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Porous carbon nanotubes: Molecular absorption, transport, and separation
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We use classical molecular dynamics simulations to study nanofluidic properties of porous carbon
nanotubes. We show that saturated water vapor condenses on the porous nanotubes, can be absorbed
by them and transported in their interior. When these nanotubes are charged and placed in ionic solu-
tions, they can selectively absorb ions in their interior and transport them. Porous carbon nanotubes
can also be used as selective molecular sieves, as illustrated on a room temperature separation of
benzene and ethanol. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867542]

. INTRODUCTION

Carbon nanotubes (CNTs) have many unique appli-
cations in nanofluidics, such as the possibility to drag
molecules,'~ sense their flows,*> separate molecules,® and
desalinate solutions.'®!! Nanofluidics can also be used to
prepare novel graphene nanostructures.'”> Porous graphene
(PG) with chemically functionalized nanopores has been
introduced'? and intensively tested for potential applica-
tions in molecular separation,'*'® DNA sequencing,'®?° and
electronics.?!

In principle, one could also introduce nanopores of
tunable sizes, shapes, and chemistries in CNTs or “roll”
porous graphene membrane into porous carbon nanotubes
(PCNTs) with the goal to combine nanofluidic properties of
PG and CNTs. Recently, such PCNTs were synthesized with
nanopores of the diameters d, ~ 4-10 nm, arranged either
randomly®? or in high density arrays.>®> Mechanical proper-
ties of these PCNTs depend on the pore sizes, symmetries,
and densities.>*»?

In this work, we examine by molecular dynamics (MD)
simulations if PCNTSs can inherit the nanofluidic properties
of both PG and CNTs, which might result in nanochannels
with transversal molecular selectivity and high longitudinal
passage rates. To illustrate this idea, we study simultaneous
molecular (transversal) absorption by PCNTs and (longitudi-
nal) transport in their interiors. We also explore the possibil-
ity of ionic and molecular separation by arrays of charged and
neutral PCNTs.

Il. COMPUTATIONAL METHODS

We model all the processes by classical MD simulations
with the NAMD package,’® the CHARMM?27 force field,”’
and the TIP3P model for water. The (non-bonding) van der
Waals (vdW) coupling between ith and jth atoms is described
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by the Lennard-Jones potential,
Vii=¢; [(Rmm,i,j/"i,j)l2 - 2(Rmin,i,j/ri,j)6],

1 (D
€= €€;, Runij= E(Rmin,i + Ruin, j)s

where we use €g = —0.152 kcal/mol, R,y 0 = 3.4 A, and
eg = —0.046 kcal/mol, Ry, u = 0.44 A (for TIP3P water),
enat = —0.047 keal/mol, R,yinnat = 2.72 A, - = —0.150
kcal/mol, R,,;, ci- = 4.54 A. For carbon atoms of PCNTs, we
use ec = —0.07 kcal/mol, R,in.c = 3.98 A. In our previous
studies, we have obtained the vdW distance (3.4 A) and en-
ergy (56 kcal/mol/nm?) between two graphene layers'” us-
ing the same L-J parameters for carbon atoms of graphene
sheet. Here, we use the same L-J parameters for PCNTs car-
bon atoms. The non-bonded cut-off and the pair-list distance
are 10 A and 12 A, respectively. We neglect the PCNT polar-
ization and model the system with the Langevin dynamics,?
the damping coefficient of 0.01 ps~! (non-physical momen-
tum dissipation®®) and use the time step of 2 fs. The electro-
static interactions in the ionic systems are calculated using
Particle mesh Ewald (PME).3* PME is not used in the other
systems that lack ions. For the condensation and separation of
organic mixture studies, the carbon atoms of PCNT are neu-
tral. In the ion separation studies, we homogeneously charge
each carbon atom.

lll. RESULTS AND DISCUSSION
A. Condensation and transport of water within PCNTs

Functionalized PCNTs might complement the spectrum
of currently used desiccants, such as silica gel,31 calcium
sulfate and chloride,’? and other molecular sieves.?> In par-
ticular, PCNTs might be used to simultaneously absorb
molecules from gas or liquid phases, and transport them
away.

To test this possibility, we condense water vapor on the
(28,28) PCNT (radius, r = 1.9 nm), as shown in Fig. 1. The
hexagonal PCNT nanopores have a diameter of d, ~ 0.5 nm,
and they are hexagonally arranged with ~0.7 nm separations.
We place the (28,28) PCNT (25 nm long with fixed edge

© 2014 AIP Publishing LLC
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FIG. 1. Condensation of 40 000 water molecules from an oversaturated va-
por into a (28,28) PCNT: (a) = 1 ns, (b) 6 ns, and (c) 10 ns. At7 = 10ns, a
pressure of P ~ 156 atm is applied to water at the left PCNT entrance, caus-
ing the absorbed water to flow through the tube with a speed of v,, ~ 1.86
nm/ns, as shown in (d) at # = 14 ns. The droplet adsorbed onto the PCNT
moves with the flow with its own velocity of vz ~ 0.88 nm/ns.

atoms; creates an infinite long PCNT without open ends) and
40000 water molecules in a box (25 x 27 x 25 nm?) with
periodic conditions applied. Initially, the system is heated to
T = 600 K to quickly vaporize the water and prepare the ini-
tial state of the system. Once it is slowly cooled to T = 300
K with a damping coefficient of 0.01 ps~!, the vapor satu-
rates, and condenses in the form of nanodroplets on the outer
and inner PCNT surfaces. We obtain a two-phase (gas-liquid)
system. Within ¢ & 1 ns, droplets on both interior and exterior
PCNT surfaces coalesce and interact through the nanopores,
as seen in Fig. 1(a). The outer droplets are drawn by the inner
droplets through the nanopores inside the PCNT, as seen in
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FIG. 2. The total change in energy when a water nanodroplet (d,, ~ 6 nm)
enters inside a (40,40) PCNT through a single pore (d, ~ 1.5 nm). Here, w
is the relative amount of water inside the CNT.

Fig. 1(b) at t & 6 ns. Inside the PCNT, water has a lower
energy due to additional vdW coupling to the walls.** At
t ~ 10 ns, the PCNT is filled with water and the remain-
ing water forms droplets condensed on its surface, as seen in
Fig. 1(c).

Finally, in Fig. 1(d), we show that the water collected
inside PCNT can be pumped through its interior by a small
force of f = 0.001 kcal/mol/A (P ~ 156 atm), applied on
all the water molecules (each O and H atom) at the first
2 nm of the PCNT entrance. The water stays within the PC-
NTs and flows with an average velocity of v,, &~ 1.86 nm/ns.
The internal water remains within the PCNT upon this es-
tablished flow and drags the outer nanodroplet with a ve-
locity of vy &~ 0.88 nm/ns. Both, v,, and v,; depend on the
applied force and the geometric details of the PCNT. If the
applied force is large, the water molecules tend to leave the
PCNT through the pores. We have simulated the water con-
densation and transport within different PCNTs (diameters of
dr ~ 2-6 nm, pore diameters of d, ~ 0.5-1 nm, triangular
pores) and observed qualitatively the same results with and
without calculating the long range electrostatic interactions,
using the PME method.*°

In Fig. 2, we calculate the total energy of the system
when a nanodroplet of a d,, & 6 nm diameter enters into a
(40,40) CNT (radius, r = 2.7 nm) with one hexagonal pore
(d, ~ 1.5 nm). In order to obtain the potential energy in each
step (Fig. 2), we equilibrate the system while keeping dif-
ferent amounts of water inside the tube by fixing (upon lo-
cal equilibration) a thin dome-like layer of water molecules
around the pore. Each step is simulated for r &~ 4 ns, and the
total potential energy is calculated by averaging over last 500
frames of the trajectories using visual molecular dynamics
(VMD) (CHARMM?27 force field).?”-3> The simulations re-
veal that the energy barrier for the water droplet to enter the
PCNT pore (=10% of water inside) is AEr ~ 50 kcal/mol.
The main contributions to this barrier come from the chang-
ing number of hydrogen bonds and varying vdW coupling
energy between water and graphene during the droplet pas-
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FIG. 3. Separation of CI~ and Na% ions from the 0.2 M NaCl solution using
oppositely charged (£0.02 e per carbon atom or £50.8 e per tube) (20,20)
PCNTs, 10 nm in length, at 7= 300 K.

sage through the pore. Although water nanodroplets can enter
partly filled PCNTs relatively easily, the results in Fig. 2 show
that they experience a barrier when entering an empty PCNT.
If the PCNT diameter is small enough, the droplet benefits
from entering into the tube (vdW coupling), irrespective of
the pore size. For a large nanotube, the droplet does not enter
(entrance barrier is not reduced by additional vdW coupling
to the PCNT interior), unless the diameter of the droplet is
small enough to be comparable to that of the pore.

B. Exchange of ions using PCNTs

Charged CNTs can attract solvated ions onto their
surfaces.**° If PCNTs are charged and solvated in ionic so-
lutions, they should attract ions, adsorb them into their inte-
rior, and potentially separate them from the solutions. This
procedure might be useful in batteries,*” supercapacitors,*!
and other ion-exchange devices. We briefly illustrate this idea
on ion separation with two (20,20) PCNTs (radius, » = 1.35
nm) placed 4 nm apart in C = 0.2 M NaCl solution. The
nanopores with a diameter of d, ~ 0.5 nm are hexagonally
arranged with ~0.7 nm separations. We fix the atoms at the
PCNT edges, oppositely and homogeneously charge the two
PCNTs (£0.02e per carbon atom), and apply periodic bound-
ary conditions to the system, so that ions only enter through
the pores. The system is equilibrated in the NPT ensemble at
a temperature of 7= 300 K and a pressure of P = 1 atm.

In Fig. 3, we show the system after + =~ 10 ns of
equilibration. We can see that oppositely charged ions en-
ter into different PCNTSs, but only ~44% of the screening
ions enter each PCNT (curvature). The remaining screening
ions are within the Debye length, Ap = (€ kg T/e* Ny 2 C)'/?
~(.7 nm, of each PCNT. Since the PCNT internal diameter is
dr ~ 2 \p, predominantly ions of the same charge are seen in
the PCNT interiors, which is important for their selective sep-
aration. When we apply a small force of f= 0.001 kcal/mol/A
to the water molecules at the first 2 nm of the PCNT entrance
(P ~ 110 atm), the charged ionic solution inside each tube
flows with a speed of v; &~ 0.81 nm/ns. In principle, this al-
lows for the replacement of the ions in the system. The selec-
tivity, speed, and efficiency of this process can be tuned by the
type of PCNTs and the solution used. Additional changes can
be expected in the presence of functionalized pores. The sys-
tem behavior can be slightly different when a polarized force
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field is used.'? For large pores, these effects might be less
important.

C. Separation of organic mixtures using PCNTs

Next, we examine if neutral PCNTs could be used in the
separation of molecules passing through their walls. Pristine
CNTs with relatively small diameters (d; &~ 2 nm) can sep-
arate ethanol from ethanol-water solution with a very high
efficiency and selectivity.*>* However, the requirement of
narrow CNTs is quite strong. Therefore, it would be very
interesting if PCNTs with tunable pore sizes could sepa-
rate such molecular mixtures. Different coupling between the
molecules and potentially functionalized PCNTs might help
in the separation process. We are particularly interested in
separating organic compounds with similar boiling points,
ATy, ~ 0, which is hard to do by fractional distillation or alike
methods.

Here, we test if plain (no functionalization) PCNTs could
separate a mixture of benzene and ethanol, with AT, ~ 2°C
(Thenzene = 80.1°C, Tompanot = 78.4 °C). In this work, we eval-
uate the separation efficiency depending on the PCNT diame-
ter, temperature, and mixture composition. First, we simulate
the molecular separation by (20,20), (28,28), and (40,40) PC-
NTs with hexagonal nanopores having a diameter of d, ~ 1
nm, hexagonally arranged with ~0.7 nm separations. The PC-
NTs are immersed in the (1:1) benzene-ethanol binary mix-
ture ina 16 x 11 x 10 nm? box with periodic boundary con-
ditions applied. We simulate the systems in the NPT ensemble
at 7T=300 K and P =1 atm.

Figure 4 (top) shows the equilibrated percentual radial
distribution of benzene in these PCNTs. We calculate the dis-
tributions in cylindrical shells oriented along the PCNT axis
and radially separated by 0.2 nm. One can clearly see that
the molecular separation is possible in narrow PCNTs. The
concentration of benzene inside the (20,20) PCNT is ~98%,
while it is only ~62% inside the (40,40) PCNT. Therefore,
PCNTs with smaller radii could separate molecules more ef-
ficiently, since all the molecules inside the tube either couple
directly to the walls or they couple to the first layer of benzene
adsorbed at the walls.

In the inset of Fig. 4 (middle), we show the distribu-
tion obtained in the smallest (20,20) PCNT after r+ = 20 ns
of simulations. We can clearly see that the PCNT inte-
rior is predominantly filled by benzene (dark) and so is
its external surface. It is because benzene has a stronger
vdW coupling to PCNT than ethanol; we have calculated
by VMD the average vdW binding energy density for CNT-
benzene (0.75 kcal/mol/atom) and CNT-ethanol (0.60 kcal/
mol/atom).**

In Fig. 4 (middle), we study the effect of temperature
on the separation efficiency in the (20,20) PCNT. We can
see that as the temperature is increased from 7 = 300 K to
T = 325 K and T = 340 K, the separation efficiency (av-
erage benzene concentration) drops from ~98% to ~90%
and ~80%, respectively. This is caused by the fact that ther-
mal fluctuations tend to break the stronger benzene-nanotube
vdW bonding, making the PCNT entrance for both types
of molecules equally likely. In this work, we do not pay a
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FIG. 4. (Top) Separation of the (1:1) benzene-ethanol mixture at 7= 300 K
with the (20,20), (28,28), and (40,40) PCNTs having d, ~ 1 nm nanopores.
(Middle) The same in the (20,20) PCNT at different temperatures. (Inset)
The distribution of benzene (dark) and ethanol inside (20,20) PCNT af-
ter ¢+ = 20 ns of simulations. (Bottom) Separation of the (1:1), (1:2), (2:1)
benzene-ethanol mixtures in the (20,20) PCNT at 7'= 300 K. (Inset) Separa-
tion of benzene from the benzene-ethanol (1:1) binary mixture at 7= 300 K
using a (20,20) PCNT membrane. Vertical arrows show direction of flow.

particular attention to the pore sizes and their chemistry, since
the pores are large. Therefore, the molecular separation is
largely influenced by the coupling of the molecules to the
PCNT wall.

J. Chem. Phys. 140, 104704 (2014)

Finally, we investigate how the molecular separation effi-
ciency depends on the composition of the binary mixture. We
simulate the separation of the (1:1), (1:2), and (2:1) benzene-
ethanol mixtures in the (20,20) PCNT. In Fig. 4 (bottom), we
observe that the separation is very efficient under the (1:1)
conditions. However, as we increase the concentration of ei-
ther component to (1:2) or (2:1), the separation efficiency
decreases. This was expected for the (1:2) benzene-ethanol
composition, but it is a rather unexpected result for the (2:1)
composition. During a closer inspection of our simulations,
we observe clusters of ethanol forming under the (1:2) and
(2:1) benzene-ethanol compositions, which could be caused
by a limited miscibility of benzene and ethanol. In realistic
systems with organic molecules, the separation ability might
be more limited. The molecular phases can also be modified
in the PCNT interior.

In the inset of Fig. 4 (bottom), we also illustrate how PC-
NTs could be practically used in the separation of organic
mixtures. We simulate the molecular passage through a mem-
brane formed of adjacent parallel (fixed) (20,20) PCNTs with
hexagonally arranged (0.7 nm apart) pores (d, ~ 0.5 nm).
The (1:1) benzene-ethanol mixture is placed on the top of
the PCNT membrane. A layer of dummy atoms placed 5 nm
below the membrane prevents mixing of the solutions above
and below the membrane (periodic system and NVT ensem-
ble). The solution above the PCNT membrane is pressurized
by applying on all the solution atoms (5 nm above the mem-
brane) a small force of f= 5 cal/mol/A oriented normal to the
membrane. As a result, the solution flows down, but predomi-
nantly benzene molecules are passing through the membrane,
thus separating the binary mixture. After t = 10 ns, the mo-
lar ratio of benzene and ethanol below the PCNT membrane
is 96:4. The separation efficiency may be improved by the
use of multilayer membranes. In reality, the situation can be
much more complex which could not be studied by classical
MD methods. The observed phenomena might be quantita-
tively modified if more precise force fields are used, which
are also matched to the experiments.

IV. CONCLUSIONS

We have demonstrated that PCNTs could be used in se-
lective molecular absorption, transport, and separation. We
have shown that saturated water vapor can be absorbed on and
pumped out by PCNTs, which might be used in active des-
iccation. Different types of ions can also be separated from
ionic solutions and pumped away through charged PCNTs,
which might be used in batteries and supercapacitors. PCNTs
might also serve as molecular sieves, where molecules can
be efficiently separated based on their coupling to PCNTs.
Therefore, porous nanotubes made from atomic and molecu-
lar components can form an important class of materials with
a broad range of applications.
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