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ABSTRACT: Carbon nanotubes (CNTs) have been identi-
fied as extremely promising candidates for gas capture and
storage. Therefore, an understanding of the adsorption
mechanisms is crucial to the improvement of CNT
applications. In this work, grand-canonical Monte Carlo
simulations and analytical models are used to study, at the
temperature of T = 303 K, the adsorption and condensation of
SO2 in hexagonal arrays of double-walled CNTs of different
inner nanotube radii Rin and intertube distances d. For both
the inner and the outer adsorption, type I and type IV
adsorption isotherms (IUPAC classification) are observed;
they can be described adequately by analytical models. At a given pressure, the maximum adsorption among different CNT
geometries depends strongly on the applied pressure. For the inner adsorption, three stages of adsorption are identified with
increasing pressures. At low pressures, only one monolayer is formed, where the adsorption energy dominates the adsorption. At
intermediate and high pressures, multilayers are formed until finally condensation is achieved; now it is the surface area or the
available volume per CNT mass unit that dominates the adsorption. The nonlinear dependence of the outer adsorption on Rin
and d can be explained by similar arguments as adopted for the inner adsorption. The effective number density of SO2 molecules
and isosteric heat of adsorption are also analyzed to deepen our understanding of the adsorption behavior.

1. INTRODUCTION

Since their discovery in the 1990s,1,2 carbon nanotubes
(CNTs) have played a fundamental role in the field of
nanotechnology as a result of their unique structural,
mechanical, and electronic properties.3,4 Due to their hollow
cylindrical interior, uniform structure, well-defined adsorption
sites, and especially the high specific surface area of up to 1550
m2 g−1,5,6 CNTs have been identified as extremely promising
candidates for gas capture and storage.7,8 Cinke et al. showed
that purified single-walled carbon nanotubes (SWCNTs) were
able to adsorb nearly twice the volume of CO2 as activated
carbon (AC).9 Moreover, CNTs were found to have a higher
adsorption capacity, a larger adsorption energy, and a more
efficient regeneration than other adsorbents.10 During the past
years, numerous studies on the adsorption of different gases
such as H2, N2, CO2, SO2, alkanes, and noble gases in and on
closed- or open-ended SWCNTs and multiwalled nanotubes
(MWCNTs) have been performed.7,11−35

Due to the strong attractive van der Waals (vdW) forces
between the carbon atoms of neighboring nanotubes, CNTs
tend to self-assemble into stable bundles.14,26 Such CNT
arrangements create different adsorption sites, including
internal channels, grooves, and interstices between the CNTs

(see Figure 1), along with the exposed outermost surface of a
bundle. The existence of distinct, easily distinguishable types of
adsorption sites is a fundamental difference between CNTs and
other less ordered carbon materials such as ACs. The
adsorption space in CNT systems consisting of grooves and
interstices, whose size depends on the nanotube radius and the
intertube distance, also makes the adsorption properties
tunable. An understanding of the adsorption mechanisms and
the interactions between the gas molecules and the different
adsorption sites is crucial to the improvement of CNT
applications in gas storage and separation. Intuitively, the
CNT interior is expected to have a high adsorption capacity.
The attractive vdW interaction between the compounds will be
maximized due to the closeness of the walls surrounding the
adsorbed molecules. In contrast to this enhancement, the
adsorption energy for the exterior of CNTs should be smaller
than that for the interior and that for flat graphene because the
outer surfaces curve away from the adsorbed molecules. This
has been proven both by experiments23 and by molecular

Received: September 13, 2015
Revised: February 20, 2016
Published: March 15, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 7510 DOI: 10.1021/acs.jpcc.5b08910
J. Phys. Chem. C 2016, 120, 7510−7521

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
 K

A
N

PU
R

 o
n 

Se
pt

em
be

r 
24

, 2
02

1 
at

 0
7:

03
:3

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b08910


simulations24 of xenon adsorption onto SWCNTs. In addition,
the adsorption energy of alkanes on the groove sites of
SWCNT bundles was found to lie between that for exterior and
interior sites.7 Note that the SWCNTs used in these studies
had radii less than 0.7 nm. The separation between adjacent
CNTs was as small as the vdW diameter of carbon atoms.
Using density functional theory (DFT), Zhao et al.26 studied

the adsorption of various gases on SWCNTs and bundles of
them. They observed a better adsorption on interstitial and
groove sites of the bundles than on individual CNTs.
Wongkoblap et al.28 investigated the adsorption of argon and
nitrogen in a bundle of SWCNTs by grand-canonical Monte
Carlo (GCMC) simulations. Adsorption sites including the
interior, cusp interstices inside the bundles, and square
interstices outside the bundles were considered. Their results
showed that for the CNTs with nanotube radii less than 0.54
nm, adsorption of argon and nitrogen occurred mainly in the
CNT interior. In CNTs with nanotube radii between 0.54 and
0.82 nm, adsorption occurred first in the small cusp interstices
and thenwhen the pressure is increasedin the square
interstices.
Bienfait et al.27 used adsorption isotherms, the isosteric heat

of adsorption, and neutron diffraction measurements of
different gases to study the adsorption on SWCNT bundles.
They showed that grooves were the most preferable sites for
adsorption. This result was confirmed by molecular dynamics
(MD) studies31 and GCMC simulations.17,18 By investigating
the adsorption of propane and propylene on homogeneous
SWCNT bundles, Cruz et al.31 found that for nanotube radii
larger than 0.74 nm, the low-pressure adsorption started in the
grooves. Only after completely filling the grooves, the

adsorption proceeded in other regions of the outer surface of
CNTs. Kowalczyk et al.17 showed that the nanotube radius for
the maximum adsorption of CO2 in CNT bundles depends on
the applied pressure and that the selectivity of CO2 adsorption
varies with the intertube distance. Rahimi et al.18,32 studied
CO2 adsorption in double-walled carbon nanotube (DWCNT)
arrays of nanotube radius 2.5 nm with different intertube
distances d. They found that both the preferential adsorption
sequence at different adsorption sites and the maximum
adsorption at a given pressure p depend on the intertube
distance and the applied pressure. A similar dependence on d
and p was also found in recent GCMC simulations of Rahimi et
al.,32 where the adsorption of SO2 in DWCNT arrays was
studied under pressures from 0.01 to 2.5 bar.
In addition to experiments and simulations, analytical theory

has also contributed to a better description of adsorption
isotherms. Classical models have been developed by
Langmuir,36 Freundlich,37 Brunauer, Emmett, and Teller
(BET),38 and others (for a detailed review, see ref 39).
Specifically, for gas adsorption in CNTs, new models have been
proposed.15,16,22,40 Arora et al. suggested a double Langmuir
model leading to an accurate description of the inner N2
adsorption on SWCNTs.40 Taking into account the curvature
effect of CNT walls41 and postulating a layer-by-layer
mechanism in the BET theory,38 Furmaniak et al. proposed
several simple analytical models for describing the inner and
outer adsorption in SWCNTs or MWCNTs.15,16 They found
that the adsorbate−adsorbate interactions cannot be neglected
in the description of adsorption. In order to avoid time-
consuming iterative procedures in the fitting calculations,
another much simpler analytical model was also developed,
which combines the layer-by-layer mechanism and an empirical
formula.22 The models proposed by Furmaniak et al. provided
an accurate description of the N2

15,16 and CCl4
22 adsorption

isotherms.
On the basis of the available literature, the state of art in this

field can be summarized as follows: (1) Due to the
uncontrollable release of flue gas accompanied by the rapid
development of global industry during the last decades, the use
of CNTs to adsorb pollutants has become important in both
fundamental and practical research. Hitherto, most studies have
been carried out for CO2 capture and separation because it is
the major component of flue gas and causes the greenhouse
effect. In contrast, only limited studies exist for SO2, although it
is also contained in flue gas and contributes to acid rain. (2) In
most studies, SWCNTs were used instead of MWCNTs. A
possible reason might be that their adsorption capacity is higher
than that of MWCNTs.12 However, SWCNTs are still
expensive and difficult to synthesize. In fact, DWCNTs have
become an attractive alternative since their properties are
similar to those of SWCNTs.29,42 (3) Only adsorption
processes at pressures much lower than the saturation vapor
pressure (ps) were studied in the majority of publications.32 At
high pressures, gas adsorption within CNT bundles may lead to
condensation, a phenomenon with potential additional
applications in sensor technology.43

In the present contribution, we perform GCMC simulations
to study SO2 adsorption in three-dimensional (3D) highly
aligned arrays of DWCNTs at pressures reaching 98% of ps. To
investigate the role of the geometry of CNT arrays, several
different nanotube radii and intertube distances are considered.
For both inner and outer adsorption, the adsorption isotherms
are determined by simulations as well as by analytical models.

Figure 1. Schematic arrangement of a three-dimensionally aligned
DWCNT array in a simulation box of volume Lx × Ly × Lz nm

3. O
labels the center of the simulation cell, Rin the inner nanotube radius,
Rout the outer nanotube radius, and d the intertube distance. The
length parameter d is defined as d = dvdW − σC−C, where dvdW measures
the vdW separation between the CNT walls and σC−C the vdW
diameter of carbon atoms. Interstitial and groove regions are
represented by i and g, respectively. Note that there is some ambiguity
on how to discriminate between i and g.
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The gravimetric adsorption capacity is analyzed as a function of
the nanotube radius and intertube distance. The adsorption
sequence is explained according to the different stages of
adsorption processes. Furthermore, to obtain an understanding
of the combined effect of CNT curvature and the volume of the
adsorption space, the capacities of the accessible adsorption
sites in CNT arrays are also discussed comparatively with the
help of the effective number density of SO2 and the isosteric
heat of adsorption.

2. MODEL AND METHOD

Dense arrays of highly aligned DWCNTs29 are modeled and
arranged in a hexagonal lattice. They are described by a periodic
simulation box of size Lx × Ly × Lz nm

3, as shown in Figure 1.
Armchair CNTs of inner nanotube radii from 1 to 4 nm,
lengths fixed to Lz = 4.919 or 3.443 nm, and intertube surface-
to-surface distances between d = 0 and 2 nm are investigated at
303 K. More structural details are given in Supplementary
Table S1. The rigid CNTs are described by a Lennard−Jones
potential as defined in the AMBER 96 force field (ϵC−C = 0.36
kJ/mol, σC−C = 0.34 nm),44 which has been used also in similar
studies.18,32,45

The SO2 molecules are modeled by the parameters
developed by Ketko et al., which are tuned to reproduce the
vapor−liquid equilibria, critical properties, the vapor pressure,
and heats of vaporization with high accuracy.46 In the adopted
force field, SO2 is described as a 3-site rigid molecule with
Lennard−Jones interactions and partial charges (σS−S = 0.339
nm, ϵS−S = 0.61361 kJ/mol, σO−O = 0.305 nm, ϵO−O = 0.65684
kJ/mol, qS = +0.590 e, qO = −0.295 e). The O and S atoms are
connected by rigid bonds with a length 0.1432 nm. The O−S−
O bond angle is fixed at 119.3°. The Lorentz−Berthelot mixing
rules ϵij = (ϵiϵj)

1/2 and σij = (σi + σj)/2 are used to calculate the
dissimilar nonbonded interactions.47 The smooth particle-mesh
Ewald method is used for the electrostatic interactions.48

The GCMC method has been applied to derive the
adsorption isotherms at constant temperature T, chemical
potential μ, and volume V. The pressures studied in this work
come close to the saturation vapor pressure of SO2 at 303 K, ps
= 4.6 bar.49,50 To take into account the nonideal behavior of the
SO2 gas, the chemical potential μ is derived from fugacity data
and calculated by the Peng−Robinson equation of state51 with
a critical temperature Tc = 431.6 K and a critical pressure pc =
79.2 bar.46

For all simulation runs, 5 × 107 Monte Carlo steps are used
for both equilibration and production periods. Three types of
Monte Carlo moves are employed: displacement, rotation, and
insertion/removal, with relative trial probabilities of 0.2, 0.1 and
0.7, respectively. During the equilibration, the maximum
allowed displacement and rotation of the molecules is adjusted
so that one-half of the trial moves are accepted.
The GCMC simulation output provides the total number of

SO2 molecules in the simulation box, which is denoted as
absolute adsorption Nad. For a convenient comparison with
experimental results, we converted Nad into the gravimetric
adsorption nad with a frequently used unit, mmol/g, i.e.,
millimole of SO2 per gram of CNT. In this contribution the
adsorption amount is always defined as gravimetric adsorp-
tion.20 To investigate the volumetric adsorption, the effective
number density of SO2, ρ

eff, is used and evaluated as

ρ = N V/eff
ad

free
(1)

where Vfree is the free volume in a given CNT array, i.e., the
volume not occupied by CNTs (see Appendix A). The
derivative of the adsorption energy with respect to the absolute
adsorption, which is called the isosteric heat of adsorption, qst,
reflects the strength of the adsorbent−adsorbate interaction.
Approximately, it can be calculated as

≈ −
∂
∂

⎛
⎝⎜

⎞
⎠⎟q RT

U
N

T V
st

ad

ad , (2)

where R is the gas constant and Uad the intermolecular energy
of the system.52 With this sign convention, a higher value of qst
signifies stronger adsorption. Using fluctuation theory, eq 2 can
be brought into the form used here

≈ −
−
−

q RT
U N U N

N Nst
ad ad ad ad

ad
2

ad
2

(3)

where the notation ⟨···⟩ represents ensemble averaging.

3. MODEL FORMULATION
In this work, simple analytical models are used to fit the
obtained adsorption isotherms. Since the details of these
models can be found elsewhere,15,16,22 we discuss them here
only briefly. The nanotube (NT) version of the polymolecular
Fowler−Guggenheim (NT-PFG) model assumes a layer-by-
layer adsorption mechanism as in the BET theory.15,16 Due to
the strong adsorbate−adsorbent interactions, it is assumed that
the creation of the first layer can be treated independently from
the formation of the additional layers. Since a proper
description of the monolayer state is only possible if the lateral
adsorbate−adsorbate interactions are taken into account,15,16

one derives for the relative pressure

=
Θ

− Θ
− Θ

p
p K

A
(1 )

exp( )i

i i
i

s
FG

(4)

where A is related to the interaction between molecules
adsorbed on adjacent sites and i is the number of layers. Θi and
Ki
FG symbolize the coverage of the ith layer and the Fowler−

Guggenheim constant, respectively. As the interactions between
adsorbed molecules in the second and the first layers are of the
same kind as those between the (i + 1)th and the ith layers (i >
1) (i.e., the adsorbate−adsorbate interaction), the correspond-
ing Fowler−Guggenheim constants are assumed to be identical.
As a result, for i = 1 we have Θi = a1/am, Ki

FG = K1
FG, while for i

> 1 those definitions read Θi = ai/(αi−1ai−1) and Ki
FG = Kp

FG.
Here, am is the maximum monolayer capacity in the first layer,
and ai is the adsorption amount actually achieved in the ith
layer. K1

FG and Kp
FG are two parameters with fixed values. An

additional parameter αi characterizes the geometry of the
adsorption space. For the inner adsorption in CNTs, an
adsorption space with cylindrical geometry is assumed. The first
layer is adsorbed directly on the CNT wall, while the (i + 1)th
layer is adsorbed on the ith layer. In other words, the bottom
surface of the ith layer is the interface between the ith and the (i
− 1)th layers and the upper surface of the ith layer is the
interface between the ith and the (i + 1)th layers. As a result,
the area of the upper surface of the ith layer should be smaller
than its bottom surface by a factor

α
λ

λ
λ

λ
=

− ·
− − ·

=
− ·

− − ·
R i

R i
i R

i R( 1)
1 /

1 ( 1) /i
in
eff

in
eff

in
eff

in
eff

(5)
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where Rin
eff is the effective inner radius of the CNT (see

Appendix A) and λ is the layer thickness. Thus, we have the
maximum number of layers, Nlayer ≤ Rin

eff/λ, which in this
definition is an integer. Similarly, for the outer adsorption,
which employs the effective outer radius of the CNT, Rout

eff (see
Appendix A), eq 5 is modified to

α
λ

λ
λ

λ
=

+ ·
+ − ·

=
+ ·

+ − ·
R i

R i
i R

i R( 1)

1 /

1 ( 1) /i
out
eff

out
eff

out
eff

out
eff

(6)

However, in the work of Furmaniak et al.,22 only isolated CNTs
were treated and Nlayer is an optimized integer number to allow
best fitting. This means that all adsorption layers are regarded
as completely filled and no adsorption in the interstitial regions
is considered. In our model systems, the geometry of the
adsorption space is well defined and the adsorption layers in the
interstitial regions are included (see Figure A1). The adsorption
in the interstitial regions is evaluated by introducing another
multiplier, cα, into eq 6 (see Appendix B). Thus, the suggested
modified NT-PFG model for the outer adsorption allows for
adsorption on all possible sites.
In an alternative way, using eq 4 for the first layer and

assuming that the formation of higher layers is mainly driven by
the adsorbate−adsorbate interactions, Furmaniak et al.
proposed a nanotube version of the generalized D’Arcy and
Watt (NT-GDW) model.22 In this description all adsorptions
except those in the first layer are evaluated by using an
empirical formula (of course, many options are available53,54)

=
· · ·
− ·

a
c w a p p

c p p

/

1 /multilayer
1 s

s (7)

where w is a parameter determining which fraction of the
molecules in the ith layer migrates into the (i + 1)th layer.
Quantity c is a parameter to describe adsorption in the
subsequent layers. Therefore, the total adsorption amount, a, is
a sum of mono- and multilayer contributions

= +a a a1 multilayer (8)

Furthermore, the heterogeneity of CNT walls is also taken into
account. It originates from the patches of different adsorption
capacities on CNT walls. The patches are distinguished and
characterized by different adsorbate−adsorbent interaction
energies. Thus, a patchwise NT-GDW model was developed
by using eqs 4, 7, and 8 along with

∑=a a
j

j1 1,
(9)

where a1,j is the first-layer adsorption on patch j.22 The
advantage of the NT-GDW model is its conceptual simplicity.
Although its application is computationally less time consuming
than that of the NT-PFG model, it is expectedly less successful
to provide an unambiguous picture as the NT-PFG model
based on a layer-by-layer adsorption mechanism. When
mentioning the NT-GDW model in the next section, we
always use the patchwise approach taking into account two
patches (i.e., a1 = a1,1 + a1,2).

4. RESULTS AND DISCUSSION
In the present work, two limiting cases of SO2 adsorption have
been the focus of our research: inner adsorption where only the
CNT interior is accessible and outer adsorption in completely
closed CNTs where adsorption can only take place in the space

between the CNTs such as interstitial and groove regions. The
unrestricted adsorption in all regions mentioned above can be
described as a simple sum of inner and outer adsorption
processes (see Supplementary Figure S1(a)), as also observed
by Rahimi et al. for CO2 adsorption in DWCNT arrays at
pressures less than 40 bar.18 These findings are of practical
significance, as they offer convenient access to the unrestricted
adsorption by simply summing the data for inner and outer
adsorptions. Moreover, as the inner and outer processes do not
influence each other significantly, it is more convenient to
understand the corresponding adsorption mechanisms sepa-
rately.
Furthermore, we found that the inner adsorption does not

depend on the intertube distance d (see Figure S1(b)).
Therefore, we restricted the discussion of the inner adsorption
to d = 0.3 nm. In order to save computational time, a nanotube
length, Lz = 3.443 nm, is used in connection with Rin = 4.001
nm. The adsorption isotherms are insensitive to further
increase in the CNT length (see Figure S1(c)).

4.1. Inner SO2 Adsorption in DWCNT Arrays. Figure 2
presents the isotherms of inner adsorption for different

nanotube radii. It can be seen that for relative pressures of p/
ps < 0.05, the gravimetric adsorption nad decreases with
increasing Rin. While for intermediate pressures (0.1 < p/ps <
0.3, see the right enlarged diagram of Figure 2), the gravimetric
adsorption nad increases with increasing Rin (here the sample
with Rin = 1.017 nm is an exception, which will be discussed
below). When the relative pressure is larger than 0.3, the largest
adsorption is achieved first at Rin = 1.560 nm, then at Rin =
2.577 nm, and finally at Rin = 4.001 nm, i.e., Rin for the
maximum adsorption at a given pressure gradually increases
with the applied pressure. Thus, the nanotube radius is an
important parameter to tailor the adsorption capacity of CNTs.
Some authors claimed that an increasing nanotube radius
implies an increase in pure gas adsorption,55 while others
argued that the optimal nanotube radius for maximum
adsorption depends on the applied pressure.18,32,56 This
uncertainty might originate from the fact that in some works
only a limited number of nanotube radii or pressure values were
considered. Our results confirm that the nanotube radius for
maximum adsorption depends on the applied pressure.
The result shown in Figure 2 can be well understood by

measuring the effective number density of SO2 as a function of

Figure 2. Inner adsorption isotherms of SO2 in DWCNT arrays with
different inner nanotube radii Rin. The adsorption in an intermediate
pressure region is shown on the right in an enlarged scale. All solid
lines are given as a guide for the eye.
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the applied pressure (Figure 3) and the density profile of sulfur
atoms as a function of the distance from the nanotube wall

(Figure 4). In Figure 3 we show that each adsorption isotherm
can be divided into three stages. In stage I the effective number
density ρeff increases quickly with the pressure; then in stage II
ρeff increases not as fast as in stage I (the sample with Rin =
1.017 nm is an exception, as discussed below). After a sharp
increase of ρeff, it enters stage III where ρeff increases very
slowly and gradually approaches an asymptotic value, i.e., the
SO2 bulk density at the saturation pressure.
In stage I, which occurs at low pressures, only one

incompletely filled adsorption layer is formed, as can be seen
from Figure 4 with p/ps = 0.022. The gas molecules are directly
adsorbed to the inner wall of the CNTs. Here the adsorbate−
adsorbent interaction dominates the adsorption, and the CNT
curvature plays a dominant role: the smaller the nanotube
radius is, the larger is the adsorption energy.24 As a result of this
effect, the adsorbate density in the monolayer decreases
strongly with increasing nanotube radius. Thus, the gravimetric
adsorption nad also decreases monotonically with increasing
nanotube radius, especially at very low pressures. This trend is
roughly conserved until the first layer is almost formed. When
measured in the form of the effective density ρeff, see Figure 3
within the range of stage I, the monotonic decrease of ρeff with
increasing Rin is even more remarkable. For example, at p/ps =
0.022, the values of nad for Rin/nm = 1.017 and 4.001 shown in
Figure 2 is 2.435 and 0.562 mmol/g (the ratio is 1:0.231),
respectively. On the other hand, ρeff for Rin/nm = 1.017 and
4.001 (see Figure 3) amounts to 6.764 and 0.287/nm3 (the
ratio is 1:0.042), respectively. The sharp decrease in ρeff at
higher Rin can be explained by the larger empty space with
increasing Rin when only a monolayer is formed in stage I.
For a further verification of the CNT curvature effect,

consider the p/ps = 0.022 curve (i.e., the bottom curve) in
Figure 4 as an example. For Rin = 1.017 nm (see Figure 4a), the
peak in the number density of the first layer (denoted as ρbot) is
already more than 70% of that at p/ps = 0.978 (i.e., the top
curve, and this peak maximum is denoted as ρtop) and about

three times as large as at the saturation density under bulk
conditions (denoted as ρs). For Rin = 1.560 nm (see Figure 4b),
ρbot is only slightly smaller than 50% of ρtop and about two
times as large as ρs. The curvature effect implies that for Rin =
4.001 nm (see Figure 4c) the value of ρbot is even smaller than
those encountered at smaller Rin.
In stage II, which takes place at intermediate pressures, the

first layer has been almost completely formed and multiple
higher layers are being formed, as can be seen from Figure 4
with p/ps = 0.174 for Rin = 1.560 and 4.001 nm. Since the first
layer has been almost completely formed (note that for
different Rin the densities of adsorbate molecules in an almost
completely formed first layer are very close to each other. See
the maximum values of those first peaks in Figure 4 with p/ps =
0.174), the adsorption of gas molecules is now mainly
determined by the adsorbate−adsorbate interaction. However,

Figure 3. Effective SO2 density for the inner adsorption in DWCNT
arrays of different nanotube radii Rin as a function of pressure. The
upper black dashed line represents the SO2 bulk density at the
saturation pressure (4.6 bar). The curves are divided into three
pressure-controlled stages. The vertical dashed line separates stages I
and II, while the horizontal one separates stages II and III. Solid lines
are given as a guide for the eye. Note that although stage II seems to
be absent in the black curve with Rin = 1.017 nm, it exists. This can be
verified by the isosteric heat of adsorption given in Figure 6.

Figure 4. Density profiles of the S atoms for the inner adsorption in
DWCNT arrays with different nanotube radii Rin. The normalized
pressure p/ps increases from the lowest to the highest curve. Dashed
line represents the SO2 bulk density at the saturation pressure, 4.6 bar.
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with an increasing number of layers, the influence of the
curvature of the CNT walls becomes continuously weaker. As a
result, the density of adsorbate molecules in the ith (i > 1) layer
is almost independent of the nanotube radius. Thus, now it is
the surface area per CNT mass unit that dominates the
adsorption. The maximum amount of adsorption is achieved for
the largest Rin value, i.e., for the smallest curvature. That is the
reason why in Figure 2, for intermediate pressures, nad increases
with increasing Rin when Rin > 1.017 nm. However, ρeff still
decreases with increasing Rin for intermediate pressures (see
Figure 3). This is attributed to the increasing amount of empty
space with increasing Rin, reducing ρeff significantly.
In stage III, which requires higher pressures, the whole space

in the CNT interior gets almost saturated after the
condensation transition. Increasing pressure can only lead to
an insertion of additional gas molecules into the filled layers.
Now the adsorption amount gradually approaches an
asymptotic value. Thus, the adsorbate density in the CNT
interior for all Rin is very close to the bulk density at the
saturation pressure, as can be seen in Figure 3. In this situation
a similar argument as formulated for stage II can be applied also
for stage III, i.e., the gravimetric adsorption increases
monotonically with the volume of the adsorption space
confined to a CNT mass unit. Hence, at a given pressure
within stage III the maximum gravimetric adsorption nad is
achieved with the largest nanotube radius.
It is also evident from Figure 3 that the systems with larger

Rin undergo capillary condensation at higher pressures. A
further verification is possible with the help of the boundary
between stages II and III, which can be represented by an
almost “horizontal” separator, while the other boundary, i.e., the
one between stages I and II, appears as a “vertical” separator.
Thus, the optimal nanotube radius Rin for the maximum
adsorption is the largest Rin for the already saturated systems at
given pressures, as shown in Figure 2 for high pressures of p/ps
> 0.3. To give an example, when the system of Rin = 1.560 nm
is already saturated while the systems of Rin > 1.560 nm is not,
Rin = 1.560 nm is the optimal nanotube radius for the maximum
adsorption. This is also true with Rin = 2.577 nm. Again, we
show that the relation between the adsorption sequence and
the nanotube radius depends on the applied pressure.18,32,56

We mentioned above that the sample of Rin = 1.017 nm is an
exception as discussed for Figure 2. Nevertheless, the
adsorption isotherm for Rin = 1.017 nm can also be divided
into three stages, as shown in Figure 3, although it seems only
two stages exist. This can be explained as follows. The inner
adsorption space of a CNT with Rin = 1.017 nm can
accommodate at most 2 layers of SO2, as can be extracted
from Figure 4a and more intuitively from Figure 5. Due to the
high adsorption energy caused by the large curvature of the
CNT wall and the limited adsorption space, the monolayer is
already almost complete at extremely low pressures. Then we
see a quick saturation at a very low pressure. In other words, for
Rin = 1.017 nm, both stages I and II cover a very small pressure
range, over which most of the adsorption process occurs. Under
the same applied pressures, 0.1 < p/ps < 0.3, systems with Rin >
1.017 are mostly in stage II of the adsorption process (see
Figures 3 and 5), while the system with Rin = 1.017 nm has
already entered stage III, i.e., the condensed state with a very
high density. As a result, the gravimetric adsorption nad for Rin =
1.017 nm is not the lowest as shown in the right enlarged
diagram of Figure 2. This also explains that for Rin = 1.017 nm

we see a type I isotherm, while for Rin > 1.017 nm adsorption
isotherms of type IV are obtained.57

To summarize, the pressure dependence of an adsorption
process can be divided into three stages: (I) a monolayer being
formed, (II) the increase in the number of adsorption layers,
and (III) the insertion of SO2 into an already filled adsorption
space after the condensation transition. Note that under a given
applied pressure, the stage of an adsorption isotherm may be
different for different Rin values. For these stages, the CNT
curvature (or the adsorption energy), the surface area, or the
available volume per CNT mass unit dominate the adsorption,
respectively. This agrees very well with the conclusion from the
GCMC simulations of hydrogen uptake in metal−organic
frameworks, although different adsorbate and adsorbent were
used.58

The three stages are also visible in the isosteric heat of
adsorption, qst, as shown in Figure 6. According to eqs 2 and 3,
qst is related to the derivative of the adsorption energy with

Figure 5. Snapshots for the inner adsorption of SO2 molecules in
DWCNT arrays of different nanotube radii Rin as a function of the
pressure. The snapshots are divided into three groups according to the
three adsorption stages.

Figure 6. Isosteric heat of adsorption for the inner SO2 adsorption in
DWCNT arrays with different nanotube radii Rin as a function of
gravimetric adsorption (in the inset the pressure dependence of the
gravimetric adsorption is presented). Solid lines are given as a guide
for the eye.
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respect to the adsorption amount. Thus, qst reacts sensitively on
changes of the adsorption energy. Figure 6 emphasizes again
that for Rin = 1.017 nm stages I and II are limited to a small
window of the gravimetric adsorption. The occurrence of stage
III cannot be identified unambiguously for Rin = 4.001 nm,
although we believe that it will occur in simulations with more
data points. To shorten the discussion, here we take the Rin =
1.560 nm system as an example. At lower pressures (hence,
lower adsorption), i.e., under stage I conditions, qst increases as
a function of pressure (adsorption amount). During the
formation of the monolayer and if only adsorbate−adsorbent
interactions contribute to the adsorption energy, qst would be
approximately constant. In contrast to this simplifying
assumption, adsorbate−adsorbate interactions also contribute
to the adsorption energy. They become stronger with
increasing adsorbate density in the first adsorption layer and
thus with the decrease of the adsorbate−adsorbate distance. As
a net effect in stage I, the participation of both kinds of
interactions causes an increase of qst with increasing pressure. In
stage II, multiple layers gradually form. The SO2 molecules
adsorbed in the ith layer (i > 1) are not in direct contact with
the CNT walls. Even under the assumption that the
contribution of the adsorbate−adsorbate interaction is identical
to the one in the first layer, now the increase of the total
adsorption energy with the adsorption amount is smaller than
the linear enhancement observed in stage I. This leads to the
situation that qst is reduced with an increasing number of layers.
After having filled the whole adsorption space and the
subsequent condensation, increasing pressure only allows the
insertion of additional SO2 molecules, with a slight increase in
the adsorption amount. Now qst starts to increase again, which
implies that the adsorbate−adsorbent interactions or the
adsorbate−adsorbate interactions are enhanced. The same
argument can be also applied to other samples despite the fact
that some stages are not significant.
4.2. Outer SO2 Adsorption in DWCNT Arrays. As a

result of stronger spatial variations in the adsorption space,
depending on both nanotube radius and intertube distance, the
outer adsorption is more complex than the inner. Although the
adsorption capacity of CNTs depends on both Rout and d, the
latter quantity has been identified as the more important
influencing parameter because it can be tuned more easily.
Since Rout is always 0.339 nm larger than Rin (see Table S1) and
in order to keep systems identifiable, we confine to classify
them by their Rin. Figure 7 presents the outer adsorption
isotherms of SO2 for different nanotube radii and intertube
distances. The maximum adsorption for a given CNT radius is
seen for the largest value of d considered in this work, at a
pressure close to ps. This trend is essentially the same as that in
the case of the inner adsorption at high pressures, where, after
the condensation transition, the available volume dominates the
adsorption amount.
At smaller intertube distances, d = 0.0 and 0.2 nm, the

limited space in the interstitial region and the grooves hinders
the outer adsorption in the samples. For these intertube
distances, the adsorption space is formed by extremely narrow
pores. On the basis of the distance between two density peaks
in Figure 4, the layer thickness for SO2 adsorption is estimated
to be λ ≈ 0.3 nm. Hence, SO2 molecules are adsorbed
simultaneously on two or three CNT walls (see Figure 8 for an
example), which leads to large adsorption energies. However,
the small adsorption volume is filled already at extremely low
pressures. As expected, the samples with small CNT

separations are characterized by a combination of limited
adsorption space and large adsorption energy. Therefore, even
at very low pressures, the maximum adsorption is achieved for d
= 0.3 nm, as shown in Figure 7a−d. Here the intertube distance
d = 0.3 nm leads to a similar adsorption energy as encountered
for d = 0.0 and 0.2 nm. However, the adsorption space of the
former case is larger. This has been also observed by Rahimi et
al. under low pressures.32

It can be concluded that the outer adsorption is influenced
by the combined effect of nanotube radius and intertube
distance. From Figure 9 we recognize that the adsorption
amount is not always changing monotonically as a function of
Rin or d. Let us consider first the behavior under low-pressure
conditions (Figure 9a). Only for d = 0.3 nm and d ≥ 1.0 nm the
adsorption amount is a monotonic function of Rin. In the
former case it decreases as a function of Rin, while in the latter
case it increases. For all nanotube radii, the maximum

Figure 7. Outer adsorption isotherms of SO2 in DWCNT arrays with
different nanotube radii Rin and intertube distances d. Solid lines are
used as a guide for the eye.
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adsorption is always found at an intertube distance of d = 0.3
nm. This can be traced to the monolayer formation in the
grooves (see Figure 8). In this region, the adsorption energy is
maximized due to the high density of CNT carbon atoms.27 At
high pressures, however, when the gas has condensed, the
available volume determines the adsorption capacity. It is found
from Figure 9b that for any chosen Rin the gravimetric
adsorption increases with d, but for a given d it does not always
increase with Rin. If d is small (i.e., d ≤ 0.3 nm) the maximum
adsorption occurs for the largest Rin. Such a behavior is reversed
when d is as large as 2.0 nm. This is due to the lower mass of
thinner nanotubes, as gravimetric adsorption is reported (the
corresponding snapshots for d = 0.0 and 1.0 nm are shown in
Figure 8). As a net effect, the volume per CNT mass unit may
have an opposite dependence as a function of Rin for the cases
of d ≤ 0.3 and d ≥ 1.0, which can be rationalized by a simple
calculation (see Appendix C).
The complexity of the outer adsorption in comparison to the

inner adsorption (Figure 3) originates from the irregular
geometry of the adsorption space and the presence of different
adsorption sites. To allow a comparison between these sites, we

measure the effective density ρeff for outer adsorption (shown
in Figure 10), which can be related to the details of the

molecular packing and the extent of occupying the accessible
volume. It is evident from Figure 3 that for all different Rin ρ

eff

reaches a limit very close to the bulk saturation density ρs,
subsequent to condensation/saturation. The pressure depend-
ence of ρeff for the outer adsorption is also studied as a function
of Rin and d. Here, the mutual dependence between ρeff and ρs
as observed for the inner adsorption does not hold for d < 0.3
nm. For example, see Figure 10a and 10b. As a result of the
inaccessible volume in such a limited space, the asymptotic
value of ρeff for d < 0.3 nm is much smaller than ρs. Obviously,
the inaccessible volume in the systems of d = 0.0 nm is larger
than that in the systems with d = 0.2 nm. On the basis of these
remarks we can understand that at large pressures (p/ps > 0.7)
the minimum ρeff is found for d = 0.0 nm in Figure 10a−d. The
maximum ρeff for p/ps > 0.7 is found in most cases when d is
equal to 0.6 nm. Such an intertube distance corresponding to
2λ is just large enough to accommodate two adsorption layers
between two CNTs. Thus, we have a monolayer adsorbed at
each CNT surface. This interpretation is consistent with the
conclusions of Yin et al. on N2 adsorption on SWCNT.13

Under low-pressure conditions, the maximum ρeff is found
for d = 0.3 nm when having Rin ≤ 1.560 nm. This can be
explained by the smaller inaccessible volume encountered for d
< λ. Even at the lowest pressure considered in this work, the
adsorption space is always completely filled when having Rin ≤
1.560 nm and d ≤ 0.3 nm, since the adsorption energy is large
and the empty room for adsorption is limited. For Rin ≤ 2.577
nm, however, the maximum ρeff is realized first under d = 0.0
nm and then under d = 0.3 nm. For nanotube radii Rin ≤ 2.577
nm, the empty space for adsorption at low pressures is larger

Figure 8. Snapshots of the outer adsorption of SO2 molecules in
DWCNT arrays with an inner nanotube radius Rin = 4.001 nm for
different relative pressures and intertube distances.

Figure 9. Outer adsorption of SO2 in DWCNT arrays as a function of
the nanotube radius Rin for different intertube distances d. Two
different normalized pressure ratios have been considered: (a) p/ps =
0.022 and (b) p/ps = 0.978. Solid lines are used as a guide for the eye.

Figure 10. Effective density for the outer adsorption of SO2 in
DWCNT arrays with different nanotube radii Rin and intertube
distances d. Dashed line represents the SO2 bulk density at the
saturation pressure (4.6 bar). Solid lines are used as a guide for the eye.
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for d = 0.3 nm than that for d = 0.0 nm. When the pressure is
increased and the whole adsorption space is filled, the
maximum ρeff is no longer confined to d = 0.0 nm but occurs
for d = 0.3 nm. This can be verified by the snapshots shown in
Figure 8.
Figure 11 presents the isosteric heat of adsorption for the

outer adsorption with different Rin and d. In Figure 6 we

observed isotherms where the isosteric heat of adsorption qst
for the inner adsorption processes first increases, then
decreases, and finally increases again. A similar qst behavior
can be observed for the outer adsorption at larger intertube
distances. For a typical example see the case of d = 2.0 nm given
in Figure 11f. For small intertube distances and nanotube radii
(see Figure 11b and 11c for d = 0.2, 0.3 nm and Rin = 1.017,
1.560 nm), qst increases monotonically with the adsorption
amount (pressure). On the other hand, for the combination of
a smaller d and a larger Rin (see Figure 11a−c for d = 0.0, 0.2,
0.3 nm and Rin = 4.001 nm), we observe an initial decrease and
ensuing increase of qst. In the case of a monotonically increasing
qst, we see that the adsorption space is reduced by small Rin and
d values. In such a limited adsorption space, which can be
classified as a narrow pore region, condensation occurs at very
low pressures and almost the whole adsorption process occurs
in stage III. This has been displayed in Figure 3 for the inner
adsorption. As a result, an increase of qst with the adsorption
amount is observed. In other samples, such as Rin = 4.001 nm
and d = 0.3 nm (see Figure 8), the adsorption space is large
enough to allow different adsorption sites including grooves,
interstitial regions, and the outer surface of CNTs. However,
adsorption starts in the groove sites because of their highest
adsorption energy.17,18,27,31 This occurs at very low pressures
within a narrow pressure range. Then the adsorption continues
on the outer surface of the CNTs and in the interstitial region.
Finally, the adsorption space is filled at a certain pressure, and
increasing pressure only leads to the insertion of SO2 molecules
and a slight increase of SO2 density.

4.3. Data Fitting by Analytical Models. For the
adsorption of SO2 at pressures smaller than 3 bar,32 the
Langmuir36 and Freundlich37 models can be used to accurately
fit the isotherms of type I. However, these approaches are no
longer valid under high-pressure conditions. Here we have
fitted the adsorption isotherm data using the modified NT-PFG
(eqs 4−6) and the patchwise NT-GDW (eqs 4 and 7−9)
models. For all adsorption isotherms, the fit using the NT-
GDW model containing 7 optimized parameters reproduces
the simulation data better than the modified NT-PFG model
containing 4 optimized parameters. However, the modified
NT-PFG model has its own advantages. On one hand, it fits the
data with sufficient accuracy as long as Rin and d are not too
small. On the other hand, it uses fewer parameters (compared
to the patchwise NT-GDW model).
A typical example is shown in Figure 12; others can be found

in Supplementary Figures S2−S5. For reference, the obtained

parameters are presented in Tables S2−S5. From Tables S4 and
S5 it can be deduced that in most cases either c or w (the
multipliers in eq 7) has a very small value, which means that eq
7 does not contribute significantly to the total adsorption.
Thus, here the patchwise NT-GDW model can be simplified to
a bimodal model accounting for the heterogeneity of the
adsorbent surface, which is similar to the one discussed by
Arora et al.40 or Terzyk et al.54

5. CONCLUSIONS
The adsorption and condensation of SO2 in three-dimension-
ally aligned hexagonal double-walled carbon nanotube arrays

Figure 11. Isosteric heat of adsorption for the outer adsorption of SO2
in DWCNT arrays with different nanotube radii Rin and different
intertube distances d. Solid lines are used as a guide for the yes.

Figure 12. Results observed by fitting the data with analytical models.
The plot refers to the outer adsorption in DWCNT arrays of Rin =
2.577 nm and different intertube distances d. Simulation data are
shown as black dots. Red and blue triangles are based on fitting
procedures within the modified NT-PFG model and the patchwise
NT-GDW model. Curves are given as a guide for the eye.
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have been studied at 303 K with pressures up to 98% of the
saturation pressure of SO2 in the bulk phase by grand-canonical
Monte Carlo simulations. Adsorption isotherms have been
determined as a function of nanotube radii Rin = 1−4 nm and
intertube distances d = 0−2 nm. For both the inner and the
outer adsorption, type I (monolayer adsorption, Langmuir
Isotherm) and type IV (multilayer adsorption, condensation
covered) adsorption isotherms are observed for systems with
small and large adsorption spaces, respectively. These isotherms
can be described accurately by simple analytical models, i.e., the
patchwise NT-GDW model and the modified NT-PFG model.
The nanotube radius Rin and intertube distance d play an

important role for the adsorption amount. Consequently, the
optimal geometry of the CNT arrays for maximum adsorption
strongly depends on the applied pressure. For the inner
adsorption, all isotherms observed can be divided into three
stages. Under low-pressure conditions in stage I, where only
one monolayer is formed, the adsorption energy dominates the
adsorption and the maximum adsorption is achieved for the
smallest Rin. In stage II at intermediate pressures, where the
number of adsorption layers is large, the surface area or the
available volume per CNT mass unit dominates the adsorption,
and thus, the maximum adsorption is achieved for the largest
Rin. The conclusions deduced for stage II are also true for the
high-pressure conditions of stage III, where the condensation
transition has occurred already and the density of adsorbate is
much higher than in the former two stages. However, due to
the different degrees of confinement, the systems with different
Rin do not undergo the condensation transition at the same
pressure. This results in a nonlinear relation between the
adsorption sequence and the nanotube radius at pressures in
the vicinity of the boundary between stages II and III.
For the outer adsorption, however, the effects of Rin and d are

much more complicated and subtle. At almost all considered
pressures the adsorption is characterized by nonlinear variations
as a function of Rin and d. The observed behavior seems to
reflect this superposition of Rin and d. This phenomenon can
also be explained on the basis of the adsorption energy and
adsorption space volume per CNT mass unit. Additionally, by
comparing the effective number density of SO2 and the isosteric
heat of adsorption for different systems, it has been shown that
the groove regions, where one or two adsorption layers can be
accommodated between two CNTs, are the most favorable
adsorption sites. We hope that our simulation results and the
employed analytical models can help experimentalists to design
and synthesize adsorbent materials with an optimal adsorption
capacity.

■ APPENDIX A: CALCULATION OF THE FREE
VOLUME IN CNT ARRAYS

Different concepts and methods have been employed to
calculate the free volume Vfree from the geometry of the CNT
arrays.13,56 In this work Vfree is calculated from the nanotube
radii (Rin and Rout) and the inaccessible radii (Δin and Δout) for
carbon atoms on CNT walls. The definitions for Rin and Rout
are given in Figure 1. The values of Δin and Δout are determined
by a simple calculation, which is similar to but not identical to
the method of Mahdizadeh and Tayyari.56 In our model
systems, SO2 molecules cannot get closer to the CNT inner

wall than 0.250 nm. Thus, we define Δ = =σ
σ σ

·
+

−

− −
0.132in

0.250 C C

C C O O

nm since the distance between a carbon and an oxygen falls
into the excluded volume of both atoms. In the same way, we

have Δ = =σ
σ σ

·
+

−

− −
0.127out

0.242 C C

C C O O
nm. As a result of the

curvature effect, it is found that the closest distance between
a SO2 molecule and the CNT wall for the inner case, i.e., 0.250
nm, is larger than that for outer case, i.e., 0.242 nm. This is
qualitatively consistent with the results of Mahdizadeh and
Tayyari.56

With the nanotube radius and the inaccessible radius, the
effective radius can be obtained as Rin

eff = Rin − Δin and Rout
eff =

Rout − Δout. Furthermore, the free volume for the inner regions
of the CNTs in a simulation cell shown in Figure 1 can be
calculated as

π= ×V R L2 ( ) zin
free

in
eff 2

(A1)

The factor 2 in eq A1 follows from the presence of two
DWCNTs in one cell. Similarly, for outer free volume we have

π= × × − ×V L L L R L2 ( )x y z zout
free

out
eff 2

(A2)

Note that eq A2 can be used when Lx ≥ 2Rout
eff , which is valid in

this work.

■ APPENDIX B: CALCULATION OF THE SURFACE
AREA OF ADSORPTION LAYER

The CNT walls in Figure A1 are shown in black. Four inner
adsorption layers have been considered in the plot. The one

directly adsorbed to the CNT wall is denoted as inner layer 1,
and the remaining ones are the 2−4 layers. It is obvious that for
the ith inner layer the surface area of the upper surface (the
interface between the ith and (i + 1)th layers) is smaller than
that of the bottom surface (the interface between the ith and
the (i − 1)th layers). This difference is described by eq 5.
Similarly, eq 6 gives a correct description of the surface area for
the outer adsorption layers 1, 2, and 3. However, for layer 4 the
top surface of layer 3 is not available for adsorption except the
part of arc AB and its analogues. The ratio of arc AB to the
interface between layers 3 and 4 can be evaluated in a similar
way as realized in the calculation of the free volume

π
= −α

⎡
⎣⎢

⎤
⎦⎥( )

c 1
2arccos min 1,

/3

L
L

OC

OA

(B1)

Figure A1. Schematic of multilayer adsorption on CNTs. CNT walls
are in black, outer adsorptions layers are symbolized by different
colors, while inner adsorptions layers are defined by empty arcs
separated by black curves. The distance between O and C is denoted
as LOC, etc., and the angle ∠COA is denoted as θ.
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where min(...) determines the minimum value in its argument
list. Equation B1 can be applied to any of the following layers.

■ APPENDIX C: CALCULATION OF THE VOLUME PER
CNT MASS UNIT FOR THE OUTER ADSORPTION

Here we use a highly simplified model since only the scaling
relation is important, and the picture can be imaged based on
Figure A1. Assume that r is the nanotube radius and d is the van
der Waals separation between the CNT walls; then the volume
per CNT mass unit for the outer adsorption, Vmass, can be
valuated as

π
≈

+ − π

V
r d

r

(2 ) r

mass

3
4

2
2

2

(C1)

Rewriting eq C1 we have

π π π
≈ − + +

⎛
⎝⎜

⎞
⎠⎟V r

d
r

d3
0.5

3
4

3
mass

2

(C2)

Assume that d is constant. If the intertube distance is very small,
i.e., d/r ≈ 0, we have Vmass ∼ r by omitting the constants, which
means Vmass increases monotonically with r. If d/r≫ 1, we have

∼V
rmass
1 and Vmass decreases monotonically with r. As far as

intermediate r is concerned, Vmass does not change monotoni-
cally with r.
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