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Gas separation by kinked single-walled carbon nanotubes: Molecular dynamics simulations
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In this paper, a kink model for gas separation is presented. Transport of pure nitrogen, oxygen, and their
mixture in single-walled carbon nanotubes (SWCNTs) with a kink formed by bending is studied using mo-
lecular dynamics simulations. The results show that a nanotube with a specified kink results in transport
resistance to nitrogen, while allowing oxygen to pass even though the two gases have very similar molecular
sizes. The permeability decreases while the selectivity increases with increasing the bending angle of
SWCNTs. The kink model can be used to improve the permeability by changing the diameter of the SWCNTs,
while keeping a high selectivity in the gas separation process. The most important is that it is very convenient
to obtain the required purity of the oxygen and permeability by adjusting the bending angle of SWCNTs.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) have many
potential applications such as molecular sieving, membranes,
sensors, and nanopipe for the delivery of gases or liquids.'”’
Usually, the effectiveness of molecular sieving is bounded by
a tradeoff between selectivity and permeability with higher
permeability resulting in lower selectivity. SWCNTs offer
the possibility of improving the selectivity bound as they
exhibit significantly higher fluxes than other membrane ma-
terials, as shown by Skoulidas et al.® They found that trans-
port rates of the light gases in carbon nanotubes are orders of
magnitude faster than in the zeolites. Then, Majumder et al.’
found that liquid flow through a membrane composed of an
array of aligned carbon nanotubes is four to five orders of
magnitude faster than what would be predicted from the con-
ventional fluid-flow theory. The reason is that axial smooth-
ness of the interaction of the molecules with the carbon
nanotube walls results in large transport diffusion coeffi-
cients. For the same reason, Holt et al.'® discovered that
microfabricated membranes, in which aligned carbon nano-
tubes with diameters of less than 2 nm, which serve as pores
have permeabilities more than an order of magnitude larger
than the current commercial polycarbonate membranes when
gas and water flow pass through them. All of these results
suggest that carbon nanotubes could be used to synthesize
membranes with both high selectivity and high fluxes to
overcome the limitation in current membranes. Accordingly,
research on SWCNTs has identified them as a possible ma-
terial for separation membranes.

On the basis of the research mentioned above, gas sepa-
ration using carbon nanotubes has attracted considerable at-
tention in recent years. Since the nitrogen adsorption energy
was found to increase as the nanotube diameter was reduced
toward the molecular diameter of nitrogen,"' many papers
appeared characterizing such hypothetical nanotube-based
membrane. Separation of a nitrogen-oxygen mixture by
SWCNTs was studied by Arora and Sandler'? using grand
canonical Monte Carlo simulations at a range of nanotube
diameters, temperatures, and pressures. Their work focuses
on SWCNTs to facilitate the rational design of nanomem-

1098-0121/2008/78(3)/035439(5)

035439-1

PACS number(s): 61.46.Fg, 02.70.Ns, 66.90.+r

branes for the optimal separation of nitrogen and oxygen
from the air. They found that the adsorptive selectivity of a
mixture depends strongly on the nanotube diameter, tempera-
ture, and structural organization of the adsorbate molecules
inside a nanotube. They also studied the mass transport of
pure nitrogen, pure oxygen, and their mixture in SWCNTSs
using molecular dynamics simulations.'? High permeability
has been observed for both pure components and the mixture
inside the nanotubes. It is demonstrated that a good kinetic
selectivity can be achieved for air separation using SWCNTs
by adjusting the upstream and downstream pressures. Then,
they found that tailored carbon nanotubes with constrictions
can also exhibit molecular sieving, and therefore it is pos-
sible to design more efficient membranes with both high se-
lectivity and mass transport.'* Although these simulations
provide an understanding of the mechanism for the separa-
tion of similarly sized gas molecules using nanoporous car-
bon materials, there is continuing interest in identifying mo-
lecular sieving materials and devices with even better
selectivity and permeability. In this research, a more efficient
model to perform gas separation by the kink of SWCNTs is
proposed and studied using molecular dynamics simulations.
The results show that the kink model can also achieve the
separation of similarly sized gas molecules (N, and O,) and
can be used to improve the permeability by changing the
diameter of the SWCNTSs, while keeping high selectivity in
the gas separation process.

II. MODEL AND METHODS

An armchair-type SWCNTn [which means (n,n)
SWCNT] of a total length of 20.2 nm is equilibrated using
the equilibrium molecular dynamics (EMD) method in the
canonical ensemble (NVT) with the Nosé-Hoover
thermostat.!! Equilibration is achieved by coupling the gas to
a fixed temperature thermostat at 300 K. Then, a single kink
is formed by rotating (bending) the atoms at the right end of
the tube, while keeping the left segment of 7 nm as rigid.
After that, the gas is inserted into the tube on the left side of
the kink and the whole system is equilibrated for 0.1 ns.
Finally, the gas molecules are pushed toward the kink by a
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FIG. 1. (Color online) Snapshot of the mixed nitrogen and oxy-
gen passing through the kink of a SWCNT20 at 0.75 ns, in which
white and green (dark gray) molecules are oxygen and nitrogen,
respectively, and only a half of the tube is shown for clarity.

rigid wall, which reflects the particles attempting to move
through it as depicted in Fig. 1. The rigid wall shifts at a
constant velocity until it moves at 6 nm from the left end of
the tube. The simulations in the last stage are also carried out
in the canonical ensemble, and the tubes are treated as rigid
bodies for computational efficiency. The Verlet-neighbor list
method is implemented to speed up the simulations. A cutoff
of 13 A is used to truncate the adsorbate-adsorbate and
adsorbate-adsorbent interactions. The adsorbate-adsorbate
and adsorbate-adsorbent interactions are described using a
Lennard-Jones 6-12 potential, Uy ;(r)=4¢&[(a/r)'*=(o/r)°],
where o and e are the potential parameters, and r is the
separation distance between sites i and j. The gas-carbon
interaction parameters used were obtained by Bojan and
Steele!>!® by fitting low-coverage adsorption data of nitro-
gen and oxygen on planar graphite sheets. The gas-gas inter-
action parameters for nitrogen!” and oxygen'® were obtained
by fitting experimental bulk properties. Nitrogen and oxygen
are treated as flexible molecules, and a harmonic potential is
used to model the intermolecular potential ¢,(x)=1/2K(x
-x,)%, where x, is the equilibrium bond length and K is the
harmonic spring constant, which is derived from the
experiment.'® All the intermolecular potential constants used
in the present work can be found in Ref. 13.

II1. SIMULATION AND RESULTS

First, the separation of the mixed nitrogen and oxygen
(53 0,, 53 N,) by a SWCNT20 with the bending angle of
38° is considered. The mixture is inserted into the tube space
on the left side of the kink, and the system is equilibrated for
0.1 ns. During this period, a thin gas molecule layer attached
to the wall of the SWCNT?20 is formed, which is similar to
that observed by Arora et al."! Then, a rigid wall as described
above is moved toward the kink at a constant velocity of 10
m/s (the system is allowed to equilibrate for 0.1 ns followed
by a period of 0.1 ns of movement), and the attached layer
disappears. On the left side of the kink, the density of mol-
ecules close to the kink is larger than other spaces due to the
absorption of the kink. A snapshot of the gas separation pro-
cess at 0.75 ns is shown in Fig. 1 (only a half of the tube is
shown for clarity), in which oxygen molecules are the main
gas that has passed through the kink of the SWCNT20. The
number of gas molecules on the left side of the kink is
counted and plotted as a function of the simulation time in
Fig. 2. The number of the nitrogen molecules does not
change much during the movement of the rigid wall, result-
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FIG. 2. (Color online) The number of molecules on the left side
of the kink in a SWCNT20 as a function of time for a mixed
nitrogen and oxygen gas system. The tube has a bending angle of
38 °.

ing in the curve of the total gas almost parallel to the curve
of oxygen. That is to say, the total number of mixed gas
molecules on the left side decreases gradually with time,
mainly resulting from the decrease in the number of oxygen
molecules. The SWCNT20 with a bending angle of 38° pre-
sents a strong selectivity of allowing oxygen over nitrogen to
pass through the kink, although these two gases have very
similar molecular sizes and interaction energies.
Configurations of pure nitrogen and pure oxygen are gen-
erated by inserting 106 molecules into the left side of kinks
of SWCNT20. The rigid walls are also moved toward the
kinks at a constant velocity of 10 m/s (also equilibrate for 0.1
ns followed by a period of 0.1 ns of movement) after the
EMD simulations. For both of the two cases, the simulations
are performed under the same conditions. The numbers of O,
and N, molecules on the left side of the kink are plotted as
functions of time in Fig. 3. It shows obviously that the num-
ber of nitrogen molecules on the left side decreases a little,
while nearly a half of the oxygen molecules have passed
through the kink, which is very similar from the mixed gas
system shown in Fig. 2. This result explains why the kink of
the SWCNT20 with a bending angle of 38° can selectively
transport oxygen and nitrogen through the tube. However,
the permeabilities of oxygen in pure oxygen and mixed gases
are different due to the presence of nitrogen molecules. At
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FIG. 3. (Color online) The number of nitrogen and oxygen mol-
ecules on the left side of the kinks in SWCNT20 as a function of
time for both pure nitrogen and pure oxygen gas systems. The tube
has a bending angle of 38°.
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FIG. 4. (Color online) At 1.2 ns, the average numbers of mol-
ecules passed through the kinks as functions of the bending angle of
a SWCNT20. The averages are computed with five trajectories.

1.2 ns, 50 oxygen molecules can pass though the kink in the
case of pure oxygen (106 O,), while 30 oxygen molecules
in the case of the mixture (53 O, and 53 N,). In the pure
oxygen system, if we divide the oxygen molecules into two
equal groups (53 O, and 53 0O,), each group would hold the
half of the kink channel because they have the same oppor-
tunity to pass through the kink. Then, 25 oxygen molecules
of each group can pass through the kink in this system, re-
sulting in a total number of 50 passed molecules, whereas, in
the case of the mixture, few nitrogen molecules can pass
through the kink, although the two groups have the same
number of molecules, implying that the oxygen molecules
hold nearly the whole kink channel. Thus, five extra oxygen
molecules pass through the kink using the half channel that
is supposed to be assigned to nitrogen. Therefore, a total
number of 30 oxygen molecules pass through the kink,
which is more than the half number of passed oxygen mol-
ecules in the pure oxygen case. That is, the permeability of
oxygen is enhanced in the mixture.

It is known that the adsorptive selectivity of a mixture
depends strongly on the nanotube diameter.'? In our simula-
tions, the adsorptive selectivity may also depend on the size
of kinks. To investigate such an effect, the same EMD simu-
lations for processes of gas molecules passing through dif-
ferent kinks are performed with the same model depicted in
Fig. 1. The initial configuration of the N,/O, mixture is also
the same as mentioned above. The kink size is changed by
changing the bending angle of the SWCNT20. At 1.2 ns, the
average numbers of molecules passing through the kinks are
obtained as functions of bending angles, as shown in Fig. 4.
It can be seen that the total number of molecules passing
through the kinks decreases gradually with increasing the
bending angle, namely, the permeability is reduced due to the
decrease of the kink size. At the bending angle of 36°, the
average numbers of the nitrogen and oxygen molecules are
nearly equal to each other. From 36° to 37°, both nitrogen
and oxygen molecules passing through the kinks decrease
largely with the decrease of the kink size. From 37° to 38°,
the nitrogen molecules passing through the kinks decrease
further, while the permeability of oxygen molecules keeps
nearly the same as in the previous case. The reason is that the
molecules passing through the kink have an obstructive ef-
fect on each other. At the bending angle of38°, only two
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FIG. 5. (Color online) The purity of the oxygen Ng/Nrown
where N, and N, are the average numbers of the nitrogen and
the total molecules passed though the kink, respectively, as a func-
tion of the bending angle of a SWCNT20.

nitrogen molecules can pass through the kink, which results
in a smaller obstructive effect on the oxygen molecules.
Thus, the number of oxygen molecules passing through the
kink has nearly no decrease from the bending angles of 37°
to38°. When the bending angle is 39°, there are only ten
oxygen molecules and no nitrogen can pass through the kink.
As the bending angle of the SWCNT?20 is increased to 40°,
neither of nitrogen and oxygen molecules can be found on
the right side of the kink. It means that the bending angle of
39° for the SWCNT?20 is a threshold above, which nitrogen
molecules cannot pass through the kink, while the bending
angle of 40° is the threshold for oxygen. This difference is
mainly attributed to the slight difference in molecular size
between, and is also the different molecules dominant factor
for gas separation.

The purity of oxygen after separation, which is the ratio
of the average number of oxygen molecules to the average
number of total molecules passing through the kink, can be
obtained as a function of the bending angle of the
SWCNT20, as shown in Fig. 5. It can be easily found that
the purity of oxygen increases with the increase in the bend-
ing angle. The effectiveness of separation is not obvious at
the angle of 36°, while the purity of oxygen improves dra-
matically from 37° to 38°. At the bending angle of 39°, the
kink just permits the oxygen molecules to pass through the
SWCNT?20. It is known that the effectiveness of separation is
bounded by a tradeoff between selectivity and
permeability.> Based on the linear weighting method, a
sieve factor W, W=aC+(1-a)Q/Q, (a=0.6) is used to
evaluate the tradeoff, where C represents the purity of the
oxygen after separation, Q is the number of the oxygen mol-
ecules passing through the kink, and Q, is the total number
of the oxygen molecules. Figure 6 plots the sieve factor W as
a function of the bending angle. It shows clearly that the
maximum of the sieve factor occurs at the bending angle of
38°. The selectivity at the bending angle of 39° is a little
better than that at the bending angle of 38°, whereas the
permeability of oxygen is much larger in the latter case.
Namely, the bending angle of 38° is the most favorable that
make an appropriate kink size for the SWCNT?20 to separate
the N, and O, mixture. The effect of a SWCNT10 with a
kink on the gas separation is also studied, and the bending
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FIG. 6. (Color online) The sieve factors as functions of the
bending angles of SWCNT20 and SWCNT10.

angle of 35° is found to be optimal for the separation of N,
and O, is shown in Fig. 6. By comparing kink shapes and
sizes between these two SWCNTs with their optimal bending
angles, it can be found that these kinks can be simplified as
slit shaped pores,?® and the slit widths are very close to each
other in both cases, namely, 0.6105 and 0.6223 nm in the
case of the SWCNT20 with the bending angle of 38°, and in
the case of the SWCNT10 with the bending angle of 35°,
respectively. The similar slit width of kinks results in nearly
the same selectivity.?! However, it should be noted that the
permeability in the SWCNT20 is higher than in the
SWCNTI10, since the cross-section area of the former is
larger than that of the latter. These observations can be used
to improve the permeability, while keeping a high selectivity
in a gas separation process.

To investigate the effect of the velocity of the rigid wall
on the gas separation process, the average numbers of mol-
ecules passing through the kink are computed when the rigid
wall moves 6 nm continuously from the left end of the
SWCNT20 at different velocities, as shown in Fig. 7. The
total number of molecules passing through the kink de-
creases with increasing the velocity of the rigid wall. There
is a measurable difference between the curves for nitrogen
and oxygen, and the effect of the velocity of the rigid wall in
the decrease in the number of oxygen is much larger than in
the decrease in the number of nitrogen. However, the purity
of oxygen after separation is influenced a little by the veloc-
ity of the rigid wall, which is about 90% with small fluctua-
tions. That is, the velocity of the rigid wall can influence the
numbers of molecules passing through the kink, while it is
independent of the selectivity in the gas separation process.
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FIG. 7. (Color online) The average numbers of molecules pass-
ing through the kink as functions of the velocity of the rigid wall
when it moves 6 nm continuously from the left end of a SWCNT?20.

IV. CONCLUSIONS

In summary, molecular dynamics simulations have been
conducted to study the transport of pure nitrogen, oxygen,
and their mixture in a SWCNT20 with a kink. The perme-
ability of gases decreases, while the selectivity of the tube
increases with increasing the bending angle of a SWCNT20.
Although there is a very small difference in the molecular
sizes of nitrogen and oxygen, the SWCNT20 with the bend-
ing angle of 38° has a very high sieving resistance for nitro-
gen but not for oxygen, resulting in a high selectivity for
oxygen. Moreover, the remaining nitrogen at the left side of
the kink can be taken out by decreasing the bending angle
after oxygen molecules pass through the kink. By using the
presented kink model, it is very convenient to obtain the
required purity of oxygen by adjusting the bending angle of
SWCNTs. The most important is that the permeability of
oxygen can also be improved by enlarging the diameter of
SWCNTs while keeping a high purity. This result breaches a
limit, which is a tradeoff between selectivity and permeabil-
ity with a higher permeability resulting in lower selectivity.
The kink model provides a prototype for many other poten-
tial applications, e.g., water desalination, and should be in-
teresting for many researchers in structural material, nano-
tube, and/or microflow communities and industries.
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