
ies (Curbelo and Müller 2005). Briefly, the overall energy

Table 1a AA-OPLS Lennard-Jones force field parameters (1)

qi εii /K σii /Å

C2
a −0.230 38.270 3.55

H2
a 0.115 15.107 2.42

C3
a −0.180 33.235 3.50

H3
a 0.060 15.107 2.50

aC2 and H2, and C3 and H3 are the carbon and hydrogen atoms of
ethylene and ethane, respectively

Table 1b AA-OPLS bond stretching (2) and angle bending parame-
ters (3)

req/Å Kr /K θeq/◦ Kθ /K

C2–C2
a 1.340 549.0 H2–C2–H2 117.0 35

C2–H2
a 1.080 340.0 H2–C2–C2 117.0 35

C3–C3
a 1.526 310.0 H3–C3–H3 109.5 35

C3–H3
a 1.090 331.0 H3–C3–C3 109.5 35

aCoefficients for the torsional energies (4): V2 (H2–C2–C2–H2) =
58.6152 kJ mol−1, V3 (H3–C3–C3–H3) = 1.3314 kJ mol−1

is given by the sum of the Lennard-Jones and quadrupolar
interactions (5) (Gray and Gubbins 1984).
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In this formulation, i and j refer to the LJ sites on the
molecules, rab is the centre-centre distance amongst mole-
cules, rij is the distance between the centers of molecules
i and j , ci = cos θi , cj = cos θj , and c = cos θi cos θj +
sin θi sin θj cosφij , where θi and θj are the polar angles of
the molecular axis with respect to a line joining the molecu-
lar centers, φij is the difference in the azimuthal angles and
ε0 is the vacuum permittivity (8.85419 × 10−12 C2/N m−2).
The fluid-fluid parameters are taken directly from the para-
meterization of Vrabec et al. (Table 2) and give a quantita-
tive representation of both the equilibrium vapor-liquid co-
existing bulk densities and the P –V –T behavior of the fluid
phases (Vrabec et al. 2001).

The 2CLJQ model has already proven to be efficient
when dealing with bulk binary mixtures of the type being
studied here, exhibiting a very good agreement with exper-
imental VLE data without the need to use any binary in-
teraction parameters (Carrero-Mantilla and Llano-Restrepo
2003).
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Table 2 2CLJQ parameters (5) (Vrabec et al. 2001)

εii /K σii /Å L/Å Q/B

CH2
a 76.95 3.7607 1.2695 4.331

CH3
a 136.99 3.4896 2.3762 0.8277

aCH2 and CH3 are the united atom LJ sites for ethylene and ethane,
respectively

2.3 Carbon nanotubes

SWCNTs are described in an atomistic way, assuming car-
bon atoms to be a collection of discrete Lennard-Jones
spheres, with parameters, εCRT = 28.0 K and σCRT = 3.4 Å
(Steele 1973, 1974, 1993). The nanotube walls are therefore
rigid and corrugated, i.e., all atoms in the tube are explic-
itly included in the calculations. Nanotube corrugation and
geometry is unlikely to have any effect on the equilibrium
properties studied, since the temperatures involved are far
above the expected solid-fluid transitions of the bulk flu-
ids. Johnson and co-workers (Ackerman et al. 2003) have
presented detailed analysis which concludes that for stud-
ies of adsorption and transport behavior within SWCNTs,
the potential should optimally be an atomistic description
with rigid bonding, as the one being employed in the present
work. Additionally, comparison of computer simulations
with adsorption experiments of Xe on nanotubes suggests
that the potentials developed for graphene sheets may be
transferred to the case of cylindrical pores (Simonyan et al.
2001).

In a planar graphene sheet, carbon atoms are sp2 hy-
bridized, with an overall charge distribution of electrical
quadrupoles located perpendicular to the surface. When this
sheet is bended to produce a nanotube, the sp2 orbitals
tend to be “squeezed-out” towards the tube outer space, and
therefore the original quadrupole moments will be dislo-
cated further away from the tube’s interior volume (Meyyap-
pan 2005). As the nanotube radius decreases (due to the in-
creased bending of the original graphene plane) this effect
tends to be more pronounced and confined molecules will
experience a reduced charge anisotropy. Additionally, SW-
CNT chirality also has an effect on the electronic structure,
as it can render the tubes to be metallic or semi-metallic
and this might have an effect on the interactions between
adsorbents and adsorbates. It is not clear what the effect
of these contributions would be. At the (high) temperature
being studied here, the neglect of any quadrupole-surface
interactions seems adequate (Kaneko et al. 1994). Thus,
we have excluded contributions arising from the quadru-
pole moment that could be ascribed to the solid walls.
This simplification has been frequently adopted by previous
studies dealing with isolated nanotubes and nanotubes bun-
dled in membranes (Heyden et al. 2002; Hung et al. 2005;
Kondratyuk et al. 2005; Mukherjee et al. 2007; Skoulidas et

al. 2006; Striolo et al. 2005), and has a parallel on the ap-
proximations made when studying adsorption on graphene
sheets (Sweatman et al. 2006; Vernov and Steele 1992;
Zhao and Johnson 2005). Even in scenarios where these
contributions are expected to be important, as in the case
of hydrogen adsorption onto single-walled nanotubes, Si-
monyan et al. (1999) concluded that the presence of charges
on the nanotube walls leads to an increase of only around
15% on the adsorption capacity at T = 298 K. Following
the above discussed directives, we have used zig-zag type
single-walled carbon nanotubes, (n,0) (Meyyappan 2005;
Saito et al. 1998) with n = 16 and a length to diameter ratio
of (L/D) ≈ 5.67. An armchair, (9, 9), and a chiral, (12, 6),
nanotubes have also been considered. As previously men-
tioned, the bending of a planar graphene sheet to originate a
carbon nanotube results in the squeezing-out of the π clouds
towards the nanotube exterior volume. This same effect will
tend to increase the purely sp2 hybridized σ (C–C) bond,
1.4 Å. In the simulations, we have considered a value of
1.42 Å for the C–C sigma bond. This latter bond length has
been previously used to study the adsorption and diffusive
behavior of model fluids in carbon nanotubes (Düren et al.
2002; Jiang et al. 2004).

In all cases, cross fluid-fluid and solid-fluid interac-
tion parameters (σij , εij ) have been calculated according
to the classical Lorentz-Berthelot combining rules (Allen
and Tildesley 1990; Rowlinson and Swinton 1982), σij =
(σii + σjj )/2, εij = (εii · εjj )

1/2, and no attempt has been
made to adjust them, as no reliable experimental data is
available.

The surface potential employed involves some simpli-
fications with regard to the lack of flexibility (breathing)
of the surface, the validity of the direct application of the
fluid-fluid and cross parameters to the adsorption process,
the absence of end-effects (open-ended nanotubes), amongst
others. One must bear in mind that any of the aforemen-
tioned assumptions may have an effect on the results, so a
direct comparison of the simulation results with experiments
should be made with care. Furthermore, actual experimen-
tal adsorption isotherms involve both exohedral and endo-
hedral adsorption and suffer from issues such as poor purity
of samples and polydispersity of the nanotubes diameters.
A critical review of the limitations of the simulation models
is available elsewhere (Steele 1993).

In order to relate the results obtained from the simula-
tions to macroscopical observed quantities, we arbitrarily
define an internal tube diameter accessible to fluid mole-
cules, Deff , and relate this quantity with the physical diam-
eter as measured from the center of the carbon atoms, D.
We will assume that the accessible volume for the fluid is
given by Deff = D − σCRT , where σCRT is the Lennard-
Jones diameter of a graphitic carbon atom (3.4 Å). This
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definition has no effect whatsoever on the molecular sim-
ulation calculations. The calculation of the available vol-
ume can be later refined, for example, introducing a dis-
tance of closest approach between a fluid molecule and
the carbon atoms on the solid wall (Kaneko et al. 1994;
Ohba and Kaneko 2002), enabling direct comparisons with
experimental data (Cruz and Müller 2008, unpublished re-
sults).

3 Simulation details

3.1 Molecular dynamics

Classical molecular dynamics simulations were performed
using the DL_POLY 2.16 package (Smith and Todorov
2006). The Verlet algorithm was used to integrate the equa-
tions of motion (van Gunsteren and Berendsen 1990; Verlet
1967), the Ewald summation method was employed to cal-
culate the long-range electrostatic interactions for the fluid
(van Gunsteren and Berendsen 1990; Woodcock and Singer
1971), and the Nosé-Hoover thermostat was used to control
the temperature (Nosé 1984). All runs were performed set-
ting the thermostat for T = 300 K under the canonical en-
semble (NVT), and spanning a pressure range of 0.6 < p <

26 bar and 0.28 < p < 24.5 bar, for ethylene and ethane, re-
spectively. A potential cut-off distance of 15 Å and a time
step of t = 1 fs were used.

Large-scale simulations were set up in an elongated
box, where an open-ended SWCNT was exposed to a bulk
fluid contained within it. Short-range repulsive walls were
placed at the tube’s openings to prevent exohedral adsorp-
tion (Fig. 1). A similar set-up has recently been employed
by Longhurst and Quirke (2007) to study the temperature
driven pumping of fluids through nanotubes. It should be
noted that the bulk fluid was previously equilibrated at
T = 300 K for at least 0.1 ns; this procedure allowed for
the thermal stabilization of the bulk fluids, with tempera-
ture fluctuations always less than 10%, and in most cases
less than 5%. In order to study different bulk fluid pressures
(densities), two different simulation boxes have been built,
(30 × 30 × 300) Å, and (60 × 60 × 300) Å, with periodic
boundary conditions in x–y–z space. In these simulations,
the AA-OPLS potential was used for the fluids.

The non-equilibrium diffusion into the pore was mon-
itored until steady state conditions were attained, and the
corresponding endohedral adsorption was recorded. Statis-
tics of the whole system have been registered up to 0.8–
3 ns, depending on the bulk fluid pressure. In Fig. 2 we
present snapshots of two different pressure simulations with

Fig. 1 Simulation box set-up
used in the MD calculations:
ethylene (red), repulsive
walls (white). The zig-zag
SWCNT (16, 0) is represented
as a mesh of carbon
atoms (black)

Fig. 2 Snapshots of bulk
ethane, at T = 300 K, in contact
with a zig-zag SWCNT (16, 0)
as a function of time for two
different final bulk pressures
(shown). Coexisting bulk fluid is
omitted for clarity
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ethane in contact with a nanotube. The highest (final) pres-
sure fluid (p = 24.5 bar) needs only about 0.4 ns to achieve
steady-state, and from there onwards only minor equilibrium
fluctuations were registered. In the low pressure simulation
(p = 0.28 bar), even at t = 1 ns the system is still away from
equilibrium, reaching this final state only after a total simu-
lation time of ca. 2 ns.

The corresponding pressure of the bulk fluid in equilib-
rium with the confined adsorbed phase is calculated by re-
lating the density of the bulk fluid to the pressure using stan-
dard equations of state (NIST 2008).

3.2 Grand canonical Monte Carlo

We have used Grand Canonical Monte Carlo simulations
(GCMC) as detailed in standard references (Allen and
Tildesley 1990; Frenkel and Smit 2002; Nicholson and Par-
sonage 1982). The Grand Canonical ensemble allows the
equilibration of a gas phase with a confined fluid phase and
in that sense it is an ideal technique to study adsorption.
In GCMC the temperature, T , the volume of the pore, V ,
and the chemical potential of each species, μ, are kept con-
stant throughout the simulation. The number of molecules
in the pore is allowed to vary, and its statistical average is
the relevant quantity of interest. In our simulations we have
replaced the chemical potential by the more convenient vari-
able, activity (Leach 1996), ζi = �−3 exp(μ/kBT ), which
has the advantage of corresponding to the number density in
the ideal gas limit. � is the De Broglie wavelength, and kB

is the Boltzmann’s constant. Activity can be directly related
to vapor pressures using a truncated virial equation of state,
p = RT ζi(1−Bζi), where B is the second virial coefficient
and is available from reported correlations as a function of
temperature for the pure components (Daubert and Danner
1994). In the simulations of mixtures we have assumed an
ideal solution behavior, and calculated the total pressure as
the sum of the two partial pressures of ethylene and ethane.
The 2CLJQ fluid model was used in the GCMC simulations.
Fluid-fluid potentials were cutoff at 20 Å and no long-range
corrections were included. We have used an elongated simu-
lation cell, (25×25×54) Å and only considered endohedral
adsorption unto a single nanotube. Simulations were run for
a total of 30 × 106 GCMC cycles. The systems were started
up with an empty pore and filled up until an equilibrium
condition was attained. Each Grand Canonical Monte Carlo
cycle consists of the movement of a randomly chosen mole-
cule, which is either a displacement of its center of mass or
a rotation about it and a random attempt to either create or
destroy molecules. Maximum displacements and rotations
were adjusted to obtain approximately a 30% acceptance
ratio.

Pure fluid simulations were conducted at T = 300 K and
within a pressure range of 4 × 10−4 < p < 47.1 bar and

4 × 10−4 < p < 37.9 bar, for ethylene and ethane, respec-
tively. In order to study the selectivity behavior towards
equimolar mixtures of C2H4/C2H6, adsorption runs were
performed at two different temperatures, T = 300 K, and
T = 400 K. To mimic a characteristic refinery feedstock
we have also simulated a mixture composed of 90% eth-
ylene doped with 10 mol% ethane in a temperature range of
260 K < T < 450 K.

Although two distinct simulation methods are employed,
given the same conditions, they produce congruent results
for the adsorption and we have used both methods as com-
plementary tools. End effects, present in the MD simula-
tions where the nanotube is in contact with a bulk fluid, can
be discarded by taking the appropriate average loading in
the central part of the tube. GCMC effectively avoids this
problem by considering an infinitely long nanotube. Further-
more, GCMC simulations are computationally much more
efficient, as they do not need to cocurrently model the bulk
fluid. However, GCMC fails to provide dynamical informa-
tion. The results corresponding to the non-equilibrium and
diffusion properties of these systems are to be published in
the second part of this paper and thus not included herein.

4 Results and discussion

4.1 Pure fluids

The adsorption isotherms obtained from the two distinct in-
termolecular potentials used for the fluid-fluid interactions
are recorded in Fig. 3. The results are shown for the adsorp-
tion of pure ethylene and ethane onto a (16, 0) SWCNT at
T = 300 K. Surface coverage data results from a statisti-
cal analysis of the average number of endohedrally adsorbed
molecules. The AA-OPLS data shows a slightly larger scat-
tering due to the intrinsically dynamical nature of the MD
calculations employed. It is evident from the isotherms that
the AA-OPLS and the 2CLJQ potentials disagree in a quan-
titative manner; however they exhibit the same qualitative
trends. Both C2H4 and C2H6 adsorption capacities seem
higher when using the 2CLJQ model. The differences be-
tween the AA-OPLS and the 2CLJQ models are more pro-
nounced for the ethane molecule than for ethylene. This may
be due to the fact that the 2CLJQ force field forces assumes
a rigid behavior between the united atom centers, and while
for C2H4 this a good approximation to the real molecule, in
the case of C2H6, this does not account for vibrations and/or
torsions about the C–C bond thus neglecting the eventual
switch between the most stable conformations for the mole-
cule, eclipsed and staggered (Solomons 1992). Similarly, the
charge distribution for ethane is not as static as that for eth-
ylene, so a fixed value of a quadrupole moment may also be
a source of discrepancy. Furthermore, both potential models
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Fig. 3 Adsorption isotherms of pure ethylene and ethane onto (16, 0)
SWCNT at T = 300 K; Statistical uncertainties are reflected in the
symbols’ size. Circles are AA–OPLS, diamonds are 2CLJQ. Lines are
a fit using the Toth isotherm (7). Raw simulation data available from
the corresponding author upon request

are effective pair potentials fitted to fluid phase data (den-
sities, vapor-liquid equilibria), so their reliability in terms
of adsorption is only an extrapolation. It is not surprising
then that the low pressure region, where solid-fluid inter-
actions dominate, exhibits the larges discrepancies between
the models. As pressure surpasses a threshold, c.a. 10 bar,
both force fields seem to predict similar adsorption capaci-
ties in the ranges studied; in this region, the molecules are
rather well packed.

The adsorption curves belong to type-I isotherms, ac-
cording to the IUPAC classification (IUPAC 1985). They are
initially concave regarding the p axis, indicating the forma-
tion of an adsorbed layer whose thickness increases progres-
sively with increased pressure. An immediate conclusion is
the fact that in the low pressure region (p < 3 bar), alkane
molecules are more adsorbed than their unsaturated analogs.

This is in agreement with recent simulation data from Keil
and Jakobtorweihen (2007) for the adsorption of a series of
alkanes and alkenes in (20, 0)–(40, 0) nanotubes. As ethane
possesses a larger dispersive interaction than ethylene, it is
natural for the molecule to become the preferential adsorb-
ing species, in a pressure range where energetic interactions
with the solid walls govern the adsorption process. As pres-
sure increases, around 3 < p < 6 bar, there seems to be a
cross over point on the curves, and henceforward ethylene
plays the role of the preferentially adsorbed species. At high
pressures the dominant aspect ruling over adsorption is ap-
parently an entropic factor, related to the packing efficiency
of molecules; it is reasonable to assume that a smaller mole-
cule (ethylene) is able to better accommodate inside the nan-
otube than a larger one (ethane). This general occupancy
tendency and the cross-over just mentioned have also been
observed in experimental data for ethylene and ethane ad-
sorption onto activated carbons (Choi et al. 2003) and in
GCMC simulations of the same fluids in carbon slit-pores
(Curbelo and Müller 2005).

Inspection of the snapshots at intermediate configura-
tions during the MD simulations gives some insight onto
the adsorption process (Fig. 4). At low bulk pressures (p =
0.28 bar), only a partial monolayer coverage is observed and
new molecules entering the confined space will tend to as-
semble themselves around the inner walls. With pressure in-
crease, the internal loading follows the same trend and sur-
face coverage approaches completion; after p ≈ 11 bar, no
significant change could be observed in the nanotube load-
ing.

In terms of computational efficiency, as expected, the
coarse grained 2CLJQ potential requires an order of mag-
nitude less computer time, and is significantly simpler from
the point of view of coding the program. Ewald summa-
tions, necessary to account for the explicit charges in the
AA-OPLS model, are unnecessary in the case of the 2CLJQ
model, and in fact the effect of the quadrupole is of shorter
range than the dispersion. Accordingly, the number of pair-
wise interactions is reduced from 64 for ethane (36 for eth-
ylene) in the AA-OPLS model to 5 in the 2CLJQ model.
Since the largest part of a molecular simulation time re-
volves around the calculation of these pairwise interactions,
a reduction in the number of these calculations results di-
rectly in an increase of the corresponding computational
speed.

In the limit of zero surface coverage, we estimated the
Henry’s constant, H , for both fluids using the 2CLJQ model,
measuring the slopes of the isotherms in the near zero cov-
erage region. As is expected at very low pressures, the
adsorption as a function of pressure shows a linear re-
lation with slopes of θethylene = 710 ± 1 μmol m−2 bar−1

and θethane = 2224 ± 7 μmol m−2 bar−1, confirming the ex-
pected enhanced adsorption of ethane with respect to ethyl-
ene at low pressures. We have also determined the isosteric
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Fig. 4 Schematic
representation of the effect of
pressure on the loading capacity
of ethane, at T = 300 K.
From top to bottom the
equilibrium bulk pressure is
0.28 bar, 1.45 bar, 11.7 bar and
25 bar respectively. Nanotube
atoms have been deleted for
clarity, and fluid molecules are
represented in an arbitrary scale.
Right hand side figures
correspond to the view along the
nanotube main axis

Table 3 Isosteric heats of adsorption for the 2CLJQ model at T =
300 K (6)

qiso (−	H )/kJ mol−1

C2H4 6.22 (0.17) 8.61 (1.25) 11.35 (10.71)

C2H6 13.72 (0.12) 15.81 (1.25) 15.79 (11.12)

Values in parenthesis are the corresponding bulk pressures in bar

heats of adsorption for ethane and ethylene at T = 300 K
using the 2CLJQ model, based on the definition given by
Nicholson and Parsonage (1982) (6), where 〈· · ·〉 denotes
the ensemble average, N is the number of particles, U is
the system’s configurational energy and kB is the Boltzmann
constant.

qiso = 〈U 〉〈N〉 − 〈UN〉
〈N2〉 − 〈N〉〈N〉 + kBT (6)

Results thus obtained are recorded in Table 3 and were deter-
mined extracting the last 5×106 cycles of GCMC data, thus
making sure that equilibrium conditions had been attained.
These results also indicate how at low pressure, ethane ad-
sorption is slightly enhanced when comparing with the cor-
responding alkene. At 0.12 < p < 0.17 bar, the alkane isos-
teric heat is roughly twice that of ethylene, indicating that
ethane adsorption corresponds to a more thermodynamically
stable process. As pressure increases, so does qiso, but now
the ethylene isosteric heat increases more rapidly than that
for ethane, corroborating the idea that, as one moves towards
the high pressure region, there will be a crossover of the
isotherms, and ethylene will assume the role of the preferred
adsorbed species.

In order to access the effect of nanotube geometry on
the adsorption properties of these molecules, we have also
performed simulations employing armchair, (9, 9), and chi-
ral (12, 6) nanotubes who share similar diameters to the
zig-zag (16, 0) nanotube used in the rest of the simula-
tions. We have employed a similar length to diameter ratio
of (L/D) ≈ 5.67, and the same total number of AA-OPLS
fluid particles in the simulation box. In all cases surface cov-
erage data only deviated −3.4% to 7% compared to the zig-
zag system, values characteristic of the intrinsic fluctuations
associated with the MD technique. For all practical pur-
poses, nanotube symmetry appears to be an irrelevant fac-
tor whenever adsorption properties are concerned. To study
the influence of the available endohedral volume on the sat-
uration capacity, a set of MD simulations was run, varying
the effective volume available for the fluid molecules to be
accommodated inside the tubes. Zig-zag nanotubes with di-
ameters, D, of 4.46 Å, 6.80 Å, 11.49 Å, and 13.84 Å were
put in contact with a bulk fluid at p < 1 bar. The results thus
obtained are recorded in Fig. 5, where lines are parabolic
functions fitted to simulation data; their zero-point deriva-
tive estimates an optimal value for gas storage located at
Doptimal ≈ 9.5 Å and Doptimal ≈ 10.0 Å, for ethylene and
ethane, respectively, indicating that ethane needs a slightly
larger tube diameter to be suitably accommodated. For the
narrowest nanotube studied, with a corresponding diameter
of 4.46 Å, fluid molecules are almost incapable of accessing
its interior volume thus resulting in a negligible adsorption.
This is enhanced in the case of ethylene due to its planar
geometry and rigid π bond, which contributes to make the
molecule relatively stiff.
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Fig. 5 Influence of the SWCNT diameter, D, on the surface coverage
for ethylene (triangles) and ethane (circles), at T = 300 K. Lines are a
guide to the eye

Table 4 Parameters for the Toth isotherm (7)

C2H4 C2H6

AA-OPLS 2CLJQ AA-OPLS 2CLJQ

Toth Cμs /μmol·m2 355.91 352.74 370.92 324.13

b/bar−1 0.641 2.852 1.577 11.233

t 1.144 0.965 0.709 0.927

To fit simulation data we have employed the Toth equa-
tion (7), where Cμs represents the saturation capacity in the
high-pressure limit, and b is the so-called affinity constant.

Cμ = Cμs

bp

[1 + (bp)t ]1/t
(7)

Results thus obtained are recorded in Table 4 and graph-
ically included in Fig. 3. A similar quality of fit was
found with other semi-empirical isotherms, namely the Sips
(Langmuir-Freundlich) model; their major difference be-
ing in the description of the system in the sub-monolayer
regime, that is, in the low-pressure end (Do 1998; Rouquerol
et al. 1998).

4.2 Binary mixtures

To study the separation of binary fluid mixtures of ethyl-
ene/ethane, we define a selectivity towards ethane as in (8),
where xi denotes the molar fraction of component i, and
(. . .)pore and (. . .)bulk refers to the pore and bulk quantities,
respectively.

S = (xethane/xethene)pore

(xethane/xethene)bulk
(8)

This way of probing separation involves the ratio between
the molar fractions of the two components, confined in

Fig. 6 Ethane selectivity, S, profile for a bulk fluid with 90 mol%
ethylene at p = 1 bar

Fig. 7 Ethane selectivity, S, profiles for an equimolar mixture.
Squares are for T = 300 K, and circles are for T = 400 K

the pore and in the corresponding bulk gas. The results
presented in this section correspond to the coarse grained
2CLJQ model. Even though there are quantitative differ-
ences between the adsorption curves predicted by the AA-
OPLS model and the 2CLJQ models, the qualitative trends
are similar, up to the point that one would expect that the ra-
tio of competitive adsorption would be similar in both mod-
els.

Results were determined for two different kinds of bi-
nary fluid mixtures: i) a typical refinery feedstock mixture
of 90 mol% ethylene at a total bulk pressure of p = 1 bar
and in the temperature range 260 K < T < 450 K, and ii) for
an equimolar bulk mixture in the pressure range 0.1 < p <

30 bar at T = 300 K and T = 400 K. These data were ob-
tained by averaging 5×106 cycles after equilibration runs of
25 × 106 GCMC cycles, and are plotted in Fig. 6 and Fig. 7.
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For the 90% ethylene bulk fluid at 300 K the selectivity
spans the range 2 < S < 4, well in accordance with the sim-
ulation results obtained by Keil and Jakobtorweihen (2007)
on larger diameter nanotubes and by Curbelo and Müller
(2005) on carbon slit pores. It does appear that the unique
1-D geometry of the narrow nanotubes considered here is a
relatively unimportant factor to be taken into account when
industrially separating binary mixtures of C2H4/C2H6. At
constant bulk pressure, we can observe a marked decrease
of selectivity with the increase of temperature, almost by
a factor of 50% (Fig. 6). High temperatures tend to reduce
the energetic differences between molecules, and therefore
it is not surprising that selectivity decreases sharply from
S = 3.53 (T = 260 K) down to S = 1.86 (T = 450 K).

If temperature becomes a working variable in the separa-
tion process (Fig. 7), than two general remarks can be made.
For the highest temperature studied, T = 400 K, selectiv-
ity decreases smoothly and always linearly with bulk fluid
pressure, from a value of S = 2.1 down to S = 1.6. In the
other temperatures studied, selectivity starts to decrease very
rapidly up to a certain limiting bulk pressure (p ≈ 10 bar),
where it reaches a plateau: from then onwards it follows a
linear behavior similar to the one observed at T = 400 K. In
all cases, the higher selectivity values coincides with the low
pressure regions, where ethane is the preferentially adsorbed
species.

5 Conclusions

Both the AA-OPLS and the 2CLJQ models present the same
features for the adsorption isotherms of pure ethane and
ethylene on small diameter nanotubes, although the results
do not match quantitatively, particularly in the vicinity of
ambient pressure. As pressure increases, from p ≈ 10 bar
onwards, both force-fields predict similar results. No com-
parison is yet possible with experimental data, and even if
these were available, the most likely scenario would require
a manual adjustment (fitting) of the solid-fluid interaction
parameters. Thus, for all practical purposes, and taking into
the account the reduced computer CPU time needed by the
coarse grained model, the latter is recommended for any fur-
ther adsorption study, particularly where intermediate and
high pressures need to be addressed.

Results showed a threshold (crossover) pressure, in the
lower vicinity of 10 bar, below which ethane molecules
are preferentially adsorbed over ethylene. Selectivity is not
large, typically below S = 4. This preferential ethane ad-
sorption is attributed to the larger dispersive forces that char-
acterize the ethane molecules, and verified by the calculation
of the corresponding isosteric heats of adsorption (Table 3)
and low coverage Henry’s constants. Nanotube geometry
plays a minor role on the adsorption properties, which seem

to be driven at lower pressures primarily by the larger affin-
ity of the alkane towards the carbon surface and at higher
pressures by packing effects. The fact that the selectivity to-
wards ethane is similar to that found earlier on carbon slit
pores and larger diameter nanotubes, points to the fact that
the peculiar 1-D geometry of the nanotubes poses no partic-
ular incentive for the selective adsorption of either species.
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