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Quantum Sieving in Carbon Nanotubes and Zeolites
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Fluids adsorbed in microporous materials can exhibit quantum sieving, where heavy isotopes are
preferentially adsorbed over light isotopes. We present the first detailed predictions of quantum sieving
based on realistic models of microporous materials. Carbon nanotubes, and the interstices of nanotube
bundles, can act as highly effective quantum sieves for hydrogen isotopes. Quantum sieving of He and
Ne in the zeolite AIPQ-22 is also discussed. [S0031-9007(98)08350-1]

PACS numbers: 64.75.+g, 05.30.—d, 67.70.+n, 82.60.Lf

Molecular sieves are microporous materials that can aladsorbed species is [6,7]
low separation of mixtures based on molecular size and Y
shape [1]. Despite wide applications in separations and ni =E; + kBTIn(p’im’), 1)
catalysis, molecular sieving has not been used to sepa- i
rate isotopes because, classically speaking, different isavherep; is the number density of componerin the pore,
topes have the same size. Separation of isotopic mixtures; is the de Broglie thermal wavelengtfi;" is the internal
is a difficult and energy intensive process requiring spepartition function,ky is the Boltzmann constant, arfdis
cial techniques such as chemical exchange, diffusion sepéie absolute temperature. The chemical potential of the
ration, biological separation, and laser isotope separatiobulk gas, considered to be ideal, is
[2—4]. In this paper we demonstrate that mixtures of light A3

= kgT In( ) ,

isotopes can be selectively adsorbed in very small pores, Uik (2)
leading to a novel separation technique called quantum

sieving. Molecular sieving excludes molecules that aravheren; is the gas phase density of componént At
physically larger than the pores of the adsorbent, resultequilibrium, u; = u?"'¥, so the adsorbate density is [6,7]
ing in selective adsorption of smaller molecules. Quan- B 2 E/kyT

tum sieving excludes lighter molecules from pores in pi = niAie : (3)
favor of heavier molecules because the higher zero-pointve define the selectivity of component 1 to 2 By=
energy of the light species makes their adsorption energetix; /x,)/(y1/y2), with x; (y;) the pore (bulk) mole frac-
cally unfavorable. Quantum sieving was first proposed bytions, and denote the selectivity in the limit of zero pres-
Beenakket al. [5], based on a simple model of adsorp- sure byS,. This gives

int
i

tion of hard spheres in hard cylindrical pores. In this paper E - E
we present the first assessment of this effect using realistic Sy = (p1/p2) = exp{—%] 4)
descriptions of molecules and microporous adsorbents. A (n1/m) — m B

simple theoretical model and extensive path integral calwhere m; is the molecular mass of component We
culations both indicate that molecular tritium will read- should note that corresponding expression for the selectiv-
ily adsorb in appropriately sized micropores that excludety of hard spheres in hard cylinders as given by Beenakker
molecular hydrogen through quantum sieving. Interstitialet al. [5] is erroneously missing the ratio of the masses.
channels of close-packed carbon nanotube bundles or ropHs for example, the adsorbate-pore potential is well ap-
have the correct pore size and solid-fluid potential to effecproximated by a radially symmetric harmonic potential,
tively sieve mixtures of land T,. Quantum sieving can V(r) = kr?/2, the ground state energies for isotopes of
also be observed using opened single-walled carbon nanmassm; andm, areE; = h\/k/m;, and the zero pressure
tubes, but the effect is significant only for nanotubes withselectivity is given by

diameters smaller than any observed experimentally. m N 1 1
Our theoretical treatment begins by considering a low- Sp = — ;{— P ( - ﬂ . (5)
pressure binary gas mixture in equilibrium with an ad- i s \ymi— ym;

sorbed phase. We assume that at a sufficiently low densityn the case of isotope mixtures, both the species are
the adsorbate forms a classical 1D gas, with unhindereslubject to the same adsorption potential, so the preferential
axial translational motion, and that the transverse (radialqdsorption of the heavier isotope is due purely to quantum
degrees of freedom are quantized and in their ground stateonfinement.

The ground state energy of specigs transverse wave Adsorption potentials can often be represented accu-
function is denoted by;. The chemical potential of this rately with atom-atom potential functions, such as the
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Lennard-Jones potential [8]. We have taken this approach 1¢°
in constructing realistic solid-fluid potentials. To evaluate D (36)
Sy using Eq. (4), the ground state energies of realistic po-
tentials can be computed by expanding the wave functions 10* | .
with a 2D harmonic oscillator basis set and computing the
eigenvalues of the resulting Hamiltonian matrix [9]. Al- s
ternatively,S, can be calculated directly using a path in- Eﬂo o
tegral formalism [10], o

e W)

& 10° | -

_ [dT, [dw, fg drrexd—U;/ksT] ©)
[dTs [dew, [§ dr rexd—Us/ksT]’ O 28

10" | -
where U is the configurational energyl; and w are the O O O P
path’s internal conformation and orientation, respectively, 660 (10,10) (18,18
r is the radial position of the ring’s center of mass, and 10 ! 1'0 ' 1'5 ' 2'0 !
R is the tube’s radius.. Angular and radial integrations Tube diameter (A)
were performed numerically. Integrations oviErwere
performed by drawing random ring conformations from EleGs.ullt'.s ffg n?tEZO ('Z) f(odrie;rrzn/o|_r112d ;Saigungttriloif:]tgf rt§|b§a|rfﬂgj§ans
the Idea! gas dlstrlbuthn [.ll]' . . (circles) are sh?)wn. A few specific trl)Jbes areglabeled on the

Effective quantum sieving requires sorbents with poreyraph with their(z, m) indices.

widths slightly larger than the molecular diameters of the
adsorbate molecules. Fullerene single-wall carbon nano-
tubes (SWNTSs) are excellent candidates for quantum siev- Equation (4) is only valid at extremely low tem-
ing sorbents. SWNTSs self-organize into crystalline ropegeratures and pressures. To explore the possibility of
comprised of hundreds of SWNTSs in a 2D triangular lat-isotopic separations at arbitrary pressures and finite
tice [12]. As produced, SWNTSs are capped at their endsiemperatures, we have used path integral grand canonical
procedures have been devised to remove end caps witMonte Carlo (PI-GCMC) simulations to compute the pure
out destroying the nanotubes [13—15]. Tubes can alsoomponent isotherms of hydrogen isotopes in SWNTSs.
be purified and processed into short, open-ended pip€ghis method correctly accounts for finite temperature ef-
[15]. Once the caps have been removed, the tubes cdacts and fluid-fluid interactions. Details of the PI-GCMC
be used for gas adsorption. For example, hydrogen camethod have been presented previously [11,18,20].
be adsorbed into opened SWNTs with diameters of abolRI-GCMC isotherms for adsorption of pure &nd H in
12 A [13]. The 12 A tube is the same diameter as thehe (3,6) nanotube (diameter 6.2 A) are shown in Fig. 2.
(9,9) tube, in the notation of Hamads al. [16]. Using The temperature is 20 K and the pressure ranges from
the methods described above, we have computed zer®o®~'# to 100 torr. Recall that the solid-fluid potential for
pressure selectivities for SWNTs of various diametersH, is exactly the same as fop Th these calculations, so the
Figure 1 is a plot ofS, at a temperature of 20 K for difference between the adsorption isotherms is solely due
a mixture of H and T, as a function of tube diame- to quantum effects. There is a very wide pressure range
ter, d. The solid-fluid potential was generated for vari- that corresponds to,Tadsorbing in the (3,6) tube while
ous (n,m) tubes by using the Crowell-Brown potential H, is effectively excluded. However, these pressures
[17] for hydrogen-carbon interactions and performing ax-are extremely small, corresponding to ultrahigh vacuum
ial and angular averaging to produce a smoothed 1D pazonditions.
tential for each tube. Isosteric heats of adsorption and Unfortunately, the diameters that are effective for quan-
adsorption isotherms for hydrogen on graphite computetum sieving in SWNTs correspond to tubes which, al-
from the Crowell-Brown potential are in good agreementthough theoretically feasible, have not yet been made.
with experimental data [18,19]. The agreement betweeifhe smallest nhanotubes produced so far have diameters
Eq. (4) and the path integral simulations is excellent. Theof approximately 7 A [21]. However, bundles of SWNTs
family of possible SWNTSs includes only a discrete set ofhave interstitial channels that are smaller in diameter than
pore diameters, so the data in Fig. 1 do not form a conthe tubes. Staet al. have performed theoretical calcula-
tinuous curve. Moreover, helicity effects mean that twotions showing that He and Ne can be strongly physisorbed
tubes with almost identical can have values o, that inside these interstices [7]. Interstitial diameters are pro-
differ appreciably from a smooth curve fitted through theportional to the diameter of the tubes which make up the
data in Fig. 1. Despite these subtleties, Fig. 1 shows thdtundle. The interstitial regions of the (10,10) tube are
SWNTs wider than/ = 7 A exhibit weak selectivity due precisely the correct size for quantum sieving of mix-
to quantum sieving while smaller SWNTSs are predicted taures of H and T,. The (10,10) tube has a diameter of
exhibit very large selectivities. 13.6 A, very close to the diameter of tubes that can be
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P H FIG. 3. Selectivity of T to H, as a function of pressure for
ressure (mmHg) adsorption in the interstitial regions of a (10,10) SWNT bundle

FIG. 2. Adsorption isotherms for ,T (diamonds) and & @t 20 K. The solid (dashed) line corresponds to a bulk gas of
(circles) adsorbed inside a (3,6) nanotube (filled symbols) an@0 (99) mole % H.
the interstices of a (10,10) tube (open symbols) at 20 K
from PI-GCMC. The density is reduced with respect to the
fluid-fluid interaction potential diameter. The lines are fits Quantum sieving is possible not only for isotopic mix-
to the data with the Langmuir uniform distribution isotherm tures, but also for mixtures of species with similar (classi-
model [23]. cal) sizes but different masses [5]. Examining a number
of zeolites from the standpoint of channel size [24] sug-
gests that the aluminophosphate zeolite A{PQ should
produced in high concentrations [12]. Pure fluid adsorphave pore sizes roughly in the range required to show
tion isotherms for K and T, in (10,10) interstices (calcu- quantum sieving for mixtures of He and Ne. AIRC2
lated using PI-GCMC) are plotted in Fig. 2. The potentialhas unidimensional channels that alternate between cages
for the interstice is not cylindrically symmetric. Details of wide enough for He and Ne molecules to pass one another
the potential generation have been given previously [20]and narrower necks connecting the cages. We computed
The pressure range leading to exclusion of but not the solid-fluid adsorption potentials using a Kiselev-type
T, in the interstitial region is smaller than for the (3,6) potential [25] and the experimentally determined crystal
SWNT, but the pressures are much more accessible estructure [26]. Ground state energies for isolated He and
perimentally. It appears that quantum sieving can be obNe inside AIPQ-22 are compared to their classical values
served for this system over several orders of magnitude ads a function of position inside the pore in Fig. 4, allowing
pressure.

Pure fluid adsorption isotherms may be used to pre-
dict mixture selectivities within the framework of ideal 180 F T~ ' T ' T il
adsorbed solution theory (IAST) [22]. We have used the -~ / T T —_—~_ -
adsorption data for the (10,10) interstices in Fig. 2 in con- i
junction with IAST to compute selectivitie§, at two dif- _280
ferent bulk mole fractions. To apply IAST, we have fitted
the pure fluid isotherm for each species with the Langmuir
uniform distribution isotherm model [23].

Predictions from IAST are shown in Fig. 3. Note that,
in contrast toS, Sy is independent of the bulk gas com-
position. At low pressure§ computed from IAST con-
verges to a value close t§, computed from Eg. (4).
Figure 3 provides strong evidence that (10,10) SWNT in-
terstitial pores should exhibit dramatic isotopic separations
due to quantum sieving over a large range of pressure and
bulk composition. This system provides an excellent tar- z(A)
get for e_>_(per|menFaI §tudy of this phenomenon. The larg IG. 4. Ground state energies for He and Ne in A|PQ
s_electmﬂes seen in Fig. 3 also mean th‘_""t direct PI-GCM rom classical calculations (solid lines) and the harmonic basis
simulations for this system may be subject to large errorget expansion (dashed lines). The top (bottom) pair of curves
due to extremely low mole fractions of adsorbeg H is for He (Ne). Slightly more than one unit cell is shown.
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