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Abstract: Using a hierarchical multiscale approach combining quantum mechanics and molecular simulation,
we have investigated the adsorption of pure CO, and N and their mixture at room temperature in Cigs
schwarzite, as a model for nanoporous carbons. First, the adsorbate—adsorbent interaction potential is
determined using ab initio quantum mechanics computations, and then the adsorption is predicted using
full atomistic Monte Carlo simulations. The extents of adsorption, adsorption energies, and isosteric heats
of pure CO; and N, simulated with the ab initio potential are found to be higher than those with the empirical
Steele potential that had been developed from gas adsorption on planar graphite. The inclusion of the
electric quadrupole moment of adsorbate in simulation has no discernible effect on N, adsorption but results
in a larger extent of CO, adsorption at high coverages. The selectivity of CO, over N; in the Cy63 schwarzite
from a model flue gas is predicted to be significantly larger with the ab initio potential than with the Steele
potential. This illustrates the importance of an accurate adsorbate—adsorbent interaction potential in
determining gas adsorption and suggests that nanoporous carbons might be useful for the separation of
flue gases. As a comparison, the adsorption and selectivity of CO, and N, in ZSM-5 zeolites are also
simulated with the experimentally validated potential parameters. The selectivity in the Ci6s SChwarzite
predicted with the ab initio or Steele potential is found to be larger than the selectivity in all-silica ZSM-5,
but less than that in Na-exchanged ZSM-5 zeolites.

. Introduction gas mixtures. For example, uncapped multiwalled carbon

Since the beginning of the industrial age, the atmospheric nanotupe membranes have been found to be effective in the
separation of C® and N from flue gases. At elevated

CO, concentration has increased from 280 to 380 parts pert ; d anificant uotak

million (ppm). It has been suggested that this may have caused emperatureés and pressures, significant uptake 0b

the recorded average global surface temperature rise 6f0.6 obtqmed, about Z.Qrders of magnitude greater thgn that%.éf N

over the past centuryThe increased CQs largely due to the Capllllary-type facilitated transport membranes using amines as

vast amounts of the flue gases emitted by industrial and utility carrners or adsorbepts have been used for the simultaneous
separation and enrichment of @@rom model flue gases

power generation plants using carbon-based fossil fuels. Flue s
gases are generally at or slightly above atmospheric pressuregfgszté%gg dcggg?j ’f\gr tzhil\g:p;?;::gen";gggﬁ?zirr;vzgsen
Typically, the major components are; ldnd CQ. They ma

ypicaly J P & Q y may CO, was found to be preferentially adsorde8ome other types

also contain @ and trace contaminants such as,\N8Q,, etc. . ) . .
The compositions vary widely, depending on fuel composition, of zeolites such as mordenite, faujasite, and chabazite, have also
’ fbeen used for the separation of £’ mixtures’

combustion system, and operating condition. Sequestration o
the greenhouse gas ¢@as been one of the most pressing issues Nanoporous carbon (NPC) membranes synthesized by the
ultrasonic deposition of poly(furfuryl alcohol) on porous stain-

in environmental protection. Prior to the sequestration or I weel h b found t it diff i i
conversion, C@ must be captured and separated from other ess steethave been found to result In very diterent permeation
rates for gases with similar molecular dimensién®. For

components in the flue gases. This is a big challenge in the .
process of C@sequestratiod. example, the permeance ot @& 2—30 times larger than that

Adsorption with alkanolamines was generally used for (4) andrews, R.: Jagtoyen, M.; Grulke, E.; Lee, K. H.: Mao, Z. A.: Sinnott, S.

i i B. “Separation of C@and N, from Flue Gases by Multi-Walled Carbon
removal of CQ in natural gas treatlnﬁHowever, membrane Nanotube Membranes”; Sixth Applied Diamond Conference/Second Fron-

adsorption has the possibility of being a cost-effective and tier Carbon Technology Joint Conference, 2001, Auburn, AL.

i i i (5) Teramoto, M.; Kitada, S.; Ohnishi, N.; Matsuyama, H.; MasumiyaJ.N.
technically feasible technology for the separation of,G©m Membr. S¢i 2004 234 83,
(6) Bernal, M. P.; Coronas, J.; Menendez, M.; Santamaria|QhE J.2004

(1) Service, R. FScience2004 305, 962. 50, 127
(2) Noble, R. D.; Agrawal, RInd. Eng. Chem. Re2005 44, 2887. (7) Table 6 in Bernal, M. P.; Coronas, J.; Menendez, M.; SantamaddChE
(3) Kohl, A.; Nielsen, RGas Purification 5th ed.; Gulf Publishing: Houston, J. 2004 50, 127.

TX, 1997. (8) Shiflett, M. B.; Foley, H. CSciencel999 285 1902.
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Table 1. Site—Site Potential Parameters?

N, CO, ab initio potential Steele potential
N-N C0,—CO, C0O,~-CO, C-N C-CO, C-CO, C-N C-CO, C-CO;
U(A) 3.32 2.785 3.064 3.542 3.443 3.132 3.36 3.11 3.16
elkg (K) 36.4 28.999 82.997 36.902 35.921 55.180 334 27.0 45.6
q(e —0.482 +0.6645 —0.33225

aThe bold atoms are interaction sites, and the underlined atoms are on the adsorbent surface.

of N2 depending on the NPC synthesis conditions. We envision tiscale approach has also been used by us in the modeling of
that the NPC membranes may also lead to the efficient N, adsorption on the surface of, and within, a buckybajy C
separation between GGand N in flue gases, which is the  crystal!® With the ab initio potential, a large adsorptive
objective of this work. separation was predicted between @nd N in the Ggs

In our previous studie’;2in order to elucidate the adsorption ~ schwarzite, with N adsorbing much more thanOThat N is
behavior of @ and Ny in a NPC membrane, the hypothetical adsorbed more strongly suggested, based on the arguments used
Cies SChwarzite was used as an adsorbent model to represento explain chromatographic separations, thatv@l have a
the amorphous NPC, and its interactions withadd N were higher permeability through the schwarzite as have been
modeled using the Steele poteriidfderived from the adsorp- ~ observed in experiment. Those results reveal the importance of
tion of O, and N, on planar graphite at zero coverage. With the interaction potential in determining correct adsorption
this empirical potential, the extents of adsorption of puge O behavior. Furthermore, the results with the ab initio potential
and N in the Ggg schwarzite were predicted from molecular  imply that NPC adsorbents, such as thgsGchwarzite, can be
simulations to be very close to each other and the adsorptionuseful for G and N> separations.
selectivity (separation factor) between the two gases from a In this work, we investigate the adsorption of pure Gfd
binary mixture was small. Therefore, the predicted adsorption N2 and their binary mixture in the {gs schwarzite to examine
behavior did not provide an explanation of the large difference the use of NPC membranes to separate @@ N in flue gases.
in permeation rates between @nd N found in experiment!-12 Similar to our previous studié<;18first we obtain the ab initio
The use of the empirical Steele potential based on graphite forpotential for the interaction of adsorbatadsorbent from
the interaction between a gas and thggGchwarzite is an guantum mechanics (QM) computations and then predict the
approximation that may not be accurate as thg €chwarzite adsorption behavior from full atomistic Monte Carlo (MC)
and graphite have different bonding and ring structures. The Simulations.

Ciss Schwarzite has convex and concave surfaces as a result of In section Il we briefly describe the atomic model for the
the combination of the aromatic%and aliphatic sphybridiza- adsorption system and the ab initio potential obtained in this
tion of the carbon atoms and contains primarily six-member work, followed in section Il by a discussion of the simulation
rings but also nonaromatic five-, seven-, and eight-membered method, which includes grand canonical Monte Carlo simulation
rings. In contrast, graphite has a planar surface resulting fromto predict the adsorption of both pure and mixed gases and
the pure sp hybridization and only contains aromatic six- canonical Monte Carlo simulation to evaluate the limiting
membered rings. As a consequence, the gas-carbon interactiomdsorption properties. The results of the adsorption isotherm,
potential might be influenced by the surface curvature and ring adsorption energy, heat of adsorption, and the center-of-mass
structure, which could change the localization of the electron density distribution within the adsorbent calculated with both
density. In fact, the curvature-induced charge redistribution and the ab initio potential and the Steele potential are presented and
polarization in curved carbon nanotubes have been recoghized, compared in section IV. Finally, conclusions are presented in
and the force field parameters of the gas-carbon interaction section V.

potential in carbon nanotubes have been found to be strongly”_ Model and Potential

curvature dependeft. _ _

By accounting for the important effects of the surface [N our previous studie§;'2181% the adsorbate N was
curvature and ring structure, an accurate ab initio potential has'ePresented as a two-site rigid molecule with a bond length of
been developed by us for the interaction ofand G with the 1.10 A. The intermolecular interaction was modeled by the
Cies Schwarzite from the first-principles quantum mechanics 1SOtropic pairwise additive sitesite LennaretJones (LJ) po-
computations, which was then used in molecular simulations tential

to predict the adsorption behavibr!8 This hierarchical mul- 1 g
Oup Oup

(9) Shiflett, M. B.; Pedrick, J. F.; McLean, S. R.; Subramoney, S.; Foley, H. uiJ (r) = z 46&/3 r r (1)
C. Adv. Mater.200Q 12, 21. oel of of

(10) Strano, M. S.; Foley, H. GCarbon2002 40, 1029. Bei

(11) Jiang, J. W.; Klauda, J. B.; Sandler, SLangmuir2003 19, 3512.

83 JB'Z‘JF;% JMV\s-i ?,?ng’vvs'ﬂf‘;‘r?g‘nk‘&ffgélg?’ ffgﬁ- wherea or 8 is the site in moleculé or j. The LJ potential

(14) Bojan, M. J.; Steele, W. Alangmuir 1987, 3, 1123. parameters for the well depth,s and collision diamete,s

(15) Dunittica. T.: Landis, C. M. Yakobson, B. Chem. Phys. Let2002 are given in Table 1, which, supplemented by an adjustable point

(16) Kostov, M. K.; Cheng, H.; Cooper, A. C.; Pez, GRPys. Re. Lett. 2002 quadrupole moment, were fitted by Murthy et?&ko a wide
89, 146105. ; ; ; ;

(17) Kiauda, J. B.: Jiang, J. W.: Sandler, SJ1.Phys. Chem. 2004 108 variety of the experimental bulk Noroperties. Previously, for
9842.

(18) Jiang, J. W.; Klauda, J. B.; Sandler, SJl.Phys. Chem. 2004 108 (19) Jiang, J. W.; Klauda, J. B.; Sandler, SJI.Phys. Chem. 2005 109,
9852. 4731.
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simplicity, we did not consider the quadrupole moment of the
N2 molecule. However, as we shall see, the inclusion of the
guadrupole moment makes negligible contribution tcaNsorp-
tion in the Geg Schwarzite.

In this work, the quadrupole moment o% M included, but
rather than a point quadrupole moment or a complete charge
distribution, a partial-charge model is uséd’he N, molecule
is assigned a negative chamgeon each N atom, and a positive
charge—2qy at its center-of-mass to maintain electroneutrality.
The Nb—N, intermolecular interaction is then modeled as a
combination of the sitesite LJ and Coulombic potentials

o 12 Oa qaq
uij(r)zz %aﬁiﬂ B el i

& Fap Fap Arreqf o
Bej

whereeg = 8.8542x 10712 C2 N1 m2is the permittivity of

vacuum. The LJ potential parametesg ando,g are identical

to those in eq 1 fitted by Murthy et &.The partial charge of

gn = —0.482 (e = 1.6022x 1071°C is the elementary charge)

is used to reproduce the measureg gds-phase quadrupole

momentQy, = —4.67 x 107%(C-m?) = —1.4 B??

The adsorbate COis represented as a three-site molecule
with a partial charge on each atom. The partial charge on C
atomqgc = + 0.664% is used to reproduce the measured,CO
gas-phase quadrupole mom&go, = —1.43 x 1073 (C-m?)
= —4.3 B due to electroneutrality the partial charge on O
atom is—0.5gc. The C-O bond is assumed to be rigid, and the
bond length is 1.161 A. ThélJOCO bond is flexible and
governed by a harmonic potentiiks(0 — 00)? with the force ; o
constank/ks = 153 355.79 (K/ra§ and the equilibrium angle Figure 1. A cluster with 30 C atoms (§) used to represent theig

o = 18C°. The CQ—CQ; intermolecular interaction is also  schwarzite and the 4 cluster cut into two smaller segments in two ways
modeled using eq 2 with potential parameters given in Table 1, cut and cu. See text for details.
which were fitted by Harris and Yung to the experimental VLE
data of bulk CQ.23 The Lorentz-Berthelot combining rules are  adsorption on carbon-based surfa¢eblowever, as we have
used to calculate the LJ cross interaction parameters. mentioned above, the empirical Steele potential may not be
Adsorbent NPC membranes are amorphous and do not haveaccurate for the {gg schwarzite, which has the nonzero curvature
well-defined structures, and consequently, the hypothetiggl C  and nonaromatic rings. Consequently, we first calculate the
schwarzité is used in this work to represent the NPC, as in interaction energies between a gas molecule and thg C
our previous studie¥:1217.18The Geg schwarzite has a simple  schwarzite from the ab initio QM computations, and then these
periodic structure, with well-defined pores and channels, and interaction energies are fitted to an analytical potential. In our
carbon-surface curvatures similar to an NPC. In addition to the previous work, the ab initio potential for2Nand Q with the
primary six-membered rings, there are also five-, seven-, and Ciss sSchwarzite has been developédhe same method is used
eight-membered rings. The unit cell of theggschwarzite has in this work to develop the ab initio potential for Giiteracting
a length of 21.8 A and 672 carbon atoms. There are two types with the Geg schwarzite, and a brief description is given below.
of pores in the @g schwarzite with average diameters of The interaction between a simple gas and the carbon surface
approximately 7 and 9 A. The pores in the same layer are is mainly of the van der Waals type; as a consequence, a high
isolated from each other, but they are connected with those inlevel QM method, e.g., CCSD(T) is required to accurately
the neighboring layers by channel intersections. Th€®onds compute the weak interactidh However, the computationally
are assumed to be rigid, and the locations of the C atoms areintensive CCSD(T) method is currently only possible for small
frozen during the simulation. These assumptions should not systems and cannot be used for the large-©Q e System of
significantly affect adsorption but may influence transport interest here. Instead, the interactions of G@th a cluster
properties (which are not considered here). model of the carbon surface were computed; similar to the
The Steele potential derived from the experimental data of development of the ab initio potential for gald,O interaction
gas adsorption on planar graphite is often used to model gasin gas hydrates, in which only a cluster of molecules from the
H,0O cage was usetd.As illustrated in Figure 1, a cluster of 30
(20) Murthy, C. S,; Sing, K.; Klein, M. L.; McDonald, |. RMolecular Physics C atoms (Qo) cut from the channel intersection of theg@was

198Q 41, 1387. .
(21) Talbot, J.; Tildesley, D. J.; Steele, W. Raraday Discuss. Chem. Soc. ~ assumed to represent thesg and the cleaved €C bonds in

1985 80, 91. ; ; P

(22) Buckingham. A. D.: Disch, R. L.: Dunmur, D. & Am. Chem. S00.968 the G cluster were terminated with H atoms to maintain the
90, 3104.

(23) Harris, J. G.; Yung, K. HJ. Phys. Chem1995 99, 12021. (25) Steele, WAppl. Surf. Sci2002 196, 3.

(24) Vanderbilt, D.; Tersoff, JPhys. Re. Lett. 1992 68, 511. (26) Klauda, J. B.; Sandler, S.J. Phys. Chem. B002 106, 5722.
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. Figure 3. Interaction energies computed from QM versus those from the
Basis set fitted LJ potential. The average absolute deviation for the 14 points is 0.545

Figure 2. Basis set variation of the interaction energies computed using kJ/mol.
the MP2 method. The filled squares are the interaction energies ef CO

with the whole G cluster, the unfilled diamonds are the sum of the accuracy and computational time, the 6+3/(3d) basis set was

interaction energies of CQvith the two segments from gyand the unfilled d the | t basi t E . the t I
circles are the sum of the interaction energies of Gfth the two segments used as the largest basis set. tven using the two smaller

from cub. The interaction energies at various basis sets from wate segments from cutto compute the interactions with G@sing
found to be in good agreement with those using the whalecDister. the CCSD(T)/6-34g(3d) is still computationally intensive.
Therefore, the Hybrid Method for Interaction Energies (HM-
original hybridization. But even so, the computation for the |E)27recently developed by us has been used here. This method
interaction of Go—CO; is extremely time-consuming using the  can be used to accurately approximate the interaction energies
CCSD(T) method with a sufficiently large basis set. To from a high level method plus a large basis set while requiring
accelerate the computation, theoCluster was further cutinto  considerably less computational time and resources and has been
two smaller segments, and the interactions of,@@h these  tested for a variety of systems. The details of HM-IE can be
segments were computed. To determine which way to cut the found elsewheré’ In this study, a large basis set 6-8d(3d),
Cso cluster to obtain accurate interaction energies while using a medium basis set 6-31g(d), and a small basis set 3-21(g) were
only a portion of the gy cluster, the interactions with Gefore used in applying the two-step HM-IE (MP2-4:CC).

and after a trial cut were computed and compared using @  the interaction energies of G@ith the two segments from
computationally efficient, but lower level, MP2 method. Figure ¢ ;¢ \ere computed with the HM-IE using the Gaussian 98 suite
1 illustrates two different cuts of the g cluster into two ¢ brograme8 The basis set superposition errors in all computa-
segments (one with 14 C atoms and the other with 16 C atoms)yjqng were compensated for by using the counterpoise correction
referred to as cytand cuj, in which CQ was at the energy  eihoa20 Different CO, separation distances and orientations

minimum position in the & channel intersection estimated 14y were selected in both the attractive and repulsive interaction
from a Monte Carlo simulation. In each, the cleaved@bonds regions. The total CPU time was about 350 days on a single

were also terminated with H atoms, and the interaction energies amp MP 1800+ processor. In the QM computations, all
with CO, were then computed and summed for both segments. g rces of interactions between €@nd the carbon surface,
Shown in Figure 2 are the interaction energies from,auit, including electrostatic interactions, have been included. For ease
and the whole & cluster computed with the MP2 method and ¢ g6 in molecular simulation, these interaction energies were
various basis sets. Good agreement betweeracut the whole o, fitted to the pairwise additive sitsite LJ potential given
Cso cluster was obtained, and therefore the two smaller segmentsby eq 1, though other types of potentials could have been used.
from cut were used to compute the interaction energies With \ota that the LJ potential had also been used to fit measured
CO; at various separation distances and orientations. gas adsorption properties at zero coverage on planar graphite
We have shown previousiythat the effect of an increase in i, developing the Steele potential. The difference between our
basis set size on the interaction energy is nearly independentyy, injtio and the Steele potentials is solely in the parameters.
of the level of electron correlation; that is, at any basis set, the |n other words, we determine how the potential parameters are
interaction energies of the CCSD(T) and MP2 are shifted zffected by the topology of the carbon surface and then how
essentially only by a constant. Therefore, the computationally the potential parameters alter the adsorption behavior. Figure 3
efficient MP2 method was used to determine the basis set to beghows the interaction energies computed from QM compared
used. Figure 2 shows that the energy almost converges at thgg those from the fitted LJ potential. The fit is satisfactory with
6-3149g(3d) and 6-319(3df) basis sets. While the 6-3- the average absolute deviation of only 0.545 kJ/mol. The four
(3df) basis set gives only a slightly more attractive energy than adjustable LJ potential parameters for the;€01 65 interaction

the 6-3k-g(3d) basis set, the computational time required is from the fit are given in Table 1, along with the parameters for
significantly longer. As a result of the compromise between

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B. et @aussian 98revision
(27) Klauda, J. B.; Garrison, S. L.; Jiang, J. W.; Arora, G.; Sandler, 3. I. A.11.3 ed.; Gaussian, Inc.: Pittsburgh, PA, 2002.
Phys. Chem. 2004 108, 107. (29) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.
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N,—Cjgginteraction from our previous worK.For comparison,
the LJ parameters of the empirical Steele potential fge
and CQ¥ interactions with planar graphite are also listed. As

a consequence of the nonzero surface curvature and nonaromatic

ring structure in the Ggstructure, the parameters in the ab initio
potential obtained by us are different from those in the Steele
potential. Compared to the Steele potential, the well depths in
the ab initio potential are larger for both,ldnd CQ, and the
collision diametersic—n andoc-co, in the ab initio potential
are also larger, butc_co, is slightly smaller. As we shall see,
the adsorption predicted with the ab initio potential is higher
than that with the Steele potential.

I1l. Simulation Method

Grand canonical Monte Carlo (GCMC) simulatiéh¥® at fixed
adsorbate chemical potential volumeV, and temperaturd were
carried out for the adsorption of pure @@&nd N and their mixture in
the Ges schwarzite. Because the chemical potentials of adsorbate in

the adsorbed and bulk phases are identical at thermodynamic equilib-

rium, GCMC simulation allows one to directly relate the chemical

potentials of the adsorbate in both phases and has been used Widel)5n

for the simulation of adsorptiof.
In this work we consider gas adsorption at low and moderate
pressures at room temperatdre= 300 K, as a consequence we assume

that the bulk pure gas and gas mixture are ideal gases. Nevertheless, at
high pressures the nonideality of the gas phase should be taken into

account, e.g., by an equation of state or by simulation at a fixed bulk
pressuré?34 The simulation box representing the NPC adsorbent
contained 8 (2x 2 x 2) Cigs schwarzite unit cells with periodic
boundary conditions in all three dimensions. A test using a larger
simulation box of 27 (3x 3 x 3) unit cells did not, within statistical
error, give discernibly different results. A spherical cutoff length of
21.8 A, half the simulation box length, was used in the evaluation of
the LJ intermolecular interaction with the long-range correction added.
For the Coulombic interaction, a simple spherical truncation could result
in significant errors$® and the Ewald sum with a tin-foil boundary
condition (a surrounding dielectric constant of infinity) was used
instead® The real/reciprocal space partition parameter and the cutoff
for reciprocal lattice vectors were chosen to be 0.2 and 8, respectively,
to ensure the convergence of the Ewald sum.

The number of trial moves in a typical simulation was<2107,
though additional trial moves were used at high coverages. The first
10" moves were used for equilibration, and the secontniéves to

isosteric heat is more sensitive to the change of adsorption energy.
The isosteric heat was calculated from

3(Ua,total -

Ub,intra)
N, ] TV @

Oy = RT— [

whereR is gas constaniy, is the molar number of adsorbed molecules;
UaotarlS the total adsorption energy, including contributions from both
adsorbate-adsorbent and adsorbatadsorbate interactions; akh inira
is the total intramolecular energy of the adsorbate in bulk phase.
Consequently, Waom — Upintg @ccounts for the difference in the
intramolecular energies of the adsorbate between adsorbed and bulk
phases. In our previous studies of the adsorption.arid Q on various
carbon-based materidfs}?1819343¢he adsorbate was modeled as a rigid
diatomic molecule, and therefore the valudfinraWas equal to zero,
which is not the case here for GO
In the limit of zero coverage, the affinity between adsorbate and

adsorbent is usually described by the zero-coverage isosteric heat of
adsorption and the Henry constant, which here were calculated from a
canonical Monte Carlo (NVT) simulation with a single gas molecule
to represent zero coverage. In the NVT simulation, four types of trial
oves were randomly performed, including translation, rotation, partial
regrowth, and complete regrowth. In this approach, the limiting isosteric
heat of adsorptiom?, was calculated from

0 _ 0 0
Ot = RT— (ma,totaD_ EllJb,intra\u (4)
where [[IJg,mtaDis the ensemble averaged total adsorption energy of a
single gas molecule in an empty adsorbent, Hugilimra[]is that of a
single gas molecule in the ideal-gas state and is due to the intramolecular
interaction. These were evaluated from

[ ur.m) expl-pugr m)ldrde
f exp[— Buy(r,m)]drdz

(W3 o= Na (5)

f Uimra(l' ,H)‘) exp[_ﬁuintra(r 1w)]drdw'
’ fexp[_ﬁuintra(rvw)]drdw'

whereN, is the Avogadro numbef; = 1/ksT andks is the Boltzmann
constanty is the position vector, ang is the orientation vector of the
gas molecule.

The Henry constariy was calculated from

D]Jg,intraD: N (6)

obtain ensemble averages. For the adsorption of a pure gas, five types

of trial moves were randomly attempted in the GCMC simulation,
namely, translation, rotation, and partial regrowth at a neighboring
position; complete regrowth at a new position; and exchange with the
reservoir including creation and deletion with equal probability. For

NA exp(_ﬁ‘uex,ao) _ NA fexp[_ﬁua(r'w)]drdw

KH = =
RTo exp(-Biterr)  RTPe [ expl—fr m)]dr der

)

the adsorption from a mixture, in addition, exchange of molecular wherepc = 1.294 g/cniis the density of the s schwarzite framework,
identity was used, i.e., G0 N, and vice versa, with equal probability. ﬂgx,a and yngb are the excess chemical potentials of a single gas
While this trial move is not required in the GCMC simulation, its use molecule in an empty adsorbent and of the single gas molecule itself
allows reaching equilibrium faster and reduces fluctuations after in bulk phase, respectively. From the complete regrowth move, which
equilibration®” is equivalent to the Widom test-particle insertion metPbithe excess
In adsorption process, the isosteric heat rather than the adsorptionchemical potential was evaluated.
isotherm is often used to ascertain the adsorption mechanism, as thqv R . .
. Results and Discussion

(30) Bottani, E. J.; Ismail, I. M. K.; Bojan, M. J.; Steele, W. llangmuir1994
10, 3805.

(31) Allen, M. P.; Tildesley, D. JComputer simulation of liquidsClarendon
Press: Oxford, 1987.

(32) Frenkel, D.; Smit, B.Understanding Molecular Simulations: From
algorithms to applications2nd ed.; Academic Press: San Diego, 2002.

(33) Nicholson, D.; Parasonage, N. Gomputer Simulation and the Statistical
Mechanics of AdsorptignAcademic Press: New York, 1982.
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Table 2 gives the limiting isosteric heat§, and Henry
constantXy for pure N, and CQ, respectively, adsorption in
the Ggg schwarzite. As C@has one more interaction site than
N2 and interacts with surface more strongly, with both the Steele
and ab initio potentials, the values ¢f, and Ky for CO,
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Figure 4. Adsorption isotherms of pureNand CQ, respectively, in the Gg schwarzite. The unfilled circles gNand filled circles (CQ) are from the
Steele potential; the unfilled squaresy(Mnd filled squares (C£ are from the ab initio potential. The crosses are additional simulation results neglecting
the adsorbate quadrupole moment.

Table 2. Limiting Isosteric Heats g2 and Henry Constants Ky of 0.00
Pure N, and CO, Adsorption in the Cigs Schwarzite
ab initio potential Steele potential
NZ CO2 Nz COZ L
a2 (kd/mol) 28.85 43.36 21.98 32.45 -0.05 .
Kn (mol/kg/kPa) 0.34 34.42 0.038 0.68 r

adsorption are significantly higher than those feradsorption. :
Compared to the Steele potential, the ab initio potential is more -0.10

attractive and results in larger vaIuesquand Ky for both N I
and CQ. As given in Table 1, the collision diamete¢—y and

<Ua>/RT

N, CO,

abinito O m

well depthec_y in the ab initio potential are larger than those I Seele 0@ ]
in the Steele potential; either of the two factors separately leads o [ S U P S B
to a stronger attraction for Nwith the carbon surfack:18 0 2 4 6 8 10
Likewise, the ab initio potential results in a stronger£Qi6s <Na> (mmol/g)

attr‘f‘Ct'on than the Steele pOt_em!al' Figure 5. Adsorption energies of pureNaind CQ, respectively, in the
Figure 4 shows the adsorption isotherms of pusahd CQ, Cies SChwarzite as a function of coverage.

respectively, in the ggschwarzite predicted with the ab initio

and Steele potentials. Over the pressure range under study, thén slit-shaped micropore$. However, a lesser extent of GO
isotherms are of type | (Langmuirian), which is the characteristic adsorption is found whe®co, is set to zero except at low

of a microporous adsorbent with pores of molecular dimensions coverages. This suggests that@s, is three times larger than
(below 2 nmY!° For each species, the ab initio potential results Qy,, the incorporation 0Qco, is important, particularly, at high

in a larger extent of adsorption than the Steele potential, coverages.

especially for CQ at low pressures. The extent of adsorption Figure 5 shows the adsorption energies of pure &l N,

of CQ; is larger than that of Nas the interaction of COwith respectively, in the Gg schwarzite as a function of coverage.
the surface is stronger, an energetic effect. Note that the There are two contributions to the adsorption energy, one from
adsorption of both C@and N> are not saturated at 10 000 kPa  the adsorbateadsorbate interaction and the other from the
and will increase with increasing pressure until saturation. At adsorbate adsorbent interaction. As the extent of adsorption,
still higher pressures, the extent of &tisorption becomes larger  the adsorption energy of GGs greater than that of \land the

than that of CQ@. This is due to an entropic effect in thatN  ap initio potential leads to a more attractive adsorption energy
has a smaller molecular size and can fit into the partially filled than the Steele potential. The adsorption energies are almost
pores more easily. Similar behavior was observed in our inear with coverage over the pressure range studied, and such
previous study of the adsorption of pure &nd N in the Geg a simple relation gives us only limited information about
schwarzite:*8In addition, we considered adsorption neglecting adsorption. However, as we shall see below, the isosteric heat
the adsorbate quadrupole moment, that is, with the partial of adsorption provides more detailed adsorption information.
charges of the adsorbate molecule turned off; the results are Figure 6 shows the isosteric heats of adsorption of purg CO

shown by the crosses in Figure 4. The negledQefdoes not 54N, respectively, as a function of coverage. Extrapolated
give discernibly different results of Nadsorption from those . 4. coverageay values here are approximately equaqu

obtained by includin@,, similar to the reported Madsorption values given in Table 2, which were calculated from the NVT

(40) Rouquerol, F.; Rouquerol, J.; Sing, Kdsorption: By Powders and Porous
Solids Academic Press: London, 1999. (41) Kaneko, K.; Cracknell, R. F.; Nicholson, Dangmuir1994 10, 4606.
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Figure 6. Isosteric heats of pure Nand CQ adsorption, respectively, in

the Gies schwarzite as a function of coverage. (green) adsorption in the g schwarzite at 1000 kPa. Views are on the

] ) o o ~ (110) plane. Left with the Steele potential, right with the ab initio potential.
simulations. Similar to the adsorption isotherm and adsorption

energy st of CO; is larger than that of fiwith both potentials;  of the Gggschwarzite surface, in which the more energetically
and the ab initio potential results in larger valuegigfor both favorable sites for adsorption are occupied first, and then the
CO; and Nb. The isosteric heat of adsorption is related to the |ess favorable sites are occupied as the coverage increases. Note
derivative of adsorption energy with respect to coverage, is more that there is no apparent initial decreasewgfor N, adsorption
sensitive as a function of coverage than the adsorption energy.with the Steele potential. This does not mean that the; C
and can be used to deduce information on the adsorption processschwarzite surface is homogeneous in this case; instead, it is
There are two types of isosteric heat behavior shown in Figure pecause the N-Cyg3 Steele potential is not strong enough to
6. With increasing coverage, thg: of N calculated with the  reflect the surface heterogeneity. The later increasg of due
Steele potential increases slowly to a maximum and then to the cooperative adsorbatadsorbate attraction; and finally,
decreases rapidly. Such behavior has been observed experithe decrease afy results from the weaker adsorbatedsorbent
mentally, for example, in the adsorption of Xe in zeolites X and adsorbateadsorbate attractions at increased coverages.
and Y} of Arin AIPO,-5,% and of CH in a fcc-structured Figure 7 shows the density distributions of the centers-of-

silica ge!f“‘ The increase ofgg is Iargely because of the | ass of adsorbed pure G@nd N, respectively, at 1000 kPa
cooperative adsorbat@adsorbate attractions. The later decrease generated by accumulating 50 equilibrium configurations. The

of gst results from two factors, additional admolecules have t0 |inked black network is the Gs schwarzite unit cell structure,

occupy an energetically less favorable adsorption region leading ;14 the blue and green points are the centers-of-mass of the
to a weaker adsorbat@dsorbent attraction and also a weaker 54sorped Mand CQ molecules, respectively. The centers-of-

adsorbate-adsorbate attraction due to the shorter separation y,ass are not distributed uniformly, and there is a preference
distance between the admolecules in the limited available spacefq gjignment along the channel intersections and localization
The isosteric heat of \calculated with the ab initio potential i, the small pores. With the ab initio potential, as the adsorption
and that of CQcalculated with both potentials show a different s greater, the localization in the small pores is more pronounced
behavior. With increasing coverages first decreases to a  for hoth N, and CQ. In our previous studyt we have found
minimum, then increases to a maximum, and finally decreases.ihat on going from low to high pressure with gradually
The stronger the gassurface interaction potential is, the more  jncreasing number of admolecules, the center-of-mass density
evident is the initial decrease, and the higher are the coveragesjistribution shows an interesting shift. At low pressures, the
at which the minimum and maximum occur. This type of gensity distribution is nonuniform but continuous in both types
behavior is not unusual and has been observed in experimentah¢ pores. However, the distribution in the small pores becomes

studies, such as, the adsorption afad CO in AIPQ-5,% of localized at modest pressures, and in particular, there are no
CHqin a ?'“Ca gel with a hard sphere structdfeof Ar in admolecules at the center of the small pores. Finally, at high
chabazite¢’> and of CH, in activated carboff® The initial pressures, the center-of-mass distribution in the large pores also

decrease ofistis a consequence of the heterogeneous characterecomes more localized. The occurrence of the localization is

due to the competitive balance between energetic and entropic
effects. With increasing pressure, the adsorbatisorbate

(43) Grillet, Y.; Llewellyn, P. L.; Tosi-Pelleng, N.; Rouquerol, J. “Adsorption  attraction first increases at low pressures but then decreases at
of Argon, Methane, Nitrogen, Carbon Monoxide and Water Vapour on
Sepiolite and AIPO45 as Studied by Isothermal Microcalorimetry”; ~ Modest pressures because as the number of admolecules
Fundamentals of adsorption: proceedings of the Fourth International jhcreases the separation distance between the admolecules
Conference on Fundamentals of Adsorption, 1992, Kyoto, Japan. . . i
(44) Vuong, T.; Monson, P. ALangmuir1996 12, 5425. becomes shorter, particularly, in the small pores, which leads
(45) Rudzinski, W. Fundamentals of Single-Gas and Mixed-Gas Adsorption on 5 3 more localized density distribution in the small pores. A
Heterogeneous Solid SurfacesAhysical Adsorption: Experiment, Theory i - X K
and Applications Fraissard, J., Ed.; Kluwer Academic Publishers: Dor- further increase in pressure results in a further decrease in the
drecht, The Netherlands, 1997; p 181. : ; ;
(46) Choi. B. K. Choi, D. K. Lee, Y. W.: Lee, B. K.: Kim, S. HI. Chem adsorpateadsorbate separation dlstance_ and a decrease in
Eng. Data2003 48, 603. attraction (and perhaps even a repulsion), and the same

(42) Woods, G. B.; Rowlinson, J. 3. Chem. Soc., Faraday Trans1289 85,
765
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Figure 9. Selectivity of CQ over N\; as a function of the total bulk pressure
(bulk composition C@N, = 0.21:0.79) in the &g schwarzite (with the
Steele and ab initio potentials), silicalite, NASM-5 (Si/Al = 23), and
Na—ZSM-5 (Si/Al = 11).

Figure 8. Adsorption isotherm of C&-N, mixture (bulk composition C&
N2 = 0.21:0.79) in the &s schwarzite as a function of the total bulk
pressure.

phenomenon that has occurred in the small pores then 0CCU¥hitio potential, implies that the separation factor betweern, CO
in the large pores. and N by selective adsorption from the model flue gas is quite
We next consider the competitive adsorption of Gd N, large.
in flue gases. There may exist many components in a flue gas;  As mentioned in section 1, zeolite membranes have been used
however, a model flue gas is studied here only consisting of to separate CO©and N by competitive adsorptioh. For
CO, and No. The bulk molar ratio of C@to N, in the model comparison, the adsorption of pure £ahd N> and their mixture
flue gas is 0.21:0.79, which corresponds to the flue gas emittedwere simulated here in ZSM-5 zeolites, which are the most
from the complete combustion of carbon with air. Figure 8 frequently studied prototype zeolite. The model, potential,
shows the adsorption isotherm of the model flue gas as asimulation method, and results are given in the Supporting
function of total bulk pressure in the;gg schwarzite. Because Information. As shown in Table S2 and Figure S1, the simulated
CO; interacts energetically more strongly than With the limiting isosteric heats of C®and N and the adsorption
surface, CQis preferentially adsorbed. Even though the bulk isotherm of CQ in silicalite are in accord with experimentally
partial pressure of Nis almost 4 times that of CQthe amount ~ measured data, implying the accuracy of the adsortsiliealite
of N, adsorption is much less than that of £®specially when interaction potentials. Figure 9 also shows the simulated
simulated with the ab initio potential. The amounts of both,CO ~ Selectivity Sco,n, for the adsorption of the model flue gas in
and N increase with increasing pressure over the whole range all-silica (silicalite) and two types of Na-exchanged ZSM-5
of pressure studied. However, it can be expected that, with (Na—ZSM-5) zeolites. The presence of the nonframework Na

further increases in pressure, the size effect will become Nas significant impact on the adsorption and selectivity. With
dominant and the amount of adsorbed Will continue to decreasing Si/Al ratio and hence increased number df iNa

increase while the amount of adsorbed ;O®ill decrease. the ZSM-5 zeolite, C@adsorption increases whilelddsorption
Finally, the pores will be completely filled, and the adsorption _(:I_E_cre_asss, whlchcleads to ‘? greater Zelectllwty of m@tr Nza i
of both gases will reach saturation. Compared with the results IS IS because £has a large quadrupole moment and 1ts
using the Steele potential, the ab initio potential results in a adsorption is remarkably enhanced due to the electric field of

> . : ; .
larger difference between the amounts of adsorbed & Na®. Compared tdo,n, in the Ges schwarzite predicted with

L either the ab initio or the Steele potenti is generall
N, and as we shall see, the selectivity between the two gases SO P &bon, IS g y

. smaller in silicalite but greater in N&ZSM-5 zeolites.
from the model flue gas is greater.

Adsorption selectivity is a key parameter describing the V. Conclusions

comp('atiltive adsorption petwegn two components. Here the The adsorption of pure GGand N> and their mixture in the
selectivity of CQ aver N is defined a§‘?‘?z/N2 - (xcolyco)/ Cies SChwarzite as an adsorbent model for nanoporous carbons
(xn¥) . wherex andy are the compositions in the adsorbed  paq' peen studied using a multiscale approach. From first-

and bulk phases, respectively. Figure 9 sh@gn, fromthe  hrinciple quantum mechanics, the ab initio adsorbatsorbent
model flue gas as a function of the total bulk pressure. With htential has been developed. Having taken into account the
the Steele potential, the value &o,n, in the Ges schwarzite  yepypyridization of carbon atoms and the localization of electron
first increases slightly and then decreases with increasing densities, which are caused by the nonzero curvature and
pressure, and the overall value is approximately 20. With the nonaromatic ring structure of thei schwarzite surface, the

ab initio potential, th&xo,n, increases with increasing pressure, - ab initio potential is expected to be more accurate for use with
with values between 100 and 300 over the pressure range ofcurved nanoporous carbons than the commonly used empirical
this study. Although not showrgco,n, With either potential is Steele potential which is based on gas adsorption on planar
expected to become a constant when saturation is approachedgraphite. The ab initio and Steele potentials have been both used
The large value 0&:o,n,, particularly as predicted with the ab  in full atomistic molecular simulations to predict adsorption
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