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a b s t r a c t

In this study, the adsorption capacity of single-wall carbon nanotubes (SWCNTs) bundles with regard
to the pure CH4, N2, CO and CO2 gases at 298 K and pressure range from 0.01 up to 2.0 MPa has been
investigated experimentally and computationally. Experimental work refers to gravimetric surface excess
adsorption measurements of each gas studied in this nanomaterial. Commercial samples of pristine SWC-
NTs, systematically prepared and characterized at first, were used for the evaluation of their adsorption
capacity. A Langmuir type equation was adopted to estimate the total adsorption isotherm based on
the experimental surface excess adsorption data for each system studied. Computational work refers to
Monte Carlo (MC) simulation of each adsorbed gas on a SWCNTs model of the type (9, 9) in the grand
canonical (GC) ensemble at the same conditions with experiment using Scienomics’ MAPS platform soft-
ware simulation packages such as Towhee. The GCMC simulation technique was employed to obtain the
uptake wt% of each adsorbed gas by considering a SWCNTs model of arrays with parallel tubes exhibiting
open-ended cylindrical structures as in experiment. Both experimental and simulation adsorption data
concerning these gases within the examined carbon material are presented and discussed in terms of the
adsorbate fluid molecular characteristics and corresponding interactions among adsorbate species and
adsorbent material. The adsorption isotherms obtained exhibited type I (Langmuir) behavior, provid-
ing enhanced gas–substrate interactions. We found that both the experimental as well as the simulated
adsorption uptake of the examined SWCNTs at these conditions with regard to the aforementioned flu-

ids and in comparison with adsorbate H2 on the same material increase similarly and in the following
order: H2 � N2 ≈ CH4 < CO � CO2. Furthermore, for each adsorbate fluid the calculations exhibit some-
what greater gas uptake with pressure compared to the corresponding experiment. The difference in
the absolute uptake values between experiment and simulation has been discussed and ascribed to the
following implicit factors: (i) to the employed model calculations, (ii) to the remained carbonaceous
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impurities in the sample
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(iii) to a proportion of close ended tubes, contained in the experimental
.
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1. Introduction

The global warming effect and its severe consequences, as
observed through the detrimental alterations in the climate and
natural environment of our planet undoubtedly give rise to alert-
ing predictions and concerted actions worldwide. Additionally, the

emission of certain well-known flue-gases, such as nitrogen and
carbon oxide, involves harmful effects for both our environment
and the human health. On the other hand, the rapidly expanding
energy requirements, together with the gradual depletion of the
fossil fuels reserves imply the necessity for the development of
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Nomenclature

SWCNT single walled carbon nanotube
wt% weight percentage of the adsorbed gas in carbon

nanotubes
V volume of the vapor adsorbed
Vo maximum volume of adsorption in micropores
Eo characteristic energy of adsorption of a reference

vapor
ˇ similarity or affinity coefficient
n heterogeneity factor
D nanotube diameter
H nanotube height
L1, L2, L3 lateral dimensions of the simulation cell
g intertube distance
Tc critical temperature
�e permanent electric dipole moment
Qm quadrupole moment
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dk kinetic diameter
Tr = T/Tc reduced temperature

ew strategies with regard to the energy sources production and
xploitation of their energy content.

Among the available storage technologies for H2 and other gases,
hysical and chemical sorption on solid sorbents is possibly the
ost appropriate and efficient choice. A promising solid sorbing
aterial has to exhibit a variety of unique physical and chemical

roperties: (a) sufficient storage capacity for a given gas at room
emperature, (b) fast and quantitative recovery of the adsorbed gas
ithout any need to increase the temperature, (c) chemical sta-

ility and (d) low cost of preparation and operation. Furthermore,
t is essential for the sorbent to be as light as possible with no
arge available volume requirements (i.e. to exhibit high volumet-
ic density of the adsorbed phase). Physical adsorption, for instance,
n the surface of porous materials exhibiting high specific surface
rea could be an alternative for H2 storage with the potential to
eet the storage requirements designated by the US Department

f Energy (DOE) (gravimetric adsorption capacity of H2 6.5 wt%, or
5 g H2/kg C), for the year 2010 [1].

To this point, after the discovery of carbon nanotubes (CNTs) [2]
nd carbon nanofibers [3,4], much attention has been devoted to
heir potential applications, such as the possible storage of H2 [5],
apture of CO2 [6] from emitted flue-gases and separation or purifi-
ation of natural gas and other gaseous mixtures gaseous mixtures
7] via selective adsorption of a specific component. Experimental
nd theoretical studies devoted to the investigation of the possible
echanisms of H2 adsorption on various types of CNTs have been

lso reported in the literature [8–25]. However, although numer-
us encouraging results have been published on this topic in recent
ears, it is clear that further thorough efforts are needed to explore
he precise physicochemical adsorption mechanism of H2 in this
ind of material. Specific details on the aforementioned problem
ere thoroughly presented and discussed in recent publications

see for instance Refs. [19,20,25]).
On the other hand, single-wall carbon nanotubes (SWCNTs)

undles might be used for adsorption of a variety of other gases such
s CH4, N2, CO2 and CO at supercritical (SC) temperatures. Adsorp-
ion of SC gases on SWCNTs bundles is an issue of major importance
oncerning both fundamental research and various applications

ince it could provoke the development of novel gas storage tech-
ologies, with beneficial effects for industries and environment.
n alternative application of CNTs might employ membranes for
eparation of gas mixtures. For instance, CNTs arrays grown inside
anoporous channels of ceramic or zeolitic substrates may consti-
al Fluids 55 (2010) 510–523 511

tute thin separation layers on the surface of composite inorganic
membranes. Those composite membranes might be studied for
separation of mixtures of the aforementioned gases. These sepa-
rations are basic process stages for the production of a variety of
fuels and materials in refineries and polymer industries.

In our previous work [18,26,27] we studied adsorption of H2 on
a certain type of carbon and carbon/silicon SWNTs by employing
statistical mechanical Monte Carlo (MC) simulations and quantum
mechanical DFT computational techniques. Concretely, combined
ab initio and grand canonical MC techniques simulations have been
performed to investigate the dependence of hydrogen storage in
SWCNTs on both tube curvature and chirality. The ab initio calcula-
tions at the density functional level of theory (DFT) have provided
useful information about the nature of hydrogen adsorption in
SWCNT selected sites and the binding under different curvatures
and chiralities of the tube walls. Further to this, the grand canon-
ical MC atomistic simulation performed on large-scale nanotube
systems with different curvature and chiralities yielded their stor-
age capacity by calculating the weight percentage of the adsorbed
material (gravimetric density) under thermodynamic conditions of
interest. In the earlier studies, we found that the nanotube’s curva-
ture plays an important role in the storage process while the chiral-
ity of the tube has no effect [18]. Furthermore, a similar multiscale
theoretical approach was used for the investigation of H2 storage
in silicon–carbon nanotubes (SiCNTs). First, ab initio calculations at
the DFT level showed an increase of 20% in the binding energy of H2
in SiCNTs compared with pure carbon nanotubes (CNTs). This was
explained by the alternative charges that exist in the SiCNT walls.
Second, classical MC simulation of nanotube bundles showed an
even larger increase of the storage capacity in SiCNTs, especially
in low temperature and high pressure conditions. In the present
study, our effort on this field is extended to investigate experimen-
tally and theoretically the adsorption of the pure CH4, N2, CO2 and
CO gases in SWCNTs bundles by using appropriate techniques.

Although numerous experimental studies have been carried
out to obtain physical adsorption isotherms of several pure gases
on different porous solids over a wide range of thermodynamic
conditions [6,16,28–31], the majority of them is directly related
to the excess surface adsorption isotherms and only a few stud-
ies were devoted to determine the total or absolute adsorption
isotherms [32]. We mention also that the surface excess adsorption
results cannot serve for comparison with theoretical predictions
derived from MC computer simulations and density-functional
theory (DFT) statistical mechanical theoretical techniques. There-
fore, a necessity arises to employ a method for the calculation of
total adsorption isotherms based on experimental surface excess
adsorption data obtained over a given gas phase pressure regime.
However, the method required for the indirect determination of
total adsorption should take into account the incapability of vari-
ous equations of state describing vapor physisorption, to provide
explicit information on adsorption at SC temperatures, without
being appropriately modified.

In this treatment, from the experimental excess adsorption
isotherms of these gases, the corresponding absolute adsorp-
tion isotherms were calculated. On the other hand, the absolute
adsorption results from simulations of these systems were directly
compared with the corresponding calculated absolute adsorption
isotherms derived from the experimental adsorption data in order
to explain specific features of the predicted adsorption behavior.

By considering the computer simulation studies reported on
the field so far, it should be mentioned that for the study of the

gas adsorption isotherms for such materials, the most appropriate
method is the grand canonical MC (GCMC) simulations. Further-
more in some cases the molecular mechanics (MM) and molecular
dynamics (MD) simulation techniques were also employed to
explore specific problems to this interesting topic. Thus, the adsorp-
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Fig. 1. (a and b) TEM micrographs of the commercial sample of

ion capacity of SWCNTs bundles with respect to the pure gases of
H4, N2, CO, CO2 and in comparison to the corresponding data of H2
t 298 K, was investigated by means of NVT and grand canonical MC
odel simulations, employing a chirality of (9,9) armchair tubes.

he study of intermolecular interactions between gases and nan-
tube surface was based on potential models from the literature.
his effort was combined with gravimetric adsorption experiments
f the aforementioned gases at 298 K and pressures up to 2 MPa to
etermine the surface excess adsorption uptake of each gas on a
ommercial sample of pristine SWCNTs, systematically treated and
haracterized prior to the adsorption measurements.

The rest of the paper is organized as follows: In Section 2, we
resent the experimental methodology used to prepare and char-
cterize the commercial sample of commercial pristine SWCNTs
nd to obtain the excess adsorption isotherms of the adsorbate
ases. In Section 3, we describe the theoretical method employed to
etermine the absolute gas adsorption isotherms from the excess
nes. In Section 4, we give details of the GCMC simulations of the
nvestigated systems. In Section 5, we present and discuss both our
xperimental and simulation results, and finally, in Section 6, we
ummarize our main findings.

. Experimental methodology

.1. Carbon nanotube sample pretreatment
The pristine SWCNTs used in this work were purchased from
arbon Solutions. According to the manufacturer specifications, the
ominal distribution of outer diameters was centered at 1.4 nm
ith a length distribution between 0.5 and 1.5 �m, while their
ne SWCNTs, (c and d) SEM micrographs of the specific sample.

end-cups have been removed by a purification procedure. More-
over, the purity of the sample was estimated to be approximately
80 wt%, whereas the impurities consisted of metal catalyst parti-
cles (∼6.5 wt%, as determined by TGA analysis) and several other
carbon nanostructures.

The commercial sample of pristine SWCNTs was subjected to
a mild oxidation treatment using air stream with a flow rate of
150 ml/min at 400 ◦C, for a period of 15 min. The oxidation process
aimed to the removal of amorphous carbon impurities as well as the
partial opening of closed SWCNTs hemispherical caps. The purifica-
tion of the commercial sample leads to an increase of the number
of available adsorption sites on carbon nanotube surface, which
was expected to enhance the capability of the oxidized sample to
adsorb several gases. Furthermore, the oxidized sample was ther-
mally treated up to 900 ◦C, with a heating rate of 5 K/min followed
by an isothermal step at this temperature for a period of three hours,
under an argon stream flow with a flow rate of 150 ml/min. The
annealing process was conducted in order to completely open the
remaining SWCNTs closed caps, together with the drastic removal
of bulky carboxylic groups, which are located at the edges and pos-
sible sidewall defects of carbon nanotubes. Those groups have been
formed by the purification treatment applied to the as-produced
raw sample (–COOH groups in the purified commercial sample
had a nominal ratio of ∼6% per carbon atom) and during the fol-
lowing oxidation treatment of the commercial sample. The closed

nanotubes half-fullerene tips exhibit significant strains and there-
fore, can be readily oxidized and open by means of a simple acid
treatment. Thus, the actual density of –COOH groups formed at
the open ends is significantly higher than the overall percentage
of 6% per carbon atom. Since a large number of free bulky carboxyl
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ig. 2. Experimental N2 adsorption–desorption isotherm for oxidized–annealed
WCNTs at 77 K.

roups is confined at the narrow open ends (with a diameter of few
ngstroms), these groups severely prevent the entrance of adsor-
ate species into the nanotube inner (endohedral) adsorption sites
33,34]. Therefore, the annealing process aimed to further facili-
ate the access of gaseous molecules into the interior space of the
pened carbon nanotubes. The obtained oxidized–annealed sam-
le was used for the evaluation of the SWCNTs adsorption capacity
ith respect to the aforementioned gases.

.2. Characterization and adsorption measurements

.2.1. Transmission electron microscopy
The sample of the CNTs was characterized by employing the

ransmission electron microscopy (TEM) technique. Thus, prior to
haracterization and use, the sample was prepared by extensive
onication of the CNTs in high-purity ethanol. A drop of the solu-
ion was deposited onto a Lacey C-film supported on a Cu grid and
he solvent was allowed to evaporate in air. TEM analysis was then
arried out in a JEOL 2011 HR-TEM, operating at 200 kV and fitted
ith an Oxford Instruments INCAx-sight EDS detector. Note that a

canning Electron Microscopy (SEM) micrograph of the sample was
lso detected in order to obtain supplementary information regard-
ng the NT structure. The micrographs derived from TEM and SEM

icroscopy are depicted in Fig. 1a–d and the morphology obtained
s discussed in Section 5.

.2.2. Nitrogen adsorption porosimetry
The porous structure of both the pristine and the

xidized–annealed SWCNTs sample was examined by means
f N2 porosimetry. In each case the corresponding sample was
oaded in a narrow glass tube and heated at 573 K under vacuum,
or 24 h. A nitrogen adsorption–desorption isotherm at 77 K was

easured with the Quantachrome Autosorb-1 MP volumetric
pparatus. The amount adsorbed at each relative pressure (P/Po,
here P is the pressure of nitrogen vapor and Po is the saturation
ressure of N2 at 77 K) was obtained by admitting appropriate
olumes of ultra high purity (99.9995%) nitrogen gas into the
ample cell at 77 K and measuring the equilibrium vapor pressure.
he N2 adsorption–desorption isotherm for the oxidized–annealed
WCNTs at 77 K is shown in Fig. 2.
Analysis of the adsorption and desorption data was carried out to
nvestigate the mesoporous and microporous structure of the sam-
le. The Brunauer–Emmett–Teller (BET) [35] method was applied
o determine the BET surface area (SBET) and the adsorbent mono-
ayer capacity (vm). The linear plot of the BET method included
al Fluids 55 (2010) 510–523 513

seven points in the P/Po region between 0.049 and 0.126. The vol-
ume of mesopores (Vmeso) and their size distribution (PSD) was
obtained by applying the Barrett–Joyner–Halenda (BJH) analysis to
the isotherm desorption branch. Moreover, Vmeso was estimated
by the difference between the adsorbed volume at P/Po = 0.97 (i.e.
V0.97) and the total volume of micropores plus ultramicropores of
the SWCNTs bundles i.e. V0.97 − (Vmicro + Vultramicro). In both cases,
the calculation results for Vmeso were almost identical. Micropore
analysis in the relative pressure region of ∼ 2 × 10−4 to 0.059 was
conducted by the Dubinin–Astakov (DA) method, to determine the
micropore volume (Vmicro) and micropore size distribution. The DA
expression can be considered as an expansion of the well-known
Dubinin–Radushkevich (DR) equation, which describes adsorption
by microporous solids. The DR theory assumes a Gaussian-type
micropore potential energy distribution and can be expressed by
the following equation [36–40]:

V

Vo
= exp

[
−
{(

RT

ˇEo

)
· ln

Po

P

}2
]

(1)

V is the volume of the vapor adsorbed and Vo is the maximum
volume of adsorption in micropores (corresponding to their total
volume filling). Eo is the characteristic energy of adsorption of a ref-
erence vapor (usually benzene), while ˇ is the similarity or affinity
coefficient which can be calculated by the physical properties of
the adsorptive and a standard vapor (benzene). The DR equation
is effectively applied for the description of adsorption of vapors by
materials with a homogeneous microporous structure [36,40].

According to the DA adsorption model [41,42], micropore filling
is described by the following equation:

V

V0
= exp

[
−
{(

RT

ˇEo

)
· ln

Po

P

}n
]

(2)

where n is an additional parameter related to the normalized form
of a Weibull distribution function of the differential molar work
of adsorption and has been referred to as a “heterogeneity factor”.
The DA equation takes into account the heterogeneity of the micro-
pore structure of the adsorbent due to the presence of micropores
of different size. Therefore, it can be considered as a more gen-
eralized expression of adsorption isotherm with regard to the DR
equation, being equivalent to the later when n = 2. Carbon adsor-
bents with relatively uniform micropores of molecular dimensions
exhibit values of n > 2, whereas values of n < 2 have been found for
activated carbons, with a broad micropore size distribution [43,44].
The results obtained from the N2 porosimetry are presented and
discussed in Section 5.1.

2.2.3. Gas adsorption isotherms
An automated gravimetric sorption analysis apparatus of HIDEN

Analytical (intelligent gravimetric analyzer, IGA) was used to obtain
adsorption isotherms of ultra high or high purity N2 (99.9995%),
CH4 (99.95%), CO (99.98%) and CO2 (99.998%) gases conducted at
298.15 K. The equilibrium pressures ranged from 0.01 up to 1.9 MPa
in the case of N2 and up to 2.0 MPa for CH4, CO and CO2. Supple-
mentary measurements were also carried out for H2 at the same
conditions. Prior to measurements, the sample cell was out gassed
at 573 K until a pressure of 1 × 10−6 mbar was reached. Upon com-
pletion of degassing, the initial sample mass was measured. Then,
the sample chamber was thermally equilibrated at the tempera-
ture of measurements and appropriate gas pressure increments
were released into the chamber to reach the selected equilibrium

pressures. The increase of sample mass due to adsorption was con-
tinuously recorded until equilibrium of the adsorption system was
attained and then, the final mass of adsorbent plus adsorbate was
obtained. The resolution of the measurements was ±0.1 �g. The
results obtained are presented and discussed in Section 5.1.
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. Absolute adsorption isotherms-theoretical background

.1. Absolute amount adsorbed: general considerations

It is well known that the capability of porous solids to adsorb
ases (or vapors) can be deduced by two different types of adsorp-
ion isotherms, namely the Gibbsian surface excess and the total (or
bsolute) adsorption ones. The surface excess adsorption (SEA) at a
iven temperature is defined as the quantity of a gas (or vapor)
equired to be introduced into a completely evacuated space of
certain volume, which contains the solid adsorbent, so that the

as phase to reach a given equilibrium pressure minus the quan-
ity of the specific gas (or vapor) required to be supplied into the
ame evacuated system in order to attain the same equilibrium
onditions, if no adsorption would occur. The difference between
he total and the excess adsorption stems from the fact that the
umber of molecules not interacting with the adsorbent surface is
maller than the respective number of molecules in the case that no
dsorption on the surface occurred. Thus, the difference arises from
he number of gas (or vapor) molecules interacting with the solid
dsorbent and is expressed by the volume of the adsorbed phase.

The excess adsorbed amount, nex, in mol g−1 is directly
etermined by means of gas adsorption experiments (either volu-
etric or gravimetric). The experimentally determined adsorption

sotherms are the ESA isotherms. These isotherms exhibit a char-
cteristic maximum at a certain equilibrium pressure, followed by
downward straight line at higher pressures [45–49]. On the other
and, the total adsorbed amount, nab, cannot be directly deter-
ined. The total amount of a gas contained in the inhomogeneous

hase of the gas–solid adsorbent system as a function of the gas
hase pressure at a given temperature, i.e. the total adsorption (TA)

sotherm (which has to be determined from the excess one) is char-
cterized by a monotonous increase of the adsorbed quantity with
ncreasing pressure [50].

If �ad(r) describes the density of the TA at any position r within
he volume Vad of the adsorbed phase, then the TA amount is deter-

ined by integration of the density with respect to the whole
olume of the adsorption space. The fundamental difficulty with
his definition is the choice of the volume of the adsorbed phase
sed in the integration. For small micropores, where the poten-
ial force fields of the two opposite walls overlap, the density of the
dsorbed phase everywhere will be greater than the adsorbate bulk
ensity. In such cases one can choose the volume of the adsorbed
hase as the micropore volume and calculate the absolute amount
s:

ab =
∫

Vmicro

�ad(r) dr (3)

here Vmicro is the micropore volume. The problem of the definition
f the adsorbed phase volume arises for porous solids possessing
pore size distribution. The relation between the total adsorbed

mount, nab, and the excess adsorbed amount, nex, is given by the
ollowing equation:

ab = nex + �b · Vad (4)

here �b( = �bulk) is the gas phase bulk density. When adsorption
easurements are performed, the amount nex and �b can be deter-
ined. On the other hand, the quantities nab, Vad and 〈�ad 〉 – where

�ad 〉 represents the average density of the adsorbed phase – can
ot be directly determined. It is noted that those three quantities

efer to the total (absolute) adsorption in contrast to the excess
nes. It is obvious that the estimation of nab requires the calculation
f the corresponding Vad or 〈�ad 〉 values, which cannot be exper-
mentally measured but only approximated by means of Helium
dsorption experiments. Gumma and Talu [51] have proposed a
al Fluids 55 (2010) 510–523

method to approximate adsorbed volume in microporous systems.
The SC fluids cannot coexist with their liquid phase in con-

trast with vapors. When the gaseous adsorbates are in the vapor
phase (i.e. at subcritical temperatures) they tend to form a complete
adsorbed monolayer on the surface of solid adsorbents or complete
the stage of micropore filling in the case of micropores existence.
Upon completion of the monolayer coverage, multilayer adsorption
might follow on the surface of non-porous or macroporous solids
at higher vapor phase pressures, whereas capillary condensation
occurs as a consequence of a coexisting mesoporous structure. The
shape of the corresponding adsorption isotherms and the evolu-
tion of the adsorbed layer formation depend on the interactions
between vapor molecules and porous or non-porous adsorbent sur-
face with respect to the vapor phase intermolecular forces. In all
cases, at subcritical temperatures the adsorption of vapors is com-
pleted at a pressure equal to the saturation vapor pressure, Po, of
the adsorbate. Therefore, each subcritical adsorption isotherm can
be derived in the form of adsorbed amount (or volume) of vapors
as a function of the relative pressure, P/Po, of the adsorbate. On
the other hand, the saturation vapor pressure is meaningless for
gases being at temperatures higher than their critical temperature,
Tc. Consequently, the models describing physisorption of vapors,
including multilayer adsorption and capillary condensation (BET
theory, Kelvin equation and t-plots) can not be applied for the
description of physisorption of SC gases.

The fact that the close proximity between total adsorption
and surface excess adsorption isotherms is limited to sub atmo-
spheric pressures, along with their growing mutual deviation when
adsorption occurs at higher pressures, results in certain restrictions.
Although surface excess adsorption data determined for several
solid adsorbents is suitable for industrial applications, such as
separation of air or flue gases components and purification of nat-
ural gas, however it is inappropriate for calculation of relevant
thermodynamic functions. Furthermore, at SC temperatures, SEA
isotherms cannot be fitted to various models describing adsorption
on homogeneous (in terms of adsorption enthalpy, i.e. Langmuir
isotherm) and heterogeneous solid adsorbents (e.g. Sips or Toth
isotherm). Therefore those models are not reliable for assessment
of the saturation adsorption capacity as well as to investigate the
porous structure of solid adsorbents. Moreover, the SEA results
cannot serve for comparison with theoretical predictions derived
from GCMC simulation and statistical mechanical DFT calculations.
Therefore, a necessity arises to employ a method for the calculation
of the TA isotherms based on experimental SEA data obtained over
a given gas phase pressure regime.

3.2. Adsorption of supercritical gases

It should be assumed that the microporosity is able to induce
physisorption of SC gas molecules by means of gas–micropore
interactions, even though the adsorbed phase concentration is
relatively suppressed at low to moderate pressures. Neverthe-
less, under high equilibrium pressures the adsorbed molecules
concentration is increased and their mutual interactions become
important. Specifically, it can be assumed that the interaction
potential inside narrow micropores is attractive enough to provoke
a high degree of micropore filling, resulting in a high concentration
of the adsorbed molecules [52–54]. The increase of the adsorbed
phase density is followed by a gradual decrease of the adsorbate
mobility. In general, whereas narrower micropores can be filled
with SC adsorbate molecules, the larger micropores will accommo-

date usually at most a two dimensional monolayer. Formation of an
additional loosely packed and quite mobile adsorbed layer is pos-
sible at either very high pressures or at a temperature close to the
critical one. Thus, the SC gas adsorbed within micropores can be
transformed into a mobile single or a two-dimensional monolayer
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ith restricted freedom for molecular translational movements or
nto a so-called quasi-vapor, depending on the micropore width,

hich determines the interaction potential energy and the avail-
ble pore volume [55]. The onset of lateral interactions results in a
rogressively increasing deviation between the SEA isotherm and
he corresponding Langmuir adsorption isotherm. The behavior of
he SEA isotherm at high pressures has been attributed to strong
epulsive interactions between adsorbed molecules due to their
lose packing, which compensate for the attractive forces exerting
o the adsorbent surface. At those pressures, the gas phase bulk
ensity approximates the absolute density of the adsorbed phase
nd the SEA isotherm tends to intercept the gas pressure axis at
certain pressure, for which the excess density of the adsorbed

hase is zero (〈�ex〉 = 0 and 〈�ad〉 = �b).
The transition of the adsorbed phase into a quasi-vapor state

nside wider micropores might progress via the typical micropore
lling mechanism, which has been described by Dubinin and et al.
37,41]. A saturated quasi-vapor state could arise as soon as the
verage density of the adsorbed phase is reached by the bulk den-
ity as the equilibrium pressure increases. Taking into account the
ooser “average” packing of the adsorbed molecules, which cor-
esponds to the average density of the saturated adsorbed phase
nside wider micropores, in comparison to their closest packing

ithin a very restricted micropore space, it can be deduced that the
quivalent volume of the saturated “close packing” quasi-vapor,
sat, is lower than the total micropore volume, Vm. The Lang-
uir model (describing adsorption isotherms of type I) can also

e adopted for the representation of the total adsorption isotherm:

= n

nm
= KP

1 + KP
(5)

here � is the surface coverage, n is the adsorbed amount and
m and K are the saturation adsorption capacity and the Lang-
uir adsorption coefficient, respectively. This approach relies on

he stronger adsorbate–solid adsorbent interactions in comparison
ith the adsorbate lateral interactions at SC temperatures and low

quilibrium pressures.

.3. Ono–Kondo equations for the description of excess
dsorption.

Physisorption of SC gases onto the SWCNTs endohedral sites
t low to moderate pressures can be approached with regard to
onolayer coverage of the walls of cylindrical nanopores, having
diameter of at most 20 Å. A similar case of physical sorption has
een studied for slit-shaped pores of activated carbons [58]. Each
raphitic nanotube incorporates distinct adsorption sites with a
eriodic spatial arrangement, which formulates the arrangement
f the adsorbed molecules, based on the assumption that each
dsorption site can be occupied by solely one adsorbate molecule.
herefore, the lattice of the adsorbed molecules within the cylin-
rical nanopore will be constituted of a concentric hexagonal shell.
he molecular fraction per adsorption site xi on the adsorbate layer
s related to the molar density �i, of the adsorbate by the expres-
ion: xi = �i/�mc, where �mc is the bulk molar density at maximum
dsorption capacity, corresponding to the complete monolayer
overage. The surface excess adsorption amount, nex, is given by:
ex = C(xi − xb). The molecular fraction xb is equal to �b/�mc, where
b is the bulk molar density of the adsorbate (corresponding to
i) and C is a prefactor related to the structural properties of the
dsorbent and the cylindrical pore geometry.
In the literature, the well-known Ono–Kondo equations (OKE)
ave been employed so far in an approach for the theoretical pre-
iction of surface excess gas adsorption isotherms under quite
igh pressures, at both subcritical and supercritical temperatures
56–59]. The OKE equations are a set of coupled self-consistent non-
al Fluids 55 (2010) 510–523 515

linear equations describing the density profile of successive layers
of adsorbed molecules. The average density of the TA phase, 〈�ad 〉
and the average density of the excess part of the adsorbed phase,〈

�ex
〉

, are given by Eqs. (6) and (7), respectively:

〈�ad〉 =
∫

Vad

�ad(r) dr

Vad
= nab

Vad
(6)

〈�ex〉 =
∫

Vad

[�ad(r) − �b] dr (7)

Taking into account only the adsorption potential, EA (i.e. the
interactions between adsorbate molecules and adsorbent surface)
and neglecting the interactions between the adsorbate molecules
(E = 0), the solution of the OKE yields the interactionless excess
adsorption amount, nex,o, as a function of the molecular fraction
xb:

nex,o = 2C
xb(1 − xb)(1 − exp(EA/kT))
xb + (1 − xb) exp(EA/kT)

(8)

In order to determine the parameters EA, C and �mc, the following
linear equation is fitted to the experimental excess adsorption data:

Y = aX + b (9)

The reduced variables Y and X are expressions of the excess adsorp-
tion amount, nex and the bulk density, �b, as given below:

Y = �b

N
, X = �b

�mc − �b
(10)

The fitted parameters ˛ and b are related to the physical parame-
ters of the interactionless excess adsorption isotherm through the
equations:

a = �mc

2C(1 − exp(EA/kT))
, b = �mc exp(EA/kT)

2C(1 − exp(EA/kT))
(11)

The molar density of a completely filled layer of adsorbed
molecules, �mc, is first determined by optimizing the correlation
coefficient of the linear fit of Eq. (10). The onsite adsorption poten-
tial, EA and the prefactor C can be calculated using Eq. (11).

3.4. Procedure for the calculation of the total adsorption isotherm

A method developed by Murata and Kaneko [59] was employed
in this study to determine the TA isotherms of the studied gaseous
adsorbates by elaborating experimental excess adsorption data at
these conditions. As mentioned above, the volume of the adsorbed
phase, Vad, has to be calculated to obtain the TA amount, nab. The
iteration procedure adopted for the calculation of nab and Vad at
each equilibrium pressure is that proposed by Kaneko et al. [50]. In
this approach, nab and Vad are treated as a set of sequences

{
n(n)(P)

}
and V (n)

ad . The initial conditions are given by:

�ad = 〈�ad(Pmc)〉 (12)

n(1)
ab (P) = nex(P) (13)

V (1)
ad = max(nex(P))

〈�ad〉 (14)

In Eq. (12), Pmc represents the gas phase pressure where the
SEA isotherm intercepts the pressure axis. The bulk phase molar
density, �b(P), increases monotonously with pressure in contrast

to �ex(P) and at the crossing point, �b(Pmc) becomes equal to
〈�ad(Pmc)〉 whereas 〈�ex(Pmc)〉 = 0 and therefore nex(Pmc) = 0. It is
noted that for each studied gas, Pmc represents the respective cross-
ing point of the predicted SEA isotherm obtained by elaborating the
available experimental SEA data through the OKE based approach.
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The following iteration procedure leads to the calculation of nab
nd Vad values:

The constants, nm and K, are determined via the Langmuir plot:

P

n(n)
ab

= 1

K (n)n(n)
m

+ P

n(n)
m

(15)

At the first step of the procedure it holds that: n(1)
ab = nex,

hereas K(n) is the adsorption coefficient and n(1)
m is the adsorp-

ion saturation capacity. The linear part of the Langmuir plot can
e fitted to a lower pressure regime, Pinf ≤ P ≤ Psup, in order to derive

he values of K(n) and n(1)
m . The Langmuir adsorption isotherm was

dopted for the calculation of the TA isotherms of N2, CH4 and CO
C gases and subcritical CO2, using the experimental SEA data. The
angmuir approach was based on the following assumptions: (i)
omplete monolayer coverage at saturation of adsorption system,
nd (ii) negligible intermolecular interactions between adsorbed
olecules in comparison with the adsorbate–adsorbent interac-

ions.
The volume V (n)

ad is obtained via Eq. (16),

(n)
ad = n(n)

m · Pmc

�b(Pmc)
· 1

(1/K (n)) + Pmc
(16)

sing the values of �b(Pmc) and the Langmuir constants.
The calculation of nab is based on Eq. (17)

(n+1)
ab (P) = nex(P) + �b (P) · V (n)

ad (17)

nd after that return to step 1. The set nab is the convergence set
f n(n)

ab and is equal to:
{

nab(P)
}

= lim
n→∞

{
n(n) (P)

}
, whereas V (n)

ad is

qual to Vad = lim
n→∞

V (n). The linearized Langmuir equation is used

n order to fit to the values of n(n)
ab (P) calculated after the end of

ach iteration step, so as to derive the next adsorption isotherm,
(n+1)
ab (P).

. Molecular models and simulation details

In the present study, our effort focused on the experimental
nd theoretical investigation of the adsorption of pure CH4, N2,
O and CO2 gases in SWCNTs by using appropriate techniques. In
his Section, we describe the computational methodology used to
xplore the capability of these microporous solids to adsorb the
forementioned gases.

To this point, it is well established that the adsorption isotherms
f gases on a porous solid adsorbent can be calculated via appropri-
te numerical molecular simulation techniques as well as statistical
echanical DFT computational methods. For the purpose of this
ork, the simulation procedure of the adsorption phenomenon of

ases in microporous solids such as model CNTs may be summa-
ized in the following two steps.

In the first step, the excess chemical potential of each pure
nvestigated adsorbate gas is calculated at the thermodynamic
tate points of interest, using previously proposed effective force
eld models employed to describe the interactions among sorbet
olecules. To accomplish the aforementioned task, we used NPT
C simulation and the Widom’s [60] test particle method. In the

econd step, we use GCMC [61] simulation technique to determine
dsorption of these gases on an armchair open-ended type SWCNT
undles system based on the assumption that no chemical process

ccurs and therefore on effective classical simulations.

In the framework of each GCMC simulation, we firstly obtain
he density profiles and afterwards the weight percent (wt%) of
he adsorbed gas inside and outside the tubes, which indicates the
dsorption capacity of the system at the selected thermodynamic
Fig. 3. Snapshot of a simulation box configuration of CO2 adsorbed on (9, 9) SWCNTs
model from the GCMC simulation of the system at 298 K.

states. We recall here that the ideal armchair open-ended cylindri-
cal (9, 9) SWCNT model that was selected to be studied exhibit a
diameter of about D = 1.2 nm and height H = 3.5 nm. The bond length
C–C is that of graphite carbon at 0.1421 nm. The simulation cell con-
sists of three rows, of three open-ended tubes each, making up a
total of 9 parallel and rigid SWCNTs forming a triangular lattice (see
Fig. 3). The tube spacing is g = 0.34 nm [10,62–64]. In each case, the
lateral dimensions of the simulation cell are L1 = L2 = 3(g + D) and
L3 = H.

4.1. Potential models

Table 1 presents the potential models with the corresponding
parameters used for the gas–gas and gas–SWCNT interactions. All
the models used are effective potentials which have been optimized
and reported by several authors previously as well as employed
by others in numerous simulation studies of these molecular sys-
tems successfully. In addition, all the models are rigid and therefore
contributions from intramolecular effects were not considered, a
typical approach applied in computer simulations of simple molec-
ular fluids.

The CH4 molecules are treated as spherical and rigid particles
with one site pair wise LJ (12–6) potential proposed by Saager and
Fischer [65]. The N2 and CO molecules are modeled as diatomic rigid
particles with site-site pair wise additive LJ (12–6) potential. The
parameter values and other potential details for N2 are described in
a recent simulation study of permeation properties of CO2 and N2
through silicalite [[66], see Fig. 2d and Ref. [54]]. In the case of CO,
the best-fit potential parameters are taken from a recent simulation
study concerning the modeling of CO and other gases adsorption in
slit pores using MC technique [[67], see Table 1]. We mention here
that the CO employed potential contains electrostatic interactions
due to the addition of a small dipole moment that was taken into
account represented by a positive and negative point charge on
the C and O atom, respectively. The CO2 was treated as a linear
rigid triatomic molecule in its ground state. The molecule–molecule
interactions were represented by the EPM2 model [68] that is a
three site pair-wise additive LJ (12–6) potential plus an electrostatic
part due to the addition of partial charges distributed on the three
atoms so as to reproduce the experimental quadrupole moment Q.

In the case of H2, as in previous studies the sorbate–sorbate
interactions are described by a one site Lennard–Jones (LJ 12–6)
[10,18] potential model centered on the center of mass (COM)
plus electrostatic interactions due to the addition of a quadrupole

moment that was taken into account by putting a positive point
charge on both hydrogen atoms and a negative one on the COM.

The parameters of the tube carbon–carbon LJ interactions are
taken from [10,18]. Note also that in any case the cross LJ param-
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Table 1
Lennard–Jones (LJ) potential parameters used in the present simulation study. The cross parameters of unlike pair i and j interaction sites are obtained by Lorentz–Berthelot
(LB) combining rules.

H2 [10,18]
εH2–H2 36.7 K �H2–H2 2.958 Å qH = 0.466e qcom-H2 = −0.932e
N2 [66]
εN–N 36.2 K �N–N 3.2987 Å

CO2 [68]
εC–C 28.129 K �C–C 2.757 Å qC 0.6512e
εO–O 80.507 K �O–O 3.033 Å qO −0.3256e

CO [67]
εC–C 22.8 K �C–C 3.490 Å qC 0.0203e
εO–O 63.5 K �O–O 3.130 Å qO −0.0203e

CH4 [65]
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εCH4 149.92 K �CH4

C–C (in CNTs) [10]
εC–C 28.2 K �C–C

ters of unlike pair i and j interaction sites are obtained by
orentz–Berthelot (LB) combining rules.

The simulations in the present treatment were performed
t a temperature of 298 K and different pressures in the range
.01–2.0 MPa using Scienomics’ MAPS platform and the Towhee
imulation package [69]. Note that in the case of CO2 and H2 we
arried supplementary simulations in order to obtain adsorption
sotherms at higher pressures and up to about 100 bar. In each NPT

C simulation, corresponding to a different thermodynamic state,
e created 2 × 106 MC steps in order to reach system equilibrium

nd additionally 2 × 106 steps for the calculation of the chemical
otential needed for the second part of the procedure. As far as
he implementation of the GCMC simulation of a full system is
oncerned, we performed 106 MC steps for the system to reach
quilibrium and after that approximately other 106 steps spent
o obtain statistical averages. The estimated statistical averages of
he number of hydrogen molecules inserted and stabilized in the
imulation cell for each system and thermodynamic state point of
nterest are summarized in Table 1 in Supporting information para-
raph.

Finally, from the GCMC simulation phase space production run
f each investigated system, we have calculated the weight per-
entage (wt%) of the adsorbed gas molecules as well as their density
rofile in the system at each state point of interest. The results
btained are presented and discussed in the following section.

. Results and discussion

.1. Experimental results

.1.1. Characterization
The pristine CNTs used in this work were prepared following

he procedure described earlier. The CNTs were characterized using
he TEM and SEM techniques and by means of N2 porosimetry and
etermination of the specific area by the BET method. Fig. 1a and
shows TEM micrographs of the commercial sample of pristine

WCNTs, and Fig. 1c and d shows SEM images of the specific sam-
le. From these micrographs the CNT characteristic structure of
he sample is apparent. The derived micrographs from Fig. 1 show
WCNTs bundles having a rather wide diameter distribution, which
ontain different populations of CNTs. Apart from the crystalline
undles, metallic growth catalyst particles and some other nanos-
ructures such as carbon nanorods and carbon nanorings can also be

bserved. The average diameter of the SWCNTs bundles was esti-
ated to be equal to 7.14 nm. The average diameter was derived

n the basis of an ensemble of 50 countered bundles observed in
he micrographs. The estimated value is close to the diameter of
homogeneous bundle consisted of two coaxial SWCNTs shells –
3.7327 Å

3.4 Å

an internal and an external shell – which is calculated to be equal
to 7 nm, assuming uniform SWCNTs with a diameter of 1.4 nm,
according to the geometrical considerations for ideal CNTs bundles
reported by Peigny et al. [70]. The geometrically calculated external
specific surface area of this ideal bundle is 483.9 m2 g−1.

Furthermore and according to the experimental protocol,
both the pristine and the oxidized–annealed SWCNTs were
examined by means of N2 porosimetry and the corresponding
adsorption–desorption isotherms were obtained. From Fig. 2, the
N2 adsorption–desorption isotherm for the oxidized–annealed
SWCNT at 77 K was found to be of type IV due to the existence
of a hysteric loop and according to the Brunauer, Deming, Dem-
ing, and Teller (BDDT) classification [71]. It should be mentioned
that the N2 adsorption–desorption isotherm obtained for the pris-
tine SWCNTs (not shown) exhibits a similar behavior of the type
IV. It should be pointed out that the observed isotherm behavior
reveals the presence of CNTs in the sample with differences in tube
diameters, which are also apparent from the micrographs in Fig. 1.
From this point of view, the microporous and mesoporous structure
of SWCNTs bundles from the oxidized–annealed sample observed,
originate from the stable aggregation of SWCNTs into crystalline
ropes, imposed by van der Waals interactions.

It has been pointed out in previous studies that SWCNTs arrange
themselves in hexagonal configuration, forming bundles of aligned
tubes [72]. Those bundles exhibit heterogeneous porous struc-
ture even if they are consisted of similar SWCNTs with uniform
tube diameter. Note that according to previous studies, the het-
erogeneity of both open and closed-ended SWCNTs bundles stems
from their multi-shell structure which exhibits discrete groups of
adsorption sites with different binding energies [73–76]. In the
case of an open-ended CNT bundle, there are four different groups
of sites which potentially are available for adsorption. The sites
with the lower adsorption energy are the external surfaces of the
individual CNTs composing the outermost shell of the bundle. The
remaining three groups of adsorption sites are related to higher
energies and they are located at (i) the spaces where two neighbor-
ing tubes of the outermost shell meet i.e. groove sites, (ii) the spaces
between trigonally arranged adjacent tubes (interstitial channels)
within the bundle, and (iii) the inner hollow space (endohedral
sites) of the individual tubes. Generally, for a given adsorbate, the
availability of adsorption sites within the hollow interior space
leads to substantial enhancement of the adsorption capacity. The
amount adsorbed inside open-ended CNTs is determined mainly

by their effective diameter, intrapore potential fields as well as the
thermodynamic conditions under investigation [77,78]. SWCNTs
with larger diameters have increased effective pore volume, being
capable of enclosing more than one layer of adsorbate specimens,
especially for the ones with smaller kinetic diameter dk. In our
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Table 2
Pore structure analysis results from this study. The volume of mesopores, Vmeso, presented in both pristine and oxidized–annealed samples of SWCNTs bundles has been
determined by subtraction of the total micropore volume from the total pore volume (i.e. Vmeso = V0.97 − (Vmicro + Vultramicro)) and also by the BJH method (i.e. Vmeso BJH). DR
and DA denote “according to the Dubinin–Raduskevich and Dubinin–Astakov method”, respectively. All the determined variables are defined in the text.

V0.97 [cm3 liqN2/g] SBET [m2 g−1] �m [cm3 g−1] C constant Vmeso [cm3 liqN2/g] Vmeso BJH [cm3 liqN2/g]

SWCNTs pristine 0.267 225.17 0.080 322.2 0.154 0.145
SWCNTs annealed 0.325 397.13 0.141 548.0 0.115 0.120
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Vmicro (DR) [cm3 g−1] Vmicro (DA) [cm3 g−1]

SWCNTs pristine 0.085 0.085
SWCNTs annealed 0.154 0.161

ase, the pristine as well as the oxidized–annealed SWCNTs pore
iameter D distribution found to be both centered at D = 12.9 Å, as
etermined via the DA analysis. Note that in this way determined
verage tube diameter of the pristine and prepared SWCNTs sam-
le has been found systematically smaller compared to the nominal
istribution of outer tube diameters centered at 14 Å according to
he manufacturer specifications. This experimental result led us
o select the ideal single-walled armchair (9, 9) type CNTs bun-
les model, which exhibits a tube diameter quite close (12.2 Å) to
he experimentally estimated one, in order to study the adsorp-
ion phenomenon of the aforementioned gases via GCMC computer
imulation.

Finally, the results from the porous structure characterization
oth of the pristine and oxidized–annealed SWCNTs sample in
erms of the representative parameters are listed in Table 2. In sum-

ary, from the results in this table our treatment upon this material
hows clearly that the annealed SWCNTs sample present remark-
ble enhanced porous structure parameter values compared to the
ristine corresponding ones. This may be due to the fact that the
emoval of impurities and opening of many of the end caps enhance
he total specific surface area of the adsorbate material, resulting
robably in increased adsorption capacity.

.1.2. Gas adsorption isotherms
The adsorption capacity of the investigated adsorbate single

ases on the sample of oxidized–annealed SWCNTs, under pres-
ures between 0–2 MPa and at 298 K, has been determined by
onducting as mentioned above the automatic adsorption analyzer
GA 001.

The experimental excess adsorption isotherms for all the

forementioned gases derived from the gravimetric adsorption
xperiments, as uptake wt% along with the corrected total (or
bsolute) adsorption ones according to the calculation procedure
escribed in Section 3, are depicted in Figs. 4 and 5, respectively.
ote that despite the purification pretreatment of the pristine sam-
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ig. 4. Experimental gravimetric surface excess adsorption isotherms for the gases
2, N2, CH4, CO and CO2 on oxidized–annealed SWCNTs, at 298 K.
Eo [kJ mol−1] n 〈D〉 Vultramicro [cm3 g−1]

19.63 1.9924 12.9 0.028
21.25 1.8083 12.9 0.049

ple, a further TGA analysis (thermo-gravimetric) was employed to
determine the remaining catalyst substance prior to the conduc-
tion of the gravimetric adsorption experiment. Thus, the final total
adsorption isotherms were corrected after subtraction of the cat-
alyst mass determined by means of TGA analysis under oxidative
conditions up to 1273 K and was equal to 7.4 wt%. It is observed
in Figs. 4 and 5 that for the same kind of SWCNTs, the various gas
adsorption capacities is substantially increased after the purifica-
tion and correction procedure employments. Note that the results
obtained can be attributed to the increased mass of pure SWCNTs.
In general, it is realistic to assume that even some partial removal
of the impurities attached to the CNTs surface leads to a larger sur-
face exposition to the adsorbate molecules, improving in this way
the gas adsorption uptake. This consideration is in accordance with
the SWCNTs characterization results shown in Table 2. The specific
surface area and the rest of the characteristic tube properties of
oxidized–annealed SWCNTs appeared to be larger than that of the
pristine ones.

It must also be emphasized that, certain physicochemical prop-
erties of the adsorbate gases listed in Table 3, as the molecular
weight, M, critical temperature, Tc, permanent electric dipolar
moment, �e, quadrupole moment, Qm and kinetic diameter, dk
[79–81], as well as the reduced temperature of the measure-
ments, Tr = T/Tc, affect significantly the adsorption phenomenon in
nanomaterials. The kinetic diameter corresponds to the smallest
effective dimension of a given molecule, derived from quantum
mechanical calculations [82,83] based on either the minimum of
the potential energy curve or the distance of equality between
attractive and repulsive forces and is taken into account when con-
sidering adsorption–diffusion process [84,85]. For non-spherical
molecules, for instance, calculations based on this technique refer
to their smallest effective waistline diameter. For molecules that are
essentially spherical, such as CH4, Ar, He, etc., dk is very similar to
the gas phase collision or Lennard–Jones diameter. For asymmetric
molecules such as CO2 and N2, however, the kinetic diameter cor-
responds more closely to the minimum diameter of the molecule.
In transport phenomena, the molecule with the smallest effective
waistline diameter is that which diffuses faster and behaves as the

smallest one, i.e., the molecule with the smallest kinetic diameter.

On the other hand, it is pointed out based on previous experi-
mental and theoretical studies that in general the gas adsorption
onto nanostructure materials obtained at relatively lower temper-

Table 3
Physical properties of the studied adsorbates. The values for the kinetic diameter dk

are taken from the recent literature (see text, Section 5.1).

H2 N2 CH4 CO CO2

M [g/mol] 2.016 28.013 16.043 28.01 44.01
Tc [K] 33.2 126.2 190.6 132.9 304.1
� [Debye] 0 0 0 0.1 0
Q × 1026 [esu/cm2] 0.637 1.4 0 2.5 4.3
dk [nm] 0.289 0.364 0.38 0.376 0.33
Tr (at 298 K) = T/Tc 8.98 2.36 1.57 2.24 0.98
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ig. 5. Experimental excess adsorption isotherms and calculated total adsorption is
escription of the total adsorption isotherms at the pressure range of the measurem

tures is sufficiently larger than that found at room temperature.
t is obviously due to the fact that low temperature reinforces the
as–gas and gas–adsorbent particle attractive interactions. In our
ase, the temperature (298 K) of the adsorption isotherms of H2, N2,
H4 and CO gases is quite higher than their critical ones, whereas
or CO2 is nearly equal. Therefore, by considering the experimental
xcess as well as the corrected total (or absolute) adsorption results
rom Figs. 4 and 5, respectively, we come to the conclusion that the
dsorption isotherms of these gases obtained are realistic and the
t% gas adsorbed shows characteristic differences from one gas to

nother as expected. From these figures, we may observe that the
dsorption capability for the aforementioned gases is restricted and
ncreases in the following order: H2 � N2 ≈ CH4 < CO � CO2.

The gravimetric excess and absolute adsorption uptake for CH4
ith pressure exhibits almost a similar behavior to that of N2 and

ower values compared to CO, despite the lower reduced temper-
ture of the former gas, which indicates the existence of weaker
nteractions with the substrate in comparison with the two other
ases. Furthermore, the substantially higher uptake of CO under
he same thermodynamic conditions reflects the strength of inter-
ction with the substrate due possibly to the higher quadrupole
nteraction energy. Note that the investigated gases, with the
xception of CO, have no dipole moment, whereas N2, CO, CO2 and
2 possess relatively high quadrupole moment, which gives rise to
dditional interactions among the specific moment and the sub-
trate (SWCNTs). Moreover, in the case of CO2 which is the studied
dsorbate with the highest quadrupole moment, the effect of the

ubcritical adsorption temperature and the smaller kinetic diam-
ter (dk = 0.33 nm) compared to the other adsorbates (except for
2) should account for the highest measured adsorption capacity

or the specific gas (10.42 wt% at 1.98 MPa). By inspecting the H2
sotherm, as shown in Fig. 4 the excess adsorption of this adsorbate
P (bar)

ms of N2, CH4, CO and CO2 at 298 K. The Langmuir model has been adopted for the

with pressure up to 1.8 MPa appears to be the lowest one compared
to other studied gases. In this particular case, the effect of the very
high supercritical adsorption temperature (298 K ≈ 9Tc,H2 ) and the
relatively small quatrupole moment of the molecule compared to
the other gases from Table 3 (except CH4 which exhibits an octopole
as the first no vanished moment) should account for this adsorption
result.

5.2. GCMC simulation results

One of the main goals of this work has been the estimation
via computer simulation of the adsorption capacity of the afore-
mentioned gases in SWNTs with open end caps and approximately
similar geometric characteristics with those used in the conducting
gravimetric adsorption experiment.

As a first result, we present in Fig. 6 the calculated chemical
potentials, �, of the pure gases obtained from MC NPT simula-
tions. We may see from this figure that in the case of CH4 the
simulations were carried out at 273 and 298 K. In addition, all the
simulations were performed up to 20 bars, except the case of H2
and CO2 whereas the calculations were extended up to 100 and 60
bars, respectively. By inspecting the results obtained as a function
of pressure, we may observe substantial differences between the
investigated gases as expected. We recall here that, for this task we
used the well-established Widom’s [55] test particle method and
our predictions are in successful agreement with previous relevant
studies.
Further to the simulation results, the molecular gases are mainly
adsorbed in the internal space of the tubes (intertube space), as
it can also be clearly seen from representative snapshots (see for
instance Fig. 3 for CO2), an outcome presumably due to a quite close
packing modeling of the tube arrays employed in the simulations.
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the adsorbed gases are distributed inside the CNTs, we have calcu-
lated the density profiles of the adsorbed gas for each system under

F
m

ig. 6. Chemical potential of the gases studied as a function of the pressure from
PT MC simulations.

For the calculation of the wt% adsorption uptake isotherms, the
ollowing commonly parameters were calculated. First of all, for
he calculation of the gravimetric storage capacity, �w, defined as

he absolute value adsorption per mass of adsorbent from Eq. (18),
e took into account that the total weight of the system is the sum

f the NTs weight plus the gas weight. In our case, each NT consists

ig. 7. Experimental and simulated total (or absolute) adsorption isotherms of the gases,
odel has been adopted for the description of the adsorption isotherms obtained in the p
al Fluids 55 (2010) 510–523

of 504 carbon atoms and there are 9 CNTs in the simulation cell.

�w = Ngasmgas

Ngasmgas + Ncmc
(18)

where Ngas and Nc are the number of gas molecules and carbon
atoms in the simulation box, and mgas, mc are the molar mass,
respectively. In each case, the number of the gas molecules in the
simulation box at equilibrium is obtained from the GCMC runs and
from that it is trivial to further calculate the weight percentages.

The simulated and experimental adsorption isotherms of 298 K
for the gases studied here are presented in Fig. 7. From these fig-
ures we may observe that the simulated amount of the adsorbed
gases show a similar trend with experiment, namely follows the
order CO2 > CO > N2, CH4 > H2, which is in excellent agreement with
experiment. We have to mention however that, in each case the
simulated adsorption isotherm overestimates somewhat the cor-
responding experimental one. To this fact, we may assume that
the difference in the uptake values can be ascribed to a number of
possible factors among them we mention the following ones: (i)
to the employed model calculations, (ii) to the possible remained
carbonaceous impurities in the sample, and (iii) to a proportion of
close ended tubes, even contained in the experimental sample after
preparation (Fig. 8).

In order to obtain a detailed picture at molecular level of how
investigation. We used the concentric cylindrical shells histogram
method for the calculation of this property, starting from the center
of the simulation box, which coincides with the geometrical center

N2, CH4, CO and CO2 at 298 K from this study, in a direct comparison. The Langmuir
ressure range examined.
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Fig. 8. The simulated total (or absolute) adsorption isotherms for CH4 of 273 and 298 K in comparison and, for H2 of 298 K up to 100 bars from this study.
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Fig. 9. Density profiles of the adsorbed gases in (9, 9) SWCNTs model from GCM

f the central tube (Figs. 3 and 9). By inspecting the corresponding
iagrams from Fig. 9, we may easily observe that a large amount
f the adsorbed gases is found inside the tube near the wall sur-
ace, while gas molecules around the symmetry axis of the tube is
ignificantly of smaller amount.

Finally, for a visual perspective of the physisorption phe-

omenon of gas molecules in the aforementioned SWNTs model,
e have selected and carefully elaborated some snapshots of

epresentative configurations emphasizing the amount and the
istribution profile of the adsorbed particles inside the SWNTs sur-
aces.
ulations in this work at 298 K except methane (bottom left) which is at 273 K.

6. Concluding remarks

In the present work, experimental as well as GCMC simulation
techniques were employed in order to investigate the adsorption
phenomenon of various gases in SWCNTs. The gases that were stud-
ied were CO2, CO, N2, CH4 and H2 and the temperature chosen

298 K.

The pristine SWCNTs material used in this study had a nomi-
nal distribution of outer diameters and length distribution. Prior to
the adsorption gas experiment, we employed an oxidation process
with the aim to remove amorphous carbon impurities as well as



5 ercritic

t
p
b
r
g
1
C
m
b
p
s
t
a
b

c
c
d
o
s
u
a

a
a
a
t
t
a
t
i
t
o
m

A

n
s
o
F

A

t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

22 G.P. Lithoxoos et al. / J. of Sup

o open if possible partial closed SWCNTs hemispherical caps. The
orous structure of the oxidized–annealed sample was examined
y means of N2 porosimetry. An IGA gravimetric adsorption appa-
atus was employed to obtain adsorption isotherms of high purity
ases at 298.15 K. The equilibrium pressures ranged from 0.01 up to
.9 MPa in the case of H2 and N2 and up to 2.0 MPa for CH4, CO and
O2. Upon completion of degassing, the initial sample mass was
easured. Afterwards, the sample chamber was thermally equili-

rated at the temperature of measurements and appropriate gas
ressure increments were released into the chamber to reach the
elected equilibrium pressures. The increase of sample mass due
o adsorption was continuously recorded until equilibrium of the
dsorption system was attained and then, the final mass of adsor-
ent plus adsorbate was obtained.

The employment of the GCMC atomistic simulation technique
an investigate the storage capacity in terms of the weight per-
entage, wt%, of the adsorbed material in large-scale NT systems at
ifferent thermodynamic conditions (P, T), as proposed in numer-
us previous studies. According to this, in the framework of this
tudy the experimental procedure was combined with GCMC sim-
lations of the systems and the results obtained were compared
nd discussed.

Both the experimental and simulated total (or absolute)
dsorption isotherms show the same qualitative behavior of the
dsorption in SWCNTs, with the most favorable gas for adsorption
t these thermodynamic conditions to be CO2 and the least one
o be H2. The density profiles obtained from the simulation show
hat almost all the gas adsorbed molecules are distributed inside
nd near the pore walls as the CNTs are close packed together and
here is not enough space in the interstitial channels. The difference
n the amount of the adsorbed gases between the two aforemen-
ioned techniques has been discussed and is attributed to a number
f real factors among them the impurities in the sample that was
easured experimentally.
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