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Abstract

In this paper, the separation of binary gas mixture carbon monoxide and hydrogen using single-walled carbon
nanotubes (SWNTs) is studied by grand canonical Monte Carlo (GCMC) simulation. All of the particle–particle
interactions between hydrogen, carbon monoxide and carbon are modeled with Lennard–Jones potential. Widom
test particle method in NVT ensemble is used in determining chemical potentials of the two components of the fluid.
It can be concluded from the adsorption isotherms at 293.15 K that the selectivity of carbon monoxide decreases with
the increase of the bulk pressure. In the adsorption isostatics at 0.157 MPa, the selectivity has a maximum along with
the increase of temperature. However, to given pressure and temperature, the selectivity fluctuates violently with
different van der Waals (VDW) distances or diameters of carbon nanotubes. For example, at 0.157 MPa, 293.15 K,
diameter of 0.892 nm and VDW distance of 1 nm, with the feed containing hydrogen and carbon monoxide both
50 mol%, carbon monoxide could be enriched up to 98 mol% in the adsorbate, so that the selectivity comes to 60. It
can be indicated that carbon nanotube, as a novel material developed in the past 10 years, can make a very effective
separation tool of certain gas mixtures. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Adsorptive separation of particular gaseous mixtures is a viable industrial process, where one compo-
nent must be selectively adsorbed on a suitable adsorbent relative to the other. However, the properties of
gas mixtures adsorbed in small spaces are quite different from those in bulk phases. Since microporous
membranes and adsorbates are routinely used in industrial separation processes, understanding these
effects is vital for developing new separation technologies and optimizing currently used techniques.
Selectivity in microporous adsorbates is controlled by a number of factors: the adsorbate–adsorbate
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interactions for like and unlike molecules including the strength of adsorbate–adsorbent interactions, as
well as geometric considerations such as micropore width and the size and shape of the adsorptive species.

Most of the studies on adsorptive separation are based on carbon sorbents. Several research groups
have carried out experimental studies in this area. Park et al. [1] introduced a new kind of sorbent
structure, which arranges activated carbon and zeolite in layers alternatively. Using different selectivities
of the two sorbents toward gas mixture, hydrogen gas with relatively high purity can be obtained. Rege
et al. [2] combine 13X-zeolite,�-AL2O3, natural-zeolite, K+-zeolite and Ca2+-zeolite together to make
pre-purification of nitrogen and oxygen in air. Clarkson [3] studied the effects of different moisture
content on the selectivity of carbon sorbents. As discovered by Iijima [4] in 1991, carbon nanotubes can
be obtained by rolling up a single layer or multiple layers of graphite basal planes with a definite diameter
[5,6]. Carbon nanotubes are now considered as one of the most promising gas separation system.

However, to study the adsorption behavior via experiments is difficult because the microscopic prop-
erties of porous solids are often hard to determine. The techniques of molecular simulation are ideally
suited to this study since model micropores and adsorbents can be defined in an unambiguous fashion
on the computer. Gelb et al. [7] used Monte Carlo simulations in the semi-grand ensemble to study the
wetting behavior and phase separation of a simple binary liquid mixture confined in a cylindrical pore.
They regard the pore system as one-dimensional system. Although this system cannot exhibit true phase
transitions, it showed a variety of phase separation behavior. They also studied the effect that increas-
ing the degree of preferential adsorption of one species has on the “phase diagram” in these systems
and found that dramatic shifts in the shape and position of the coexistence region can occur. Cracknell
et al. [8] presented results for selective adsorption of a two-center Lennard–Jones model of ethane and a
three-center Lennard–Jones model of propane in carbon slit pores, where they show the molecular shape
and pore size play an important role in determining the extent of adsorptive separation. Besides, many
other work have been carried out in the study of physisorbed mixtures, including molecular dynamics
method [9,10], Monte Carlo method [11–14], and density functional theory [15].

In this work, grand canonical Monte Carlo (GCMC) method is used to study the adsorptive separation of
the main products of water gas reaction, hydrogen and carbon monoxide. Single-walled carbon nanotubes
are selected to be the adsorbent. We made a thorough and elaborate study on the effects of the packing
geometry of carbon nanotubes on gas separation. To make a more comprehensive work, the influence of
temperature as well as pressure on the separation is also studied. The simulation results in this work can
be used to optimize the pore geometry for gas separation at a given pressure and temperature.

2. Potential models

In this work, all of the particles include hydrogen molecules, carbon monoxide molecules and carbon
atoms are treated as structureless spheres. Particle–particle interactions between them are modeled with
Lennard–Jones potential located at the mass-center of the particles. For a pair of particlesi andj separated
by the distancer, the interaction between them is given by

φij(r) = 4εij

[(σij

r

)12
−

(σij

r

)6
]

(1)

wherei andj donate hydrogen, or carbon monoxide, or carbon particles,ε/k andσ are the energy and size
potential parameters, which are 36.7 K and 0.296 nm for hydrogen, 100.2 K and 0.3763 nm for carbon
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monoxide, and 28.2 K and 0.335 nm for carbon, respectively. Lorentz–Berthelot rules are used to calculate
the parameters of interaction between different kinds of particles.

The general potential between a gas molecule and the nanotube is calculated by summing up pair
interactions between individual carbon atoms and the gas molecules:

V (r) =
∑
j

φij(|ri − rj |) (2)

whereri is the position of hydrogen or carbon monoxide molecule,rj is that of a carbon atom andφij
(r) is the pair potential between a certain gas molecule and a carbon atom, while the sum is over all of
the atoms on the tube.

Assuming that the atoms of the solid are distributed continuously up and on a sequence of parallel
surfaces that form the pore wall, the interaction potential of the fluid molecule with one of these surfaces
of areaA and number densityθ is given by [16]

V (r) =
∫
A

θv(r)dα = 4εFCθ

∫
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whereθ = 38 nm−2, εFC andσ FC are Lennard–Jones parameters of the interaction between fluid molecule
and carbon atom. The fluids include hydrogen and carbon monoxide.

Integrating over the whole nanotube, the following expression can be obtained: [16]

V (r, R) = 3πθεFCσ
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(4)

wherer is the distance between the adatom and the nearest point on the cylinder,R the radius of the
nanotube,x = r/R the ratio of distance to radius andθ the same surface number density as above. Here
the following integrals are used:

Mn(x) =
∫ π

0

1

(1 + x2 − 2x cosϕ)n2
dϕ (5)

Simpson integration is used to get the final potential and some of the results are plotted in Fig. 1.
Fig. 1a shows the situation of the tube with radius of 0.587 nm. Fig. 1b is that of the tube with radius
of 0.9785 nm. In the figure, the interaction between carbon monoxide and the tube is stronger than that
of hydrogen. Especially, the interaction of carbon monoxide is three times stronger inside the tube than
that of hydrogen. However, as the tube becomes larger, the difference between these two fluids becomes
smaller.

For simplicity of programming, the following expression was adopted to represent the results of the
integration

V (r, R)
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wherea–e are constants dependent on the kind of fluid and theR radius of the nanotubes. They can be
determined from the numerical integration.

To binary system, the selectivity is defined as

S = x1/y1

x2/y2
= ρ∗

p2ρ
∗
b1
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p1ρ

∗
b2

(7)
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Fig. 1. The reduced potential (V ∗ = V/ε) as a function of the distance between the hydrogen molecule and the nearest point on
the cylinder: (a)R = 0.587 nm and (b)R = 0.9785 nm.

wherex refers to a pore mole fraction andy to a bulk mole fraction. The subscripts ofx andy refers to
different components in the mixture.ρ∗

b is the reduced number density of the bulk fluid.ρ∗
p is that of the

pore fluid.

3. Simulation method

First, Widom test particle method [17] in NVT ensemble is used to determine the relation between
chemical potentials and the bulk pressures of the two components. The simulation is started with face
centered cubic (fcc) structure, which involves 500 molecules. There are 250 molecules for hydrogen and
carbon monoxide, respectively. One million configurations are used to reach equilibrium and another
one million configurations are summed up to get the system average. Three test molecules of hydrogen
or carbon monoxide are inserted into the system in each configuration to calculate the system potential.
Systems with 11 different pressures are obtained in the simulation.

GCMC [17,18] is used in computing the adsorptive separation inside and outside single-walled carbon
nanotubes (SWNTs). Five hundred molecules are placed as FCC structure to start the simulation. There
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are 250 molecules for each component, respectively. Adsorbent materials are formed by an array of
nanotubes arranged uniformly inside a cubic simulation cell. The axes of the nanotubes are parallel to
they direction. Periodic boundary conditions are employed in all three directions.

Three types of moves are involved in the GCMC method: (i) displacement; (ii) creation and (iii) deletion.
The probabilities of making a displacement, a creation, and a deletion are equal. Spherical cut-off is used in
the simulation. The cut-off distances are set to five times of Lennard–Jones size parameters of interactive
particles, where Lorentz–Berthelot rules are used to determine the parameter between different species.
Beyond this distance, Long-range corrections [18] are used to compensate the cut-off error. Four and
a half million configurations are used to reach equilibrium and another 4.5 million configurations are
summed up to get the ensemble average.

4. Results and discussions

Through Widom test particle method, the relation between the chemical potentials and system pressures
of the two components can be obtained. The result is shown in Fig. 2. Generally speaking, the two
chemical potential lines are alike. They increase with the pressures. When the pressures approach to zero,
they approach to negative infinite. However, for higher pressure, the increase of the chemical potentials
becomes slower and slower. The whole trend coincides with the definition of chemical potential exactly.
Through the curve in Fig. 2, the analytic expression of chemical potentials can be obtained, which are

µ∗
CO = −32.46+ 2.8604 lnP ∗ (8)

µ∗
H2

= −56.317+ 7.95 lnP ∗ (9)

where Eq. (8) is the reduced chemical potential of carbon monoxide as a function of the reduced bulk
pressure, Eq. (9) is that of hydrogen. Chemical potential and pressure are reduced by the Lennard–Jones
potential parameters of hydrogenµ∗ = (µ/εH2)P

∗ = P × (σ 3
H2
/εH2).

One of the configurations onx–z plane is shown in Fig. 3. Thex–z plane is perpendicular to the axis
of carbon nanotubes. Circles denote locations of carbon nanotubes. Small spheres are those of hydrogen
molecules. Big ones are carbon monoxide molecules. It is clear that although in the bulk phase, the mole

Fig. 2. The reduced chemical potential of H2 and CO as function of reduced pressure at 293.15 K,yH2 = 0.5.
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Fig. 3. One of the configurations at 293.15 K, 0.16 MPa. Big spheres denote CO molecules. Small ones denote hydrogen
molecules. Circles are locations of carbon nanotubes. The radius of the tube is 0.9785 nm.

fraction of hydrogen is 0.5, the number of hydrogen molecules is far less than that of carbon monoxide
in the pore phase. Thus, good separation effect of carbon nanotubes is manifest.

The gas mixture studied in this work consists of hydrogen and carbon monoxide. The two components
have equal mole fraction 0.5 in the bulk phase. At 293.15 K, we have calculated the adsorption isotherms
of both components in arrays of nanotubes with radius of 0.587 and 0.9785 nm, in which the van der Waals
(VDW) distances (i.e. the distance between the walls of the nearest neighbor tubes in the bundle [19])
between tubes are fixed to 1 nm. The selectivity of the sorbent as a function of pressure was calculated
as well. In both Fig. 4a and b, to given size of the nanotube, the adsorption of each component increases
with pressure. At the same time, to each given pressure, the pore stores more carbon monoxide molecules
than hydrogen. This is due to the stronger interaction between carbon monoxide and the tube wall. In
Fig. 4a, the adsorption of carbon monoxide in the smaller tube (R = 0.587 nm) is almost twice than that
in the bigger tube (R = 0.9785 nm). However, the adsorption of hydrogen in the smaller tube is far less
than that in the bigger one. The two contrary results come from the coexistence of both components,
which differs from the adsorption isotherm of any single one. There is a reasonable assumption that
at given temperature, pressure and size of the tube, the total amount of gas in pore phase is close to a
relatively fixed value. If it stores more of one component, the other will become less. When the smaller
tubes are filled with the bigger carbon monoxide molecules, they have little spare space to store the small
hydrogen molecules. On the contrary, the bigger tubes are more apt to stack more smaller hydrogen
molecules. In Fig. 4c, the adsorptive selectivity decreases with the increase of pressure. This is because at
higher pressures, packing effect becomes predominant in the adsorption. Therefore, the smaller hydrogen
molecules are more apt to be packed in the tubes.

Fig. 5 shows the selectivity of carbon monoxide as a function of VDW distance. In both Fig. 5a and
b, the selectivity inside the tube is higher than that outside the tube, especially in the smaller tubes
(Fig. 5a). The reason can be traced back to Fig. 1, where the potential of carbon monoxide inside
the tube is much bigger than that of hydrogen. Comparatively speaking, the discrepancy outside the
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Fig. 4. (a) The adsorption isotherms of CO in nanotubes with radii of 0.587 and 0.9785 nm, (b) the adsorption isotherms of H2

in nanotubes with radii of 0.587 and 0.9785 nm and (c) the selectivity of CO in nanotubes with radii of 0.587 and 0.9785 nm.

tube is not that much. Therefore, more carbon monoxide molecules are apt to be adsorbed inside the
tube. As a result, the selectivity inside the tube is higher. However, along with the increase of tube
size, the interactive potential of the two components come closer to each other. So it can be perceived
that the discrepancy of selectivity inside and outside the tube becomes smaller with the increase of
tube size.

In these two figures, the fluctuation of the selectivity along with the VDW distance is more violent
in bigger tubes than that in smaller ones. There are three maximums in the former one, but only two in
the latter. There are many factors that affect the amount of adsorption, two most important of which are
the space and the attractive force [20]. The co-effect of these two factors forms the fluctuation of the
adsorption of single component along with VDW distance. Moreover, these fluctuations often occur at
the location of a new adsorptive layer. To gas mixtures, the situation becomes more complex. Generally
speaking, more layers of particles can be stored in bigger tubes than in smaller ones. Therefore, there are
more fluctuations along with VDW distance in bigger tubes than in smaller ones. However, as the VDW
distance continues to increase, the attractive force reduces too much, which overwhelms the increase of
space, so peaks of selectivity cease to emerge.

Fig. 6 shows the selectivity as function of nanotube radius at 293.15 K and 0.16 MPa. Here, we made
an assumption that the radius of the nanotube can vary continuously. In the present study, under the
pre-condition of the continuously and uniformly distributed carbon atoms on the cylinder, this assump-
tion is quite a reasonable one. In these three figures, the selectivity fluctuates more rapidly than those
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Fig. 5. The selectivity as function of VDW distance between tubes: (a)R = 0.587 nm and (b)R = 0.9785 nm.

in Fig. 5. In Fig. 6a and b, it can be concluded that, the fluctuation outside the tube is milder than that
inside the tube. When the radius is relatively small (e.g. smaller than 0.5 nm), the increase of radius
has little influence on selectivity outside the tube, whereas the selectivity inside the tube may reach
a maximum almost 20 times of the minimum. However, whenR is near 0.58 nm, the selectivity be-
comes very sensitive to the change of tube size. In some detail studies, it is found that even increase
in radius by 10−5 nm, the selectivity can transfer from above 1 to below 1, i.e. in this circumstance,
more hydrogen can be adsorbed than carbon monoxide. It is still not clear about the cause of this phe-
nomenon.

The selectivity as a function of temperature is shown in Fig. 7, where the pressure is fixed at 0.1 MPa;
the radius of the tube is 0.9785 nm and the VDW distance is 1nm. In the figure, along with the in-
crease of temperature, the selectivity increases rapidly to a maximum, then falls slightly down. This can
be explained by the competition between two effects: the repulsive interaction between gas molecules
and sorbents at short distances, and the strong attractive interaction between these molecules and sor-
bents at long distances. Attractive force is advantageous to the adsorption, but repulsive force not.
For every temperature, there is a Mean field path (MFP) for each component. When the tempera-
ture is low, the MFP is short, which is in the range of repulsive interaction. Concluded from Fig. 1,
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Fig. 6. The selectivity as function of carbon radius: (a) the selectivity inside the tube; (b) the selectivity outside the tube and (c)
the total selectivity.

the repulsive force between carbon monoxide molecules and the sorbents decreases faster than that
of hydrogen. Therefore, the adsorption of carbon monoxide increases faster, so that the selectivity in-
creases at low temperature. On the other hand, at higher temperatures, the MFP is long, which is in
the range of attractive interaction. In this circumstance, the attractive force between carbon monox-
ide molecules and the sorbents also decreases faster than that of hydrogen, which causes the adsorp-
tion of carbon monoxide decreases more rapidly than that of hydrogen. As a result, the selectivity
falls down.

Fig. 7. The selectivity as a function of temperature.
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5. Conclusions

In this paper, GCMC simulation is used to study the effect of temperatures, pressures and different
structures of carbon nanotubes on the selectivity between hydrogen and carbon monoxide. The following
conclusions can be obtained. The most basic one is, in most of the situations that the carbon nanotubes
can adsorb more carbon monoxide than hydrogen. Then, at a given temperature and sorbent structure, the
adsorption of hydrogen and carbon monoxide both increases with pressure. However, at higher pressures,
the smaller hydrogen molecules are more apt to be packed in the pores, so that the selectivity of carbon
monoxide decreases with the increase of pressure. Hence, increasing pressure is not advantageous to
the separation of these two gases. However, under the co-effect of potential and space, there are several
maximums of selectivity along with the increase of VDW distance. There are more and higher maximums
in bigger pores and smaller VDW distances. Thus, a better separation can be obtained with bigger pore
sizes and relatively small VDW distances. The selectivity along with the increase of tube radius fluctuates
rapidly. Especially, there are some critical situations, where the selectivity becomes very sensitive to the
change of radius. Therefore, an excellent separation effect can be probably obtained when varying the
radius of the tube. Under the effects of repulsive interaction at short distances and attractive interaction
at long distances, the selectivity has a peak along with the increase of temperature. As a result, choosing
a proper temperature can greatly improve the separation. It is obvious through the above study that
pressures, temperatures and sorbent structures are all important factors for the separation of gas mixtures.
At last, we have to stress that our simulation results depend on our choice of intermolecular potentials,
but such potentials seems to be a reasonable estimate of the interactions. More accurate models are being
studied in the future.
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