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Methane adsorption isotherms and isosteric heat of adsorption on a number of modified double wall
carbon nanotubes probe structures were obtained by Monte Carlo simulations. This analysis is used
to mimic the influence of oxidation treatment on adsorption properties of such carbon structures. We
found that microscopic heterogeneity can be in principle observed via macroscopic measurements
such as, isosteric heat determinations, and the wetting behavior of methane on carbon nanotubes.
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1. INTRODUCTION

Relatively low pressure methane adsorption over a num-
ber of novel carbonaceous materials derived from activated
carbon, fullerenes and nanotubes, opens the possibility of a
wide range of interesting applications. The most promising
of the latter would be its use in storage systems for alter-
native fuels (e.g., natural gas).1 Double wall carbon nano-
tubes (DWCNT) are the simplest kind of multiwall carbon
nanotubes (MWCNT), and as such, retain some properties
of the single wall carbon nanotubes (SWCNT) together
with the possibility of studying concentric nanotube struc-
tures2 (distance between concentric walls of DWCNT
ranges from 0.33–0.41 nm).3 While SWCNT were first
reported by Ijima et al.4 MWCNT were discovered a few
decades before by Radushkevich et al. (see Ref. [5] for a
detailed discussion).
MWCNT can be prepared by a number of meth-

ods, among them catalytic chemical vapor deposition
(CCVD),6,7 and thermal treatment of SWCNT contain-
ing fullerenes.8 When the aim is to obtain high purity
MWCNT, oxidative removal of impurities (e.g., catalysts,
amorphous carbon) need to be applied.9–11 Using oxidation
techniques, one can selectively obtain either DWCNT with
relative small external radii (0.9–1.5 nm), or larger values
(up to 4.87 nm).12 Van der Waals interactions are respon-
sible for carbon nanotube (CNT) aggregates observed in
several experimental studies (which can adopt for exam-
ple, hexagonal geometry);13 however, oxidative treatment
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leads to an opening and shortage of the CNT structure,
and consequently generates the appearance of new adsorp-
tion sites on the surface.14 For closed-end CNT bundles,
the available adsorption sites can be classified as: intersti-
tial channels (IC), external convex wall surfaces (S), and
cavities in between two neighboring external surfaces (or
groove sites (G)).15 For open-end CNT one should add
to the list the (presumably high-energy) inner nanotube
sites (T).16

Ab-initio calculations and Monte Carlo simulations per-
formed on closed-end SWCNT showed that methane
adsorption energy on G sites is higher than on S sites.
When CNT diameters are big enough (>0.2 nm), higher
adsorption energy for the system corresponds to IC sites,
followed by G and S sites. However, when considering
open-end SWCNT, T sites were found to have the high-
est adsorption energy.17 There is a difference in size for
IC sites when considering SWCNT and MWCNT, and
consequently, methane molecules are not able to adsorb
on IC-SWCNT sites, while for MWCNT the opposite is
true. Hydrogen adsorption experiments already showed a
remarkable capacity increase when comparing both CNT
structures.18

Having in mind that oxidative purification processes can
produce, along with partial opening closed-end CNT, some
damage to the graphene walls; the aim of the present work
is to study methane adsorption on DWCNT aggregates of
different morphologies through Monte Carlo (MC) simu-
lations; and to systematically assess the effects of surface
heterogeneities on adsorption capacities and isosterics heat
profiles.
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Table I. Lennard-Jones Interaction Parameters.

Description �xx/kB �xx/�Angstr��

Methane (X = f ) 148 K 3.81
Graphite (X = s) 28 K 3.40

2. METHODOLOGY

2.1. Simulations

Monte Carlo simulations were performed using Grand
Canonical Ensemble (GCMC), this allowed us to gather
information on a molecular level and to obtain isosteric
heats of adsorption. Methane molecule was modeled using
Lennard–Jones (L–J) potential as originally proposed by
Martin and Siepman due to the good reproducibility when
comparing with experimental data in a wide range of tem-
peratures and pressures.19 Interaction potential can be writ-
ten as follows,

�xx �r�= 4�xx
[(

�xx

r

)12

−
(
�xx

r

)6
]

(1)

Methane interaction with carbon atoms in the adsor-
bent material was calculated using Lorentz-Berthelot rules
and L–J pair-wise addition. Table I shows the parame-
ter values used for L–J interaction. Trial MC simulations
using different box sizes, and thermalization and statistical
steps, were carried in order to determine the most suitable
parameter values. The following set was determined to be
adequate;
• Cubic simulation box dimensions: �4D+3�34�nm, with
D the external nanotube diameter.
• Cut radius for L–J potential: 2�5� .
• MC thermalization steps for creation/destruction/
displacement: 2�5×106, with 5×104 MC steps for statis-
tical average.
• Long-range correlations were neglected due to the cut
radius chosen.
• Periodic conditions were used in the z-axis direction

Fig. 1. CNT structures used in the simulations; (a) before elimination process. (b) 25% removal, (c) 75% removal.

2.2. Carbon Nanotube Structures

The CNT used for simulations were (5�5@10�10),
(10�10@15�15), and (15�15@20�20) DWCNT. Recent
TEM experiments showed13 that CNT’s can be accurately
represented with a triangular spatial arrangement. Distance
between nanotubes was set to 0.34 nm, thus the mini-
mal cluster used for the simulations contains the features
of the real system. In order to include in the simulations
the surface defects known to be caused by chemical treat-
ment, the following procedure was applied. Starting from
a defect-free structure, random carbon atoms were artifi-
cially removed up to a fixed percentage of 25%, 50% and
75% elimination. Hereafter, defective DWCNT produced
using the above described procedure will be referred as
D25, D50, and D75 respectively; Figure 1 displays a com-
parison between defect-free and D25, and D75 structures.

2.3. Isosteric Heat of Adsorption

Through GCMC simulations, isosteric heats of adsorption
(Qst) can be calculated. Qst can be defined as the differ-
ence between adsorbate molar enthalpy in vapor phase and
molar partial enthalpy in adsorbed phase. Molar enthalpy
is the sum of the molar internal energy and the p× V
product in that phase. Assuming ideal gas behavior and
neglecting the molar volume of the adsorbed phase, isos-
teric heat can be expressed as follows,

Qst = RT −Es
t +Eg

t (2)

where E is internal molar energy, R the gas constant and T
absolute temperature. Assuming kinetic energy to remain
constant during adsorption, internal energy can be obtained
from potential energy variation. Partial molar potential
energy of an adsorbate molecule can be calculated apply-
ing fluctuation theory;20 therefore one can write the fol-
lowing expression for isosteric heat of adsorption,

Qst = RT − �EtN �−�Et� �N �
�N 2�−�N �2 (3)
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3. RESULTS AND DISCUSSION

3.1. CNT 5�5@10�10

Figure 2 shows GCMC simulations of adsorption
isotherms obtained using 5�5@10�10 DWCNT, D25, D50,
and D75 model substrates and T = 83 K. The filling of the
first monolayer in the nanotube bundles can be related to
the appearance of a knee in the adsorption isotherm. When
comparing pressure values for first monolayer completion
for the model substrates used, the following tendency can
be observed. Defect-free DWCNT shows the lowest value
followed by D25, D50, and finally for D75, condensation
occurs without external monolayer completion whatsoever.
Figure 3 shows Qst profiles obtained from simulations
using T = 83 K. The main observed feature is a steep
decrease as the number of adsorbed molecules increases.
For intermediate coverages a plateau is reached; with limit-
ing values 11�5� 9�5� 8�0, and 6.7 kJ/mol for non-defective
DWCNT, D25, D50, and D75 respectively. The limit value
for very high coverages is ≈8 kJ/mol for all the cases
studied. However, after the plateau, non-defective DWCNT
Qst display a sudden decrease, while for defective model
substrates a different behavior can be observed; i.e., D25
shows a less steep decrease, D50 limit value coincides
with the plateau, and D75 feature a slight increase from
the ≈6�7 kJ/mol (rather short coverage ranged) plateau
value. Even when the step height between initial, plateau
and limit value are different, the same tendencies are
observed for another set of isosteric heat profiles obtained
for slightly higher temperature values (113 K).
Remarkably, the values obtained for the plateau in

5�5@10�10 DWCNT substrates presented in this section,
are coincident with reported Qst values for 10�10 SWCNT.
This can be understood by assuming similar adsorp-
tion properties of external walls. However, slight differ-
ences were found when comparing temperature evolution
(i.e., when temperature increases Qst decreases). One can
rationalize this fact by considering that, as temperature

Fig. 2. Simulated methane isotherms at T = 83 K for 5,5@10,10 nano-
tubes performed on non-defective (ND), 25%, 50%, and 75% materials.

Fig. 3. Isosteric heat of adsorption at T = 83 K and T = 113 K for the
5�5@10�10 nanotubes non-defective and defective materials.

decreases, a greater number of sites can be explored by
methane molecules.21 Although not showed, for the sake
of completeness, GCMC simulations were carried in order
to verify that adsorbate-adsorbate contributions to Qst are
similar in every substrate used; and that for low cover-
ages substrate heterogeneity does not affect its magnitude.
When increasing the percentage of defects on the surface,
as expected, a higher adsorbate-adsorbate contribution is
obtained.
The wetting behavior observed depends also on the

structure of the CNT considered. From the isotherms pre-
sented, it can be seen that, methane completely wets the
outside non-defective DWCNT surface, while there is a
partial wetting for D25 and D50 structures. For D75, and
due to the low interactions adsorbate-surface, we obtain no
wetting whatsoever.

3.2. CNT 10�10@15�15

In Figure 4, methane isotherms obtained for CNT
10�10@15�15 are presented. Similar to 5�5@10�10 nano-
tubes, the number of adsorbed molecules decreases with
the amount of surface defects. Due to an increase in size,
10�10@15�15 CNT inner space can accommodate adsor-
bate molecules, as evidenced in the region of low pressures
for the simulated isotherms of the four DWCNT structures
presented. The isotherm corresponding to non-defective
structures features the lowest pressure for inner space fill-
ing (as discussed above, there is an increase in the strength
of adsorbate-surface interactions). The corresponding pres-
sure for monolayer completion of the external wall is also
lower for non-defective CNT.
Isosteric heat calculated for 10�10@15�15 DWCNT

are presented in Figure 5. Similar behavior as in 3 can
be observed; Qst remains constant in the non-defective
DWCNT (which shows the equivalence of all the con-
sidered adsorption sites), while for defective D25, D50,

J. Surf. Interfac. Mater. 1, 43–48, 2013 45



Delivered by Publishing Technology to: ?
IP: 93.91.26.29 On: Fri, 27 Feb 2015 14:15:30

Copyright: American Scientific Publishers

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Methane Adsorption Over Highly Defective Multiwalled Carbon Nanotubes: Monte Carlo Simulations Albesa et al.

Fig. 4. Simulated isotherms at T = 83 K for the 10,10@15,15 nano-
tubes non-defective and defective materials.

and D75 nanotubes, there is a continuous decrease (con-
sistent with first filling of high energy adsorption sites).
As previously observed for SWCNT simulations,17 filling
of the second monolayer starts preferentially on occupied
(G) groove sites. Regarding adsorbate-adsorbate contribu-
tions to Qst, it can be observed that, for the coverage range
corresponding to inner CNT filling, maximum values are
reached at monolayer completion, with no considerable
differences for the D25, D50, and D75 defective structures
considered. However, for higher coverages (corresponding
to adsorption on outer CNT walls), a different isosteric
heat profile can be observed; i.e., Qst increases with the
amount of surface defects. As can be seen in Figure 5,
for T = 113 K, monolayer filling occur through a contin-
uous filling (as seen both in isotherms and isosteric heat
profiles) rather than via a layer-by-layer mechanism.
At relatively high coverages (see Fig. 5), the Qst pro-

file for D75 defective structure behaves very similar to
what expected when considering an heterogeneous mate-
rial. For low pressures limit, it can be observed from

Fig. 5. Isosteric heat of adsorption at T = 83 K and 113 K for
10�10@15�15 nanotubes.

Fig. 6. Simulated isotherms for T = 83 K for the 15�15@20�20
nanotubes.

the simulations that methane molecules wet the inner sur-
face of the nanotubes. Nevertheless, when pressure is
increased, similar behavior than in nanotubes 5�5@10�10
was obtained, meaning that there is no wetting of the outer
surface of the nanotubes.

3.3. CNT 15�15@20�20

Isotherms obtained for the 15�15@20�20 DWCNT
derived structures show significant differences with the
rest of considered DWCNT. Together with adsorption
isotherms and isosteric heat profiles, snapshots of the sys-
tem for non-defective and defective structures are shown
in Figures 6, 7, and 8 respectively. The following reason-
ing follows from the analysis of the snapshots presented
in 8 and the corresponding adsorption isotherms.
• For non-defective DWCNT, the filling up sequence
starts at very low pressures with the IC and G sites, fol-
lowed by the filling of the first monolayer on inner walls.

Fig. 7. Isosteric heat of adsorption for T = 83 K and T = 113 K for
the 15�15@20�20 nanotubes.
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Fig. 8. Snapshots of the simulation box for T = 83 K and 15�15@20�20 nanotubes.

The first monolayer at the external walls constitutes the
next preferred adsorption site when pressure increases, and
once completion is achieved, second monolayer on inner
walls is completed. The final step at very high pressures
is the completion of the second monolayer on G.
• For D25 defective substrate, IC are also the preferred
sites at low pressures, followed by inner CNT walls and
almost simultaneous filling of G sites. Increasing pressures
leads to a completion of the second monolayer at inner
CNT walls, and finally the adsorption at external walls
occurs.
• For D50 substrate, adsorption begins at inner walls, fol-
lowed by IC and G sites. Similar to the previous case,
the inner walls filling occurs before completion of external
wall mono-layer.
• For D75 substrate, the filling of inner walls surface
occurs before completion of groove sites. In this particular
case formation of the second mono-layer on groove sites
occurs before surface completion.

Analysis of Qst profiles reveals similar behavior as
previously analyzed for 5�5@10�10 and 10�10@15�15
DWCNT; i.e., removal of carbon atoms from the CNT
structure generates a decrease in adsorption energies for G
sites and favors the creation of new sites unavailable in the
perfect structure. The wetting behavior is similar to what
observed when analyzing 10�10@15�15 CNT. The inner
walls of the nanotubes are dipped in all cases, while the
external wetting depends on the degree of heterogeneity.

3.4. Closed DWCNT

As-produced CNT usually present closed tubes, and con-
sequently, a great number of treatments directed towards
opening via removal of the fullerene-like caps were devel-
oped in the last decade (see e.g., Ref. [14]). In order to
assess the suitability of our model for correctly reflecting
experimental features observed when analyzing closed and
open-end DWCNT, and up to some extent, to distinguish
where the removal of carbon atoms preferentially occur,
we carried simulations as above described for defective
and non-defective closed DWCNT. The main findings of
this procedure are listed below;
• adsorption capacity decreases with increasing number
of defects,

• Qst shows a marked decrease as the amount of defective
sites is incremented (our speculation is that, by removing
some atoms of the DWCNT, groove sites are not as ener-
getic as when the structure has no defects).

The profiles obtained for the isosteric heats of defective
structures (not shown here) were very similar to previously
reported for SWCNT,17 which corresponds to the adsorp-
tion energy profile of a mostly homogeneous adsorption
materials. As the number of atoms removed increases, the
profiles clearly show the evolution towards the behavior
typically observed for heterogeneous adsorption materials.
A remarkable result obtained from simulations of close
DWCNT is that the relative number of adsorbed molecules
does not change when passing from non-defective to D75
structures. Based on this, the following criteria can be pro-
posed; if adsorption capacity is observed to change after
treatment of closed DWCNT, it is likely that remotion of
carbon atoms occurs preferentially on closed ends than in
CNT walls.

4. CONCLUSIONS AND OUTLOOK

Due to the different considered structure, DWCNT present
a wider range of possible adsorption sites than SWCNT,
as reflected by adsorption isotherms and energy profiles
obtained via simulations. Purification and opening treat-
ments, such as chemical wet oxidation (mimicked in this
work via random removal of carbon atoms from the per-
fect DWCNT structure of three selected sizes) modifies
the surface by destroying sites and creating new ones. This
in turn, generates a completely different adsorption profile
regarding the filling order of available sites. The creation
of new interstitial spaces when removing surface atoms,
would allow for greater storage capacity, and also an effi-
cient way to assess the extent of opening achieved by the
treatments (i.e., carbon atoms preferentially removed from
CNT walls or fullerene-like ends).
Isosteric heat profiles obtained, suggest that new sites

created on defective DWCNT present lower adsorption
energies than those removed. We found that microscopic
heterogeneity can be (in principle) observed via macro-
scopic measurements such as isosteric heat determinations
and the wetting behavior of methane in the nanotubes.
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