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ABSTRACT

We present a simple, fast, and practical route to vertically align carbon nanotubes on a porous support using a combination of self-assembly
and filtration methods. The advantage of this approach is that it can be easily scaled up to large surface areas, allowing the fabrication of
membranes for practical gas separation applications. The gas transport properties of thus constructed nanotube/polymer nanocomposite
membranes are analogous to those of carbon nanotube membranes grown by chemical vapor deposition. This paper shows the first data for
transport of gas mixtures through carbon nanotube membranes. The permeation of gas mixtures through the membranes exhibits different
properties than those observed using single-gas experiments, confirming that non-Knudsen transport occurs.

Carbon nanotubes (CNT) have been identified as fundamen-or flow through a commercial polycarbonate nanoporous
tally new nanoporous materials that show great potential for membrane with 15 nm pore size. They also found that liquid
sensors;? composites,catalytic supporté and as membrane  water flow through their nanotube membranes was more than
materials>® In particular, CNTs, whose inner core diameter 3 orders of magnitude faster than expected from hydrody-
can be as low as 4 A2 have been earmarked as possible namic flow calculations. Moreover, these nanotube mem-
selective nanopores in membrane matefilsAtomistic branes exhibited extraordinarily high size exclusion selec-
simulations have predicted that if used as membranes, CNTsjvity. In related work, Hinds and co-workérsonstructed
should have unprecedented flux and selectivity properties polymer-nanotube composite membranes using multiwalled
compared_to other known inorgani_c ma'terials. The transport .o hon nanotubes (MWNT) having large diameters{6

of gases in carbon nanotubes with diametel nm was )y They have verified that transport of liquids (alkanes,

predicted to b.e orders .Of magnitude faster than in zec?hf@;s. water) is orders of magnitude faster than can be accounted
These exceptionally high transport rates have been attrlbuteolror by conventional hydrodynamic flow

to the inherent molecular smoothness of the nanotubes. Some ) .
The use of single-walled (SWNT), smaller diameter carbon

of these theoretical predictions have been verified experi- ) _ S
mentally with larger carbon nanotub&sHolt et al® have nanotubes as membranes is particularly intriguing because,

constructed nanotubeSisN, composite membranes using in addition to fast transport rates, the #2 A pore openings
chemical vapor deposition. They used aligned double-walled @re in the range that may be size-selective for gas mixtures.
carbon nanotubes (DWNT) having a diameter of about 1.6 For SWNTSs to effectively act as channels in a membrane,
nm and showed that gas flow through the carbon nanotubeshowever, they have to be aligned vertically relative to the
is 1—2 orders of magnitude faster than would be expected penetrant stream. This is perhaps the single most important
challenge facing the fabrication of SWNT membranes. In
* Corresponding author. E-mail: emarand@vt.edu. Telephone: (540)- their studies, Hinds et al. and Holt et al. used chemical vapor
zs%gﬁg’#ifjxéngﬁgéﬁgé Sgggrtment, Virginia Polytechnic Institute and deposition to grow oriented carbon nanotub@sihile
Stait&Uni\_/ersity_. o o _ producing well-aligned carbon nanotubes, this process is
aterial Science and Engineering Department, Virginia Polytechnic expensive, tedious, and is limited to fabricating samples with

Institute and State University. )
§ Department of Chemical Engineering, Carnegie Mellon University. ~ small areas (e.g., sub-&nAlternatively, CNTs have been

10.1021/nl071414u CCC: $37.00  © 2007 American Chemical Society
Published on Web 08/09/2007



aligned by employing filtration method®}¢although to date
this approach has been successful only with MWNTSs.

In this paper, we report on the transport properties of
SWNT/polymer nanocomposite membranes fabricated by
orienting functionalized SWNTs with a filtration method.
We believe that the alignment of the SWNT results from a
self-assembly mechanism directed by the shear forces of the
flowing solvent stream in combination with repulsive forces
between the carbon nanotubes and the nearby membrane
filter surface. It has been reported that shear forces align 0.00
SWNTSs in the flow directiod? In our samples, SWNTs e eamterem
orient in shear flow and propagate the perpendicular align-
ment to the filter substrate via long-range repulsive forces
that exist between zwitterions attached to the carbon nanotube
surface. This phenomena is similar to the orientation behavior
of rigid rodlike polyelectrolytes near charged surfates.

Arc discharge SWNTs were treated using a mixture of
H.SOJ/HNO; to cut the nanotubes into small lengths and
open end tipd? The average pore diameter of the SWNT
estimated from porosimetry measurements is 1.2 nm. The
pore-size distribution is shown in Figure la. It has been
reported that acids can be intercalated into SWNT bundles
and disintegrate the tube walls into graphitic flakes and then
reform them into MWNTS? After acid treatment, the
prepared CNTs samples are mostly composed of multiwalled
carbon nanotubes or transformed SWNTs created during the
oxidation, shown in Figure 1b, and bundled SWNTSs, shown
in Figure 1c. The transformed SWNTs have pore diameters
of less than 2 nm and are surrounded by multilayered
graphitic shells and amorphous-like carbon materials
(Figure 1b). CNT nanocomposite membranes are prepared
by dispersing amine-functionalized carbon nanotubes in THF
and filtering this solution through a PTFE filter. The oriented
carbon nanotubes remaining on the filter are coated with a
thin polysulfone (PSF) layer. Polysulfone was chosen as the
matrix to impart the membrane with mechanical strength and
to seal the structure. The schematic of this process along
with an image of the membrane film are shown in Figure
2a. Figure 2b shows the scanning electron microcopy (SEM)
images of the CNTs on top of a PTFE membrane filter. Most

of the r\anotubes.are standing up”, although Some are nOtFigure 1. SWNT pore structure after acid treatment. (a) Differential
fu"y aligned Ve”'ca"Y to_the_ mgmbrane filter. An SEM pore volume plot of SWNT at 77 K usingNPore diameter of the
image of the composite film in Figure 2c shows that spin- SWNT sample was calculated by the Horvattawazoe (H-K)
coating the polymer from a dilute solution allows the polymer method. The HK method used here was derived for cylindrical
to penetrate well around the nanotubes and allows mostPores. The distribution in micropore diameter of the SWNT ranges

: : from 0.95 to 1.8 nm, showing strong peak intensity at 1.2 nm.
nanotube tips to be slightly exposed above the polymer Therefore, the average pore diameter of the SWNT in this study is

matrix. The thickness of the carbon nanotube/polymer layer egtimated to be 1.2 nm. (b) Zero-loss filtered (energy slit width of
is about 600 nm. Nanocomposite membranes with an 10 eV) high-resolution TEM (HRTEM) image of multiwalled CNT
additional polydimethylsiloxane (PDMS) coating on top of that is transformed from SWNTs after acid treatment. (c) Zero-

the original carbon nanotubes/PSF system have also beer’lgsi HRTIE':(' im‘”f‘I_EIJEeMOf several S\:VNT bundles. CNdT ;ampt!le,s, for

; ; S igh-resolution experiments were prepared by utilizing
prepared. Th'_s Structure. Is.shown n Flg.ure 2d. dimethylformamide (DMF) as solvent to disperse them on an
High-resolution transmission electron microcopy (HRTEM) ultrathin amorphous carbon support film.

images of the CNT cross-sections in a polymer matrix are

shown in Figure 3a. These images have been used to estimatevo types of structures, namely encapsulated SWNT bundles
the area density of the carbon nanotubes, which(i.0 £ and SWNTs with additional graphite sheets, as shown in
1.75) x 10'° nanotubes per cinSimilar to HRTEM images  Figure 3b. A single SWNT that has been transformed into a
of the acid-treated CNTs sample in Figure 1b,c, HRTEM MWNT by encapsulation with additional graphite layers is
images of nanotubes in the polymer matrix reveal mostly shown in Figure 3c. It is likely that the increase in outer

)

0.0z

Differetial Pore Volume {cm’/g-nm)
o
=4

Nano Lett., Vol. 7, No. 9, 2007 2807



SWNT

1

PTFE

PSFISWNT

PTFE

PDMS

PSF/SWNT

4.2cm PTFE

Figure 2. CNT nanocomposite membrane process. (a) Schematic membrane fabrication process. Step 1: the functionalized CNTs are
dispersed in THF solution. Step 2: yhe CNTs/THF solution is filtered throughuth2pore size hydrophobic polytetrafluoroethylene

(PTFE) membrane filter. Step 3: the CNTs/PTFE is spin-coated with a dilute polymer solution. Some nanotube tips are embedded in
polymer matrix. (b) Side-view SEM image of carbon nanotubes standing vertically on a membrane filter. (c) Side-view SEM image of
aligned nanotube/PSF nanocomposite membrane after spin-coating. Polymer coating is so thin that some carbon nanotube tips are exposed
on top of the surface. (d) Side-view SEM image of aligned nanotube/PSFPDMS composite membrane with a protective PDMS coating of

4 um.

diameter of the transformed SWNT also aids in the vertical When Knudsen diffusion occurs, membrane permeance is
orientation of the carbon nanotube during the filtration inversely proportional to the square root of the molecular
process. weight of the permeating gas molecule. Figure 4b shows the
The quality of the CNT/PSF composite membrane has effective gas permeability in the two oriented CNT/polymer
been tested by measuring its permeation to helium. In nanocomposite membranes as a function of the square root
general, the transport of pure gases through a porousof the reciprocal of the gas molecular weigh; 2 The
membrane can be described by one of three mechanismssolid line represents the Knudsen flow model. While the
viscous flow, Knudsen diffusion, and surface fl&vknudsen permeabilities of all samples are approximately proportional
diffusion occurs when the mean free path of the gas to M~ the absolute permeability of the CNT/PSF mem-
molecules {) is larger than the pore radius)(of the brane is significantly higher than that predicted by Knudsen
membrane, and there are more collisions with the pore walls diffusion. This indicates that the gas transport in this sample
than between gas molecules. Wh#ghbecomes much larger  takes place primarily through the carbon nanotubes, with very
than 1 ¢ > 1), as would be the case for gas transport in little transport through the ultrathin polymer matrix. This gas
pinholes and other structural defects, viscous flow dominatesflow enhancement above the Knudsen regime is consistent
the gas transport mechanism. Therefore, high-quality mem-with the atomistic simulations discussed previotfsind the
branes can be characterized by the absence of viscous flowprevious experimental observations of Holt ef &n the
and more by Knudsen-like diffusion. For porous membranes other hand, the permeabilities of the sample having an
that are governed by Knudsen diffusion, a plot of perme- additional polymer coating, CNT/PSF/PDMS, are lower than
ability versus average pressure should give a horizontal linethose predicted by the Knudsen diffusion model. This
because gas transport in a Knudsen regime is independentlecrease in permeability is proportional to the transport
of the feed pressure. Alternatively, the permeation should resistance offered by the additional polymer layer. Some of
increase with increasing pressure across the membrane whethe deviation of C@ permeance from the Knudsen scaling
viscous flow takes place. As shown in Figure 4a, the helium in this membrane is due the higher sorption of GOthe
permeance through the CNT membranes is independent ofPDMS layer relative to the other gasés.
the pressure drop across the membrane. This is evidence that Figure 4c shows the single-gas selectivities for various
there is no viscous flow through any large pinholes and that gas/helium pairs of the two CNTs membranes as a function
the prepared SWNT membrane is defect free. of the gas molecular weight. With the exception of £the
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Figure 3. HRTEM images in plan-view orientation of CNTs in a polymer matrix. The TEM specimen has been coated with a thin amorphous
carbon film prior to the TEM experiment to prevent specimen charging. In (a), bright-white spots (indicated by arrows) represent open
nanotube pores. (b and c) HRTEM images at higher magnification reveal the structure of these pores. In (b), an encapsulated SWNT bundle
is shown in the upper part of the image, and an encapsulated individual SWNT is in the lower part of the image. This SWNT bundle has
an inner diameter of 4 nm. (c) The individual SWNT with an inner diameterdf nm is clearly encapsulated by additional graphite

layers. The area density of SWNTs was measured te-(#%0 + 1.75) x 10%cn? from several HRTEM images.

selectivity exhibits the inverse square root of the molecular CNT/PSF membranes for G&H, as single gases and for
mass dependence predicted by the Knudsen diffusion model permeation of a 50:50 feed mixture. The mixed-gas selectiv-

Again, the higher-than-Knudsen selectivity of the e ity is significantly different from the single-gas experiments,
gas pair in the CNT/PSF/PDMS membrane can be attributedso this example deviates strongly from Knudsen behavior.
to the high solubility of CQin the PDMS layer. To further probe these mixture results, we have adapted

The permeation of gas mixtures through porous mem- previous atomistic simulations to examine transport 0b/CO
branes provides a more stringent test of the transport CH; mixtures in single CNTs. These simulations describe
mechanism than single-gas experiments. If transport occursdefect-free (10,10) nanotubes (diameter 1.36 nm) of infinite
via Knudsen diffusion, the selectivity observed from single- extent!®11.22By separately computing adsorption isotherms
gas experiments and mixed-gas experiments would beand loading-dependent transport diffusion coefficients, pre-
identical. Figure 4d compares the selectivities of one of our dictions can be made for permeation through CNT mem-
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Figure 4. Gas transport properties of CNT nanocomposite membrane. Gas transport properties of CNT/PSF/PDMS membrane (blue triangle),
CNTs/PSF membrane (orange square), and Knudsen diffusion model (solid line). (a) Effect of the pressure drop on the permeance of
helium through CNTs/PSF membrane. (b) Single-gas permeability as a function of the inverse square root of the molecular weight of the
penetrant. (c) Single-gas selectivity with respect to helium calculated from single-gas permeability data. (d) Mixed-gas selecitvity (CO
CH,) of CNTs/PSF membrane. The composition of gas mixture wag@@Q = 50:50. The feed pressure was 50 psi, and the pressure
differential across membrane was maintained by drawing a vacuum on the permeate side. Operating temperature was maintained at 308 K.

10

branes::13 Binary adsorption isotherms were predicted by Simulation
applying ideal adsorbed solution theory (IAST) to the single- / "
component isotherms from atomistic simulations. IAST is

known to be accurate for these systethBinary transport
diffusivities were predicted from the single-component
diffusivities from atomistic simulations by using the methods
of Skoulidas, Sholl, and Krishna (SSR)This method has
been shown to be accurate for a range of similar systems
via detailed atomistic simulations of mixture diffusigre

have explored a broad range of feed pressures, compositions,
and transmembrane pressure drops with these calculations; T r r . r r
they predict CQCHj, selectivities varying between2 and 02 08 04 05 06 07 08
10, depending on operating conditions. For conditions similar CO, fraction in feed

to our gxperlments (50:50 feed (?omposmo.n, 50 psi feed, Figure 5. Mixed-gas selectivity (C&JCH,) of CNTs/PSF mem-

0.7 psi permeate), our calculations predict a B, brane at different COfeed composition. Both experimental and
selectivity of 5.1. We also performed experiments with a simulation conditions assumed a feed pressure of 50 psi and a
CO, mole fraction of 0.2, 0.5, and 0.8 in the membrane feed temperature of 308 K. The pressure differential across membrane
using three different nanocomposite membranes. The aver-Was maintained by drawing a vacuum on the permeate side.
aged experimental results along with the theoretical predic-

tions are shown in Figure 5. The error bars on the

experimental data reflect the variability in the sample Knudsen diffusion because both species adsorb on the walls
preparation method. Our theoretical predictions give mixture of CNTs and individual collisions between molecules and
selectivities that are considerably larger than our experimentalthe CNT walls do not completely thermalize the molecular
observations. The predictions do, however, reproduce themoment&:!*In the mixture, the more strongly adsorbing £O
non-Knudsen selectivity of the experiments. Briefly, the partially excludes Cklifrom CNTs and the slower diffusing
diffusion of isolated molecules in our simulations differs from CO, molecules reduce the mobility of adsorbed LBoth

Selectivity, CO,/CH,

py
1

f { Experiments  *
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