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ABSTRACT

By using molecular dynamics and grand canonical Monte Carlo simulations, we find that a nanotube with a constriction results in high
transport resistance to nitrogen while allowing oxygen to pass at a much higher rate even though these gases have very similar sizes and
energetics. This provides an understanding of the reported high permeation rates of oxygen relative to nitrogen in nanoporous carbon membranes
and a basis for designing nanotubes with constrictions using available technologies for membrane-based separations.

Possible alternatives to the energy intensive cryogenicthe gases followed the inverse-square-root scaling to mo-
distillation of air are separations based on polymeric, zeolitic, lecular mass so that no significant selectivity was obsetfved.
and carbon molecular sieves membranes. The effectivenesShe purpose of this work is to demonstrate that it is possible
of membrane-based separations has been shown to bevith current technology to tailor carbon nanotubes that also
bounded by a tradeoff between selectivity and permeability, exhibit molecular sieving and therefore that it is possible to
with higher permeability resulting in lower selectivity, as design membranes with both high selectivity and mass
was initially shown for polymeric membran&sCarbon transport.

molecular sieves and zeolitic membranes have been shown
to lie above the polymer membrane upper-bound region, and
there is continuing interest in identifying new molecular
sieving materials with even better selectivity and perme-
ability.

Carbon nanotubes offer the possibility of improving the
selectivity/permeability bound as they exhibit significantly . . L
higher fluxes than other membrane materials, as was firsts'_mUIat'OnS_ O_f N and Q in single wall carbon nanotubes
shown by Skoulidas et al. using molecular dynamics simula- with constnctlon_s (that we denote as SWCN_C) that even
tions? the primary reasons being the axial smoothness of the. Very .s!nall d|ffergnce In thg m,OIGCUIa,‘r SIZES Qfa‘_md
the interaction of the molecules with the carbon nanotube ,OZ IS sufﬂuent .to provide large sieving resistance tq ”'”096”
walls resulting in large transport diffusion coefficients. For N SPecially tailored carbon nanotubes. These simulations
the same reasons, 4 to 5 orders of magnitude faster fluigSug99est a method of designing carbon nanotube-based
velocities than conventional fluid flow have been observed Membranes for highly effective air separation and a model
in the pressure-driven flow of liquids through aligned t_hat can be used for designing membranes for other separa-
multiwalled carbon nanotubédn agreement with previous ~ tlons.
molecular simulations, recent gas flow measurements,of N These simulations also provide an understanding of the
O,, and other gases through carbon nanotube-based memmechanism for the separation of similarly sized gas mol-
branes showed that these membranes have permeabilitiegcules using nanoporous carbon materials. In particular,
more than an order of magnitude larger than the current carbon molecular sieve (CMS) membranes have shown a
commercial polycarbonate membrares. wide range of @'N; selectivities depending on the polymer

It has been suggested that single walled carbon nanOtubesprecursor, the pyrolysis conditions, and other facfors.
(SWCN) could therefore be used to synthesize membranesRecently Foley and co-workers synthesized nanoporous CMS
with both high selectivity and high fluxes, overcoming the membranes by the pyrolysis of ultrasonically deposited
limitation in current membranes. However, although nano- polyfurfuryl alcohol that showed an ideal selectivity of O
tube membranes have h|gh flow I’a’[eS, their SeleCtiVity to over N2 ranging from 3 to 30 depending on the membrane
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Fax: (302)-831-3226. branes undoubtedly contained pores with bends and other

It has appeared that molecular sieving, although desirable,
is difficult to produce using carbon nanotubes due to the
discrete dependence of nanotube diameter on their chiral
indices. A further complication in the separation of air is
the very similar kinetic diameters of nitrogen (3.64 A) and
oxygen (3.46 AP Here we demonstrate using atomistic
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constrictions so that the SWCN-C considered here also s
provides an explanation for their experimental data. b

Separations using CMS membranes are due to the com-QEsass
bination of an entropic effect arising from the difference in
size of adsorbate molecules and an enthalpic effect thatrigyre 1. Nanotube with constriction constructed by joining (17,0)
primarily depends on the adsorbatdsorbent interactions.  and (9,0) nanotubes with diameters 13.31 and 7.05 A, respectively
As N, and Q have very similar molecular sizes and

interaction energies, the reason for this large difference in ,5notubes with any arbitrann,m) indices to construct a
pure component permeabilities has not been clear, andsingle walled nanotube of total length 108.7 A with a
molecular level studies using transition state theory have .qnstriction (SWCN-C) by joining (17,0) and (9,0) nano-
appeared that support both entrdpand enthalpic argu-  pes. These nanotubes have diameters (carbon center-to-
ments?°Molecular simulations using model representations canter distances) of 13.31 and 7.05 A, respectively. The
of CMS membranes that have ranged from simple graphitic g\;cN-C generated is shown in Figure 1 and will be referred
slit pores* and more complicated structures such agC 5 45 17000900-SWCN-C. Grand canonical Monte Carlo and
schwarzité have resulted in only moderate/®, selectivi-  gquilibrium molecular dynamics simulations were used to
ties, not t_he high ideal selegtivity found by Foley et Alls_o, study the adsorption and diffusion of pure &hd Q in this
as described elsewheteusing more accurate force fields nanotube. GCMC simulations consisted of an equilibration
obtained from quantum mechanfisesulted in only some-  perind of 16 standard trial moves followed by a sampling
what higher Q/N, selectivity than using the empirical period of 2x 107 trial moves? In EMD simulations, the
potential$* and did not explain the high selectivities observed system was allowed to equilibrate for 0.5 ns, followed by a
in experiment. The conclusion from these simulations is that sampling period of 100 ns. A cut off of 13 A was used to
the energetic contribution to the selectivity alone could not {,ncate adsorbateadsorbate and adsorbatadsorbent in-
explain the large differences in the permeation rates. teractions. The force field describing molecular interactions
The use of CMS for pressure swing adsorption is basedand other simulation details have been described else-
on the accurate control of the sizes of pore channels andwhere2>-27
pore mouths, an entropic effect. It is known that CMS  Fijrst, to gauge the sieving capabilities of the constriction,
adsorbents with mean pore sizes ranging from 8 A can  the ends were sealed with planar graphite sheets and an initial
offer significantly more resistance to the adsorption of configuration of adsorbed molecules was generated by
nitrogen than to oxygen, although kinetic diameters differ jnserting 20 molecules of either nitrogen or oxygen into one
by only 0.18 A Using atomistic simulations to model  sjde of the constriction using GCMC simulation. Then EMD
molecular sieving through CMS remains a challenge due to simylations were performed and the numbers of molecules
their amorphous nature so that it is not possible to determinegn each side of a plane dividing the nanotube into two halves
the exact carbon coordinates. This is further complicated by were recorded as a function of time. The results are shown
the sensitive dependence of the separation properties on they Figure 2 where each step denotes a passing of molecule
membrane synthesis conditions. Small changes in the meargcross the plane dividing the constriction. Passing ofsN
pore size and the pore size distribution result in considerableg rare event, as seen in Figure 2a, with an average of 3.4
changes in the selectivity. passings per ns (3.4/ns) of simulation compared to oxygen
The introduction of a pair of heptagonal and pentagonal molecules that pass at the much higher rate of 145.4/ns, as
carbon rings in a carbon nanotube results in a constriction shown in Figure 2b. Also, starting with 20 molecules of a
that can be viewed as two nanotubes of different diameterspure gas on one side of the constriction, the first instance
joined together by a truncated conical honeycomb latfice. when there are an equal number of molecules on each side
Geometrically such a junction is aligned or bent at various of the nanotube is 0.650 ns for,@nd 15.7 ns for N
angles depending on the chirality of nanotubes, i.e., armchair, We next performed EMD simulations for an open_ended
zigzag, or chiral, and the relative location of the pentagonal 17000900 SWCN-C with periodic boundary conditions along
and hexagonal carbon rings. Two special cases are a straighthe axis of the nanotube, which can be thought of as an
junction between nanotubes of the same hefi¢ignd a  infinitely long nanotube formed by periodic joinings of (17,0)
junction with a bend angle of approximately 3formed and (9,0) nanotubes. The starting configuration of 40
between zigzag and armchair nanotubes, with pentagonal anédsorbate molecules (3.7 molecules/nm) in the SWCN-C was
hexagonal carbon rings located at the diametrically opposite generated from grand canonical Monte Carlo simulations.
ends of the nanotubd. It has been shown that such This adsorbate loading corresponds to bulk pressures of 21.2
topological defects in the form of nonhexagonal carbon rings and 12.6 bar for Mand Q, respectively (see Figure 4). As
can arise during the growth procé8san be induced using  shown in Figure 3, using the EMD simulations the mean-
electron irradiatioff or by applying a tensile loat. Also, square displacement along the axis of the nanotube was found
the presence of adtoms and tension has been shown to resutp be linear for @ in the limit of long time and corresponds
in a constriction by the controlled formation of short to a self-diffusion coefficienbs of 7.3 (-0.5) x 1075 cn?/
segments of different helicity in the parent nanotébe. s. However, nitrogen is essentially confined to the region
We have used the algorithm of Melchor and Dolvdduat between constrictions, resulting in an almost asymptotic
generates the coordinates of the carbon atoms in joining twobehavior of the mean-square displacement at long times so
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- molecular sizes and energetics can be seen in the media files
of the simulation in the Supporting Information. One point
30 - %15 \M to be noted in these simulation files is that the oxygen
RS ¢ Wt oo Pl molecules can rotate within the constriction, while a nitrogen
25 | ' ‘:w FI T.WHJ {;M“J][.{'r 1 .F ):.i: molecule cannot, so that nitrogen has to be properly oriented
2 5, FN to enter the constriction. Second, there is an important
3 20/ | rotational entropy contribution to the selectivity, as within
2 o2 : : : : . the constriction oxygen retains but nitrogen loses its rotational
E time (ns) degrees of freedom (DOF). That is, a nitrogen molecule must
; be aligned along the axis of the constriction to enter and
£ pass through it, while oxygen can enter the constriction in
2 any orientation and rotate within it. A statistical mechanics
analysis for the similar case of,}dnd Q diffusion in a CMS
of disrupted graphite slit pores by Singh and Kdrasing
0 transition state theory (TST) also suggests a significant

0 1'0 2'0 3'0 4'0 5'0 entropic contribution to selectivity that is supported by the
simulation results and media files of this work.

Our simulations predict that, as the result of an ap-
Figure 2. Number of (a) N and (b) Q molecules on either side  propriately sized constriction, it is possible to selectively
of the constriction in a 17000900-SWCN-C asa function of timg. transport oxygen but not nitrogen through carbon nanotubes
Both ends of the SWCN-C were sealed using a planar graphite despite their very similar molecular sizes. An aligned carbon
sheet, and the starting configuration had 20 adsorbate molecules ; e .
on one side of the constriction. The inset shows the results on ananotube membrane synthesized using nanotubes with the
larger scale. appropriate constriction can therefore offer significant im-

provement over current limits of both selectivity and mass
that a diffusion coefficient cannot be computed. The transport transport. A different type of size effect was also observed
diffusion coefficient,D;, of oxygen was calculated as 9.2 previously for the straight (17,0) nanotube at high loadings
(4£1.9) x 1074 cn¥/s. At the same operating pressure of 12.6 wherein the slightly smaller Owas found to form two
bar, theDs and D, of O; in a straight (17,0) nanotube were internal adsorption layers, whileddsorbed only in a single
found to be 2.340.2) x 103 cm?/s and 1.140.1) x 101 annular layer close to the carbon w#liHowever, this did
cne/s, respectively. We note that, upon introduction of the not explain the large differences in mass transport rates that
constriction in a straight (17,0) nanotube, there is a significant had been found in experiment.
drop in theDs and Dy, as would be expected. However, the From energetic arguments, all space in the constricted
observedD; of O, in SWCN-C is still orders of magnitude nanotube is available for adsorption by &hd Q and has
higher than other nanoporous materials that separasadl been sampled by both gases in GCMC simulations, as shown
O, by exploiting the difference in their diffusion rates. For in the insets in Figure 4. We also see that the equilibrium
example, close to room temperature, the typical transportadsorption behavior of pure;@nd pure M are very similar,
diffusivities of G, in zeolite 4A are~108 cm?/s?8 and for with only moderate differences at high pressures. However,
CMS transport diffusivities ranging from107—1078 crmé/s from the results of EMD simulations, we can see that
has been measured depending on the polymer precursor useéquilibrium will be achieved much more slowly forkhan
and the synthesis conditioA%3° for O,. The similarity in equilibrium adsorption combined

This preferential selectivity of allowing oxygen over with the significant difference in permeabilities suggests that
nitrogen to pass through the constriction despite their similar a separation based on adsorption equilibrium in carbon

time (ns)
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Figure 4. Adsorption isotherms of pures\blue) and Q (red) in Figure 5. Adsorbed loading of Bl (blue) and Q (red) in a
the 17000900- SWCN-C at 298 K. The inset shows the equilibrium collection of single wall carbon nanotubes of varying diameter and
configuration space sampled by, Bind G inside the nanotube at  different chiralities at 298 K and 10 bar. Results for armchai(

298 K and 300 bar obtained by plotting 100 equilibrium configura- M), zigzag (n = 0) and chiral § = m) nanotubes are shown by
tions. circles, squares, and triangles, respectively. The lines are there to

guide the eye.

nanotubes will not be useful, however, a separation basedake into account the entrance effect of the narrow pore size
on the kinetics of adsorptioft,which can exploit the high  constrictions. Therefore, to understand the possible sieving
resistance offered by the constriction to nitrogen compared capabilities of these smaller constrictions, we also performed
to that for oxygen, can result in high selectivities. the EMD simulations on 10100702-SWCN-C and 10100505-
As demonstrated by Seaton et*alsing pore network  SWCN-C with constriction pore sizes of 3.01 and 3.38 A,
theory, the transport of a chemical species is dominated byrespectively. There we found that due to the small pore sizes
the smallest pore size or the constriction offering the of these constrictions, it is very difficult for either,@r N,
maximum resistance. The results in this work demonstrate to enter the constriction. This resulted in zero passing.of N
that this entropic effect can explain the larggN} selectivi- and Q in the 10100702-SWCN-C, zero passing for, Bind
ties experimentally observed in real carbon molecular sieve passing of @ only at a rate of 10.8 /ns in the 10100505-
membranes. The approximate pore size for 17000900- SWCN-C. This was not unexpected because these constric-
SWCN-C constriction, calculated usidgwen — occ, Where  tions have a smaller diameter than suggested in the literature
dswen is the nanotube diameter andc = 3.4 A is the for possible N/O, separation using a CMS. From these
carbon collision diameter, is 3.65 A. This is in agreement resuits and Figure 5, although not definitive as they are based

with the current consensus that a pore size of HM.OF on equilibrium not transport simulations, we expect that (8,1),
less is required for the separation of fdnd Q using  (5,5), (6,4), and (9,0) nanotubes to result in molecular sieving
CMS 81015 of oxygen in preference to nitrogen, with the (9,0) nanotube

To explore the utility of nanotubes with constrictions for used for the constriction here, resulting in the largest effect.
equilibrium-based separations, we computed the equilibrium It should be pointed out that the smoothness of the
adsorption capacity for oxygen and nitrogen obtained using interaction between the adsorbate molecules and the carbon
GCMC simulations of carbon nanotubes with a collection nanotubes walls results in the gas high transport rates, but
of different internal diameters at 10 bar and 298 K, and the plays little role in the transport selectivity. The dominant
results are shown in Figure 5. It is interesting that the effect is sieving due to the size difference of the molecules.
dependence of adsorption density or loading is smooth andHowever, as the transport rate is considerably decreased
does not show any irregularities with changing nanotube when the nanotube diameter is sufficiently small that
chirality. This suggests that there is a great deal of flexibility molecular sieving occurs, a larger diameter nanotube with a
in designing a nanotube-based membrane despite the faciocalized molecular sieving constriction should result in
that the diameter of nanotubes, and hence the constrictionshigher transport rates than if the whole nanotube had the
are determined by thenfm) indices of the nanotubes and molecular sieving diameter.
therefore vary in a discrete manner. To summarize, despite the similar sizes ofawd Q and

The nanotubes with diameter smaller than that of the (9,0) the discrete variation of nanotube diameters with the)
nanotube, that is the (7,2), (8,1), (5,5), and (6,4) nanotubes,indices of SWCNSs, it is possible to identify a technically
show large differences in adsorbate loading efadd Q possible pore size constriction that leads to a high sieving
(Figure 5). However, these results were obtained from resistance for Mbut not for Q, resulting in a SWCN-C
GCMC simulations that use random insertion and deletion membrane with high selectivity for air separation. Similarly,
moves within the nanotube to obtain thermodynamic equi- for other industrial separation processes in which there are
librium between the adsorbate and bulk phase and does nosmall differences in the sizes of the mixture components,
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the identification of a correct nanotube and constriction size (6) Saufi, S. M.; Ismail, A. FCarbon2004 42, 241-259.

should be possible for high permeability and selectivity, gg gmgﬁttAMki'rgzo\ﬁyj':dCE?Seg%figz:fggégsz}llz%ﬁl23 .
which then could be fabricated by the processes mentioned (g) Rajiapandi, P. S.; Ford, D. MAICHE J.200Q 46, 99-109.

earlier. The high selectivities resulting from the ability to  (10) Acharya, M.; Foley, H. CAICHE J.200Q 46, 911-922.
tailor their structures combined with the high permeation (11) Travis, K. P.; Gubbins, K. EMol. Simul.2001, 27, 405-439.

. . (12) Arora, G.; Sandler, S. Langmuir2006 22, 4620-4628.
rates found in carbon nanotubes make them very attractive (13) Klauda, J. B.: Jiang, J.: Sandler. SJ1Phys. Chem. 004 108

for membrane-based separation processes, as they can offer ~ gg42-9s51.
significant improvements over the current separation tech- (14) Bojan, M. J.; Steele, W. A.angmuir1987, 3, 1123-1127.
n0|ogies_ (15) Gaffney, T. R.Curr. Op. Solid State Mater. Sci996 1, 69-75.
(16) Saito, R.; Dresselhaus, G.; Dresselhaus, MPIg/s. Re. B 1996
. 53, 2044-2050.
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