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Grand-canonical Monte Carlo simulations and adsorption experiments are combined to find the
optimized carbon nanotube (CNT) arrays for gas adsorption at low pressures and 303 K. Bundles
of 3D aligned double-walled carbon nanotube (DWCNT) with inner diameter of 8 nm and different
intertube distances were made experimentally. The experimental results show that decreasing intertube
distance leads to a significant enhancement in carbon-dioxide (CO;) adsorption capacity at 1 bar.
The molecular simulation study on CO, adsorption onto bundles of 3D aligned DWCNT with inner
diameters of 1, 3, and 8 nm and intertube distance of 0-15 nm shows that the intertube distance plays a
more important role than the CNT diameter. The simulation results show that decreasing the intertube
distance up to 1 nm increases the excess adsorption generally in all the studied systems at pressures
0 < p < 14 bars (the increase can be up to ~40% depending on the system and pressure). This is in
agreement with the experimental result. Further reduction in intertube distance leads to a decrease in the
excess adsorption in the pressure range 9 < p < 14 bars. However, at lower pressure, 0 < p < 9 bars,
intertube distance of 0.5 nm is found to have the highest excess adsorption. This result is indifferent to
tube diameter. Furthermore, molecular simulations are conducted to obtain the optimal parameters, for
the DWCNT bundle, for SO, adsorption, which are similar to those observed for CO; in the pressure
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range 0 < p < 3 bars. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929609]

I. INTRODUCTION

In the previous decade, carbon-dioxide (CO,) emissions
from the combustion of fossil fuels (coal, petroleum, and nat-
ural gas) accounts for 78% increase of greenhouse gases in the
atmosphere.' Annual emissions of greenhouse gases, specially
CO,, are the main cause of the global warming.> Among other
gases emitted from fossil fuel combustion, SO, contributes
significantly in polluting the environment. It is one of the
major reasons of acid rain formation.? The main strategy for a
solution for these environmental concerns is to find a suitable
material for capture and storage of these gases.

Carbon based materials are widely used for gas adsorption
because of the preferential interaction that exists between
gas molecules and carbon atoms.* Carbon nanotubes (CNTs)
are an important class of carbon based materials. Due to
their unique structure, CNTs have extraordinary mechanical,
electrical, and thermal properties.” Recently, a new interest
on them arose because of their potential as an adsorbent
of flue gases. Their large specific area, light weight, well
defined structure, and reproducibility are the properties that
make them one of the most promising carbon based adsor-
bents.®® Since CNTs are well-defined structures, optimizing
their geometrical properties is very important to achieve the
maximum possible amount of adsorption. Liu and co-workers’
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used grand-canonical Monte Carlo (GCMC) technique to
study CO, adsorption on single-walled CNT (SWCNT) with
different chiralities, and two different diameters, 1.36 and 2.03
nm, at 300 K. They found that the adsorption capacity of
SWCNT could be enhanced by the increase in the SWCNT
diameter while chirality is not an essential factor on adsorp-
tion. Using the same method to investigate different gases
(CO,/CH4/N»/H;,/CO) adsorption on hexagonally ordered
carbon nanopipes at 298 K, Peng et al.'” claimed that increas-
ing pore diameter from 3 to 6 nm leads to an increase in
pure gases adsorption, especially for CO,. Kowalczyk et al.'!
studied the effect of SWCNT diameter on the CO,; storage at
298 K using GCMC method. They claimed that the optimum
diameter of CNT depends on the storage pressure.

Usually, CNTs form bundles or undergo complex aggre-
gation, depending on the process of synthesis. Cao et al.'> and
Zilli et al."® experimentally showed that aligned CNTs have
higher adsorption capacity. A combined study of molecular
simulation and experiment of nitrogen adsorption was per-
formed by Agnihotri et al.'* to explain the high capacity of
CNT bundles. They showed that CNT bundles exhibit different
sites, namely, inner (the volume within the tubes), grooves
(where the two CNTs are in touch), and interstitial (the region
surrounded by three CNTs and three grooves). The groove
regions play an important role on adsorption at low pressure
till they are saturated. Cruz et al.'> used GCMC to study light
organic adsorption in the internal volume of SWCNT bundles
and external adsorption sites separately at 300 K. In the case of
external adsorption sites, they observed that the adsorption is

©2015 AIP Publishing LLC
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higher in grooves. Furthermore, they found that adsorption in
grooves is in agreement with the Langmuir adsorption model.

Although many works confirmed that interstitial region
and grooves are important adsorption sites,'®">" not much is
known about the optimal intertube distance for highest adsorp-
tion capacity of CNT bundles. Furthermore, the effect of curva-
ture due to variable double-walled carbon nanotube (DWCNT)
diameter, on the optimal intertube distance, was missing in
the earlier works. In the present work, we study SO, and CO,
adsorption onto DWCNT bundles with different diameters and
intertube distances. The aim is to optimize diameter and inter-
tube distance of DWCNT bundles for the maximum adsorption
capacity at low pressures. Besides, a comparison is performed
with the previous works of this group.?!-??

Il. EXPERIMENTAL DETAIL

Vertically aligned CNTs were synthesized by water as-
sisted CVD method. In a typical synthesis, 10-13 nm of Al
was deposited onto boron doped Si/SiO; (600 nm of SiO,)
substrate by thermal evaporation method. This was followed
by the deposition of 1.2 nm of iron by sputtering. The substrate
along with deposited catalyst was transferred to a 3 in. CVD
quartz tube and was heated to 850 °C under a reducing atmo-
sphere. Ethene was used as the carbon source and synthesis
was carried out for 15 min in the presence of controlled ppm
quantities of water. Further details can be found elsewhere.??
Densification of CNT arrays was carried out by using ethanol
(technical grade) or deionized water. CNT films were peeled
off from the substrate and a few drops of ethanol or water were
placed on top of these films. The liquid was left to evaporate
overnight at room temperature.

CO,; adsorption measurements were carried out using
a TG setup (TG209F1 Iris, Netzsch GmbH). Gas inlet was
controlled using a mass flow controller gas flow meter
(Bronkhorst High-Tech B.V.). About 10 mg of CNTs was
placed in a ceramic crucible and was heated to 300 °C under
50 SCCM of argon flow. After maintaining the sample at
300°C for 2 h, it was cooled down to 35°C and kept at
this temperature for half an hour. The gas supply was then
switched from argon to 50 SCCM of CO; for an hour. After
the adsorption step, the sample was again heated to 300 °C
in argon. A reference measurement, without the sample, was
carried out before each measurement to account for buoyancy
corrections. SEM measurements were carried out on a Philips
XL30 FEG. N, adsorption measurements were performed on
a quantachrome autosorb® system. About 30 mg of sample
was used for each measurement and was evacuated overnight
at a temperature of at least 250 °C. Specific surface areas were
calculated using a multi-point BET method.

lll. MODEL AND METHOD

Following our previous work, we arrange double-walled
CNTs on a hexagonal lattice so that two CNTs are in a periodic
simulation box (cf. Fig. 1 of Ref. 19). In order to study the effect
of curvature and porosity of the system, armchair CNTs with
the inner diameter of 2r = 1, 3, 8 nm, a length of 5 nm, and
the intertube distances of d = 0 to 15 nm are used in this work.

J. Chem. Phys. 143, 124701 (2015)

The total number of carbon atoms is between 3360 and 19 680,
depending on the CNT diameter.

SO, and CO; molecules are modeled using a 3-site rigid
model with Lennard-Jones potential, partial charges, and fixed
angle.>*?> We describe CNTs as rigid structure with Lennard-
Jones potential as in AMBER96 force field.?® The Lorentz-
Berthelot combining rules are used to calculate the dissim-
ilar non-bonded interactions. The electrostatic interactions
are calculated by the smooth-particle-mesh Ewald (SPME)
method.?’

Excess adsorption isotherms of CO, and SO, are calcu-
lated using GCMC method at a constant chemical potential
U, volume V, and temperature 7. In order to transform the
chemical potential to pressure, CO, and SO, are considered as
ideal gases since the fugacity coefficient of them is ~1 in the
studied pressure range. Three Monte Carlo moves, displace,
rotate, and insert/delete are implemented with the probability
of 0.2, 0.1, and 0.7, respectively. For equilibration of the sys-
tem, 107 Monte Carlo steps are used and then the simulation
continues for another 107 steps to collect the data. The output of
the simulation is the total number of gas molecules, N,,,, which
varies between 80 and 3000 for CO, and between 85 and 3600
for SO, for different systems and pressures. Total number of
gas molecules, Ny, can be converted to excess adsorption (the
value measured in experiment) by

Ney = Nipi — pb‘/}l‘ee, (D

where py is the bulk density and is calculated by simulat-
ing bulk fluid at the same condition. Free volume, V., is
calculated using a 3-dimentional Monte Carlo integration as
explained in the work of Greenfield and Theodorou.?® The free
volume in different system varies from 7.32 nm? to 2461.74
nm>. We convert the unit of excess adsorption to a common
unit for excess adsorption, mmol of gas per gram of adsorbent.

In an adsorption process, the isosteric heat of adsorption,
qs:, which reflects the strength of adsorbent-adsorbate interac-
tion,” is usually calculated by*°

aUad
st ~ RT - ( ) , )
ONaa )7y

where R is the gas constant and U,, is the intermolecular

energy of the system. Using fluctuation theory, Eq. (2) can be

written as

<UadNad> - <UadNad>
(Nad®) = (Nad®)

where the angle brackets denote the ensemble average.

gst ~ RT — (€)

IV. RESULTS AND DISCUSSION
A. Experimental results of CO, adsorption

In our previous works, we have carried out extensive
characterization of the as-prepared aligned CNTs which are
the sole material used in this study.?>3!> The as-synthesized
double walled CNTs, containing a minor amount of multi-
walled CNT (number of walls <4), have an average diameter
of about 8 nm?>3! and a height of 500 um. Typical intertube
distances (d) of the as-prepared vertically aligned structures
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FIG. 1. (a) Photograph of the as-prepared vertically aligned CNT structure; inset shows the photograph of the same structure after ethanol evaporation. SEM
images of (b) as-prepared vertically aligned CNT, (c) densified CNT by ethanol evaporation, (d) densified CNT architecture obtained by water evaporation (scale

bar = 2um).

are between 15 and 20 nm.?> XPS measurements of the aligned
CNTs indicated no peaks other than carbon (Cls), ruling out
the presence of catalyst particles or functional groups in the as-
prepared CNT.?>3132 Qur previous CO, adsorption studies on
these pristine CNT structures revealed an adsorption capacity
of about 5.6 mg/g at 1 bar and 35 °C.?> Theoretical calculations
have shown that the interstitial sites are energetically favorable
for adsorption and the adsorption capacity can be increased by
optimizing the intertube distance.?' To validate these results,
all other parameters such as CNT diameter and specific surface
area have to be kept constant and only the intertube distance
should be varied. This can be realized by varying the bime-
tallic catalyst density. However, this invariably also leads to
structural changes in CNT diameter as well as specific surface
area.’>3* Herein, we use the elastocapillary phenomenon?
(also known as liquid induced collapse’®) to increase the active
surface area of the vertically aligned CNTs. When a liquid
is introduced in the CNT arrays and allowed to evaporate,
the resulting capillary and van der Waals forces effectively
“zip” the nanotubes together, thereby densifying the structure.

—— Pristine
~——— Ethanol
~— Water

adsorbed amount (mg/g)

T
20 50 60

30
Time (Min.)

g

Volume adsorbed (cc/g)

Futaba et al.*® have shown that for aligned SWNT arrays, the

intertube distance could be brought down from 15 nm to less
than 1 nm without reducing the surface area. In the present
study, we used ethanol and water for densification of vertically
aligned CNT arrays. The CNT film crumbled upon evaporation
and a considerable reduction in sample area is observed as
shown in Fig. 1(a). Figs. 1(b)-1(d) show the SEM images of
vertically aligned CNT structures before and after densification
by elastocapillarity. The intervoid space between individual
CNTs s considerably reduced after liquid evaporation. Though
the macroscopic structure of the film is visibly distorted, the
microscopic alignment is still intact to a certain degree. From
SEM images, it is hard to discern differences between ethanol
(Fig. 1(c)) and water (Fig. 1(d)) induced densified structures.
However, CO, adsorption measurements revealed a signifi-
cant difference between the two obtained CNT morphologies.
Ethanol intercalated structures adsorbed about 7.5 mg/g of
CO; at 1 bar/35 °C, whereas water intercalated CNT structures
adsorbed 8.8 mg/g as shown in Fig. 2(a). This corresponds to
an increase of 34% and 57% for ethanol and water intercalated

1000

—u—before

—u— after
800

600

400

200

T T T
0.4 0.6 0.8

Relative Pressure (P/P )

0.0 0.2

FIG. 2. (a) CO; adsorption at 1 bar and 35 °C for pristine and densified CNT structures. (b) N, adsorption isotherm on CNT structures before and after ethanol

induced densification.
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CNT architectures, respectively. De Volder and Hart® have
shown that for a given material and geometry, the liquid
induced compaction is proportional to the surface tension of
the liquid. Water has a considerably higher surface tension
of 71.99 m Nm™! compared to 21.97 m Nm~' of ethanol at
25°C.>” This may account for the better compaction and the
observed enhancement in CO, adsorption for water interca-
lated structures.

N, adsorption measurements were carried out at 77 K
before and after ethanol induced densification as shown in
Fig. 2(b). No considerable changes in specific surface area
are observed after the liquid induced collapse. Prior to densi-
fication, the CNT arrays had a BET specific surface area of
about 423 m?/g and after the evaporation of ethanol, the surface
area decreased only slightly to 400 m?/g. Similar observa-
tion regarding surface area was also made by Futaba et al.
after densification of SWNT arrays.*® From the N, adsorption
isotherm, it can be observed that for the densified structure,
the onset of capillary condensation (steep rise in adsorption)
occurs at a lower pressure when compared to original structure.
CO; adsorption on the densified structure clearly indicated an
increase in the adsorption at 1 bar as shown in Fig. 2(a). In
order to obtain the optimized value of the intertube distance,
molecular simulation is used comprehensively to study the
CO; adsorption on DWCNT bundles, which is described in
detail in Sec. IV B.

B. Molecular simulation of CO, adsorption

Fig. 3 shows the CO, adsorption isotherms on DWCNT
bundles with inner diameter 2r = 1 nm and intertube distance
d = 0-15nmat7T = 303 K. By increasing d, the volume of the
grooves increases leading to decrease in the adsorptivity of the
carbon surface. Hence, the propensity for adsorption is higher
at lower values of d. However, at low d, the groove volume
is limited which saturates at a lower pressure, and at higher

—a—d=0

7 —e—d=0.5 nm
—a—d=1 nm -
—v—d=2 nm
—o—d=4 nm
—<«—d=15 nm

-
N
1

-
o
]

Excess Adsorption (mmol/g)
[«

0 — T T T T T T T T T T T T 7
0 2 4 6 8 10 12 14 16

Pressure (bar)

FIG. 3. Excess adsorption isotherms of CO; in double-walled carbon nan-
otube arrays, with inner tube diameter 2r =1 nm and intertube distance
d =0-15nm. T =303 K. Error bars are smaller than the symbols.
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pressures, the amount of adsorption for the larger groove
volume exceeds the amount seen for lower d values. Hence,
the optimal intertube distance varies for a given pressure
range depending on the above two opposite effects (increase
in volume and decrease in carbon density). The system with
d = 0 reaches the saturation value of ~2 mmol/g at a low
pressure (p < 1 bar), due to its limited space in the intertube
region. Increasing d to 0.5 nm increases the excess adsorption
significantly (e.g., 125% at p = 1 bar and 250% at p = 4 bars).
Nevertheless, the isotherm saturates at p ~ 8 bars and the
adsorption amount remains almost constant (~9 mmol/g) at
higher pressure. The excess adsorption of d = 1 nm is less than
that of d = 0.5 nm in the low pressure range 0 < p < 9 bars.
This is primarily due to increase in the DWCNT surface-
surface distance with increase in d leading to reduction in
the carbon density in the grooves. This affects the effective
interaction experienced by a gas molecule that decreases with
increase in d. Hence, the saturation occurs at a higher pressure
and this is the reason that d = 1 curve crosses d = 0.5 nm
curve at p ~ 9 bars. Further increase in d to 2, 4, and 15 nm
decreases the excess adsorption in the studied pressure range,
so that these three cases show fairly similar curves. When
d = 0.5 nm, the grooves have low volume but they have a
very high adsorptivity due to the high carbon density in these
regions. Thus, d = 0.5 nm shows the highest adsorption at low
gas pressure; then, with increasing pressure, it saturates. By
increasing d to 1 nm, the groove regions become larger but
at the same time, larger space decreases the carbon density
and the adsorptivity. Consequently, at low pressure, it shows
lower adsorption than that of d = 0.5 nm but at higher pressure,
where d = 0.5 nm saturates, adsorption for the case d = 1 nm
becomes more than that of d = 0.5 nm.

In order to understand the adsorption behavior of CO, and
SO; on the CNT bundles, Langmuir and Freundlich adsorp-
tion models are used in this work. The Langmuir adsorption
model®® can explain the monolayer adsorption behavior with
the following equation:

b
N, ex — N, :;axﬁ’ (4)

where b is the Langmuir constant, p is the pressure, and N;;**
is the maximum CO, loading. Freundlich adsorption model*’
is another popular model, which relates excess adsorption to
the pressure,

N = Kp", (&)

where K is Freundlich constant and shows the adsorption
capacity, n is heterogeneity factor, and p is the pressure. The
above models are fitted to the GCMC data of CO,, and the
results are summarized in Table I. The worst and best fits of the
Langmuir model are for d = Onm and d = 0.5 nm, respectively
(see Fig. S1 of the supplementary material*’). As the intertube
distance increases, the fit of the Langmuir model gets relatively
inaccurate as reflected by R%. On the other hand, worst fit for
the Freundlich model is for d < 1.0 nm, whereas the fit is
excellent for all intertube distances d > 1 nm (see Fig. S2 of
the supplementary material*’). Thus, for 4 > 1 nm, Freundlich
isotherm fits much better than the Langmuir isotherm. Hence, it
is clear that for higher intertube distance, d > 1 nm multilayer
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TABLE 1. Langmuir and Freundlich isotherm parameter obtained by fitting
for CO; adsorption on double-walled CNT with 2r =1 nm and d =0-15 nm.
RZ is the coefficient of determination of fitting.

Langmuir model Freundlich model

d N b R? K n R?
0 235+0.02 4543+6.00 088 223+0.01 0.04=000 0.92
05 992+022 1.10+0.08 0.99 4.66+031 031+0.04 091
1 1603+236 0.15+0.05 094 2.68+0.13 055+0.02 099
2 1056+121 029+0.08 092 2.69+0.08 046=+0.01 099
4 1033+126 028+0.08 091 2.61+0.09 046=0.02 099
15 10.66+1.34 022+0.06 093 231011 0.49+0.02 098

adsorption behavior is observed. The multilayer adsorption
behavior of the system with d > 1 nm is also confirmed by
the simulation snapshots (see Fig. S3 of the supplementary
material*®). The table clearly shows the remarkable effect of
d on the adsorption capacity. Further, it is evident that d = 1
nm has the highest N;}**and n,i.e., d = 1 nm has the maximum
capacity for CO, adsorption (62% and 52% more thand = 0.5
and 2 nm, respectively).

Figs. 4(a) and 4(b) present CO, adsorption on DWCNT
with 2r = 3, 8 nm and various intertube distances. The inter-
tube distance of d = 4 and 15 nm is not included as adsorption
behavior seen for them is akin to that seen for d = 2 nm. The
effect of intertube distance is more or less the same for different
diameters. The adsorption behavior is not much different from
that of 2r = 1 nm. At low pressure, p < 9 bars, d = 0.5 nm
has the highest excess adsorption while at high pressure, p
> 9 bars, the maximum excess adsorption belongstod = 1 nm.
The effect of intertube distance, however, reduces with increas-
ing DWCNT diameter. For example, increasing d from 0to 0.5
nm, at p = 4 bars, increases the excess adsorption by 250%,
79%, and 32% for 2r = 1, 3, and 8 nm, respectively. The
increased adsorption behavior for d = 0.5 nm is mainly attrib-
uted to the increased volume of the groove region. The rela-
tive volume available in the groove and interstitial regions
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FIG. 5. Excess adsorption isotherms of CO; in double-walled carbon nan-
otube arrays, with intertube distance d =0.5 nm and inner tube diameter
2r =1-8 nm. T =303 K. Error bars are smaller than the symbols.

decreases with increase in the diameter. Hence, the adsorption
capacity also follows the same order.

Fig. 5 shows the effect of inner diameter of DWCNT on
CO; adsorption isotherm with a fixed intertube distance of d
= 0.5 nm. At p < 4 bars, the excess adsorption of 2r = 1 nm is
slightly more than that of 2r = 3 nm (the maximum difference
is 0.4 mmol/g at p = 1.5 bars). The reason is probably the
higher curvature of 2r = 1 nm compared to that of 2r = 3 nm.
However, CO, adsorption on 2r = 1 nm DWCNT saturates
quickly with increasing pressure, p ~ 4 bars, due to its limited
space. At p > 4 bars, 2r = 3 nm displays the highest excess
adsorption so that at p = 14 bars the excess adsorption of it
is 1.66 mmol/g more than that of d = 0. Moreover, 2r = 3
nm does not saturate within 14 bars. Further increase in the
inner diameter decreases the excess adsorption marginally, as
seen for 2r = 8 nm in the pressure range studied in this work,
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FIG. 4. Excess adsorption isotherms of CO; in double-walled carbon nanotube arrays, with inner tube diameter (a) 2r =3 nm, (b) 2 =8 nm and intertube

distance d =0-2 nm. 7' =303 K. Error bars are smaller than the symbols.
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FIG. 6. Isosteric heat of adsorption of CO; in double-walled carbon nanotube
arrays, with inner tube radius 2r = 1 nm and intertube distance d =0-15 nm.
T =303 K.

because of the reduction in its curvature. It is evident from
Fig. 5 that CNT pore diameter has much less effect on the
adsorption behavior as compared to the intertube distance (as
seen in Figs. 3 and 4).

Fig. 6 presents the heat of adsorption of the systems with
2r = 1 nm and d = 0.5-15 nm as a function of excess adsorp-
tion. The heat of adsorption of d = 0 is not shown since the
excess adsorption of it is almost constant at ~40 kJ/mol. When
d = 0.5 nm, the heat of adsorption decreases first with increas-
ing excess adsorption until it reaches to a minimum and then
it further increases. The initial decrease in g,; is due to the

20 T T
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filling of grooves, which have a high carbon density. By filling
the grooves, followed by the interstitial and the inner regions,
which are all very low in volume, gy, starts increasing. For
higher d, similar to d = 0.5 nm, a drastic decrease in gy, is
seen first while grooves get filled. Subsequently, g, continues
to decrease though not dramatically. This is mainly attributed
to the continuous filling process of the interstitial and inner
volume until saturation. d = 1 nm case is an exception where
qs: remains constant at 18 kJ/mol after the initial drop.

Having high adsorption is not the only main goal, since it
is important to have low g,, for economically reusable adsor-
bent for CO,. Moreover, an optimal CNT array depends on
the pressure. For example, for p = 1 bar, 2r = 1 nm and d
= 0.5 nmis the best material which has the excess adsorption of
5.06 mmol/g (e.g., the excess adsorption is 2.5 and 4.7 mmol/g
for 2r = 1 nm, d = 1 nm and 2r = 3 nm, d = 0.5 nm, respec-
tively), though with a high g,; of 24 kJ/mol. The lowest g,;,
9.52 kJ/mol, belongs to the case with2r = I nmand d = 15 nm
which has also the lowest amount of excess adsorption (N,
= 2.01 mmol/g). At a higher pressure, e.g., p = 14 bars, the
case with 2r = 3 nm and d = 1 nm shows the highest adsorp-
tion (N, = 12.08 mmol/g) but with g5, = 17.69 kJ/mol, while
the lowest g, is 5.46 kJ/mol (belongs to the case with 2r
=1 nm and d = 15 nm) but with 43% less in adsorption ca-
pacity. Hence, clearly there is a trade-off in the amount of
adsorption and energy required for reusability.

C. Molecular simulation of SO, adsorption

SO, isotherms on DWCNT with 2r = 1, 3, 5, 8 nm and
d = 0-2nmat T = 303 K are shown in Fig. 7. The system with

15
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-
o
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Pressure (bar)
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Pressure (bar)

FIG. 7. Excess adsorption isotherms of SO, in double-walled carbon nanotube arrays, with inner tube diameter (a) 2r = 1 nm, (b) 2 =3 nm, (c) 2r =5 nm, (d)
2r =8 nm and intertube distance d = 0-2 nm. 7' =303 K. Error bars are smaller than the symbols.
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2r = 1 nm and d = 0 (Fig. 7(a)) shows a low constant excess
adsorption in the whole pressure range, because of the limited
volume both inside the CNTs and in the intertube region. The
case of d = 0.5 nm shows a similar result but with higher
amount of adsorption. For d = 1 nm, the amount of adsorption
is less than that of d = 0.5 nm for p < 0.5 bars. However,
at p ~ 0.5 bars, the system undergoes capillary condensation.
Subsequently, at p > 0.5 bars, the amount of adsorption is
above that of d = 0.5 nm. Further increase in d to 2 nm yields
lower adsorption in the whole pressure range in comparison
with d = 1 nm. Furthermore, capillary condensation is not
observed for d = 2 nm up to p = 3 bars. Increasing the diam-
eter to 3-8 nm does not change the optimal intertube distance
for the highest adsorption capacity. So at very low pressures,
p < 0.5 bars, d = 0.5 nm has the highest adsorption capacity
while at higher pressures, 0.5 < p <3, d = 1 nm shows the
maximum adsorption capacity. Nevertheless, the effect of d is
more dramatic at low CNT diameter.

The optimum intertube distance for the maximum SO,
adsorption is the same as that for CO,. However, corresponding
pressures are 9 bars and 0.5 bars for CO, and SO,, respectively.
Furthermore, the effect of intertube distance is stronger for SO,
than COs,. For the case of SO,, increasing d from 0 to 0.5 nm
at p = 1 bar increases the adsorption by 280%, 89%, 65%,
and 32% for 2r = 1, 3, 5, and 8 nm, respectively. A similar
dependence was seen at p = 4 bars for the case of CO,. This
is due to the stronger interaction of SO, molecules with the

©
Y AT/ \

% )

J

d=0nm

d=1nm

7 S

d=2nm

pressure=  0.01 0.4 1 1.5
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CNT and also with each other. Fig. S4*° shows the CO, and
SO, isotherms for 2r = 3 nm and d = 0-2 nm, which clearly
indicate higher adsorption for SO, than that for CO, under the
same condition.

In the case of 2r = 3 nm and d = 0 (Fig. 7(b)), a primary
increase in the adsorption is seen, as the pressure is increased
till p = 0.3 bars. Then, for 0.3 bars < p < 1 bar, the adsorp-
tion increases gradually. Further increase in pressure enhances
the adsorption distinctly, as seen in the second increase in
the adsorption curve between 1 bar and 2 bars. This can be
explained due to the layering transition. The snapshots of the
system are shown in Fig. 8. When d =0, the groove and
interstitial regions have very limited capacity and are saturated
at a low pressure p ~ 0.1 bars. Inside the CNT, the first layer
of adsorption is formed at p ~ 0.2 bars. By increasing the
pressure to 1 bar, the first layer slowly saturates indicated by the
slow increase in the adsorption isotherm. By further increase
in pressure, the second layer starts to form. Formation of the
second layer causes saturation in the inner space, which is
reflected in the significant increase in the adsorption isotherm
value. The same situation is found for d = 0.5 nm. For d
=1 nm, the inner and outer regions are saturated almost at
the same pressure. Hence, the curve has a continuous increase
in the whole pressure range, and the layering transition is not
seen. The curve of d =2 nm is similar to d = 1 nm because
groove and interstitial regions are not completely filled below
3 bars. The adsorption isotherm displays no rapid increase

FIG. 8. Snapshots of SO, adsorption in
double-walled carbon nanotube arrays,
with inner tube diameter 2 =3 nm and
various intertube distances. 7 =303 K.

2 bar
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change of curvature for thicker CNTs. The reason is possibly
the larger available space inside the CNTs, for which the tran-
sition from first layer to second layer does not lead to saturation
inside the CNT.

Fig. 9 presents SO, isotherm on double-walled CNT of
varying diameters at a fixed intertube distance of d = 0.5 nm.
As for CO,, the effect of diameter is not as dramatic as that
of the intertube distance. For 2r = 1 nm, the adsorption is
almost constant due to the limited available space, inside and
outside of the CNT, in comparison with the SO, molecular
size. The case with 2r = 3 nm has the highest adsorption in
the whole pressure range except 0.6 bars < p < 1.2 bars. This
exception is due to the layering transition explained above.
Larger tube curvature leads to higher adsorption but at the
same time having enough volume is an important factor too.
In the studied pressure range, CNTs with 2r = 3 nm are the
best compromise of high curvature with sufficient volume at
the same time.

Langmuir and Freundlich models have also been fitted
to the SO, adsorption data of the system with 2r =3 nm
and various d values. Table II summarizes the fitted model
parameters. For the Langmuir model, d = 1 nm has the highest
capacity for SO, adsorption so that N}** of d = 1 nm is 100%
and 19% more than that of d = 0.5 and 2 nm, respectively.
For the Freundlich model, d = 1 nm shows a value of K
of d =1 nm 12% and 29% more than that of d = 0.5 and

TABLE II. Langmuir and Freundlich isotherm parameters obtained by fit-
ting the SO, adsorption data on double-walled CNT with 2r =3 nm and d
=0-2 nm. R? is the coefficient of determination of fitting.

Langmuir model Freundlich model

d N b R? K n R?

0 8.37 £ 0.71
0.5 13.25+0.54
1 27.16 £ 2.10
2 22.65 +0.73

427+140 078 633+0.16 030+0.03 094
6.60 121 0.96 10.89+024 0.24+0.02 094
097 +0.17 098 1225+0.67 0.55+0.67 0.93
0.82+0.06 0.99 9.46+0.23 0.57+0.031 0.99

J. Chem. Phys. 143, 124701 (2015)

d = 2 nm, respectively. Similar to the case of CO,, the optimal
CNT intertube distance and diameter for SO, adsorption
depend on the pressure. For instance, at p = 1 bar, the system
with 2r =1 nm and d = 1 nm is found to have the highest
adsorption while the case with 2r = 3 nm and d = 1 nm leads
to maximum adsorption at p = 2.5 bars.

V. CONCLUSION

In this work, molecular simulation and experiments were
used to find a geometry for three-dimensionally aligned
double-walled CNT arrays, which is optimum for having
higher CO, and SO, adsorption at low pressures and T
=303 K. Experimental results for CO, adsorption on CNT
with inner diameter of 8 nm show that reducing the intertube
distance leads to increase in adsorption at p = 1 bar. Molecular
simulation investigations were performed on double-walled
CNTs with inner diameters 1-8 nm and intertube distances
of 0-15 nm. The results show that for CO, adsorption at low
pressure, p < 9 bars, the d = 0.5 nm system has the highest
adsorption, while for the pressure range 9 < p < 14 bars, the
maximum adsorption is found for d = 1 nm. Reducing the
intertube distance from d =2 to d =0.5 nm at p =1 bar
increases the adsorption capacity by 103, 57, 46, and 38%
for 2r =1, 3, 5, and 8 nm, respectively. On the other hand,
the experimental results of CO, adsorption show an increase
of 34% and 57% for CNT architectures, which have been
compacted by ethanol and water treatment, respectively, for
2r = 8§ nm at p = 1 bar. Although the experiments and simu-
lation results do not give the same value, the results are in line
with each other qualitatively.

For SO, adsorption, the optimal intertube distances are
akin to those seen for CO,; however, the pressure, where
crossover occurs, is much lower at ~0.5 bars. Furthermore,
it was found that the intertube distance has a much larger
effect on gas adsorption than the tube diameter. As a result, the
optimal CNT geometry depends on the operating pressure and
the gas. For example, at p = 1 bar, DWCNTs with 2r = 1 nm
and d = 0.5 nm show the highest adsorption capacity for CO,,
while 27 = 3 nm and d = 1 nm show the maximum adsorption
capacity for SO,.
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