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Abstract
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Abstract:

A Grand Canonical Monte Carlo (GCMC) simulation is used to study the adsorption of fluid in either
activated carbon or single wall carbon nanotubes (SWCNs), while the experiment is performed by
using a Gravimetric Analyzer. Methane is assumed to be a spherical model, while carbon dioxide is
modeled as a 3-center-Lennard Jones (LJ) molecule. Activated carbon is assumed to be a parallel
pair of finite-length graphene layers while that of SWCNs is the carbon-based adsorbents whose
pores are cylinder. This model has seven tubes which arranged in a hexagonal form with one tube
at the center of the hexagon and the other six are placed on the vertices of the hexagon. Adsorption
of CO, in porous carbons is greater than that of CH, in the same sample of carbons and at the
same temperature. The adsorption of fluid decreases by increasing temperature. An early onset of
the isotherm and a lower saturated adsorbed amount inside the tubes are observed in the case of
carbon nanotubes. Surface heterogeneity on graphene layer also affect the isotherm, CO, and CH,
can be absorbed at lower pressures. The adsorption isotherm obtained for the finite-length pores
agree significantly well with the experimental data. This study will provide the understanding of the
adsorption behaviors of CO, and CH, in SWCNs and activated carbon, especially the competitive
adsorption of a gas mixture on nanopores should have the potential in industrial applications such as

energy storage and gas separation.

Keywords: activated carbon, carbon nanotubes, carbon dioxide, methane, Monte Carlo

simulation
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Abstract

In this study, experimental data and the molecular simulation for the adsorption of carbon dioxide in
activated carbons are presented. Activated carbon adsorbents represent an important sub-group of
adsorbents because of their desirable properties for a broad range of applications. The adsorption
of carbon dioxide tests are performed by using a Gravimetric Analyser, while a Grand Canonical
Monte Carlo (GCMC) simulation method is used to investigate the adsorption behaviour of carbon
dioxide in activated carbon. Traditional molecular simulations of activated carbons rely on the
approximation of the pore as a parallel pair of infinite graphite slabs. In reality pores are neither
infinite nor uniform. Therefore in this study, the molecular simulations of activated carbons are
assumed to be a parallel pair of finite-length graphene layers. The adsorption capacity of this
species in a finite pore is different from that in an infinite pore. The different behaviours are also
observed in pores with different widths; the adsorption isotherm shows a gradual increase for small
pores while the sharp change of isotherm are observed in the case of larger pore widths. We also
investigate the adsorption of carbon dioxide at various temperatures. The adsorption capacity
depends on temperature, it decreases by increasing temperature. Finally, we test our simulation
results against the experimental data and have found that the adsorption isotherm obtained for the
finite-length slit pores agrees well with the experiment. We also present the snapshots of carbon
dioxide particles in the finite-length pore to show the mechanism of carbon dioxide adsorption in

carbon nanopores.



1. Introduction

Activated carbon is one of generic commercial adsorbents used in adsorption because of its large
micropore and mesopore volumes and high surface area. Therefore characterization of porous
carbon (in term of pore size distribution) is necessary for the utilization and design of improved
porous solid to serve in several applications. Argon and nitrogen are often used as adsorbates at
their respective boiling points for this purpose. However to characterize carbon of fine
microporosity, carbon dioxide adsorption shows a good capability of probing the narrowest

micropores at experimentally measurable pressures [1].

To model porous carbon, it is regularly assumed to compose of pores of different widths. For the
purpose of modeling; pores are assumed to be either infinite carbon slit pores [2-3] or infinite
carbon cylindrical pores [4]. However, the infinite pore model is too ideal to reflect the adsorption
behavior of activated carbon whose length is finite [5] and it contains chemical impurities, functional
groups and defects on the basal graphene layers [6]. As a result, the interaction potential between
a molecule and a solid surface is not only a function of the distance z between the molecule and
the surface but also on the location (x, y) with respect to the surface [7]. Therefore a real carbon
pore of finite length and carbon surfaces as graphene layers comprising of carbon atoms arranged

in a hexagonal pattern is used in this study to model adsorption behavior of carbon dioxide.

In this paper, the adsorption isotherms of carbon dioxide at 195.5, 273.15 and 300 K are obtained
for pore widths of 6.3 to 30 A by using a Grand Canonical Monte Carlo (GCMC) simulation. These
widths represent the micropore and mesopore commonly observed in activated carbon. The
detailed descriptions of this ensemble and solid model will be presented in the next section.
Computer generated adsorption isotherms obtained from this work on finite length carbon slit pores
will be compared against the experimental data obtained for commercial activated carbon (CAC)

and Longan seed activated carbon (LAC).



2. Methodology
2.1. Fluid model. In this paper, carbon dioxide is modeled as a 3-center-Lennard-Jones (LJ)
molecule having LJ interaction sites on the atoms and point charges to account for the quadrupole
moment. This model is proposed by Harris and Yung [8] and its molecular parameters are shown in
Table 1. The interaction energy between sites i and j on two molecules (Cl)ij) is calculated using the

Lennard-Jones 12-6 equation [2, 9].

12 6
a [G_J _[ﬁ] »
Oy = 4&j; r r
ij ij

where r;, € and Oj; are the distance between the two sites, the well depth of the interaction
potential and the collision diameter of sites, respectively, and k is Boltzmann’s constant. Beside the
interaction among LJ sites, the interaction between two charges takes the form of a Coulomb law of
electrostatic interaction.
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where £, is the permittivity of free space.

Table 1 Molecular parameters of the 3-center-LJ model of CO,

parameter value parameter value
c-c A c-c

o 2.757 A € 1K 28.129 K
0-0 A 0-0

Pol 3.033 A € % 80.507 K
c o

q 0.6512e q -0.3256e

A°‘° 1.149 A

2.2. Solid model. The solid model used in this study is the carbon-based adsorbents’ structure
whose pores typically have a slit-shaped geometry. A simple slit pore of finite length is modeled as
a parallel pair of finite length walls which consist of graphite layers and perpendicular to the z-axis.
Each of two walls consists of three graphene layers, and these layers are stacked on top of each

other with an interlayer spacing of 3.354 A. The width H of this slit pore model is defined as the



distance between a plane passing through all carbon atom centers of the outmost layer of one wall
and the corresponding plane of the other wall. The configuration of carbon atoms in each layer
takes the form of condensation of aromatic rings of six carbon atoms [10]. The adjacent carbon-
carbon distance is 1.42 A [6]. Figure 1 shows the schematic diagram of a carbon pore, which is

finite in length in the x and y directions [11].

Figure 1 Side view of one pore wall, comprising of three graphene layers.

In this study all graphene layers are assumed to be square and equal in size, and they have a
linear dimension of 60 A, because it is reported in the literature [5] that the size of the graphene
layer is between 20 and 70 A. We choose values for pore width from 6.3 to 30 A, to represent the
micropore and mesopore in activated carbons. The LJ parameters for carbon, €./k and O, are 28
K and 3.4 A respectively [2]. The interaction energy between a fluid molecule and a carbon atom is
calculated by the Lennard-Jones 12-6 potential. These cross molecular parameters, O and E; are

calculated from the Lorentz-Berthelot rule.

2.3. Simulation method. A Monte Carlo (MC) simulation involves the use of random numbers to

sample phase space. Basically a large number of possible configurations of particles in proportion
to the probability of their occurrence are generated. This series of configuration is called the Markov
chain. This chain of configurations is then used to compute the various properties using ensemble
averages. In this paper we adopt the Metropolis algorithm in the simulations [12]. In the MC
simulation, all length-scale and energy-scale variables are made non-dimensional by scaling against
the collision diameter and the energy well-depth of CO2, respectively. There are a number of
ensembles that are commonly used in MC simulation for example Canonical ensemble (NVT),

Gibbs ensemble (GEMC) and Grand Canonical ensemble (GCMC).



In this study, the GCMC is used to obtain the adsorption isotherms of CO, in a finite length carbon
nanopore. The simulation box for this ensemble is a finite length carbon slit pore, and has a linear
dimension of 60 A in the x and y directions. We assume that the top and the bottom of the
simulation box are two walls of the slit pore, and each wall consists of three graphene layers. We
specify the volume of the box (i.e. pore volume), the chemical potential and the temperature of the
system to obtain the adsorption equilibrium. One GCMC cycle consists of one thousand
displacement moves and attempts of either insertion or deletion with equal probability. For an
adsorption branch of the isotherm 10,000 cycles are typically needed for the system to reach
equilibrium, and additional 10,000 — 20,000 cycles are used to obtain ensemble averages. For each
point on the adsorption branch, we use an empty box as the initial configuration, and the simulation
is carried out until the number of particles in the box does not change (in statistical sense). A cut-off
radius of 500'6, and initial displacement step length of 0.50°" are used in the simulation. The
displacement length is decreased 5% when the acceptance ratio is less than 0.5 and increased 5%
when this ratio is greater than 0.5. The pressure of the bulk gas corresponding to a given chemical

potential are calculated from the equation of state proposed by Johnson et al. [13].

2.4 Experimental works The experimental data for CO, adsorption in a commercial activated

carbon (CAC) and a Longan seed activated carbon produced in our laboratory (LAC) were obtained
at 273.15K by using an Intelligent Gravimetric Analyzer (IGA) model IGA-002 supplied by Hiden

Analytical Ltd., UK. Prior to adsorption experiments, the carbon sample (0.12 g) is outgassed at

200 °C for 10 hr and then allowed to cool down to the adsorption temperature.

3. Results and Discussion

We shall start discussion by presenting the experimental data for these two types of activated
carbon at 273.15 K. Next we shall discuss the adsorption isotherms of CO, at 273.15 K in finite
length pore with different widths to show the effects of pore width on the adsorption isotherm and
then later compare them with those obtained for different temperatures by using the GCMC. Finally
the simulation results of CO, in the finite length pore and measured isotherm data will be used to

characterize these two activated carbon samples and compare with pore size distribution (PSD)



determined by using nitrogen adsorption isotherms at 77 K.

3.1. CO2 adsorption in activated carbon The adsorption isotherms of carbon dioxide obtained

for CAC and LAC at 273.15 K are shown in Figures 2 and 3, respectively. The same
behaviour can be observed for both isotherms; the experimental data show a sharp change
at low relative pressures and then increase gradually at high relative pressures. This is a
typical isotherm observed for many micropore adsorbents (pore width below 20 A), at
relative pressure approaching unity, it may rise if large pores are present due to the capillary

condensation in the mesopore.
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Figure 2 Adsorption of CO, in CAC at 273.15 K.
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Figure 3 Adsorption of CO, in LAC at 273.15 K.

3.2. Adsorption of CO2 in finite-length pore with different widths. The simulated isotherms

versus pressures for CO, at 273.15 K in single carbon slit pores of various pore widths (from
6.3 to 30 A) are obtained by using the GCMC method, for clarity only selected isotherms are

shown in Figures 4. The snapshots of CO, molecules inside the pores at various pressures



are also shown in Figures 5 to study the adsorption behaviour of CO, in different pore

widths.

Figure 4 Selected isotherms of CO, in finite-length slit pores at 273.15K.

As one can see from Figure 4, the adsorption behavior of CO, in carbon nanopore depends on
the pore width. For pores smaller than 9 A, the change in density is continuous and this is due to
the continuous filling of a single layer in those pores. The isotherm decreases with increasing of
pore widths. This is due to the packing effect that leads to the difference maximum density in each
pore. The high maximum density of 6.3 A pore is due to that CO, particles can tightly fit inside the
pore as a single layer. However in the case of pores having width greater than 8.5 A, we observed
that at pressures greater than 1.5 MPa, the maximum density is greater than that of 8.5 A pore.
This is due to that CO, molecules can form as two layers within those pores (Figures 5 for 6.3 and
9.0 A).

For the larger pores of 20 to 22 A, the slope of isotherms increases gradually due to the formation
of monolayer along the pore wall and then it shows a small change at pressures greater than 2
MPa because of the pore filling phenomena. However the capillary condensation is not observed for
this pore range which is different from the adsorption isotherm obtained for a spherical molecule
such as argon and methane. This is due to that the CO, model of 3-center-LJ molecule forms a

less dense packing determined by interplay between the tendency to lie flat to the wall and the



tendency to form T-like configurations due to the quadrupole [1], while the spherical molecule forms
a dense structure.

The behavior of adsorption in larger pores of 28 to 30 A is typical of layering and pore filling
however a sharp change in adsorption isotherm at pressure 2 MPa is due to the capillary

condensation which normally observed in the mesopores (see Figure 5 for 29.0 A pore).

Figure 5 Snapshots of CO, in 6.3, 9.0, 20.0 and 29.0 A at various pressures.



The snapshots of CO, molecules in finite pores of 6.3, 9.0, 20.0 and 29.0 A width are shown in
Figure 5 for various pressure values. In these figures, the black spheres represent carbon atoms of
graphene layers, for clarity we show only one graphene layer for each wall, while the red spheres
represent carbon atoms of CO,, blue and cyan spheres are oxygen atoms of CO,. The number of
layers in the 6.3, 9.0, 20.0 and 29.0 A is 1, 2, 5 and 8, respectively; however for the larger pores
the higher layers are not quite clear due to that CO, molecules can rotate in any directions. It will
be noted that the behavior in each pore is similar irrespective of its width, i.e. the adsorbed phase
is started at low pressure by forming the two contact layers adjacent to the two walls due to the
stronger solid-fluid interaction near the pore wall (except the 6.3 A width that has a single layer).
When the pressure increases, these contact layers are complete and the inner cores are then filled.
In the larger pores, we can observe the presence of meniscus; the shape of meniscus is cylindrical
and becomes flat at pressures close to the vapor pressure. It is noted that a study of meniscus is

not possible with the simulation of infinite pores [4].

3.3. Effects of temperature on the adsorption of COZ. The adsorption isotherms of CO, at

different temperatures (195.5, 273.15 and 300K) in semi-logarithmic scale obtained for three
pore widths of 8, 16 and 26 A are shown in Figures 6.
What we have observed for the adsorption in different widths at 273.15K, is also observed for
those at 195.5 and 300K. However the adsorption isotherm decreases with an increase of
temperature which usually observed in the physical adsorption. This is due to that the adsorption is

the exothermic process and the adsorbed molecules acquire the greater energy to evaporate [6].

Figures 6 Simulated isotherms of CO, at different temperatures for pore widths of a) 8, b) 16 and c) 26 A.



3.4. Pore size distribution (PSD) analysis. A method to determine the PSD developed based on

GCMC simulations and measured isotherm data of CO, proposed by Samios et al., [9] is
used in this study. A set of 39 CO, isotherms obtained from the GCMC simulation has been
calculated for finite-length pores of 6.3 to 30 A in width up to the saturation vapour pressure
of CO, at 273.15K (ca. 3.44 MPa) as shown in Figures 4. Then these simulation results are
compared against the corresponding experimental isotherm counterpart by using an
optimization function of MATLAB code, the PSD of activated carbon sample has been

selected as shown in Figures 7 for CAC and LAC.

Figures 7 PSD for Commercial activated carbon (above-CAC) and Longan seed activated carbon (below-LAC).

From the PSD result obtained from comparison, the isotherm can be constructed (star symbols)
and compared against the experimental data (dashed line) as shown in Figures 8. The simulation
isotherm agrees well with the data for both types of activated carbon. A specific pore volume
obtained by CO, adsorption at 273.15K for CAC and LAC is 0.324 and 0.546 cm3/g, respectively.
However these values differ from those obtained from nitrogen isotherms at 77K determined by a
density functional theory (DFT) method. The specific volume determined from DFT is 0.45 and 0.76
cm3/g for CAC and LAC, respectively. The differences between these results may be due to that
the 3-center-LJ model of CO, does not completely fill in the larger pores because of its orientation

requirement.



Figure 8 The experimental data of CO, (dashed line) and the simulation isotherm at 273.15K (star symbols) for

CAC (above) and LAC (below)

3.5 Adsorption of gas mixture of CO2 and CH4 in activated carbon. The adsorption of gas

mixture of both gases are presented in Figure 9.

4. Conclusions
In this paper, we have presented the adsorption of CO, in finite-length carbon slit pores. The
adsorption behaviour depends on the pore width and the adsorption increases with decreasing
temperature. The simulation isotherms for different single pore width together with the experimental
data can be used to determine the PSD and the combined isotherm is in a good agreement with

the data.
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Abstract A Grand Canonical Monte Carlo Simulation (GCMC) is used to theoretically study the adsorption of
carbon dioxide and methane in either activated carbon or carbon nanotubes, while the experimental works are
performed by using a gravimetric analyzer. The molecular simulation of activated carbon is assumed to be a parallel
pair of finite-length graphene layers while that of carbon nanotubes is the carbon-based adsorbents whose pores are
cylinder and arranged in a hexagonal form with one tube at the centre of the hexagon and the other six are placed on
the vertices of the hexagon. Carbon dioxide is modeled as a 3-center-Lennard-Jones (LJ) molecule while methane is
assumed to be a single LJ molecule. The adsorption capacity of fluid in a finite pore is different from that in an
infinite pore. The different behaviors are also observed in pores with different widths; the adsorption isotherm shows
a gradual increase for small pores while the sharp change of isotherm are observed in the case of larger pore widths.
An early onset of the isotherm and a lower saturated adsorbed amount inside the tubes are observed in the case of
tube bundle. We also investigate the adsorption of CO, and CH, at various temperatures. The adsorption capacity
depends on temperature, it decreases by increasing temperature. Finally, the simulation results are compared against
the experimental data for CO, in activated carbons and carbon nanotubes at 273 and 300 K up to 5 bars.
Experimental data for CO, are performed by the gravimetric analyzer and we have found that the adsorption isotherm

obtained for the finite-length pores agrees well with the experiment.

Keywords: Activated Carbon ¢ Adsorption ¢« Carbon Nanotubes « Monte Carlo Smulation « CO, ¢
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1. Introduction

Adsorption of carbon dioxide and methane has been of significant interest to adsorption science and
engineering because carbon dioxide is a potential molecular probe for characterizing narrow micropores at
experimentally measurable pressures (Ravikovitch et al. 2000) while study of methane adsorption helps to
tailor porous solid absorbent for its storage as a vehicular fuel and it has been an attractive research area
and could play a key role in fuel cell technology (Ralph 2003). In addition, carbon dioxide and methane
are implicated as greenhouse gases that can cause global warming due to greenhouse effects, therefore the
utilization and reduction of greenhouse gases is becoming more important. Adsorption process is one of
technologies used to control CO, emission to atmospheric environment by the removal of CO, from gas
mixtures. Furthermore, mixtures of CO, and CH, usually occur in fermented-biogas while mixtures of
CO, with hydrocarbons occur in natural gas, such that the separation of CO, from gas mixtures is also
important in enhanced energy utilization. Adsorption techniques such as membrane technology and
pressure swing adsorption together with porous adsorbents; especially porous carbons are one of
promising candidates for these separations (Heuchel et al. 1999). Therefore characterization of porous
carbon (in term of pore size distribution (PSD)) is necessary for the utilization and design of improved
porous solid to serve in several applications. However, the evaluation of activated carbons for a separation
is still very difficult; this is due to its difficulty to predict their adsorption behaviors in a suitable model for
the structure of carbon (Heuchel et al. 1999).

Activated carbon is one of generic commercial adsorbents used in adsorption because of its large
micropore and mesopore volumes and high surface area while single wall carbon nanotube (SWCN) has
been increasingly used in many applications because of its strong fluid-solid interaction and electronic
properties (Mintmire et al. 1992; Hamada et al. 1992). To model activated carbon, it is regularly assumed
to compose of pores of different widths. For the purpose of modeling; pores are assumed to be either
infinite carbon slit pores (Heuchel et al. 1999; Nguyen and Do 1999; Ravikovitch et al. 2000; Gauden et
al. 2004; Alberto et al. 2008) or infinite carbon cylindrical pores (Maddox et al. 1995; Alexiadis and
Kassinos 2008). However, the infinite pore model is too ideal to reflect the adsorption behavior of
activated carbon whose length is finite (Franklin 1951) and it contains chemical impurities, functional
groups and defects on the basal graphene layers (Do 1998). While the isolated SWCN have been
commonly used in many simulations; but this simplistic model does not truly represent experimental
carbon nanotubes because these tubes are usually found in tangled or partly aligned bundles due to the

strong Van der Waals interactions (Yin et al. 1999; Agnihotri et al. 2006). Therefore in this study, a real



carbon pore of finite length and carbon surfaces as graphene layers comprising of carbon atoms arranged
in a hexagonal pattern is used to model adsorption behavior of carbon dioxide and methane in porous
carbons. Activate carbon is assumed to be a slit shape geometry modeled as a parallel pair of finite-length
walls which each wall consists of three graphene layers while the carbon nanotubes bundle consist of
seven SWCNs, one at the centre and the others arranged at the vertices of a hexagon (Wongkoblap et al.
2005; Wongkoblap et al. 2009). The detail of solid models will be described in section 2.2.

In this study, adsorption isotherms of CO, and CH, at 273 and 300 K were obtained for graphitic slit pores
having widths 6.3 to 30 A by using a Grand Canonical Monte Carlo (GCMC) simulation and they were
used as a kernel to characterize the experimental data obtained for commercial activated carbon (CAC)
and Longan seed activated carbon (LAC). Simulation results were also obtained with carbon nanotubes
bundle which cylindrical pores having diameter of 9.5, 10.8, 13.6 and 16.3 A and they were used to
characterize the experimental data obtained for commercial single walled carbon nanotubes (SWCNs). For
comparison, the characterization result obtained from adsorption of nitrogen at 77 K in finite-length pore
model using the GCMC will be tested against that of nitrogen in infinite pore model using a Density
Functional Theory (DFT) method for the same carbon and temperature. The single isotherm obtained for
CO; and CHy in finite-length pores will be used to predict the adsorption isotherm obtained for the binary
mixtures and compare against the experimental data. In this paper, we will investigate the abilities of PSD
obtained for finite-length pore model to predict pure and binary adsorption of carbon dioxide and methane

in activated carbon and carbon nanotures.
2. Theory

2.1 Fluid-fluid potential models

In this study, methane is used as a model species for simple Lennard-Jones fluid while carbon dioxide is
modeled as a 3-center-Lennard-Jones (LJ) molecule having LJ interaction sites on the atoms and point
charges to account for the quadrupole moment proposed by Harris and Yung (1995). Nitrogen is assumed
to be the non-spherical model which has two interaction sites located at the centre of nitrogen atoms
separated by 1.1 A, a positive charge at the centre of the molecule and two negative charges at the centre
of nitrogen atoms. The electrostatic value of the positive charge of 12.98x10%° C and that of the negative
charge of -6.49x10% C are used (Murthy et al. 1980; Vernov and Steele 1986). The molecular parameters

used in this study are listed in Table 1 for methane and nitrogen while those in Table 2 for carbon dioxide.



Table 1 Molecular parameters for methane and nitrogen.

Fluid

o4 A g TKK | ry. A
CH, 3.730 148.0 -
N, (2 LI sites) 3.320 36.4 11

Table 2 Molecular parameters for carbon dioxide.

parameter value parameter value
Cc-C c-C /k

c 2.757 A g 28.129 K
0-0 0-0 /k

o 3.033 A € 80.507 K
c 0

0.6512¢ g -0.3256e

c-0

A 1.149 A

where g and o are the energy well depth and the collision diameter of fluid, respectively and k is the
Boltzmann’s constant, r, is the separation distance between nitrogen atoms. A cut-off radius in the
calculation of interaction energy of five times the collision diameter of fluid (5o ) is used in this study.

The interaction energy between fluids (¢ ) is calculated using the Lennard-Jones 12-6 equation (Do and

Do 2003).

¢q (1) =4, H"Tj —(67” (1)

where r is the separation distance. Beside the interaction between two LJ sites, the interaction between
two charges for nitrogen molecule and that between two charges for carbon dioxide molecule should be
taken into account. The interaction between two charges, each of which is on different molecule, takes the
form of a Coulomb law of electrostatic interaction.

a~b
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where g, is the permittivity of free space, r % s the distance between two charges a and b.

2.2 Solid models

The solid models used in this study are the carbon-based adsorbents’ structure whose pores typically have
a slit-shaped geometry to represent the activated carbon while whose pores are cylinder in shape to

represent the single wall carbon nanotube. A simple slit pore of finite length is modeled as a parallel pair



of finite length walls which consist of graphite layers and perpendicular to the z-axis. Each of two walls
consists of three graphene layers, and these layers are stacked on top of each other with an interlayer
spacing of 3.354 A (Wongkoblap et al. 2005). The width H of this slit pore model is defined as the
distance between a plane passing through all carbon atom centers of the outmost layer of one wall and the
corresponding plane of the other wall. The configuration of carbon atoms in each layer takes the form of
condensation of aromatic rings of six carbon atoms (Nguyen and Do, 1999). The adjacent carbon-carbon
distance is 1.42 A (Do 1998). In this study all graphene layers are assumed to be square and equal in size,
and they have a linear dimension of about 60 A, because it is reported in the literature (Franklin, 1951)
that the size of the graphene layer is between 20 and 70 A. We choose values for pore width from 6.3 to

50 A, to represent the micropores and mesopores in activated carbons.

The solid model for SWCN has seven tubes arranged in a hexagonal pattern. Figure 1 shows a schematic
diagram of a cross section of bundles of Single Wall Carbon Nanotubes (SWCN) and the minimum image
convention of the model. Each cylindrical pore consists of one graphene wall and its diameter (D) is that
of a ring passing through the centers of the carbon layer. The distance between two carbon atoms in a
graphene layer is 1.42 A. The separation spacing of carbon atoms on the external surface of two adjacent
nanotubes is denoted as s. In this study, two different types of interstices are identified: (i) the space
between the individual nanotubes, i.e., the cusp interstices, and (ii) the space at the corner of simulation
box which formed the square interstices. The cylindrical pores used in this study are (7:7), (8:8), (10:10),
and (12:12) SWCNSs, which correspond to the diameters of 9.5, 10.8, 13.6, and 16.3 A, respectively and
the spacing is varied from 4 to 10 A (Wongkoblap et al. 2009).

3 | Cusp
.| interstices

.7 Square
., interstices -,
h H g :

Fig. 1 A schematic diagram of a cross section of bundles of SWCN and the minimum image convention used in this

study.



The LJ parameters for a carbon atom in a graphene layer, o and eg/k, are 3.4 A and 28 K, respectively
(Do and Do 2003). The interaction energy between a fluid molecule and a carbon atom is calculated by the
Lennard-Jones 12-6 equation. The cross molecular parameters are calculated from the Lorentz-Berthelot
rule (Do and Do 2003).

To study the effects of defect on adsorption phenomena, we assumed that a carbon atom in the inner layer
of each wall is randomly selected and removed as well as all surrounding neighbors whose distances to the
selected atom less than an effective defect radius, R.. This randomly selection of carbon atom is repeated
until the percentage of carbon atoms removed has reached a given value. The two important parameters
for modeling of a non-graphitized surface are the percentage of defect and the size of the defect, which is
measured by the effective radius (Do and Do 2006; Wongkoblap and Do 2007). This model shows the
interplay not only between the surface heterogeneity and the fluid-fluid interaction but also with the
overlapping of potentials exerted by two walls of the pore. The entire set of local isotherms obtained for
different pores with defective surfaces is used to characterize activated carbons with experimental

adsorption isotherm.

2.3 Monte Carlo Simulation

We adopt the Metropolis algorithm in the Monte Carlo (MC) simulation (Frenkel and Smit 2002) and the
GCMC ensemble is used to obtain the adsorption isotherms. In the case of slit pore, the simulation box for
this ensemble is a finite length carbon slit pore of either perfect or defective surfaces, and has a linear
dimension of about 60 A in x and y directions. We assume that the top and the bottom of the simulation
box are two walls of the slit pore, and each wall consists of three graphene layers. We specify the volume
of the box (i.e. pore volume), the chemical potential and the temperature of the system to obtain the
adsorption equilibrium. One GCMC cycle consists of one thousand displacement moves and attempts of
either insertion or deletion with equal probability. In each displacement move, the particle is also rotated
randomly around x, y or z axis with equal probability in the case of nitrogen with 2 LJ centers and carbon
dioxide with 3 LJ centers. For an adsorption branch of the isotherm 20,000 cycles are typically needed for
the system to reach equilibrium. For each point on the adsorption branch, we use an empty box as the
initial configuration, and the simulation is carried out until the number of particles in the box does not
change (in statistical sense). The displacement step length is initially chosen as 0.5 times the collision
diameter of fluid, and it is decreased by 5% when the acceptance ratio is less than 0.5 and increased by 5%

when this ratio is greater than 0.5. In the finite length pores, the usual periodic boundary conditions are



not applied. Instead the particle move is rejected if the attempted displacement puts the selected particle
outside the simulation box. The pressure of the bulk gas corresponding to a given chemical potential are

calculated from the equation of state proposed by Johnson et al. (1993).

The simulation box for carbon nanotubes bundle is a rectangular box with the z-dimension being the same
as the tube length while the dimensions in the x- and y-directions depend on the tube diameter and spacing
to produce replica of seven tubes in the neighbouring boxes. A tube length of 50 A is chosen in this study.
The diameters of SWCN (D) are 9.5, 10.8, 13.6, and 16.3 A and the separation spacing between tube walls
is 4, 7.and 10 A. The length in x and y directions can be calculated from these equations (Wongkoblap et
al. 2009).

L, =3(D+s); L, = 2{[%“}5“](%}}” 3)

Similar to the slit pore model, the GCMC method is also used to obtain the adsorption isotherm
of fluid in a bundle of seven tubes. However in the case of tube bundle, periodic boundary
conditions (PBCs) (Frenkel and Smit 2002; Allen and Tildesley 1987) are applied in x and y

directions.

Pore Density
The average pore density (pay) can be defined as the ratio of the number of particle inside the

pores to the pore volume (Wongkoblap et al. 2009):

<Ninside>
\Y/

pore

Pav = 4)

where Vpore = 7R?L, where R is the subtraction of half a collision diameter of carbon atom from
the pore radius, L is the pore length and Ninsige IS the number of particle inside nanotubes. While
the average outside density, volume is defined as LXLyLZ-(7n(R+cSS)2L), where Ly, Ly and L, are
linear dimensions of the box, and Nousige 1S defined as N-Ninsige, Where N is total number of
particle. In the case of slit pore, Vyore = LxLy(H-0ss), where H is the pore width.

Isosteric Heat

The isosteric heat is evaluated using the following equation (Nicholson and Parsonage 1982):



_<U><N>_<UN> KT (5)

TN =N

where <> is an ensemble average, U is the configuration energy of the system. This equation is

valid for sub-critical fluid and the gas behaves as an ideal gas.

3. Experimental

The experimental isotherms of N, at 77 K, CO, at 273 and 300 K, CH,4 at 273 and 300 K and mixtures of
CO; and CH, for CAC, LAC1, LAC2 and SWCN are obtained by using an Intelligent Gravimetric
Analyzer (IGA) model IGA-002 supplied by Hiden Analytical Ltd., UK. Prior to adsorption experiment,
the carbon sample (0.12 g) is outgases at 200°C for 10 hrs and then followed to cool down to the
adsorption temperature. Adsorbents used in this study are longan seed activated carbons which differ in
the percentage of burn-off, 19 % for LAC1 and 26 % for LAC2 which produced in our laboratory,
commercial activated carbon supplied by Gigantic Carbon from Thailand and carbon nanotubes supplied
by Chengdu Organic Chemicals from China. High purity gases of N, CO, and CHj, are supplied by Thai
Industrial Gases Public Company (TIG) in Thailand.

4. Results and discussions

We start our discussion by first presenting the experimental data for single component and mixture in
either activated carbon or single wall carbon nanotube (SWCN), and then discussing the effects of pore
length on the adsorption of fluid, nitrogen and methane, on homogeneous finite-length and infinite-length
carbon slit pore models. Next the adsorption isotherms obtained for the finite-length carbon slit pores and
carbon nanotubes bundles will be presented in order to study the effects of curvature on the adsorption
behavior. Then the pore size distribution (PSD) obtained from different adsorbate type will be discussed,
and finally the model are validated with the experimental data of methane, carbon dioxide and mixtures on
SWCN and activated carbons.

4.1 Experimental isotherms

First we present the adsorption isotherms of nitrogen at 77 K obtained for activated carbons and single
wall carbon nanotubes in Figure 2 and these isotherms are used to determine the porous properties of
tested carbons such as BET surface area, micorpore volume and total pore volume that shown in Table 3.

The adsorption isotherms of methane, carbon dioxide and their mixtures at 273 and 300 K for various



carbons are presented in Figures 3, 4 and 5, respectively.
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Fig. 2 Adsorption isotherms of nitrogen at 77 K in various kinds of carbon, (filled symbols for adsorption and

unfilled symbols for desorption).

The experimental isotherms for nitrogen adsorption in SWCN, LAC1, LAC2 and CAC at 77 K versus
pressure in semi-log scale are shown as upward-triangle, downward-triangle, square and diamond
symbols, respectively in Figure 2, filled symbols are those for adsorption and unfilled symbols are those
for desorption. In the case of SWCN, the experimental data show a negligible adsorption at pressures
lower than 10 Pa, and then increase gradually to about 2x10* Pa, after which the slope of the isotherm
increases steeply. It increases gradually due to the formation of monolayer inside and outside the tubes,
and the dramatically increase in adsorption isotherm because of the multilayer adsorption outside the tubes
(Wongkoblap et al. 2009). Unlike SWCN, in the case of activated carbons, the experimental data show a
monotonically increase with pressure which correspond to type | adsorption isotherm. This type | isotherm
indicates that the activated carbon used in this study are dominated by microporesity and a slant hysteresis
loop also can be observed. The porous properties of SWCN and activated carbons used in this study
shown in Table 3, are derived by using the density functional theory (DFT) which supplied by

Micrometrics together with the experimental data of nitrogen at 77 K.



Table 1 Porous properties of carbons used in this study

Sample BET surface | Micropore | Meso-and | Total pore | Average | Average
area (m%g) volume macropores | volume pore pore
(cclg) volume (cclg) width width (A)
(cclg) (A)<10 | <20 A
A
SWCN 469 0.15 0.09 0.24 8.9 16.9
LAC1 538 0.20 0.07 0.27 7.4 13.5
LAC2 705 0.26 0.11 0.37 7.6 13.4
CAC 923 0.37 0.08 0.45 7.8 13.6
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Fig. 3 Adsorption isotherms of methane in activated carbon and single wall carbon nanotube at 273 and 300 K.
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Fig. 4 Adsorption isotherms of carbon dioxide at 273 and 300 K in various kinds of carbon.
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Fig. 5 Adsorption isotherms of methane and carbon dioxide mixture in SWCN at 273 and 300 K, (filled symbols for

adsorption and unfilled symbols for desorption).

The same behaviour can be observed for carbon dioxide, methane and their mixtures; the experimental
data show a gradual increase in that of isotherm at low pressures. This is a typical isotherm observed for
many micropore adsorbents, at high pressures; it rises rapidly due to the multilayer adsorption in the
mesopore. It is noted that the adsorption of the studied fluids operated at pressure lower than the saturated
pressure except nitrogen. The adsorption capacity decreases when the temperature increases indicated that

adsorption of CO,, CH, and their mixtures are physical adsorption and it is an exothermic behaviour.

4.2 Effects of pore-length on the adsorption isotherm

The adsorption isotherm obtained for pore width of 15 A which is a typical micropore size found in
activated carbon. The simulated isotherms versus pressure in semi-log scale for methane at 113 K are
shown in Figures 6. The curve for the finite-length pore is the one with triangle symbols, while that for the
infinite pore with the same width is presented as a curve with square symbols.
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Fig. 6 Adsorption isotherms of nitrogen at 77 K and methane at 113 K obtained for a finite-length pore and those for

an infinite pore (filled symbols for adsorption and unfilled symbols for desorption).



The finite-length pore model leads to smoother adsorption isotherms, a smaller hysteresis loop and the
existence of a meniscus at the pore mouth (Wongkoblap et al. 2005). This is due to the lower solid-fluid
interaction in the pore mouth region where a fluid particle at a given location interacts with a lesser
number of carbon atoms. The isotherms obtained for the finite-length pores agree significantly well with
the experimental data (Wongkoblap et al. 2005; Jagiello and Olivier 2009). The well description of
adsorption of fluid in activated carbon using this model should provide better characterization of

micropore size distribution in porous carbon.
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ABSTRACT

This paper presents the study of either carbon
dioxide or methane adsorption in single wall carbon
nanotube bundles (SWCNs) using a Monte Carlo
simulation. Effects of tube diameter, tube wall distance
and temperature on adsorption of each fluid in SMCNs
are investigated. The adsorption capacity of fluid in a
smaller tube diameter is greater than that in a larger
pore diameter which observed at the same temperature,
and tube wall distance, the initial adsorption occurs
inside cylindrical pores. For the effect of separation
spacing, an early onset in adsorption isotherm is
observed for the smaller tube wall distances. In the case
of 16.3 A pore, if the wall distance is greater than 7 A
the adsorption initially occurs in the cusp interstices, on
the other hand, it initially resides inside tubes. Finally
the experimental data show that gas can be adsorbed in
carbon nanotubes better than in activated carbon.

Keywords: Computer simulation, Carbon-nanotubes,
Gas adsorption, Monte Carlo.

1. INTRODUCTION

Physical and chemical adsorptions on porous
materials such as zeolite, activated carbon, polymeric
materials and carbon nanotubes, plays an important role
in many industries, and it is involved in many
applications, including purification of gases and liquids,
membrane technology, catalysis, energy storage and
environmental technology. Single wall carbon nanotubes
(SWCNs) have been increasingly used in many
applications, for example methane and hydrogen
storages, sensor technology and medical technology
since the discovery of carbon nanotubes by lijima in
1991 [1]. SWCNs can stick to each other and form
bundles due to the strong Van der Waals interactions
[2]. As a result adsorption of fluids can occur outside

SWCNs at the cusp interstices where the fluid-solid
interaction potentials are enhanced to give the deepest
potential minimum [3]. The characterization of the
porosity of SWCNs and the adsorption mechanism of
fluids in nanotube bundles are important for all
applications.

Adsorption of carbon dioxide (CO,) and methane (CH,)
has been of significant interest to adsorption science and
engineering because carbon dioxide is a good molecular
probe for characterizing the narrow micropores at
experimentally measurable pressures [4] while methane
adsorption is used to develop the new adsorbent for
methane storage as a vehicular fuel. SWCNs are one of
the promising adsorbents for methane storage. In
addition, carbon dioxide and methane are implicated as
greenhouse gases that can cause global warming due to
greenhouse effects, therefore the utilization and
reduction of greenhouse gases is becoming more
important. To elucidate the adsorption mechanism of
these fluids in carbon nanotubes, molecular simulation
such as Monte Carlo (MC) and Molecular Dynamics
(MD) should be used.

This study focuses on using homogeneous nanotubes
bundles to investigate the adsorption mechanism of
either CO, or CH, in single wall carbon nanotubes
(SWCNSs). The adsorption isotherms and snapshots of
fluid at various temperatures are obtained by using a
Grand Canonical Monte Carlo (GCMC) simulation. The
effects of tube diameter (TD), tube wall distance (TWD)
and temperature on the adsorption of these fluids will be
investigated to determine the adsorption behavior.

2. METHODOLOGY

The Grand Canonical Monte Carlo simulation is used to
obtain the adsorption isotherm for CH, and CO,
adsorption in single wall carbon nanotube bundles at
273 and 300K. For this method to give correct results,
the choice of fluid and solid models used in the
simulation method is important. The essential equations



used in the simulation are the potential equations
between fluid particles and those between a fluid
particle and a solid surface.

2.1 Solid Model

The solid model used in this study is the carbon-based
adsorbents whose pores are cylinders. The simplest
model of carbon nanotube as an isolated single cylinder
has been commonly used in many studies; however it
does not represent experimental carbon nanotubes
because these tubes are usually found in tangled or
partly aligned bundles [5]. In this study, carbon
nanotubes bundle consisted of seven cylindrical tubes
arranged in a hexagonal pattern, one at the center and
the others arranged at the vertices of a hexagon is used
as a solid model. Fig. 1 shows a schematic diagram of
SWCNs bundle, each cylinder consists of one graphene
wall and itsdiameter (TD) is that of a ring passing
through the centers of the carbon layer. The separation
spacing of carbon atoms on the external surface of two
adjacent nanotubes is denoted as s. Tube diameters used
in this paper are 9.5, 10.8, 13.6 and 16.3 A and tube wall
distances (s or TWD) are 4, 7 and 10 A with 50 A tube

length.
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Fig. 1 A Schematic Diagram of SWCNs Bundle Inside a
Smulation Box.

2.2 Fluid Models

In this study, methane is modeled as a spherical and
non-polar molecule with a single Lennard-Jones (LJ)
center, although its molecular shape should be
tetrahedral. This is due to the weak point charges of
methane. The molecular parameters of methane,collision
diameter and energy well depth, are o;; = 3.73 A and &;/k
= 148.0K, respectively. While the molecular shape of
carbon dioxide is linear structure with 3-LJ centers [6]
and its parameters used in this study are shown in Table

1. The interaction energy between fluids is calculated
using the Lennard-Jones 12-6 equation.

G ORI

which rj; is separation distance between fluids.

In the case of carbon dioxide, an electrostatic interaction
between two point charges, each of which is on different
molecule, is calculated by using the Coulomb’s law.

- _ 1 dq 2
¢q|qj _472'80 ) rij ( )

where g, is the permittivity of free space, r is the
distance between two charges.

Table 1 Molecular Parameters for CO, Molecule

parameter value parameter value
c-C c-C
o 2.757 A e 1K 28.129 K
0-0 0-0
o 3033 A e 1K 80507 K
C (0]
0.6512e q -0.3256e
c-0
by 1.149 A

2.3 Simulation Method

The GCMC with metropolis algorithm which
specified temperature, volume and chemical potential of
system is used to obtain the adsorption isotherm of
fluids in a bundle of seven tubes [7]. One GCMC cycle
consists of one thousand random moves with the equal
probability of insertion, deletion and displacement
moves. 20,000 GCMC cycles are used for the system to
reach equilibrium, and additional 20,000 cycles are used
to obtained ensemble averages. Each point of adsorption
isotherm, an empty box is used as the initial
configuration, and the simulation is carried out until the
number of particles in the box does not change.

The simulation box is a rectangular box which the
dimension in the x and y axis depend on tube diameter
and tube wall distance (L, and L) while the z dimension
being the same as the tube length (L). Box length in x
axis can be calculated from:

L, =3(D+s) 3)



In y direction, the distance from the center of
the middle tube to the tube wall of adjacent tube along
radius direction is equal to D+(D/2)+s. When we project
it in y direction, it will be equal to (D+(D/2)+s) sinf,
where 0 is /3 radians. So the total length in y direction
(L,) is twice this length plus the two spacing between
tube wall and simulation box.

L, = 2{(D +(D/2)+ s)sin(%)} . ZGJ
=l Fesfn(3 s

The average pore density can be defined as the ratio
of fluid particles or molecules inside the pores to pore
volume:

(4)

Noie
,0= Vmszd (5)

pore

Vpore =T7E(R—0 )2L

pore
(6)

which R is tube radius and oy is collision diameter
between carbon atoms which equals to 0.34 nm and L is
carbon nanotube length. While the average bulk density
is defined as the ratio of the number of particle outside
the pores to volume of simulation box, where box
volume is defined as LyL,L-Vpore, and Noysige iS defined
as N-Ninsige, Where N is total number of particle.

3. RESULTS AND DISCUSSIONS

In this paper, first, we start our discussion by presenting
the effects of pore diameter on the adsorption isotherm
of CH, and CO, in carbon nanotubes bundle at 273K.
Then we discuss the effects of the separation spacing on
the adsorption isotherm. Next the effects of temperature
are studied, and finally experimental adsorption
isotherms of CO, at 273K obtained for activated carbon
and carbon nanotubes will be compared.

3.1 Effects of Tube Diameter on Adsorption Isotherm

The simulated isotherms versus pressure for CH, and
CO, in bundle of SWCNs with a tube wall distance of 7
A at 273K for 10.8 and 16.3 A tubes are shown in Fig. 2.
The snapshots of CO, and CH, in tube diameter of 10.8
A° are shown in Fig. 3 and Fig. 4, respectively to
show the preferential adsorption at low loadings.

First, we will discuss the effect of tube diameter on CH,
and CO, adsorption and then compare the adsorption
mechanism between both adsorbates.

@)

(b)
Fig. 2 Adsorption Isotherms of (a) CH, and (b) CO; in
Bundles of Tube Sze 10.8 and 16.3 A with Tube Wall
Distance of 7 A at 273 K.

Adsorption isotherms of CH, and CO, in bundles of
carbon nanotubes of different sizes are shown in Fig. 2
(@) and (b), respectively, the similar behavior for the
bundles of smallest tubes (10.8 A) and those of larger
tubes (16.3 A) can be observed. At low pressures, fluid
molecules are initially adsorbed in the interior of the
tubes to form a monolayer because of the stronger solid-
fluid potential inside the tube. The snapshots in Fig. 3
(a) and (b) for CO, adsorption and Fig. 4 (a) — (c) for
CH, adsorption show this preferential adsorption inside
the tube. As pressure is increased adsorption continues
to occur inside the tube and adsorption begins to happen
in the various interstices outside the tubes as shown in
Fig. 3 (c) — (e) and Fig. 4 (d) — (e). The initial adsorption
pressure for the bundles of larger tubes is greater than



that for those of smaller tubes. This is due to the
stronger interaction between fluid and solid in the case
of smaller tubes. The following features are also
observed: (i) the adsorption density inside the tube
increases gradually with pressure due to the molecular
layering and the pore-filling mechanisms and (ii) the
density outside the tube also increase gradually. The
adsorption isotherm outside the tube for larger and
smaller tubes with narrow TWD are not much different,
this is due to that the interstices between tubes can be
packed with one layer as one can seen from Fig. 3
(c) and 4 (d) for CO, and CHy, respectively.

olo ofe
(a) (b) (©)
(d) (e)

Fig. 3 Snapshots of CO, Adsorption at Various
Pressures: (a) P= 0.3, (b) 1, (c) 900, (d) 8000 and (e)
90000 Pain 10.8 A Tubes at 273K and TWD of 7 A.

oSo
ogo

(@) (b) (©)

(d) ()
Fig. 4 Snapshots of CH,; Adsorption at Various
Pressures:(a) P = 0.3, (b) 1, (¢),900, (d) 8000 and (€)
90000 Pain 10.8 A Tube s at 273 K and TWD of 7 A.

Now turn to the discussion of adsorption
behavior between CH, and CO, in bundles of tubes,
CO, molecules initially adsorb at lower pressures than
those of CH, for the same tube diameter. At the same
pressure and tube diameter, adsorption density inside the
tube for CO, is greater than that for CH, and this is due
to the quadrupole effect in the case of CO, and lead to
the stronger fluid-solid interaction.

3.2 Effects of Tube Wall Distance

Having seen the effects of the tube diameter, now turn to
discussing the effects of tube wall distance on
adsorption mechanism. The simulation isotherms of CH,
and CO, in bundles of SWCNs of 16.3 A at 273 K at
various tube wall distance of 4, 7 and 10 A are shown in
Fig. 5 while the snapshots of CH, adsorption in bundles
of tubes for tube wall distance of 4 and 10 A are shown
in Fig. 6 and 7, respectively.

@)

(b)
Fig. 5 Adsorption Isotherms of (a) CH, and (b) CO; in
Bundles of 16.3 A Tubes at 273K at Various Tube Wall
Distance of 4, 7 and 10 A.

Observing these isotherms for bundles of carbon
nanotubes of different tube wall distances, the distinct
difference between the tube wall distance less than 10 A
(4 and 7 A) and TWD of 10 A at low loadings can be
observed. At low pressures, fluid particles are initially
adsorbed inside the tubes if the separation spacing is less
than 10 A due to the stronger solid-fluid potential inside
the tube as discussed in Section 3.1. The snapshots in
Fig. 6 show this preferential adsorption inside the tube.
For larger tube wall distance, the behavior is different



from the TWD less than 10 A tubes in that at low
loadings adsorption occurs in the cusp interstices where
the solid-fluid potential is stronger than that inside the
tube (see the snapshots in Fig. 7). This is the direct
result from the difference in size of the cusp interstices
and the tube diameter. As a result, when the tube radius
is greater than the separation spacing between tubes,
adsorption in the cusp interstices occurs first followed
by that in the tube interior. The opposite is true when the
tube radius is smaller than the spacing [8]. In the case of
CO, adsorption outside the tubes of 16.3 A diameter and
TWD of 10 A, the isotherm increase gradually due to the
layering outside the tube walls and then suddenly
changes in adsorption isotherm. This is due to the
capillary condensation behavior of CO, molecules in the
cusp interstices at sufficiently high pressure.

(@) (b) (©

(d) ()
Fig. 6 Snhapshots of CH4 Adsorption in Bundles of 16.3
A Tubes at 273K and TWD of 4 A at (a) P = 50, (b) 200,
(c) 1000, (d) 10000 and (e) 100000 Pa.

(@) (b) (©)

(d) ()
Fig. 7 Shapshots of CH, Adsorption in Bundles of 16.3
A Tubes at 273K and TWD of 10 A at (a) P = 50, (b)
200, (c) 1000, (d) 10000 and (e) 100000 Pa.

3.3 Effect of Temperature

Fig. 8 shows the results of CO, and CH, adsorptions in
SWCNSs with tube size of 9.5 A and tube wall distance
of 4 A at 273 and 300K. The adsorption isotherm

decreases by increasing temperature which usually
observed in the physical adsorption. This is due to that
the adsorption is the exothermic process and the
adsorbed molecules acquire the greater energy to
evaporate [9].
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Fig. 8 Adsorption Isotherms of (a) CO, and (b) CH, at
273 and 300K in Bundles of Tube Size 9.5 A and Tube
Wall Distance of 4 A.

3.4 Comparison between the Adsorption Isotherm for
Activated Carbon and That for Carbon Nanotubes

The experimental results shown in Fig. 9 are obtained by
using an Intelligent Gravimetric Analyzer (IGA) for the
adsorption of CO, in Longan seed activated carbon
produced in our laboratory and carbon nanotubes at
273K. Prior to adsorption experiments, the carbon
sample about 0.2 g is outgassed at 200°C for 10 hours,
and then is cool down to the adsorption temperature. As
seen in Fig. 9, the adsorbed amount of CO, in carbon
nanotubes is greater than that in activated carbon. This is
due to that carbon nanotubes have strong interaction
according to their circular orientation of carbon atoms.



Fig. 9 CO, Adsorption I sotherms Obtained for Activated
Carbon and Carbon Nanotubes at 273K.

4. CONCLUSION

In this paper, adsorption isotherms of CO, and CH, in
nanotube bundles have been presented. The simulation
results can be used to describe the adsorption behavior
in carbon nanotubes. It has been found that tube
diameter, tube wall distance and temperature affect the
adsorption isotherm. For the smaller tubes, the
adsorption initially occurs inside the tube interior
however the initial adsorption is carried out at the cusp
interstices if the tube radius is greater than the separation
spacing. This study will lead to an understanding for
CH, and CO, adsorption in carbon nanotubes and may
be used for further study in energy storage and solid
development for separating the exhaust gases mixture.
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Characterization of Carbon Nanoporeswith Different Molecular Probes and Finite-L ength
Pore Models.
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In this study, a Grand Canonical Monte Carlo simulation (GCMC) method is used to theoretically study the
adsorption of fluid in activated carbon, while the experimental tests are performed by using a Gravimetric Analyzer.
Nitrogen and carbon dioxide are used as molecular probes. N, is modeled as a 2- center Lennard-Jones (LJ) molecule
while CO, is treated as a three-center LJ molecule. In most simulations, activated carbon is usually assumed to be
composed of pores whose surfaces are of infinite extent. Here we consider the pore surface composed of finite-length
graphene layers. This model leads to smoother adsorption isotherms, a smaller hysteresis loop and the existence of a
meniscus at the pore mouth®. This is due to the lower solid-fluid interaction in the pore mouth region where a fluid
particle at a given location interacts with a lesser number of carbon atoms. The isotherms obtained for the finite-length
pores agree significantly well with the experimental data'?. The well description of adsorption of fluid in activated
carbon using this model should provide better characterization of micropore size distribution in porous carbon.

The GCMC results for N, at 77 K and CO, at 273 K in finite-length slit pores of various widths up to the

saturation pressure are shown in Figure 1. The adsorption
isotherms show a gradual increase at low pressures and the
continuous pore filling for the small width, typically
observed for many micropore adsorbents. For larger pores
(mesopores) we observe condensation as signified by a large
change in the adsorption density.

The simulation results obtained for the finite pores
are matched against the experimental data to obtain the pore
size distribution (PSD). We obtained the PSDs with GCMC
for finite length pores and DFT with pores of infinite length.
Using nitrogen adsorption data at 77K, we find that the total
pore volume for the GCMC model is 0.395 cm®/g, which is
smaller than that for the DFT model (0.45 cm®/g). The PSDs
for these two models are shown in Figure 2, where we see a
significant difference between the two models. This is due
to the effects of pore-length as discussed above. The PSD
for the same carbon is also obtained from the adsorption of
CO, at 273 K as shown in Figure 2c and we find a specific
pore volume of 0.371 cm®/g, which differ from that obtained
from nitrogen result at 77 K for the same method (Figure
2b). The differences between these results may be due to the
molecular structure and operating pressure. Because of the
range of pressure limited at 1 atm, carbon dioxide does not
effectively probe larger pores, and as a result there is no
presence of large pores in the derived PSD. Had the
pressure range been greater, the larger pores would have
been probed and their volumes would have shown in Figure
2c and the specific pore volume would have been greater
than 0.371 cm®/g.
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Figurel. The isotherms obtained using GCMC for a) nitrogen at
77 K and b) CO, at 273 K in finite-length pores.
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Figure2. Pore size distributions for a) nitrogen at 77 K by DFT b)
nitrogen at 77 K by GCMC and c) CO; at 273 K by GCMC.

1. A. Wongkoblap, S. Junpirom, and D.D. Do, “Adsorption of Lennard-Jones Fluids in Carbon Slit Pores of a Finite
Length. A Computer Simulation Study”, Adsorption Sci. & Technology, 23, 1-18, (2005).

2. J. Jagiello, and J.P. Olivier, “Physical adsorption in carbon pores of finite dimensions: Application to
characterization of porous carbons”, 5" Pacific Basin Conference on Adsorption Science and Technology

Proceeding, Singapore, (2009).



A Monte Carlo Simulation Study for Adsor ption of Carbon Dioxide
and Methanein Carbon Nanotubes
(ms@nsinisaatuinsaisuanlesanladuaziimulurawiluersvaulagnissnassnan

35n13anAaIsla)

P. Phadungbut, W. Julklang, P. Sriling, W. Intomya, A. Wongkoblap”, C. Tangsathitkulchai

School of Chemical Engineering, Institute of Engineering,
Suranaree University of Technology, Nakhon Ratchasima, 30000, Thailand
*e-mail: atichat@sut.ac.th

Abstract — This paper presents the study of either carbon dioxide (CO,) or methane (CH,4) adsorption in
single wall carbon nanotube bundles (SWCNSs) using a Monte Carlo (MC) simulation method. The
molecular simulation of carbon nanotubes is the carbon-based adsorbents whose pores are cylinder.
This model has seven tubes which arranged in a hexagonal form with one tube at the center of the
hexagon and the other six are placed on the vertices of the hexagon. Carbon dioxide is modeled as a 3
center-Lennard-Jones (LJ) molecule having LJ interaction sites on the atoms and point charges to
account for the quadrupole moment while methane is assumed to be a spherical molecule. Effects of
tube diameter, the distance between tube walls and temperature on adsorption of each fluid in SWCNs
are investigated. Regarding to independent parameters of SWCNSs, tube diameters (TD) are varied from
9.5 to 16.3 A° while the tube wall distances (TWD) are varied from 4 to 10 A° and the adsorption
temperature is carried out at 273 and 300 K. The adsorption capacity of fluid in a smaller tube diameter
is greater than that in a larger pore diameter which observed at the same temperature, pressure and tube
wall distance, we also observed that the initial adsorption occurs inside cylindrical pores. For the effect
of separation spacing study, we have found that an early onset in adsorption isotherm is observed for the
smaller tube wall distances. In the case of 16.3 A° pore, if the tube wall distance is greater than 7 A° the
adsorption initially occurs in the cusp interstices, on the other hand, it initially resides inside tubes. The
adsorption capacity depends on temperature, it decreases by increasing temperature, this is due to that
the adsorption of CO, and CH, are consequence of physical adsorption. Finally the experimental data
for the adsorption of fluid in carbon nanotubes is compared against that in Longan seed activated carbon
at the same temperature, it has been seen that gas can be adsorbed in carbon nanotubes better than in
activated carbon.

Keyword: Computer simulation, Carbon nanotubes, Gas adsor ption, Monte Carlo.

1. Introduction

Physical and chemical adsorptions on porous materials such as zeolite, activated carbon, polymeric
materials and carbon nanotubes, plays an important role in many industries, and it is involved in many applications,
including purification of gases and liquids, membrane technology, catalysis, energy storage and environmental
technology. Single wall Carbon nanotubes (SWCNSs) have been increasingly used in many applications, for example
methane and hydrogen storages, sensor technology and medical technology since the discovery of carbon nanotubes
by lijima in 1991 [1]. SWCNSs can stick to each other and form bundles due to the strong van der Waals interactions
[2]. As a result adsorption of fluids can occur outside SWCNSs at the cusp interstices where the fluid-solid interaction
potentials are enhanced to give the deepest potential minimum [3]. The characterization of the porosity of SWCNs
and the adsorption mechanism of fluids in nanotube bundles are important for all applications.

Adsorption of carbon dioxide and methane has been of significant interest to adsorption science and
engineering because carbon dioxide is a good molecular probe for characterizing the narrow micropores at
experimentally measurable pressures [4] while methane adsorption is used to develop the new adsorbent for methane
storage as a vehicular fuel. SWCNs are one of the promising adsorbents for methane storage. In addition, carbon
dioxide and methane are implicated as greenhouse gases that can cause global warming due to greenhouse effects,
therefore the utilization and reduction of greenhouse gases is becoming more important. To elucidate the adsorption
mechanism of these fluids in carbon nanotubes, molecular simulation such as Monte Carlo and Molecular Dynamics
should be used.



This study focuses on using homogeneous nanotubes bundles to investigate the adsorption
mechanism of either CO, or CH, in single wall carbon nanotubes (SWCNs). The adsorption isotherms and snapshots
of fluid at various temperatures are obtained by using a Grand Canonical Monte Carlo (GCMC) simulation. The
effects of tube diameter (TD), tube wall distance (TWD) and temperature on the adsorption of these fluids will be
investigated to determine the adsorption behavior.

2. Methodology

The Grand Canonical Monte Carlo simulation is used to obtain the adsorption isotherm for CH, and
CO, adsorption in single wall carbon nanotube bundles at 273 and 300 K. For this method to give correct results, the
choice of fluid and solid models used in the simulation method is important. The essential equations used in the
simulation are the potential equations between fluid particles and those between a fluid particle and a solid surface.

2.1 Solid model

The solid model used in this study is the carbon-based adsorbents whose pores are cylinders. The simplest model
of carbon nanotube as an isolated single cylinder has been commonly used in many studies; however it does not
represent experimental carbon nanotubes because these tubes are usually found in tangled or partly aligned bundles
[5]. In this study, carbon nanotubes bundle consisted of seven cylindrical tubes arranged in a hexagonal pattern, one at
the center and the others arranged at the vertices of a hexagon is used as a solid model. Fig.1 shows a schematic
diagram of SWCNs bundle, each cylinder consists of one graphene wall and its diameter (TD) is that of a ring passing
through the centers of the carbon layer. The separation spacing of carbon atoms on the external surface of two
adjacent nanotubes is denoted as s. Tube diameters used in this paper are 9.5, 10.8, 13.6 and 16.3 A° and tube wall
distances (s or TWD) are 4, 7 and 10 A° with 50 A° tube length.
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Fig. 1. A schematic diagram of SWCNs bundle inside a simulation box.

2.2 Fluid models

In this study, methane is modeled as a spherical and non-polar molecule with a single Lennard-
Jones (LJ) center, although its molecular shape should be tetrahedral. This is due to the weak point charges of
methane. The molecular parameters of methane, collision diameter and energy well depth, are o;; = 3.73 A° and &;/k =
148.0 K, respectively. While the molecular shape of carbon dioxide is linear structure with 3-LJ centers [6] and its
parameters used in this study are shown in Table 1. The interaction energy between fluids is calculated using the

Lennard-Jones 12-6 equation.
12 6
_ Gij Oij
di =4si||— | —| @
rij rij

which r;; is separation distance between fluids.
In the case of carbon dioxide, an electrostatic interaction between two point charges, each of which
is on different molecule, is calculated by using the Coulomb’s law.
__1 ddq
Piql = Ame 1 e
aq 472'80 rij

where & is the permittivity of free space, G is the distance between two charges.



Table 1. Molecular parameters for CO, molecule

parameter value parameter value

c-C c-C

c 2.757 A e 1K 28.129 K
0-0 0-0

. 3033 A e 1K 80.507 K

C 0

q 0.6512e q -0.3256e
c-0

A 1.149 A

2.3 Smulation method

The GCMC with metropolis algorithm which specified temperature, volume and chemical potential
of system is used to obtain the adsorption isotherm of fluids in a bundle of seven tubes [7]. One GCMC cycle consists
of one thousand random moves with the equal probability of insertion, deletion and displacement moves. 20,000
GCMC cycles are used for the system to reach equilibrium, and additional 20,000 cycles are used to obtained
ensemble averages. Each point of adsorption isotherm, an empty box is used as the initial configuration, and the
simulation is carried out until the number of particles in the box does not change.

The simulation box is a rectangular box which the dimension in the x and y axis depend on tube
diameter and tube wall distance while the z dimension being the same as the tube length. Box length in x and y axis
can be calculated from:

L,=3D+s 3)
3D . (
2.4 Pore density

The average pore density can be defined as the ratio of the number of fluid particle inside the pores
to the pore volume:
<N inside>

Vv

pore

Pav = ©)

pore

4 =77Z(R—GSS )2L (6)

which R is tube radius and o is collision diameter of carbon atom which equals to 0.34 nm and L is the length of
carbon nanotubes.

3. Resaults and discussions

In this paper, first, we start our discussion by presenting the effects of pore diameter on the
adsorption isotherm of CH4 and CO, in carbon nanotubes bundle at 273 K. Then we discuss the effects of the
separation spacing on the adsorption isotherm. Next the effects of temperature are studied, and finally experimental
adsorption isotherms of CO, at 273 K obtained for activated carbon and carbon nanotubes will be compared.

3.1 Effects of tube diameter on adsor ption isotherm

The simulated isotherms versus pressure for CH4 and CO; in bundle of SWCNs with a tube wall
distance of 7 A° at 273 K for 10.8 and 16.3 A° tubes are shown in Fig.2. The snapshots of CO, and CH, in tube
diameter of 10.8 A° are shown in Fig.3 to show the preferential adsorption at low loadings. First, we will discuss the
effect of tube diameter on CH, and CO, adsorption and then compare the adsorption mechanism between both
adsorbates.

Adsorption isotherms of CH, and CO, in bundles of carbon nanotubes of different sizes are shown
in Fig. 2 (a) and (b), respectively, the similar behavior for the bundles of smallest tubes (10.8 A) and those of larger
tubes (16.3 A) can be observed. At low pressures, fluid molecules are initially adsorbed in the interior of the tubes to
form a monolayer because of the stronger solid-fluid potential inside the tube. The snapshots in Fig. 3 (a) and (b) for
CO, adsorption and Fig. 4 (a) — (c) for CH,4 adsorption show this preferential adsorption inside the tube. As pressure
is increased adsorption continues to occur inside the tube and adsorption begins to happen in the various interstices
outside the tubes as shown in Fig. 3 (c) — (e) and Fig. 4 (d) — (e). The initial adsorption pressure for the bundles of
larger tubes is greater than that for those of smaller tubes. This is due to the stronger interaction between fluid and
solid in the case of smaller tubes. The following features are also observed: (i) the adsorption density inside the tube



increases gradually with pressure due to the molecular layering and the pore- filling mechanisms and (ii) the density
outside the tube also increase gradually. The adsorption isotherm outside the tube for larger and smaller tubes with
narrow TWD are not much different, this is due to that the interstices between tubes can be packed with one layer as
one can seen from Fig. 3 (¢) and 4 (d) for CO, and CH,, respectively.

Now turn to the discussion of adsorption behavior between CH,4 and CO, in bundles of tubes, CO,
molecules initially adsorb at lower pressures than those of CH, for the same tube diameter. At the same pressure and
tube diameter, adsorption density inside the tube for CO, is greater than that for CH, and this is due to the quadrupole
effect in the case of CO, and lead to the stronger fluid-solid interaction.

@

(b)
Fig. 2. Adsorption isotherms of (a) CH, and (b) CO; in bundles of tube size 10.8 and 16.3 A° with tube wall distance of 7 A° at 273 K.

(d) (e)
Fig. 3. Snapshots of CO, adsorption at various pressures: (a) P =0.3, (b) 1, (c) 900, (d) 8000 and (e) 90000 Pa in 10.8 A° tubes at 273 K and
TWDof 7 A,



(a) (b) (c)

(d) (e

Fig. 4. Snapshots of CH, adsorption at various pressures:(a) P = 0.3, (b) 1, (c),900, (d) 8000 and (¢) 90000 Pa in 10.8 A° tube s at 273 K and TWD
of 7A°

3.2 Effects of tube wall distance

Having seen the effects of the tube diameter, now turn to discussing the effects of tube wall distance
on adsorption mechanism. The simulation isotherms of CH4 and CO, in bundles of SWCNs of 16.3 A° at 273 K at
various tube wall distance of 4, 7 and 10 A° are shown in Fig. 5 while the snapshots of CH, adsorption in bundles of
tubes for tube wall distance of 4 and 10 A° are shown in Fig. 6 and 7, respectively.
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Fig. 5. Adsorption isotherms of (a) CH, and (b) CO, in bundles of 16.3 A tubes at 273 K at various tube wall distance of 4, 7 and 10 A°.

Observing these isotherms for bundles of carbon nanotubes of different tube wall distances, the
distinct difference between the tube wall distance less than 10 A (4 and 7 A) and TWD of 10 A at low loadings can be
observed. At low pressures, fluid particles are initially adsorbed inside the tubes if the separation spacing is less than
10 A due to the stronger solid-fluid potential inside the tube as discussed in Section 3.1. The snapshots in Fig. 6 show
this preferential adsorption inside the tube. For larger tube wall distance, the behavior is different from the TWD less
than 10 A tubes in that at low loadings adsorption occurs in the cusp interstices where the solid-fluid potential is
stronger than that inside the tube (see the snapshots in Fig, 7). This is the direct result from the difference in size of
the cusp interstices and the tube diameter. As a result, when the tube radius is greater than the separation spacing
between tubes, adsorption in the cusp interstices occurs first followed by that in the tube interior. The opposite is true
when the tube radius is smaller than the spacing [8]. In the case of CO, adsorption outside the tubes of 16.3 A
diameter and TWD of 10 A, the isotherm increase gradually due to the layering outside the tube walls and then
suddenly changes in adsorption isotherm. This is due to the capillary condensation behavior of CO, molecules in the
cusp interstices at sufficiently high pressure.



(a) (b) (c)

(d) (e

Fig. 6. Snapshots of CH, adsorption in bundles of 16.3 A° tubes at 273 K and TWD of 4 A° at (a) P = 50, (b) 200, (c) 1000, (d) 10000 and (e)
100000 Pa.

(a) (b) (c)

(d) (e)

Fig. 7. Snapshots of CH, adsorption in bundles of 16.3 A° tubes at 273 K and TWD of 10 A° at (a) P =50, (b) 200, (c) 1000, (d) 10000 and (e)
100000 Pa.
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Fig. 8. Adsorption isotherms of (a) CO, and (b) CH, at 273 and 300 K in bundles of tube size 9.5 A° and tube wall distance of 4 A°.
3.3 Effects of temperature

Fig. 8 shows the results of CO, and CH, adsorptions in SWCNs with tube size of 9.5 A° and tube
wall distance of 4 A° at 273 and 300 K. The adsorption isotherm decreases by increasing temperature which usually
observed in the physical adsorption. This is due to that the adsorption is the exothermic process and the adsorbed



molecules acquire the greater energy to evaporate [9].

3.4 Comparison between the adsor ption isotherm for activated carbon and that for carbon nanotubes

The experimental results shown in Fig. 9 are obtained by using an Intelligent Gravimetric Analyzer
(IGA) for the adsorption of CO, in Longan seed activated carbon produced in our laboratory and carbon nanotubes at
273 K. Prior to adsorption experiments, the carbon sample about 0.2 g is outgassed at 200°c for 10 hours, and then is
cool down to the adsorption temperature. As seen in Fig. 9, the adsorbed amount of CO, in carbon nanotubes is
greater than that in activated carbon. This is due to that carbon nanotubes have strong interaction according to their
circular orientation of carbon atoms.

Fig. 9. CO, adsorption isotherm s obtained for activated carbon and carbon nanotubes at 273 K.

4. Conclusions

In this paper, adsorption isotherms of CO, and CH, in nanotube bundles have been presented. The
simulation results can be used to describe the adsorption behavior in carbon nanotubes. It has been found that tube
diameter, tube wall distance and temperature affect the adsorption isotherm. For the smaller tubes, the adsorption
initially occurs inside the tube interior however the initial adsorption is carried out at the cusp interstices if the tube
radius is greater than the separation spacing. This study will lead to an understanding for CH, and CO, adsorption in
carbon nanotubes and may be used for further study in energy storage and solid development for separating the
exhaust gases mixture.
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